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Preface

The first edition of this book was published almost half a century ago. Subsequent
editions have generally been published in response to the steady flow of novel antibacterial
compounds or the marketing of derivatives of existing classes of agents exhibiting
advantages, sometimes questionable, over their parent compound. In producing the ninth
edition of this book the rationale has been not so much in response to the availability

of new antibacterial compounds, but to capture advances in antiviral and, to a lesser
extent, antifungal chemotherapy and also to highlight a number of changing therapeutic
approaches to selected infections. For example, the recognition that combination therapy
has an expanded role in preventing the emergence of drug resistance; traditionally applied
to the treatment of tuberculosis, it is now being used in the management of HIV, hepatitis
B and C virus infections and, most notably, malaria among the protozoal infections.

The impact of antibiotic resistance has reached critical levels. Multidrug-resistant
pathogens are now commonplace in hospitals and not only affect therapeutic choice, but
also, in the seriously ill, can be life threatening. While methicillin-resistant Staphylococcus
aureus (MRSA) has been taxing healthcare systems and achieved prominence in the
media, resistance among Gram-negative bacillary pathogens is probably of considerably
greater importance. More specifically, resistance based on extended spectrum B-lactamase
production has reached epidemic proportions in some hospitals and has also been
recognized, somewhat belatedly, as a cause of much community infection. There are also
emerging links with overseas travel and possibly with the food chain. The dearth of novel
compounds to treat resistant Gram-negative bacillary infections is particularly worrying.
What is clear is that the appropriate use of antimicrobial drugs in the management of
human and animal disease has never been more important.

As in the past, the aim of this book is to provide an international repository of
information on the properties of antimicrobial drugs and authoritative advice on their
clinical application. The structure of the book remains unchanged, being divided into
three parts. Section 1 addresses the general aspects of antimicrobial chemotherapy
while Section 2 provides a detailed description of the agents, either by group and their
respective compounds, or by target microorganisms as in the case of non-antibacterial
agents. Section 3 deals with the treatment of all major infections by site, disease or target
pathogens as appropriate. Some new chapters have been introduced and others deleted.
The recommended International Non-proprietary Names (YINN) with minor exceptions has
once again been adopted to reflect the international relevance of the guidance provided.
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Our thanks go to our international panel of authors who have been selected for their
expertise and who have shown patience with our deadlines and accommodated our
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and Harold Lambert who edited this book for many years and did much to establish
its international reputation. Their continued support and encouragement is gratefully
acknowledged. We also welcome and thank Tim Hill for his pharmacy expertise in ensuring
the accuracy of the information contained in the Preparation and Dosages boxes and
elsewhere in the text. Finally, we thank the Editorial Team at Elsevier Science for their
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Historical introduction

David Greenwood

The first part of this chapter was written by Professor Lawrence Paul
Garrod (1895-1979), co-author of the first five editions of Antibiotic
and Chemotherapy. Garrod, after serving as a surgeon probationer
in the Navy during the 1914-18 war, then qualified and practiced
clinical medicine before specializing in bacteriology, later achieving
world recognition as the foremost authority on antimicrobial che-
motherapy. He witnessed, and studied profoundly, the whole devel-
opment of modern chemotherapy. A selection of over 300 leading
articles written by him (but published anonymously) for the British
Medical Journal between 1933 and 1979, was reprinted in a supple-
ment to the Journal of Antimicrobial Chemotherapy in 1985* These
articles themselves provide a remarkable insight into the history of
antimicrobial chemotherapy as it happened.

Garrod's original historical introduction was written in 1968 for
the second edition of Antibiotic and Chemotherapy and updated for
the fifth edition just before his death in 1979. It is reproduced here
as a tribute to his memory. The development of antimicrobial che-
motherapy is summarized so well, and with such characteristic lucid-
ity, that to add anything seems superfluous, but a brief summary of
events that have occurred since about 1975 has been added to com-
plete the historical perspective.

THE EVOLUTION OF ANTIMICROBIC

DRUGS

No one recently qualified, even with the liveliest imagination,
can picture the ravages of bacterial infection which continued
until rather less than 40 years ago. To take only two examples,
lobar pneumonia was a common cause of death even in young
and vigorous patients, and puerperal septicaemia and other
forms of acute streptococcal sepsis had a high mortality, little
affected by any treatment then available. One purpose of this
introduction is therefore to place the subject of this book in
historical perspective.

*Waterworth PM (ed.) L.P. Garrod on antibiotics. Fournal of Antimicrobial
Chemotherapy 1985; 15 (Suppl. B)

This subject is chemotherapy, which may be defined
as the administration of a substance with a systemic anti-
microbic action. Some would confine the term to synthetic
drugs, and the distinction is recognized in the title of this
book, but since some all-embracing term is needed, this
one might with advantage be understood also to include
substances of natural origin. Several antibiotics can now be
synthesized, and it would be ludicrous if their use should
qualify for description as chemotherapy only because they
happened to be prepared in this way. The essence of the
term is that the effect must be systemic, the substance
being absorbed, whether from the alimentary tract or a site
of injection, and reaching the infected area by way of the
blood stream. ‘Local chemotherapy’ is in this sense a con-
tradiction in terms: any application to a surface, even of
something capable of exerting a systemic effect, is better
described as antisepsis.

THE THREE ERAS OF CHEMOTHERAPY

There are three distinct periods in the history of this subject. In
the first, which is of great antiquity, the only substances capa-
ble of curing an infection by systemic action were natural plant
products. The second was the era of synthesis, and in the third
we return to natural plant products, although from plants of a
much lower order; the moulds and bacteria forming antibiotics.

1. Alkaloids. This era may be dated from 1619, since it is
from this year that the first record is derived of the success-
ful treatment of malaria with an extract of cinchona bark,
the patient being the wife of the Spanish governor of Peru.t
Another South American discovery was the efficacy of ipecac-
uanha root in amoebic dysentery. Until the early years of this
century these extracts, and in more recent times the alkaloids,
quinine and emetine, derived from them, provided the only
curative chemotherapy known.

T Garrod was mistaken in perpetuating this legend, which is now discounted by
medical historians.



2. Synthetic compounds. Therapeutic progress in this field,
which initially and for many years after was due almost
entirely to research in Germany, dates from the discovery of
salvarsan by Ehrlich in 1909. His successors produced ger-
manin for trypanosomiasis and other drugs effective in proto-
zoal infections. A common view at that time was that protozoa
were susceptible to chemotherapeutic attack, but that bacteria
were not: the treponemata, which had been shown to be sus-
ceptible to organic arsenicals, are no ordinary bacteria, and
were regarded as a class apart.

The belief that bacteria are by nature insusceptible to any
drug which is not also prohibitively toxic to the human body
was finally destroyed by the discovery of Prontosil. This, the
forerunner of the sulphonamides, was again a product of
German research, and its discovery was publicly announced
in 1935. All the work with which this book is concerned is
subsequent to this year: it saw the beginning of the effective
treatment of bacterial infections.

Progress in the synthesis of antimicrobic drugs has contin-
ued to the present day. Apart from many new sulphonamides,
perhaps the most notable additions have been the synthetic
compounds used in the treatment of tuberculosis.

3. Antibiotics. The therapeutic revolution produced by the
sulphonamides, which included the conquest of haemolytic
streptococcal and pneumococcal infections and of gonor-
rhoea and cerebrospinal fever, was still in progress and even
causing some bewilderment when the first report appeared
of a study which was to have even wider consequences. This
was not the discovery of penicillin — that had been made by
Fleming in 1929 — but the demonstration by Florey and his
colleagues that it was a chemotherapeutic agent of unexam-
pled potency. The first announcement of this, made in 1940,
was the beginning of the antibiotic era, and the unimagined
developments from it are still in progress. We little knew at
the time that penicillin, besides providing a remedy for infec-
tions insusceptible to sulphonamide treatment, was also a
necessary second line of defence against those fully suscepti-
ble to it. During the early 1940s, resistance to sulphonamides
appeared successively in gonococci, haemolytic streptococci
and pneumococci: nearly 20 years later it has appeared also
in meningococci. But for the advent of the antibiotics, all the
benefits stemming from Domagk’s discovery might by now
have been lost, and bacterial infections have regained their
pre-1935 prevalence and mortality.

The earlier history of two of these discoveries calls for
further description.

é' SULPHONAMIDES

Prontosil, or sulphonamido-chrysoidin, was first synthesized
by Klarer and Mietzsch in 1932, and was one of a series of
azo dyes examined by Domagk for possible effects on hae-
molytic streptococcal infection. When a curative effect in
mice had been demonstrated, cautious trials in erysipelas and
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other human infections were undertaken, and not until the
evidence afforded by these was conclusive did the discover-
ers make their announcement. Domagk (1935) published the
original claims, and the same information was communicated
by Hoérlein (1935) to a notable meeting in London.*

These claims, which initially concerned only the treatment
of haemolytic streptococcal infections, were soon confirmed
in other countries, and one of the most notable early stud-
ies was that of Colebrook and Kenny (1936) in England, who
demonstrated the efficacy of the drug in puerperal fever. This
infection had until then been taking a steady toll of about 1000
young lives per annum in England and Wales, despite every
effort to prevent it by hygiene measures and futile efforts to
overcome it by serotherapy. The immediate effect of the adop-
tion of this treatment can be seen in Figure 1.1: a steep fall
in mortality began in 1935, and continued as the treatment
became universal and better understood, and as more potent
sulphonamides were introduced, until the present-day low
level had almost been reached before penicillin became generally
available. The effect of penicillin between 1945 and 1950 is
perhaps more evident on incidence: its widespread use tends
completely to banish haemolytic streptococci from the envi-
ronment. The apparent rise in incidence after 1950 is due to
the redefinition of puerperal pyrexia as any rise of temperature
to 38°C, whereas previously the term was only applied when
the temperature was maintained for 24 h or recurred. Needless
to say, fever so defined is frequently not of uterine origin.

Infection during childbirth and the puerperium

Sulphonamides  Penicillin ~ e—e Deaths per 100000 total births
l l o—o Notifications of puerperal
fever and pyrexia per 100000
population
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Fig. 1.1 Puerperal pyrexia. Deaths per 100 000 total births and

incidence per 100 000 population in England and Wales, 1930-1957.
N.B. The apparent rise in incidence in 1950 is due to the fact that the
definition of puerperal pyrexia was changed in this year (see text).
(Reproduced with permission from Barber 1960 Journal of Obstetrics
and Gynaecology 67:727 by kind permission of the editor.)

* A meeting at which Garrod was present.
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Prontosil had no antibacterial action in vitro, and it was
soon suggested by workers in Paris (Tréfouél et al 1935) that
it owed its activity to the liberation from it in the body of
p-aminobenzene sulphonamide (sulphanilamide); that this
compound is so formed was subsequently proved by Fuller
(1937). Sulphanilamide had a demonstrable inhibitory action
on streptococci in vitro, much dependent on the medium and
particularly on the size of the inoculum, facts which are readily
understandable in the light of modern knowledge. This expla-
nation of the therapeutic action of Prontosil was hotly con-
tested by Domagk. It must be remembered that it relegated
the chrysoidin component to an inert role, whereas the affin-
ity of dyes for bacteria had been a basis of German research
since the time of Ehrlich, and was the doctrine underlying the
choice of this series of compounds for examination. German
workers also took the attitude that there must be something
mysterious about the action of a true chemotherapeutic agent:
an effect easily demonstrable in a test tube by any tyro was
too banal altogether to explain it. Finally, they felt justifiable
resentment that sulphanilamide, as a compound which had
been described many years earlier, could be freely manufac-
tured by anyone.

Every enterprising pharmaceutical house in the world
was soon making this drug, and at one time it was on the
market under at least 70 different proprietary names. What
was more important, chemists were soon busy modifying
the molecule to improve its performance. Early advances
so secured were of two kinds, the first being higher activity
against a wider range of bacteria: sulphapyridine (M and B
693), discovered in 1938, was the greatest single advance,
since it was the first drug to be effective in pneumococcal
pneumonia. The next stage, the introduction of sulphathi-
azole and sulphadiazine, while retaining and enhancing
antibacterial activity, eliminated the frequent nausea and
cyanosis caused by earlier drugs. Further developments,
mainly in the direction of altered pharmacokinetic proper-
ties, have continued to the present day and are described in
Chapter 1 (now Ch. 29).

ANTIBIOTICS

‘Out of the earth shall come thy salvation’ - S.A.
Waksman

%! DEFINITION

Of many definitions of the term antibiotic which have been
proposed, the narrower seem preferable. It is true that the
word ‘antibiosis’ was coined by Vuillemin in 1889 to denote
antagonism between living creatures in general, but the noun
‘antibiotic’ was first used by Waksman in 1942 (Waksman
& Lechevalier 1962), which gives him a right to re-define
it, and definition confines it to substances produced by

micro-organisms antagonistic to the growth or life of others
in high dilution (the last clause being necessary to exclude
such metabolic products as organic acids, hydrogen perox-
ide and alcohol). To define an antibiotic simply as an antibac-
terial substance from a living source would embrace gastric
juice, antibodies and lysozyme from man, essential oils and
alkaloids from plants, and such oddities as the substance in
the faeces of blowfly larvae which exerts an antiseptic effect
in wounds. All substances known as antibiotics which are in
clinical use and capable of exerting systemic effect are in fact
products of micro-organisms.

W EARLY HISTORY

The study of intermicrobic antagonism is almost as old as
microbiology itself: several instances of it were described,
one by Pasteur himself, in the seventies of the last century.’
Therapeutic applications followed, some employing actual living
cultures, others extracts of bacteria or moulds which had been
found active. One of the best known products was an extract
of Pseudomonas aeruginosa, first used as a local application by
Czech workers, Honl and Bukovsky, in 1899: this was com-
mercially available as ‘pyocyanase’ on the continent for many
years. Other investigators used extracts of species of Penicillium
and Aspergillus which probably or certainly contained antibiot-
ics, but in too low a concentration to exert more than a local
and transient effect. Florey (1945) gave a revealing account of
these early developments in a lecture with the intriguing title
“The Use of Micro-organisms as Therapeutic Agents’: this was
amplified in a later publication (Florey 1949).

The systemic search, by an ingenious method, for an organ-
ism which could attack pyogenic cocci, conducted by Dubos
(1939) in New York, led to the discovery of tyrothricin (gram-
icidin + tyrocidine), formed by Bacillus brevis, a substance
which, although too toxic for systemic use in man, had in fact
a systemic curative effect in mice. This work exerted a strong
influence in inducing Florey and his colleagues to embark on
a study of naturally formed antibacterial substances, and pen-
icillin was the second on their list.

%! PENICILLIN

The present antibiotic era may be said to date from 1940,
when the first account of the properties of an extract of cul-
tures of Penicillium notatum appeared from Oxford (Chain
et al 1940): a fuller account followed, with impressive clinical
evidence (Abraham et al 1941). It had been necessary to
find means of extracting a very labile substance from culture
fluids, to examine its action on a wide range of bacteria, to
examine its toxicity by a variety of methods, to establish a
unit of its activity, to study its distribution and excretion when

Si.e. the nineteenth century.
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administered to animals, and finally to prove its systemic effi- ~ Table 1.1 Date of discovery and source of natural antibiotics

cacy in mouse infections. There then remained the gigantic

task, seemingly impossible except on a factory scale, of pro- LLC! Microbe

discovery

ducing in the School of Pathology at Oxford enough of a sub-
stance, which was known to be excreted with unexampled Penicillin 1929-40 Penicillium notatum

rapidity, for the treatment of human disease. One means of Tyrothricin {Gram_ﬁci_dm} 1939 Bacillus brevis
maintaining supplies was extraction from the patients’ urine Tyrocidine
and re-administration.

It was several years before penicillin was fully purified, its Griseofulvin 1939 Penicillium griseofulvum
structure ascertained, and its large-scale commercial pro- 1945 ggf?/‘(/)/(/umjanczewsk/
duction achieved. That this was of necessity first entrusted
to manufacturers in the USA gave them a lead in a highly Streptomycin 1944 Streptomyces griseus
profitable industry which was not to be overtaken for many Bacitracin 1945 Bacillus licheniformis
years.

Chloramphenicol 1947 Streptomyces venezuelae
\@! LATER ANTIBIOTICS Polymyxin 1947 Bacillus polymyxa
Framycetin 1947-53 Streptomyces lavendulae
The dates of discovery and sources of the principal anti- Chlortetracycline 1948 Streptomyces aureofaciens
biotics are given chronologically in Table 1.1. This is far EEEha\SSPporiﬂ 1948 Cephalosporium sp.
,Nan

from being a complete list, but subsequently discovered

antibiotics have been closely related to others already Neomycin 1949 Streptomyces fradiae
known, such as aminoglycosides and macrolides. A few,

Oxytetracycline 1950 Streptomyces rimosus

including penicillin, were chance discoveries, but ‘stretch-
ing out suppliant Petri dishes’ (Florey 1945) in the hope of Nystatin 1950 Streptomyces noursei
catching a new antibiotic-producing organism was not to

. . . Erythromycin 1952 Streptomyces erythreus
lead anywhere. Most further discoveries resulted from soil
surveys, a process from which a large annual outlay might Oleandomycin 1954 Streptomyces antibioticus
or might not be repaid a hundred-fold, a gamble against Spiramycin 1954 Streptomyces ambofaciens
much longer odds than most oil prospecting. Soil contains
Novobiocin 1955 Streptomyces spheroides

rof n ry mixed flor rying with clim - ’
a profuse and very ed flora varying with climate, vege Streptomyces niveus

tation, mineral content and other factors, and is a medium
in which antibiotic formation may well play a part in the Cycloserine 1955 Streptomyces orchidaceus
.. . . . . Streptomyces gaeryphalus
competition for nutriment. A soil survey consists of obtain-
ing samples from as many and as varied sources as possi- Vancomycin 1956 Streptomyces orientalis
ble, cultivating them on plates, subcultivating all colonies
of promising organisms such as actinomycetes and exam-
ining each for antibacterial activity. Alternatively, the pri- Kanamycin 1957 Streptomyces kanamyceticus
mary plate culture may be inoculated by spraying or by
agar layering with suitable bacteria, the growth of which
may then be seen to be inhibited in a zone surrounding
some of the original colonies. This is only a beginning: Fusidic acid 1960 Fusidium coccineum
many thousands of successive colonies so examined are
found to form an antibiotic already known or useless by
reason of toxicity. Lincomycin 1962 Streptomyces lincolnensis
Antibiotics have been derived from some odd sources other

Rifamycin 1957 Streptomyces mediterranei

Nebramycins 1958 Streptomyces tenebraeus

Paromomycin 1959 Streptomyces rimosus

Spectinomycin 1961-62 Streptomyces flavopersicus

. . . Gentamicin 1963 Micromonospora purpurea
than soil. Although the original strain of P notatum appar-
ently floated into Fleming’s laboratory at St. Mary’s from Josamycin 1964 Streptomyces narvonensis var.
one on another floor of the building in which moulds were Josamyceticus
being studied, that of Penicillium chrysogenum now used for Tobramycin 1968 Streptomyces tenebraeus
penicillin production was derived from a mouldy Canteloupe Ribostamycin 1970 Streptomyces ribosidificus

melon in the market at Peoria, Illinois. Perhaps the strang-
est derivation was that of helenine, an antibiotic with some Butirosin 1970 Bacillus circulans
antiviral activity, isolated by Shope (1953) from Penicillium
Sfuniculosum growing on ‘the isinglass cover of a photograph of
my wife, Helen, on Guam, near the end of the war in 1945°.

Sissomicin 1970 Micromonospora myosensis

Rosaramicin 1972 Micromonospora rosaria
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He proceeds to explain that he chose the name because it
was non-descriptive, non-committal and not pre-empted,
‘but largely out of recognition of the good taste shown by the
mould ... in locating on the picture of my wife’.

Those antibiotics out of thousands now discovered which
have qualified for therapeutic use are described in chapters
which follow.

FUTURE PROSPECTS

All successful chemotherapeutic agents have certain prop-
erties in common. They must exert an antimicrobic action,
whether inhibitory or lethal, in high dilution, and in the com-
plex chemical environment which they encounter in the body.
Secondly, since they are brought into contact with every tis-
sue in the body, they must so far as possible be without harm-
ful effect on the function of any organ. To these two essential
qualities may be added others which are highly desirable,
although sometimes lacking in useful drugs: stability, free sol-
ubility, a slow rate of excretion, and diffusibility into remote
areas.

If a drug is toxic to bacteria but not to mammalian cells
the probability is that it interferes with some structure or
function peculiar to bacteria. When the mode of action of
sulphanilamide was elucidated by Woods and Fildes, and the
theory was put forward of bacterial inhibition by metabolite
analogues, the way seemed open for devising further anti-
bacterial drugs on a rational basis. Immense subsequent
advances in knowledge of the anatomy, chemical composi-
tion and metabolism of the bacterial cell should have encour-
aged such hopes still further. This new knowledge has been
helpful in explaining what drugs do to bacteria, but not in
devising new ones. Discoveries have continued to result only
from random trials, purely empirical in the antibiotic field,
although sometimes based on reasonable theoretical expecta-
tion in the synthetic.

Not only is the action of any new drug on individual bac-
teria still unpredictable on a theoretical basis, but so are its
effects on the body itself. Most of the toxic effects of anti-
biotics have come to light only after extensive use, and even
now no one can explain their affinity for some of the organs
attacked. Some new observations in this field have contrib-
uted something to the present climate of suspicion about new
drugs generally, which is insisting on far more searching tests
of toxicity, and delaying the release of drugs for therapeutic
use, particularly in the USA.

\@(

Successive discoveries have added to the list of infections
amenable to chemotherapy until nothing remains altogether
untouched except the viruses. On the other hand, how-
ever, some of the drugs which it is necessary to use are far

THE PRESENT SCOPE
OF CHEMOTHERAPY

from ideal, whether because of toxicity or of unsatisfactory
pharmacokinetic properties, and some forms of treatment
are consequently less often successful than others. Moreover,
microbic resistance is a constant threat to the future useful-
ness of almost any drug. It seems unlikely that any totally new
antibiotic remains to be discovered, since those of recent ori-
gin have similar properties to others already known. It there-
fore will be wise to husband our resources, and employ them
in such a way as to preserve them. The problems of drug resis-
tance and policies for preventing it are discussed in Chapters
13 and 14.

ADAPTATION OF EXISTING DRUGS

A line of advance other than the discovery of new drugs is the
adaptation of old ones. An outstanding example of what can
be achieved in this way is presented by the sulphonamides.
Similar attention has naturally been directed to the antibiot-
ics, with fruitful results of two different kinds. One is sim-
ply an alteration for the better in pharmacokinetic properties.
Thus procaine penicillin, because less soluble, is longer act-
ing than potassium penicillin; the esterification of macrolides
improves absorption; chloramphenicol palmitate is palatable,
and other variants so produced are more stable, more solu-
ble and less irritant. Secondly, synthetic modification may
also enhance antimicrobic properties. Sometimes both types
of change can be achieved together; thus rifampicin is not
only well absorbed after oral administration, whereas rifa-
mycin, from which it is derived, is not, but antibacterially
much more active. The most varied achievements of these
kinds have been among the penicillins, overcoming to vary-
ing degrees three defects in benzylpenicillin: its susceptibility
to destruction by gastric acid and by staphylococcal peni-
cillinase, and the relative insusceptibility to it of many spe-
cies of Gram-negative bacilli. Similar developments have
provided many new derivatives of cephalosporin C, although
the majority differ from their prototypes much less than the
penicillins.

One effect of these developments, of which it may seem
captious to complain, is that a quite bewildering variety of
products is now available for the same purposes. There are
still many sulphonamides, about 10 tetracyclines, more than
20 semisynthetic penicillins, and a rapidly extending list of
cephalosporins, and a confident choice between them for any
given purpose is one which few prescribers are qualified to
make — indeed no one may be, since there is often no significant
difference between the effects to be expected. Manufacturers
whose costly research laboratories have produced some new
derivative with a marginal advantage over others are entitled
to make the most of their discovery. But if an antibiotic in a
new form has a substantial advantage over that from which it
was derived and no countervailing disadvantages, could not
its predecessor sometimes simply be dropped? This rarely
seems to happen, and there are doubtless good reasons for it,
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but the only foreseeable opportunity for simplifying the pre-
scriber’s choice has thus been missed.
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LATER DEVELOPMENTS IN

ANTIMICROBIAL CHEMOTHERAPY

ANTIBACTERIAL AGENTS

At the time of Garrod’s death, penicillins and cephalosporins
were still in the ascendancy: apart from the aminoglycoside,
amikacin, the latest advances in antimicrobial therapy to reach
the formulary in the late 1970s were the antipseudomonal
penicillins, azlocillin, mezlocillin and piperacillin, the amidi-
nopenicillin mecillinam (amdinocillin), and the B-lactamase-
stable cephalosporins cefuroxime and cefoxitin. The latter
compounds emerged in response to the growing importance of
enterobacterial B-lactamases, which were the subject of intense
scrutiny around this time. Discovery of other novel, enzyme-
resistant, B-lactam molecules elaborated by micro-organisms,
including clavams, carbapenems and monobactams (see Ch.
15) were to follow, reminding us that Mother Nature still has
some antimicrobial surprises up her copious sleeves.

The appearance of cefuroxime (first described in 1976)
was soon followed by the synthesis of cefotaxime, a meth-
oximino-cephalosporin that was not only B-lactamase stable
but also exhibited a vast improvement in intrinsic activity.
This compound stimulated a wave of commercial interest in
cephalosporins with similar properties, and the early 1980s
were dominated by the appearance of several variations on the
cefotaxime theme (ceftizoxime, ceftriaxone, cefmenoxime,
ceftazidime and the oxa-cephem, latamoxef). Although they
have not been equally successful, these compounds argu-
ably represent the high point in a continuing development of
cephalosporins from 1964, when cephaloridine and cephalo-
thin were first introduced.

The dominance of the cephalosporins among B-lactam
agents began to decline in the late 1980s as novel derivatives
such as the monobactam aztreonam and the carbapenem imi-
penem came on stream. The contrasting properties of these

two compounds reflected a still unresolved debate about
the relative merits of narrow-spectrum targeted therapy and
ultra-broad spectrum cover. Meanwhile, research emphasis
among P-lactam antibiotics turned to the development of
orally absorbed cephalosporins that exhibited the favorable
properties of the expanded-spectrum parenteral compounds;
formulations that sought to emulate the successful combina-
tion of amoxicillin with the B-lactamase inhibitor, clavulanic
acid; and variations on the carbapenem theme pioneered by
imipenem.

Interest in most other antimicrobial drug families lan-
guished during the 1970s. Among the aminoglycosides the
search for new derivatives petered out in most countries after
the development of netilmicin in 1976. However, in Japan,
where amikacin was first synthesized in 1972 in response
to concerns about aminoglycoside resistance, several novel
aminoglycosides that are not exploited elsewhere appeared
on the market. A number of macrolides with rather undistin-
guished properties also appeared during the 1980s in Japan
and some other countries, but not in the UK or the USA.
Wider interest in new macrolides had to await the emergence
of compounds that claimed pharmacological advantages over
erythromycin (see Ch. 22); two, azithromycin and clarithro-
mycin, reached the UK market in 1991 and others became
available elsewhere.

Quinolone antibacterial agents enjoyed a renaissance
when it was realized that fluorinated, piperazine-substituted
derivatives exhibited much enhanced potency and a broader
spectrum of activity than earlier congeners (see Ch. 26).
Norfloxacin, first described in 1980, was the forerunner of
this revival and other fluoroquinolones quickly followed.
Soon manufacturers of the new fluoroquinolones such as
ciprofloxacin, enoxacin and ofloxacin began to struggle for
market dominance in Europe, the USA and elsewhere, and
competing claims of activity and toxicity began to circulate.
The commercial appeal of the respiratory tract infection mar-
ket also ensured a sustained interest in derivatives that reli-
ably included the pneumococcus in their spectrum of activity.
Several quinolones of this type subsequently appeared on the
market, though enthusiasm has been muted to some extent
by unexpected problems of serious toxicity: several were with-
drawn soon after they were launched because of unacceptable
adverse reactions.

As the 20th century drew to a close, investment in new
antibacterial agents in the pharmaceutical houses underwent
a spectacular decline. Ironically, the period coincided with a
dawning awareness of the fragility of conventional resources
in light of the spread of antimicrobial drug resistance. Indeed,
such new drugs that have appeared on the market have arisen
from concerns about the development and spread of resis-
tance to traditional agents, particularly, but not exclusively,
methicillin-resistant Staphylococcus aureus. Most have been
developed by small biotech companies, often on licence from
the multinational firms.

Further progress on antibacterial compounds in the 21st
century has been spasmodic at best, though some compounds
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in trial at the time of writing, notably the glycopeptide orita-
vancin and ceftobiprole, a cephalosporin with activity against
methicillin-resistant Staph. aureus, have aroused considerable
interest.

OTHER ANTIMICROBIAL AGENTS

%! ANTIVIRAL AGENTS

The massive intellectual and financial investment that was
brought to bear in the wake of the HIV pandemic began
to pay off in the last decade of the 20th century. In the late
1980s only a handful of antiviral agents was available to the
prescriber, whereas about 40 are available today (see Chs 36
and 37). Discovery of new approaches to the attack on HIV
opened the way to effective combination therapy (see Chs 36
and 43). In addition, new compounds for the prevention and
treatment of influenza and cytomegalovirus infection emerged
(see Ch. 37).

%! ANTIFUNGAL AGENTS

Many of the new antifungal drugs that appeared in the late
20th century (see Chs 32, 59 and 60) were variations on older
themes: antifungal azoles and safer formulations of ampho-
tericin B. They included useful new triazoles (fluconazole
and itraconazole) that are effective when given systemically
and a novel allylamine compound, terbinafine, which offers
a welcome alternative to griseofulvin in recalcitrant dermato-
phyte infections. Investigation of antibiotics of the echinocan-
din class bore fruit in the development of caspofungin and
micafungin. The emergence of Preumocystis jirovecii (former-
ly Pnreumocystis carinii; long a taxonomic orphan, but now
accepted as a fungus) as an important pathogen in HIV-
infected persons stimulated the investigation of new therapies,
leading to the introduction of trimetrexate and atovaquone
for cases unresponsive to older drugs.

%! ANTIPARASITIC AGENTS

The most serious effects of parasitic infections are borne by
the economically poor countries of the world, and research
into agents for the treatment of human parasitic disease
has always received low priority. Nevertheless, some use-
ful new antimalarial compounds have found their way into
therapeutic use. These include mefloquine and halofan-
trine, which originally emerged in the early 1980s from the
extensive antimalarial research program undertaken by the
Walter Reed Army Institute of Research in Washington, and
the hydroxynaphthoquinone, atovaquone, which is used in

antimalarial prophylaxis in combination with proguanil.
Derivatives of artemisinin, the active principle of the Chinese
herbal remedy ginghaosu, also became accepted as valuable
additions to the antimalarial armamentarium. These devel-
opments have been slow, but very welcome in view of the
inexorable spread of resistance to standard antimalarial
drugs in Plasmodium falciparum, which continues unabated
(see Ch. 62).

There have been few noteworthy developments in the
treatment of other protozoan diseases, but one, eflornithine
(difluoromethylornithine), provides a long-awaited alterna-
tive to arsenicals in the West African form of trypanosomia-
sis. Unfortunately, long-term availability of the drug remains
insecure. Although a commercial use for a topical formu-
lation has emerged (for removal of unwanted facial hair),
manufacture of an injectable preparation is uneconomic.
For the present it remains available through a humanitarian
arrangement between the manufacturer and the World Health
Organization.

On the helminth front, the late 20th century witnessed
a revolution in the reliability of treatment. Three agents —
albendazole, praziquantel and ivermectin — emerged, which
between them cover most of the important causes of human
intestinal and systemic worm infections (see Chs 34 and 64).
Most anthelmintic compounds enter the human anti-infective
formulary by the veterinary route, underlying the melancholy
fact that animal husbandry is of relatively greater economic
importance than the well-being of the approximately 1.5 bil-
lion people who harbor parasitic worms.

THE PRESENT SCOPE OF

ANTIMICROBIAL CHEMOTHERAPY

Science, with a little help from Lady Luck, has provided for-
midable resources for the treatment of infectious disease dur-
ing the last 75 years. Given the enormous cost of development
of new drugs, and the already crowded market for antimicro-
bial compounds, it is not surprising that anti-infective research
in the pharmaceutical houses has turned to more lucrative
fields. Meanwhile, antimicrobial drug resistance continues to
increase inexorably. Although most bacterial infection remains
amenable to therapy with common, well-established drugs,
the prospect of untreatable infection is already becoming an
occasional reality, especially among seriously ill patients in
high-dependency units where there is intense selective pres-
sure created by widespread use of potent, broad-spectrum
agents. On a global scale, multiple drug resistance in a num-
ber of different organisms, including those that cause typhoid
fever, tuberculosis and malaria, is an unsolved problem. These
are life-threatening infections for which treatment options are
limited, even when fully sensitive organisms are involved.
Garrod, surveying the scope of chemotherapy in 1968
(in the second edition of this book), warned of the threat
of microbial resistance and the need to husband our
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resources. That threat and that need have not diminished.
The challenge for the future is to preserve the precious
assets that we have acquired by sensible regulation of the
availability of antimicrobial drugs in countries in which
controls are presently inadequate; by strict adherence
to control of infection procedures in hospitals and other
healthcare institutions; and by informed and cautious pre-
scribing everywhere.
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Selective toxicity is the central concept of antimicrobial chemo-
therapy, i.e. the infecting organism is killed, or its growth prevented,
withoutdamage to the host. The necessary selectivity can be achieved
in several ways: targets within the pathogen may be absent from the
cells of the host or, alternatively, the analogous targets within the host
cells may be sufficiently different, or at least sufficiently inaccessible,
for selective attack to be possible. With agents like the polymyxins,
the organic arsenicals used in trypanosomiasis, the antifungal poly-
enes and some antiviral compounds, the gap between toxicity to the
pathogen and to the host is small, but in most cases antimicrobial
drugs are able to exploit fundamental differences in structure and
function within the infecting organism, and host toxicity generally
results from unexpected secondary effects.

I —
ANTIBACTERIAL AGENTS

Bacteria are structurally and metabolically very different from
mammalian cells and, in theory, there are numerous ways in
which bacteria can be selectively killed or disabled. In the
event, it turns out that only the bacterial cell wall is structur-
ally unique; other subcellular structures, including the cyto-
plasmic membrane, ribosomes and DNA, are built on the
same pattern as those of mammalian cells, although sufficient
differences in construction and organization do exist at these
sites to make exploitation of the selective toxicity principle
feasible.

The most successful antibacterial agents are those that
interfere with the construction of the bacterial cell wall, the
synthesis of protein, or the replication and transcription of
DNA. Indeed, relatively few clinically useful agents act at
the level of the cell membrane, or by interfering with specific
metabolic processes within the bacterial cell (Table 2.1).

Unless the target is located on the outside of the bacterial
cell, antimicrobial agents must be able to penetrate to the site
of action. Access through the cytoplasmic membrane is usu-
ally achieved by passive diffusion, or occasionally by active
transport processes. In the case of Gram-negative organisms,

Table 2.1 Sites of action of antibacterial agents

Site Agent Principal target

Cell wall Penicillins Transpeptidase
Cephalosporins Transpeptidase
Bacitracin, ramoplanin Isoprenylphosphate
Vancomycin, teicoplanin  Acyl-p-alanyl-p-alanine
Telavancin Acyl-p-alanyl-p-alanine (and

the cell membrane)

Cycloserine Alanine racemase/ligase
Fosfomycin Pyruvyl transferase
Isoniazid Mycolic acid synthesis
Ethambutol Arabinosyl transferases

Ribosome Chloramphenicol Peptidyl transferase

Ribosomal A site
Initiation complex/translation

Tetracyclines
Aminoglycosides

Macrolides Ribosomal 505 subunit
Lincosamides Ribosomal A and P sites
Fusidic acid Elongation factor G
Linezolid Ribosomal A site

Pleuromutilins Ribosomal A site

tRNA charging  Mupirocin Isoleucyl-tRNA synthetase

Nucleic acid Quinolones DNA gyrase (o subunit)/
topoisomerase IV
Novobiocin DNA gyrase (B subunit)
Rifampicin RNA polymerase
5-Nitroimidazoles DNA strands
Nitrofurans DNA strands

Cell membrane  Polymyxins
Daptomycin

Phospholipids
Phospholipids

Folate synthesis Sulfonamides
Diaminopyrimidines

Pteroate synthetase
Dihydrofolate reductase

the antibacterial drug must also cross the outer membrane
(Figure 2.1). This contains a lipopolysaccharide-rich outer
bilayer, which may prevent a drug from reaching an otherwise
sensitive intracellular target. However, the outer membrane
contains aqueous transmembrane channels (porins), which
does allow passage of hydrophilic molecules, including drugs,
depending on their molecular size and ionic charge. Many
antibacterial agents use porins to gain access to Gram-negative
organisms, although other pathways are also exploited.!
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INHIBITORS OF BACTERIAL CELL WALL

SYNTHESIS

Peptidoglycan forms the rigid, shape-maintaining layer of
most medically important bacteria. Its structure is similar
in Gram-positive and Gram-negative organisms, although
there are important differences. In both types of organism
the basic macromolecular chain is N-acetylglucosamine
alternating with its lactyl ether, N-acetylmuramic acid. Each
muramic acid unit carries a pentapeptide, the third amino
acid of which is L-lysine in most Gram-positive cocci and
meso-diaminopimelic acid in Gram-negative bacilli. The cell
wall is given its rigidity by cross-links between this amino acid
and the penultimate amino acid (which is always D-alanine)

Staphylococcus aureus

|

|

|

|
--NAG — NAMA — NAG—NAMA— NAG—

of adjacent chains, with loss of the terminal amino acid
(also p-alanine) (Figure 2.2). Gram-negative bacilli have a
very thin peptidoglycan layer, which is loosely cross-linked;
Gram-positive cocci, in contrast, possess a very thick pepti-
doglycan coat, which is tightly cross-linked through inter-
peptide bridges. The walls of Gram-positive bacteria also
differ in containing considerable amounts of polymeric
sugar alcohol phosphates (teichoic and teichuronic acids),
while Gram-negative bacteria possess an outer membrane as
described above.

A number of antibacterial agents selectively inhibit differ-
ent stages in the construction of the peptidoglycan (Figure
2.3). In addition, the unusual structure of the mycobacterial
cell wall is exploited by several antituberculosis agents.

Escherichia coli

NAMA—NAG — NAMA — NAG—NAMA--
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Fig.2.2 Schematic representations of the terminal stages of cell wall synthesis in Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria. See text for explanation. Arrows indicate formation of cross-links, with loss of terminal p-alanine; in Gram-negative
bacilli many p-alanine residues are not involved in cross-linking and are removed by p-alanine carboxypeptidase. NAG, N-acetylglucosamine;
NAMA, N-acetylmuramic acid; ala, alanine; glu, glutamic acid; lys, lysine; gly, glycine; m-DAP, meso-diaminopimelic acid.
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N-acetylglucosamine; NAMA, N-acetylmuramic acid. (Reproduced with permission from Greenwood D, Ogilvie MM, Antimicrobial Agents.
In: Greenwood D, Slack RCB, Peutherer JF (eds). Medical Microbiology 16th edn. 2002, Edinburgh: Churchill Livingstone, with permission of
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‘@! FOSFOMYCIN

The N-acetylmuramic acid component of the bacterial cell
wall is derived from N-acetylglucosamine by the addition of
a lactic acid substituent derived from phosphoenolpyruvate.
Fosfomycin blocks this reaction by inhibiting the pyruvyl
transferase enzyme involved. The antibiotic enters bacteria by
utilizing active transport mechanisms for a-glycerophosphate
and glucose-6-phosphate. Glucose-6-phosphate induces the
hexose phosphate transport pathway in some organisms
(notably Escherichia coli) and potentiates the activity of fosfo-
mycin against these bacteria.?

‘@! CYCLOSERINE

The first three amino acids of the pentapeptide chain of
muramic acid are added sequentially, but the terminal
D-alanyl-D-alanine is added as a dipeptide unit (see Figure 2.3).
To form this unit the natural form of the amino acid, L-ala-
nine, is first racemized to D-alanine and two molecules are
then joined by D-alanyl-D-alanine ligase. Both of these reac-
tions are blocked by the antibiotic cycloserine, which is a
structural analog of D-alanine.

\@{

Once the muramylpentapeptide is formed in the cell cyto-
plasm, an N-acetylglucosamine unit is added, together with
any amino acids needed for the interpeptide bridge of Gram-
positive organisms. It is then passed to a lipid carrier mole-
cule, which transfers the whole unit across the cell membrane
to be added to the growing end of the peptidoglycan macro-
molecule (see Figure 2.3). Addition of the new building block
(transglycosylation) is prevented by vancomycin (a glycopeptide

VANCOMYCIN, TEICOPLANIN
AND TELAVANCIN

antibiotic) and teicoplanin (a lipoglycopeptide antibiotic)
which bind to the acyl-p-alanyl-p-alanine tail of the muramyl-
pentapeptide. Telavancin (a lipoglycopeptide derivative of
vancomycin) also prevents transglycosylation by binding to
the acyl-p-alanyl-pD-alanine tail of the muramylpentapeptide.
However, telavancin appears to have an additional mecha-
nism of action since it also increases the permeability of the
cytoplasmic membrane, leading to loss of adenosine triphos-
phate (ATP) and potassium from the cell and membrane
depolarization.? Because these antibiotics are large polar mol-
ecules, they cannot penetrate the outer membrane of Gram-
negative organisms, which explains their restricted spectrum
of activity.

%’ BACITRACIN AND RAMOPLANIN

The lipid carrier involved in transporting the cell wall building
block across the membrane is a C_ isoprenyl phosphate. The
lipid acquires an additional phosphate group in the transport
process and must be dephosphorylated in order to regenerate
the native compound for another round of transfer. The cyclic
peptide antibiotics bacitracin and ramoplanin both bind to
the C_, lipid carrier Bacitracin inhibits its dephosphorylation
and ramoplanin prevents it from participating in transglycosy-
lation. Consequently both antibiotics disrupt the lipid carrier
cycle (see Figure 2.3).

%’ B-LACTAM ANTIBIOTICS

The final cross-linking reaction that gives the bacterial cell
wall its characteristic rigidity was pinpointed many years ago
as the primary target of penicillin and other 3-lactam agents.
These compounds were postulated to inhibit formation of the
transpeptide bond by virtue of their structural resemblance
to the terminal D-alanyl-D-alanine unit that participates
in the transpeptidation reaction. This knowledge had to be



reconciled with various concentration-dependent morpholog-

ical responses that Gram-negative bacilli undergo on exposure

to penicillin and other B-lactam compounds: filamentation

(caused by inhibition of division rather than growth of the

bacteria) at low concentrations, and the formation of osmoti-

cally fragile spheroplasts (peptidoglycan-deficient forms that
have lost their bacillary shape) at high concentrations.

Three observations suggested that these morphological
events could be dissociated:

» The oral cephalosporin cefalexin (and some other
B-lactam agents, including cefradine, temocillin and
the monobactam, aztreonam) causes the filamentation
response alone over an extremely wide range of
concentrations.

* Mecillinam (amdinocillin) does not inhibit division (and
hence does not cause filamentation in Gram-negative
bacilli), but has a generalized effect on the bacterial cell wall.

* Combining cefalexin and mecillinam evokes the ‘typical’
spheroplast response in Esch. coli that neither agent
induces when acting alone.*

It was subsequently shown that isolated membranes of bac-
teria contain a number of proteins that bind penicillin and
other B-lactam antibiotics. These penicillin-binding proteins
(PBPs) are numbered in descending order of their molecular
weight.’ The number found in bacterial cells varies from spe-
cies to species: Esch. coli has at least seven and Staphylococcus
aureus four. B-Lactam agents that induce filamentation in
Gram-negative bacilli bind to PBP 3; similarly, mecillinam
binds exclusively to PBP 2. Most B-lactam antibiotics, when
present in sufficient concentration, bind to both these sites
and to others (PBP la and PBP 1b) that participate in the
rapidly lytic response of Gram-negative bacilli to many peni-
cillins and cephalosporins.

The low-molecular-weight PBPs (4, 5 and 6) of Esch. coli are
carboxypeptidases, which may operate to control the extent of
cross-linking in the cell wall. Mutants lacking these enzymes
grow normally and have thus been ruled out as targets for the
inhibitory or lethal actions of B-lactam antibiotics. The PBPs
with higher molecular weights (PBPs 1a, 1b, 2 and 3) possess
transpeptidase activity, and it seems that these PBPs repre-
sent different forms of the transpeptidase enzyme necessary
to arrange the complicated architecture of the cylindrical or
spherical bacterial cell during growth, septation and division.

The nature of the lethal event

The mechanism by which inhibition of penicillin-binding
proteins by B-lactam agents causes bacterial lysis and death
has been investigated for decades. Normal cell growth and
division require the coordinated participation of both pepti-
doglycan synthetic enzymes and those with autolytic activity
(murein, or peptidoglycan hydrolases; autolysins). To prevent
widespread hydrolysis of the peptidoglycan it appears that
the autolysins are normally restricted in their access to pep-
tidoglycan. Possibly, as a secondary consequence of B-lactam
action, there are changes in cell envelope structure (e.g. the

ANTIBACTERIAL AGENTS‘

formation of protein channels in the cytoplasmic membrane)
that allow autolysins to more readily reach their peptidoglycan
substrate and thereby promote destruction of the cell wall.®

%! ANTIMYCOBACTERIAL AGENTS

Agents acting specifically against Mycobacterium tuberculosis
and other mycobacteria have been less well characterized than
other antimicrobial drugs. Nevertheless, it is believed that
several of them owe their activity to selective effects on the
biosynthesis of unique components in the mycobacterial cell
envelope.”Thus isoniazid and ethionamide inhibit mycolic acid
synthesis and ethambutol prevents arabinogalactan synthesis.?
The mode of action of pyrazinamide, a synthetic derivative of
nicotinamide, is more controversial. Pyrazinamide is a prod-
rug which is converted into pyrazinoic acid (the active form
of pyrazinamide) by mycobacterial pyrazinamidase. Some
evidence suggests that pyrazinoic acid inhibits mycobacterial
fatty acid synthesis,® whereas other data support a mode of
action involving disruption of membrane energization.’

INHIBITORS OF BACTERIAL PROTEIN

SYNTHESIS

The process by which the information encoded by DNA
is translated into proteins is universal in living systems. In
prokaryotic, as in eukaryotic cells, the workbench is the
ribosome, composed of two distinct subunits, each a com-
plex of ribosomal RNA (rRNA) and numerous proteins.
However, bacterial ribosomes are open to selective attack
by drugs because they differ from their mammalian coun-
terparts in both protein and RNA structure. Indeed, the two
types can be readily distinguished in the ultracentrifuge:
bacterial ribosomes exhibit a sedimentation coefficient of
70S (composed of 30S and 50S subunits), whereas mam-
malian ribosomes display a coefficient of 80S (composed of
40S and 60S subunits). Nevertheless, bacterial and mito-
chondrial ribosomes are much more closely related and it
is evident that some of the adverse side effects associated
with the therapeutic use of protein synthesis inhibitors as
antibacterial agents results from inhibition of mitochondrial
protein synthesis.!°

In the first stage of bacterial protein synthesis, messenger
RNA (mRNA), transcribed from a structural gene, binds to
the smaller ribosomal subunit and attracts N-formylmethionyl
transfer RNA (fMet-tRNA) to the initiator codon AUG. The
larger subunit is then added to form a complete initiation
complex. fMet-tRNA occupies the P (peptidyl donor) site;
adjacent to it is the A (aminoacyl acceptor) site aligned with
the next trinucleotide codon of the mRNA. Transfer RNA
(tRNA) bearing the appropriate anticodon, and its specific
amino acid, enters the A site assisted by elongation factor Tu.
Peptidyl transferase activity joins N-formylmethionine to the
new amino acid with loss of the tRNA in the P site, via the exit

13
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(E) site. The first peptide bond of the protein has therefore
been formed. A translocation event, assisted by elongation
factor G, then moves the remaining tRNA with its dipeptide
to the P site and concomitantly aligns the next triplet codon
of mRNA with the now vacant A site. The appropriate amino-
acyl-tRNA enters the A site and the transfer process and sub-
sequent translocation are repeated. In this way, the peptide
chain is synthesized in precise fashion, faithful to the origi-
nal DNA blueprint, until a termination codon is encountered
on the mRNA that signals completion of the peptide chain
and release of the protein product. The mRNA disengages
from the ribosome, which dissociates into its component sub-
units, ready to form a new initiation complex. Within bacterial
cells, many ribosomes are engaged in protein synthesis during
active growth, and a single strand of mRNA may interact with
many ribosomes along its length to form a polysome.

Several antibacterial agents interfere with the process of
protein synthesis by binding to the ribosome (Figure 2.4). In
addition, the charging of isoleucyl tRNA, i.e. one of the steps
in protein synthesis preceding ribosomal involvement, is sub-
ject to inhibition by the antibiotic mupirocin. Therapeutically
useful inhibitors of protein synthesis acting on the ribosome
include many of the naturally occurring antibiotics, such as
chloramphenicol, tetracyclines, aminoglycosides, fusidic acid,

Initiation factors

S

macrolides, lincosamides and streptogramins. Linezolid, a
newer synthetic drug, also selectively inhibits bacterial pro-
tein synthesis by binding to the ribosome. In recent years
considerable insight into the mode of action of agents that
inhibit bacterial protein synthesis has been gained from
structural studies on the nature of drug binding sites in the
ribosome.!!-14

' CHLORAMPHENICOL

The molecular target for chloramphenicol is the peptidyl
transferase center of the ribosome located in the 508 subunit.
Peptidyl transferase activity is required to link amino acids
in the growing peptide chain. Consequently, chloramphenicol
prevents the process of chain elongation, bringing bacterial
growth to a halt. The process is reversible, and hence chloram-
phenicol is fundamentally a bacteristatic agent. Structural
studies reveal that chloramphenicol binds exclusively to spe-
cific nucleotides within the 23S rRNA of the 50S subunit and
has no direct interaction with ribosomal proteins.!! The struc-
tural data suggest that chloramphenicol could inhibit the for-
mation of transition state intermediates that are required for
the completion of peptide bond synthesis.
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Fig. 2.4 The process of protein synthesis and the steps inhibited by various antibacterial agents.



\@! TETRACYCLINES

Antibiotics of the tetracycline group interact with 30S ribo-
somal subunits and prevent the binding of incoming aminoa-
cyl-tRNA to the A site.'> However, this appears to occur after
the initial binding of the elongation factor Tu—aminoacyl-
tRNA complex to the ribosome, which is not directly affected
by tetracyclines. Inhibition of A-site occupation prevents
polypeptide chain elongation and, like chloramphenicol, these
antibiotics are predominantly bacteristatic. Structural analy-
sis reveals several binding sites for tetracycline in the 30S sub-
unit which account for the ability of the antibiotic to cause
physical blockage of tRNA binding in the A site.!?
Tetracyclines also penetrate into mammalian cells (indeed,
the effect on Chlamydiae depends on this) and can interfere
with protein synthesis on eukaryotic ribosomes. Fortunately,
cytoplasmic ribosomes are not affected at the concentrations
achieved during therapy, although mitochondrial ribosomes
are. The selective toxicity of tetracyclines thus presents some-
thing of a puzzle, the solution to which is presumably that
these antibiotics are not actively concentrated by mitochon-
dria as they are by bacteria, and concentrations reached are
insufficient to deplete respiratory chain enzymes.'”

W AMINOGLYCOSIDES

Much of the literature on the mode of action of aminoglyco-
sides has concentrated on streptomycin. However, the action
of gentamicin and other deoxystreptamine-containing amino-
glycosides is clearly not identical, since single-step, high-level
resistance to streptomycin, which is due to a change in a spe-
cific protein (S12) of the 30S ribosomal subunit, does not
extend to other aminoglycosides.

Elucidation of the mode of action of aminoglycosides has
been complicated by the need to reconcile a variety of enig-
matic observations:

» Streptomycin and other aminoglycosides cause
misreading of mRNA on the ribosome while paradoxically
halting protein synthesis completely by interfering with
the formation of functional initiation complexes.

» Inhibition of protein synthesis by aminoglycosides leads
not just to bacteristasis as with, for example, tetracycline
or chloramphenicol, but also to rapid cell death.

» Susceptible bacteria (but not those with resistant
ribosomes) quickly become leaky to small molecules on
exposure to the drug, apparently because of an effect on
the cell membrane.

A complete understanding of these phenomena has not yet

been achieved, but the situation is slowly becoming clearer.

The two effects of aminoglycosides on initiation and misread-

ing may be explained by a concentration-dependent effect on

ribosomes engaged in the formation of the initiation complex
and those in the process of chain elongation:!® in the presence
of a sufficiently high concentration of drug, protein synthesis

ANTIBACTERIAL AGENTS

is completely halted once the mRNA is run off because re-
initiation is blocked; under these circumstances there is little
or no opportunity for misreading to occur. However, at con-
centrations at which only a proportion of the ribosomes can
be blocked at initiation, some protein synthesis will take place
and the opportunity for misreading will be provided.

The mechanism of misreading has been clarified by recent
structural information on the interaction of streptomycin with
the ribosome.!® Streptomycin binds near to the A site through
strong interactions with four nucleotides in 16S rRNA and
one residue in protein S12. This tight binding promotes a
conformational change which stabilizes the so-called ram
state in the ribosome which reduces the fidelity of translation
by allowing non-cognate aminoacyl-tRNAs to bind easily to
the A site.

The effects of aminoglycosides on membrane permeability,
and the potent bactericidal activity of these compounds, remain
enigmatic. However, the two phenomena may be related.!” The
synthesis and subsequent insertion of misread proteins into the
cytoplasmic membrane may lead to membrane leakiness and
cell death.'®

Spectinomycin

The aminocyclitol antibiotic spectinomycin, often consid-
ered alongside the aminoglycosides, binds in reversible fash-
ion (hence the bacteristatic activity) to the 16S rRNA of the
ribosomal 30S subunit. There it interrupts the translocation
event that occurs as the next codon of mRNA is aligned with
the A site in readiness for the incoming aminoacyl-tRNA.
Structural studies reveal that the antibiotic binds to an area
of the 30S subunit known as the head region which needs
to move during translocation. Binding of the rigid spectino-
mycin molecule appears to prevent the movement required
for translocation.!®

)

These antibiotic groups are structurally very different, but
bind to closely related sites on the 50S ribosomal subunit of
bacteria. One consequence of this is that a single mutation in
adenine 2058 of the 23S rRNA can confer cross-resistance
to macrolides, lincosamides and streptogramin B antibiotics
(MLS, resistance).

Crystallographic studies indicate that, although the binding
sites for macrolides and lincosamides differ, both drug classes
interact with some of the same nucleotides in 23S rRNA.!
Neither of the drug classes binds directly to ribosomal pro-
teins. Although streptogramin B antibiotics have not been co-
crystallized with ribosomes, it is assumed that parts of their
binding sites overlap with those of macrolides and lincos-
amides (see above). The structural studies support a model
whereby macrolides block the entrance to a channel that
directs nascent peptides away from the peptidyl transferase

MACROLIDES, KETOLIDES,
LINCOSAMIDES, STREPTOGRAMINS
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center. Lincosamides also affect the exit path of the nascent
polypeptide chain but in addition disrupt the binding of
aminoacyl-tRNA and peptidyl-tRNA to the ribosomal A and
P sites.

The streptogramins are composed of two interacting
components designated A and B. The type A molecules bind
to 508 ribosomal subunits and appear, like lincosamides,
to affect both the A and P sites of the peptidyl transferase
center, thereby preventing peptide bond formation. Type
B streptogramins occupy an adjacent site on the ribosome
and also prevent formation of the peptide bond; in addi-
tion, premature release of incomplete polypeptides also
occurs.'” Type A molecules bind to free ribosomes, but not
to polysomes engaged in protein synthesis, whereas type B
can prevent further synthesis during active processing of the
mRNA. The bactericidal synergy between the two compo-
nents arises mainly from conformational changes induced
by type A molecules that improve the binding affinity of type
B compounds.?®

Ketolides, such as telithromycin, which are semisynthetic
derivatives of the macrolide erythromycin, appear to block the
entrance to the tunnel in the large ribosomal subunit through
which the nacent polypeptide exits from the ribosome.?
However, the binding of ketolides must differ from those of
the macrolides, lincosamides or streptogramin B antibiotics
because the ketolides are not subject to the MLS -based resis-
tance mechanism.?!

‘@! PLEUROMUTILINS

Pleuromutilins such as tiamulin and valnemulin have been
used for some time in veterinary medicine to treat swine
infections.?? More recently a semisynthetic pleuromutilin,
retapamulin, has been introduced as a topical treatment for
Gram-positive infections in humans.?® Pleuromutilins inhibit
the peptidyl transferase activity of the bacterial 50S ribosomal
subunit by binding to the A site.?>%

\@! FUSIDIC ACID

Fusidic acid forms a stable complex with an elongation fac-
tor (EF-G) involved in translocation and with guanosine
triphosphate (GTP), which provides energy for the trans-
location process. One round of translocation occurs, with
hydrolysis of GTP, but the fusidic acid—-EF-G—-GDP com-
plex cannot dissociate from the ribosome, thereby blocking
further chain elongation and leaving peptidyl-tRNA in the
P site.?®

Although protein synthesis in Gram-negative bacilli — and,
indeed, mammalian cells — is susceptible to fusidic acid, the
antibiotic penetrates poorly into these cells and the spectrum
of action is virtually restricted to Gram-positive bacteria,
notably staphylococci.?

W LINEZOLID

Linezolid is a synthetic bacteristatic agent that inhibits bac-
terial protein synthesis. It was previously believed that the
drug prevented the formation of 70S initiation complexes.
However, more recent analysis suggests that the drug inter-
feres with the binding, or correct positioning, of aminoacyl-
tRNA in the A site.!

%’ MUPIROCIN

Mupirocin has a unique mode of action. The epoxide-
containing monic acid tail of the molecule is an analog of
isoleucine and, as such, is a competitive inhibitor of isoleucyl-
tRNA synthetase in bacterial cells.??” The corresponding
mammalian enzyme is unaffected.

INHIBITORS OF NUCLEIC ACID

SYNTHESIS

Compounds that bind directly to the double helix are gener-
ally highly toxic to mammalian cells and only a few — those that
interfere with DN A-associated enzymic processes — exhibit suf-
ficient selectivity for systemic use as antibacterial agents. These
compounds include antibacterial quinolones, novobiocin and
rifampicin (rifampin). Diaminopyrimidines, sulfonamides,
5-nitroimidazoles and (probably) nitrofurans also affect DNA
synthesis and will be considered under this heading.

%’ QUINOLONES

The problem of packaging the enormous circular chromo-
some of bacteria (>1 mm long) into the cell requires it to be
twisted into a condensed ‘supercoiled’ state — a process aided
by the natural strain imposed on a covalently closed double
helix. The twists are introduced in the opposite sense to those
of the double helix itself and the molecule is said to be nega-
tively supercoiled. During the process of DNA replication, the
DNA helicase and DNA polymerase enzyme complexes intro-
duce positive supercoils into the DNA to allow progression
of the replication fork. Re-introduction of negative supercoils
involves precisely regulated nicking and resealing of the DNA
strands, accomplished by enzymes called topoisomerases. One
topoisomerase, DNA gyrase, is a tetramer composed of two
pairs of o and B subunits, and the primary target of the action
of nalidixic acid and other quinolones is the o subunit of DNA
gyrase, although another enzyme, topoisomerase IV, is also
affected.?® Indeed, in Gram-positive bacteria, topoisomerase
IV seems to be the main target.?® This enzyme does not have
supercoiling activity; it appears to be involved in relaxation of
the DNA chain and chromosomal segregation.



Although DNA gyrase and topoisomerase IV are the pri-
mary determinants of quinolone action, it is believed that
the drugs bind to enzyme-DNA complexes and stabilize
intermediates with double-stranded DNA cuts introduced
by the enzymes. The bactericidal activity of the quinolones
is believed to result from accumulation of these drug stabi-
lized covalently cleaved intermediates which are not subject
to rescue by DNA repair mechanisms in the cell.*

The coumarin antibiotic novobiocin acts in a complemen-
tary fashion to quinolones by binding specifically to the [} sub-
unit of DNA gyrase.’!

W RIFAMPICIN (RIFAMPIN)

Rifampicin and other compounds of the ansamycin group
specifically inhibit DNA-dependent RNA polymerase; that
is, they prevent the transcription of RNA species from the
DNA template. Rifampicin is an extremely efficient inhibi-
tor of the bacterial enzyme, but fortunately eukaryotic RNA
polymerase is not affected. RNA polymerase consists of a core
enzyme made up of four polypeptide subunits, and rifampicin
specifically binds to the B subunit where it blocks initiation
of RNA synthesis, but is without effect on RNA polymerase
elongation complexes. The structural mechanism for inhibi-
tion of bacterial RNA polymerase by rifampicin has recently
been elucidated.? The antibiotic binds to the  subunit in a
pocket which directly blocks the path of the elongating RNA
chain when it is two to three nucleotides in length. During
initiation the transcription complex is particularly unstable
and the binding of rifampicin promotes dissociation of short
unstable RNA-DNA hybrids from the enzyme complex. The
binding pocket for rifampicin, which is absent in mammalian
RNA polymerases, is some 12 A away from the active site.

\@(

These agents act at separate stages in the pathway of folic acid

SULFONAMIDES AND
DIAMINOPYRIMIDINES

synthesis and thus act indirectly on DNA synthesis, since the
reduced form of folic acid, tetrahydrofolic acid, serves as an
essential co-factor in the synthesis of thymidylic acid.*?

Sulfonamides are analogs of p-aminobenzoic acid. They
competitively inhibit dihydropteroate synthetase, the enzyme
that condenses p-aminobenzoic acid with dihydropteroic acid
in the early stages of folic acid synthesis. Most bacteria need
to synthesize folic acid and cannot use exogenous sources of
the vitamin. Mammalian cells, in contrast, require preformed
folate and this is the basis of the selective action of sulfon-
amides. The antileprotic sulfone dapsone, and the antituber-
culosis drug p-aminosalicylic acid, act in a similar way; the
basis for their restricted spectrum may reside in differences of
affinity for variant forms of dihydropteroate synthetase in the
bacteria against which they act.

ANTIBACTERIAL AGENTS

Diaminopyrimidines act later in the pathway of folate syn-
thesis. These compounds inhibit dihydrofolate reductase,
the enzyme that generates the active form of the co-factor
tetrahydrofolic acid. In the biosynthesis of thymidylic acid,
tetrahydrofolate acts as hydrogen donor as well as a methyl
group carrier and is thus oxidized to dihydrofolic acid in the
process. Dihydrofolate reductase is therefore crucial in recy-
cling tetrahydrofolate, and diaminopyrimidines act relatively
quickly to halt bacterial growth. Sulfonamides, in contrast,
cut off the supply of folic acid at source and act slowly, since
the existing folate pool can satisfy the needs of the cell for sev-
eral generations.

The selective toxicity of diaminopyrimidines comes about
because of differential affinity of these compounds for dihy-
drofolate reductase from various sources. Thus trimethoprim
has a vastly greater affinity for the bacterial enzyme than for
its mammalian counterpart, pyrimethamine exhibits a partic-
ularly high affinity for the plasmodial version of the enzyme
and, in keeping with its anticancer activity, methotrexate has
high affinity for the enzyme found in mammalian cells.

5-NITROIMIDAZOLES

The most intensively investigated compound in this group
is metronidazole, but other 5-nitroimidazoles are thought
to act in a similar manner. Metronidazole removes electrons
from ferredoxin (or other electron transfer proteins with low
redox potential) causing the nitro group of the drug to be
reduced. It is this reduced and highly reactive intermediate
that is responsible for the antimicrobial effect, probably by
binding to DNA, which undergoes strand breakage.** The
requirement for interaction with low redox systems restricts
the activity largely to anaerobic bacteria and certain proto-
zoa that exhibit anaerobic metabolism. The basis for activ-
ity against microaerophilic species such as Helicobacter pylori
and Gardnerella vaginalis remains speculative, though a novel
nitroreductase, which is altered in metronidazole-resistant
strains, is implicated in H. pylori.>’

W NITROFURANS

As with nitroimidazoles, the reduction of the nitro group of
nitrofurantoin and other nitrofurans is a prerequisite for anti-
bacterial activity. Micro-organisms with appropriate nitrore-
ductases act on nitrofurans to produce a highly reactive
electrophilic intermediate and this is postulated to affect DNA
as the reduced intermediates of nitroimidazoles do. Other evi-
dence suggests that the reduced nitrofurans bind to bacterial
ribosomes and prevent protein synthesis.>® An effect on DNA
has the virtue of explaining the known mutagenicity of these
compounds in vitro and any revised mechanism relating to
inhibition of protein synthesis needs to be reconciled with this

property.
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‘CHAPTER 2 MODES OF ACTION

AGENTS AFFECTING MEMBRANE

PERMEABILITY

Agents acting on cell membranes do not normally discrimi-
nate between microbial and mammalian membranes, although
the fungal cell membrane has proved more amenable to selec-
tive attack (see below). The only membrane-active antibacterial
agents to be administered systemically in human medicine are
polymyxin, the closely related compound colistin (polymyxin
E) and the recently introduced cyclic lipopeptide daptomycin.
The former have spectra of activity restricted to Gram-negative
bacteria whereas daptomycin is active against Gram-positive
bacteria, but inactive against Gram-negative species.

Polymyxin and colistin appear to act like cationic deter-
gents, i.e. they disrupt the Gram-negative bacterial cytoplas-
mic membrane, probably by attacking the exposed phosphate
groups of the membrane phospholipid. However, initial inter-
action with the cell appears to depend upon recognition
by lipopolysaccharides in the outer membrane followed by
translocation from the outer membrane to the cytoplasmic
membrane.’” The end result is leakage of cytoplasmic con-
tents and death of the cell. Various factors, including growth
phase and incubation temperature, alter the balance of
fatty acids within the bacterial cell membrane, and this can
concomitantly affect the response to polymyxins.>®

The cyclic lipopeptide daptomycin exhibits calcium-depen-
dentinsertioninto the cytoplasmic membrane of Gram-positive
bacteria, interacting preferentially with anionic phospholipids
such as phosphatidyl glycerol.?® It distorts membrane struc-
ture and causes leakage of potassium, magnesium and ATP
from the cell together with membrane depolarization (Figure
2.5).40-42 Collectively these events lead to inhibition of macro-
molecular synthesis and bacterial cell death.**> Daptomycin
is inactive against Gram-negative bacteria because it fails to
penetrate the outer membrane. However, the basis of selective
toxicity against the cytoplasmic membrane of Gram-positive
bacteria as opposed to eukaryotic membranes is currently
unclear.

I —
ANTIFUNGAL AGENTS

The antifungal agents in current clinical use can be divided
into the antifungal antibiotics (griseofulvin and polyenes) and
a variety of synthetic agents including flucytosine, the azoles
(e.g. miconazole, ketoconazole, fluconazole, itraconazole,
voriconazole, posaconazole), the allylamines (terbinafine) and
echinocandins (caspofungin, micafungin, anidulafungin).*

In view of the scarcity of antibacterial agents acting on the
cytoplasmic membrane, it is surprising to find that some of
the most successful groups of antifungal agents — the poly-
enes, azoles and allylamines — all achieve their effects in this
way.?>*> However, the echinocandins, the most recent anti-
fungals introduced into clinical practice,*® differ in affecting
the synthesis of the fungal cell wall.*>*

_—
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333 ??? (i) Membrane penetration

(iii) Membrane disruption
3 ? ? and cell death

Fig.2.5 A modelfor the mode of action of daptomycin in Gram-
positive bacteria. (i) Daptomycin, in the presence of Ca**, inserts
into the cytoplasmic membrane either as an aggregate or as
individual molecules that aggregate once within the membrane.

(i) Daptomycin penetrates the membrane and causes membrane
curvature. (iii) Extensive membrane curvature and strain results

in membrane disruption leading to leakage of intracellular
components, membrane depolarization, loss of biosynthetic activity
and cell death. Daptomycin (black-filled circles); phospholipids
(gray-filled circles).

The mechanism of action of the antidermatophyte antibiotic

griseofulvin is not fully understood.?” There are at least two

possibilities:

» Inhibition of synthesis of the fungal cell wall component
chitin

* Antimitotic activity exerted by the binding of drug to the
microtubules of the mitotic spindle, interfering with their
assembly and function.



POLYENES

The polyene antibiotics (nystatin and amphotericin B) bind
only to membranes containing sterols; ergosterol, the predom-
inant sterol of fungal membranes, appears to be particularly
susceptible.**" The drugs form pores in the fungal membrane
which makes the membrane leaky, leading to loss of normal
membrane function. Unfortunately, mammalian cell mem-
branes also contain sterols, and polyenes consequently exhibit
a relatively low therapeutic index.

In contrast to the polyenes, whose action depends upon the pres-
ence of ergosterol in the fungal membrane, the antifungal azoles
prevent the synthesis of this membrane sterol. These compounds
block ergosterol synthesis by interfering with the demethylation
of its precursor, lanosterol.*>**® Lanosterol demethylase is a cyto-
chrome P, enzyme and, although azole antifungals have much
less influence on analogous mammalian systems, some of the
side effects of these drugs are attributable to such action.
Antifungal azole derivatives are predominantly fungistatic
but some compounds at higher concentrations, notably micon-
azole and clotrimazole, kill fungi apparently by causing direct
membrane damage. Other, less well characterized, effects of
azoles on fungal respiration have also been described.*

ALLYLAMINES

The antifungal allylamine derivatives terbinafine and nafti-
fine inhibit squalene epoxidase, another enzyme involved in
the biosynthesis of ergosterol.>® Fungicidal effects may be due
to the accumulation of squalene in the membrane leading to
its rupture, rather than a deficiency of ergosterol. In Candida
albicans the drugs are primarily fungistatic and the yeast form
is less susceptible than is mycelial growth. In this species there
is less accumulation of squalene than in dermatophytes, and
ergosterol deficiency may be the limiting factor.>!

ECHINOCANDINS

Caspofungin and related compounds inhibit the formation of
glucan, an essential polysaccharide of the cell wall of many
fungi, including Preumocystis jirovecii (formerly Preumocystis
carinit). The vulnerable enzyme is B-1,3-glucan synthase,
which is located in the cell membrane.*”>?

FLUCYTOSINE (5-FLUOROCYTOSINE)

The spectrum of activity of flucytosine (5-fluorocytosine)
is virtually restricted to yeasts. In these fungi flucytosine is
transported into the cell by a cytosine permease; a cytosine

ANTIPROTOZOAL AGENTS

deaminase then converts flucytosine to 5-fluorouracil, which
is incorporated into RNA in place of uracil, leading to the for-
mation of abnormal proteins.* There is also an effect on DNA
synthesis through inhibition of thymidylate synthetase.”® The
absence of major side effects in humans can be attributed to
the lack of cytosine deaminase in mammalian cells.*

I —
ANTIPROTOZOAL AGENTS

The actions of some antiprotozoal drugs overlap with, or are
analogous to, those seen with the antibacterial and antifungal
agents already discussed. Thus, the activity of 5-nitroimida-
zoles such as metronidazole extends to those protozoa that
exhibit an essentially anaerobic metabolism; the antimalarial
agents pyrimethamine and cycloguanil (the metabolic prod-
uct of proguanil), like trimethoprim, inhibit dihydrofolate
reductase.

A number of antibacterial agents also have antiproto-
zoal activity. For instance the sulfonamides, tetracyclines,
lincosamides and macrolides all display antimalarial activ-
ity, although they are most frequently used in combination
with specific antimalarial agents. Some antifungal polyenes
and antifungal azoles also display sufficient activity against
Leishmania and certain other protozoa for them to have
received attention as potential therapeutic agents.

There is considerable uncertainty about the mechanism of
action of other antiprotozoal agents. Various sites of action
have been ascribed to many of them and, with a few nota-
ble exceptions, the literature reveals only partial attempts to
define the primary target.

ANTIMALARIAL AGENTS

W QUINOLINE ANTIMALARIALS

Quinine and the various quinoline antimalarials were once
thought to achieve their effect by intercalation with plasmo-
dial DNA after concentration in parasitized erythrocytes.
However, these effects occur only at concentrations in excess
of those achieved in vivo.’* Moreover, a non-specific effect
on DNA does not explain the selective action of these com-
pounds at precise points in the plasmodial life cycle or the dif-
ferential activity of antimalarial quinolines.

Clarification of the mode of action of these compounds has
proved elusive, but it now seems likely that chloroquine and
related compounds act primarily by binding to ferriprotopor-
phyrin IX, preventing its polymerization by the parasite.’®>>
Ferriprotoporphyrin IX, produced from hemoglobin in the
food vacuole of the parasites, is a toxic metabolite which is
normally rendered innocuous by polymerization.

Chloroquine achieves a very high concentration within
the food vacuole of the parasite and this greatly aids its activ-
ity. However, quinine and mefloquine are not concentrated
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to the same extent, and have much less effect on ferriproto-
porphyrin IX polymerization, raising the possibility that other
(possibly multiple) targets are involved in the action of these
compounds.’®37

8-Aminoquinolines like primaquine, which, at therapeu-
tically useful concentrations exhibit selective activity against
liver-stage parasites and gametocytes, possibly inhibit mito-
chondrial enzyme systems by poorly defined mechanisms.
Furthermore, whether this action is due directly to the
8-aminoquinolines, or their metabolites, is unknown.>*

\@! ARTEMISININ

Artemisinin, the active principle of the Chinese herbal rem-
edy ginghaosu, and three derivatives of artemisinin are widely
used antimalarial drugs.>* These drugs are all converted in vivo
to dihydroartemisinin which has a chemically reactive peroxide
bridge.>* This is cleaved in the presence of heme or free iron
within the parasitized red cell to form a short-lived, but highly
reactive, free radical that irreversibly alkylates malaria pro-
teins.”®> However, artemisinin may have other mechanisms of
action, including modulation of the host’s immune response.”

‘@! ATOVAQUONE

The hydroxynaphthoquinone atovaquone, which exhibits anti-
malarial and anti-Preumocystis activity, is an electron transport
inhibitor that causes depletion of the ATP pool. The primary
effect is on the iron flavoprotein dihydro-orotate dehydroge-
nase, an essential enzyme in the production of pyrimidines.
Mammalian cells are able to avoid undue toxicity by use of
preformed pyrimidines.®® Dihydro-orotate dehydrogenase
from Plasmodium falciparum is inhibited by concentrations of
atovaquone that are very much lower than those needed to
inhibit the Preumocystis enzyme, raising the possibility that
the antimicrobial consequences might differ in the two organ-
isms.®! Although atovaquone was originally developed as a
monotherapy for malaria, high level resistance readily emerges
in Plasmodium falciparum when the drug is used alone.’*
Consequently, atovaquone is now combined with proguanil.

OTHER ANTIPROTOZOAL AGENTS

Arsenical compounds, which are still the mainstay of treatment
of African sleeping sickness, appear to poison trypanosomes
by affecting carbohydrate metabolism through inhibition of
glycerol-3-phosphate, pyruvate kinase, phosphofructokinase
and fructose-2,6,-biphosphatase.%>% This is achieved through
binding to essential thiol groups in the enzymes. This mecha-
nism of action accounts for the poor selective toxicity of the
arsenicals, since they also inhibit many mammalian enzymes
through the same mechanism.®?

The actions of other agents with antitrypanosomal activ-
ity, including suramin and pentamidine, are also poorly
characterized.%>*Various cell processes, mainly those involved
in glycolysis within the specialized glycosomes of protozoa of
the trypanosome family, have been implicated in the action of
suramin.®® However, a variety of other unrelated biochemi-
cal processes are also inhibited.®>% Consequently, the mode
of action of suramin remains obscure. However, suramin
appears to be more effectively accumulated by trypanosomes
compared to mammalian cells and this may account for the
selective toxicity of the drug.®?

Pentamidine and other diamidines disrupt the trypano-
somal kinetoplast, a specialized DNA-containing organelle,
probably by binding to DNA, though they also interfere with
polyamine synthesis and have been reported to inhibit RNA
editing in trypanosomes,51:62:63.66

Laboratory studies of Leishmania are hampered by the
fact that in-vitro culture yields promastigotes that are mor-
phologically and metabolically different from the amastigotes
involved in disease. Such evidence as is available suggests that
the pentavalent antimonials commonly used for treatment
inhibit ATP synthesis in the parasite.’” Whether this is due
to a direct effect of the antimonials or conversion to trivalent
metabolites is uncertain.®” Antifungal azoles take advantage of
similarities in sterol biosynthesis among fungi and leishmanial
amastigotes.®®

Eflornithine (difluoromethylornithine) is a selective inhibitor
of ornithine decarboxylase and achieves its effect by depleting
the biosynthesis of polyamines such as spermidine, a precursor
of trypanothione.%?% The corresponding mammalian enzyme has
a much shorter half-life than its trypanosomal counterpart, and
this may account for the apparent selectivity of action.®> The pref-
erential activity against Trypanosoma brucer gambiense rather than
the related rhodesiense form may be due to reduced drug uptake or
differences in polyamine metabolism in the latter subspecies.”

Several of the drugs used in amebiasis, including the plant
alkaloid emetine and diloxanide furoate appear to interfere
with protein synthesis within amebic trophozoites or cysts.”

ANTHELMINTIC AGENTS

Just as the cell wall of bacteria is a prime target for selec-

tive agents and the cell membrane is peculiarly vulnerable in
fungi, so the neuromuscular system appears to be the Achilles’
heel of parasitic worms. Several anthelmintic agents work by
paralyzing the neuromusculature. The most important agents
are those of the avermectin/milbemycin class of anthelmint-
ics including ivermectin, milbemycin oxime, moxidectin and
selamectin.” These drugs bind to, and activate, glutamate-
gated chloride channels in nerve cells, leading to inhibition
of neuronal transmission and paralysis of somatic muscles in
the parasite, particularly in the pharyngeal pump.’>"

The benzimidazole derivatives, including mebendazole
and albendazole, act by a different mechanism. These broad-
spectrum anthelmintic drugs seem to have at least two effects



on adult worms and larvae: inhibition of the uptake of the
chief energy source, glucose; and binding to tubulin, the
structural protein of microtubules.”"

The basis of the activity of the antifilarial drug diethylcar-
bamazine has long been a puzzle, since the drug has no effect
on microfilaria in vitro. Consequently it seems likely that the
effect of the drug observed in vivo is due to alterations in the
surface coat of the microfilariae, making them more respon-
sive to immunological processes from which they are nor-
mally protected.”®”” This may be mediated through inhibition
of arachidonic acid synthesis, a polyunsaturated fatty acid,
present in phospholipids.”™

ANTIVIRAL AGENTS

The prospects for the development of selectively toxic anti-
viral agents were long thought to be poor, since the life cycle
of the virus is so closely bound to normal cellular processes.
However, closer scrutiny of the relationship of the virus to the
cell reveals several points at which the viral cycle might be
interrupted.” These include:

* Adsorption to and penetration of the cell

* Uncoating of the viral nucleic acid

» The various stages of nucleic acid replication

* Assembly of the new viral particles

Release of infectious virions (if the cell is not destroyed).

NUCLEOSIDE ANALOGS

In the event, it is the process of viral replication (which is
extremely rapid relative to most mammalian cells) that has
proved to be the most vulnerable point of attack, and most clin-
ically useful antiviral agents are nucleoside analogs. Aciclovir
(acycloguanosine) and penciclovir (the active product of the
oral agent famciclovir), which are successful for the treatment
of herpes simplex, achieve their antiviral effect by conversion
within the cell to the triphosphate derivative. In the case of
aciclovir and penciclovir, the initial phosphorylation, yielding
aciclovir or penciclovir monophosphate, is accomplished by a
thymidine kinase coded for by the virus itself. The correspond-
ing cellular thymidine kinase phosphorylates these compounds
very inefficiently and thus only cells harboring the virus are
affected. Moreover, the triphosphates of aciclovir and penci-
clovir inhibit viral DNA polymerase more efficiently than the
cellular enzyme; this is another feature of their selective activity.
As well as inhibiting viral DNA polymerase, aciclovir and pen-
ciclovir triphosphates are incorporated into the growing DNA
chain and cause premature termination of DNA synthesis.”
Other nucleoside analogs — including the anti-HIV agents
zidovudine, didanosine, zalcitabine, stavudine, lamivudine,
abacavir and emtricitabine, and the anti-cytomegalovirus
agents ganciclovir and valganciclovir are phosphorylated by
cellular enzymes to form triphosphate derivatives.”° In their
triphosphate forms the anti-HIV compounds are recognized by

ANTIVIRAL AGENTS

viral reverse transcriptase and are incorporated as monophos-
phates at the 3’ end of the viral DNA chain, causing premature
chain termination during the process of DNA transcription
from the single-stranded RNA template.”*° Consequently, the
triphosphate derivatives of the anti-HIV compounds act both
as competitors of the normal deoxynucleoside substrates
and as alternative substrates being incorporated into the DNA
chain a deoxynucleoside monophosphates. Similarly, ganciclo-
vir acts as a chain terminator during the synthesis of cytomeg-
alovirus DNA.” Since these compounds lack a hydroxyl group
on the deoxyribose ring, they are unable to form phospho-
diester linkages in the viral DNA chain.”8! Ribavirin is also
a nucleoside analog with activity against orthomyxoviruses
(influenza A and B) and paramyxoviruses (measles, respira-
tory syncytial virus). In its 5° monophosphate form ribavirin
inhibits inosine monophosphate dehydrogenase, an enzyme
required for the synthesis of GTP and dGTP, and in its 5’
triphosphate form it can prevent transcription of the influ-
enza RNA genome.” In vitro, ribavirin antagonizes the action
of zidovudine, probably by feedback inhibition of thymidine
kinase, so that the zidovudine is not phosphorylated.®?

NON-NUCLEOSIDE REVERSE

TRANSCRIPTASE INHIBITORS

Although they are structurally unrelated, the non-nucleo-
side reverse transcriptase inhibitors nevirapine, delavirdine
and efavirenz all bind to HIV-1 reverse transcriptase in a
non-competitive fashion.”8°

PROTEASE INHIBITORS

An alternative tactic to disable HIV is to inhibit the enzyme
that cleaves the polypeptide precursor of several essential viral
proteins. Such protease inhibitors in therapeutic use include
saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopina-
vir and atazanavir.”®%

NUCLEOTIDE ANALOGS

The nucleotide analog cidofovir is licensed for the treatment
of cytomegalovirus disease in AIDS patients.” It is phosphory-
lated by cellular kinases to the triphosphate derivative, which
then becomes a competitive inhibitor of DNA polymerase.

PHOSPHONIC ACID DERIVATIVES

The simple phosphonoformate salt foscarnet and its close
analog phosphonoacetic acid inhibit DNA polymerase activ-
ity of herpes viruses by preventing pyrophosphate exchange.”
The action is selective in that the corresponding mammalian
polymerase is much less susceptible to inhibition.
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AMANTADINE AND RIMANTIDINE

The anti-influenza A compound amantadine and its close rel-
ative rimantadine act by blocking the M2 ion channel which is
required for uptake of protons into the interior of the virus to
permit acid-promoted viral uncoating (decapsidation).”8?

NEURAMINIDASE INHIBITORS

Two drugs target the neuraminidase of influenza A and B
viruses: zanamivir and oseltamivir. Both bind directly to the
neuraminidase enzyme and prevent the formation of infec-
tious progeny virions.”>#

ANTISENSE DRUGS

Fomivirsen is the only licensed antisense oligonucleotide for
the treatment of cytomegalovirus retinitis. The nucleotide
sequence of fomivirsen is complementary to a sequence in
the messenger RNA transcript of the major immediate early
region 2 of cytomegalovirus, which is essential for production
of infectious virus.”

The modes of action of the majority of antibacterial, anti-
fungal and antiviral drugs are well understood, reflecting our
sophisticated knowledge of the life cycles of these organisms
and the availability of numerous biochemical and molecular
microbiological techniques for studying drug interactions in
these microbial groups. In contrast, there are many gaps in our
understanding of the mechanisms of action of antiprotozoal and
anthelmintic agents, reflecting the more complex nature of these
organisms and the technical difficulties of studying them.
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3 The problem of resistance

Olivier Denis, Hector Rodriguez-Villalobos and Marc J. Struelens

Antibiotic resistance is increasing worldwide at an accelerating pace,
reducing the efficacy of therapy for many infections, fuelling trans-
mission of pathogens and majoring health costs, morbidity and mor-
tality related to infectious diseases.” This public-health threat has
been recognized as a priority for intervention by health agencies at
national and international level.?? In this chapter we will address the
definition of resistance, its biochemical mechanisms, genetic basis,
prevalence in major human pathogens, epidemiology and strategies
for control.

DEFINITION OF RESISTANCE

Antibiotic resistance definitions are based on in-vitro quanti-
tative testing of bacterial susceptibility to antibacterial agents.
This is typically achieved by determination of the minimal
inhibitory concentration (MIC) of a drug; that is, the lowest
concentration that inhibits visible growth of a standard inocu-
lum of bacteria in a defined medium within a defined period
of incubation (usually 18-24 h) in a suitable atmosphere (see
Ch. 9). There is no universal consensus definition of bac-
terial resistance to antibiotics. This is related to two issues:
first, the resistance may be defined either from a biologi-
cal or from a clinical standpoint; secondly, different ‘critical
breakpoint’ values for categorization of bacteria as resistant or
susceptible were selected by national reference committees.
In recent years, major advances toward international harmo-
nization of resistance breakpoints have been made thanks to
the consensus achieved within the European Committee for
Antimicrobial Susceptibility Testing (EUCAST).*

According to the Clinical Laboratory Standards Institute
(CLSI), formerly known as the US National Committee for
Clinical and Laboratory Standards (NCCLS), infecting bac-
teria are considered susceprible when they can be inhibited by
achievable serum or tissue concentration using a dose of the
antimicrobial agent recommended for that type of infection
and pathogen.*This ‘target concentration’ will not only depend
on pharmacokinetic and pharmacodynamic properties of the

drug (see Ch. 4), but also on recommended dose, which may
vary by country. EUCAST" developed distinct definitions for
microbiological and clinical resistance. The microbiological def-
mation of wild rype (or naturally susceptible) bacteria includes
those that belong to the most susceptible subpopulations and
lack acquired or mutational mechanisms of resistance. The
definition of clinically susceprible bacteria is those that are sus-
ceptible by a level of in-vitro antimicrobial activity associated
with a high likelihood of success with a standard therapeu-
tic regimen of the drug. In the absence of this clinical infor-
mation, the definition is based on a consensus interpretation
of the antibiotic’s pharmacodynamic and pharmacokinetic
properties. The clinically susceptible category may include
fully susceptible and borderline susceptible, or moderately
susceptible, bacteria which may have acquired low-level resis-
tance mechanism(s) (Figure 3.1).

Clinical resistance is defined by EUCAST as a level of anti-
microbial activity associated with a high likelihood of ther-
apeutic failure even with high dosage of a given antibiotic.
EUCAST defines as microbiologically resistant bacteria that
possess any resistance mechanism demonstrated either phe-
notypically or genotypically. These may be defined statistically
by an MIC higher than the ‘epidemiological cut-off value’ that
separates the normal distribution of wild type versus non-wild
type bacterial strains, irrespective of source or test method.**®

The chnically intermediate (EUCAST) or intermediate
(CLSI) category is used for bacteria with an MIC that lies
between the breakpoints for clinically susceptible and clini-
cally resistant. These strains are inhibited by concentrations
of the antimicrobial that are close to either the usually or the
maximally achievable blood or tissue level and for which the
therapeutic response rate is less predictable than for infection
with susceptible strains.® This category also provides a techni-
cal buffer zone that should limit the probability of misclassifi-
cation of bacteria in susceptible or resistant categories.

Some strains of species that are naturally susceptible to an
antibiotic may acquire resistance to the drug. This phenom-
enon commonly arises when populations of bacteria have
grown in the presence of the antibiotic which selects mutant



MECHANISMS OF RESISTANCE

Clinical classification Susceptible Intermediate Resistant
Number of isolates Fully Borderline

MIC Low High
Microbiological Susceptible Resistant

dlassification low- level moderate high- level

Fig. 3.1

Hypothetical distribution of MICs among clinical isolates of bacteria, classified clinically and microbiologically as susceptible

or resistant. Adapted from European Committee for Antimicrobial Susceptibility Testing (EUCAST). Terminology relating to methods for the
determination of susceptibility of bacteria to antimicrobial agents. Clin Microbiol Infect. 2000;6:503-508.°

strains that have increased their MIC by various adaptive
mechanisms (see below). It may also result from horizontal
gene transmission and acquisition of a resistance determi-
nant, for example a B-lactamase, from a bacterial donor (see
below). The range of MIC distribution of ‘clinically suscepti-
ble’ isolates of a given species may include ‘microbiologically
resistant’ strains based on standard breakpoints, although
revisions of breakpoints toward lower values have recently
been made so as to minimize the probability of this occur-
ring.” In such cases it is important to demonstrate that the
isolates have an acquired resistance mechanism (see below) not
present in others. This is particularly crucial if clinical stud-
ies demonstrate that such ‘low-level resistant’ strains are asso-
ciated with an increased probability of treatment failure, as
shown for bacteremia caused by Escherichia coli and Klebsiella
pneumoniae strains producing extended-spectrum B-lactamase
treated with cephalosporins.®

Unfortunately, definitions that relate clinical response to
microbiological susceptibility are less useful than might be
expected because of the many confounding factors that may
be present in patients. These range from relative differences of
drug susceptibility dependent on the inoculum size and physi-
ological state of bacteria grown in logarithmic phase in vitro
versus those of biofilm-associated, stationary phase bacteria
at the infecting site, limited distribution or reduced activity of
the antibiotic in the infected site due to low pH or high protein
binding, competence of phagocytic and immune response to
the pathogen, presence of foreign body or undrained collec-
tions, to misidentification of the infective agent and straight-
forward sampling or testing error.

From an early stage in the development of antibacte-
rial agents it became clear that a knowledge of antibiotic
pharmacokinetics and pharmacodynamics could be used
to bolster the inadequate information gained from clinical
use (see Ch. 4). It is assumed that if an antibiotic reaches a

concentration at the site of infection higher than the MIC
for the infecting agent, the infection is likely to respond.
Depending on the antibiotic class, maximal antibacterial
activity, including the killing rate, may be related either to
the peak drug concentration over MIC ratio (as with the
aminoglycosides) or to the proportion of the time interval
between two doses when concentration is above the MIC
(as with the B-lactams). Assays of antibiotics in sites of
infection are complex and serum assays have been widely
used as a proxy, even though there may be substantial intra-
and interindividual variation depending on the patient’s
pathophysiological conditions.

Different breakpoint committees have used different phar-
macokinetic parameters in their correlations with pharmaco-
dynamic characteristics. The approach of the CLSI has been
based on wide consultation, and includes strong input from
the antibiotic manufacturers. In Europe, EUCAST has har-
monized antimicrobial MIC breakpoints and set those for new
agents by consensus of professional experts from national com-
mittees. EUCAST clinical breakpoints are published together
with supporting scientific rationale documentation.* Clearly,
international consensus on susceptibility breakpoints is pro-
gressing, thereby reducing the confusion created by a given
strain to be labeled antibiotic susceptible in some countries
and resistant in others.

I —
MECHANISMS OF RESISTANCE

For an antimicrobial agent to be effective against a given
micro-organism, two conditions must be met: a vital target
susceptible to a low concentration of the antibiotic must
exist in the micro-organism, and the antibiotic must pen-
etrate the bacterial envelope and reach the target in suffi-
cient quantity.
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CHAPTER 3 THE PROBLEM OF RESISTANCE

There are six main mechanisms by which bacteria may

circumvent the actions of antimicrobial agents:

» Specific enzymes may inactivate the drug before or after it
enters the bacterial cell.

» The bacterial cell envelope may be modified so that it
becomes less permeable to the antibiotic.

» The drug may be actively expelled from the cell by
transmembrane efflux systems.

» The target may be modified so that it binds less avidly
with the antibiotic.

» The target may be bypassed by acquisition of a novel
metabolic pathway.

» The target may be protected by production of protein
which prevents the antibiotic reaching it.

However, these resistance mechanisms do not exist in isola-

tion, and two or more distinct mechanisms may interact to

determine the actual level of resistance of a micro-organism to

an antibiotic. Likewise, multidrug resistance is increasingly com-

mon in bacterial pathogens. It may be defined as resistance to

two or more drugs or drug classes that are of therapeutic rel-

evance. More recently, the terms extzensive drug resistance and

pan-drug resistance have been introduced to describe strains

that have only very limited or no susceptibility to any approved

and available antimicrobial agent.® Classically, cross-resistance

is the term used for resistance to multiple drugs sharing the

same mechanism of action or, more strictly, belonging to the

same chemical class, whereas co-resistance describes resistance

to multiple antibiotics associated with multiple mechanisms.

DRUG-MODIFYING ENZYMES
B-LACTAMASES

The most important mechanism of resistance to 3-lactam anti-
biotics is the production of specific enzymes (B-lactamases).!°
These diverse enzymes bind to B-lactam antibiotics and the
cyclic amide bonds of the B-lactam rings are hydrolyzed.
The open ring forms of B-lactams cannot bind to their target
sites and thus have no antimicrobial activity. The ester link-
age of the residual f-lactamase acylenzyme complex is readily
hydrolyzed by water, regenerating the active enzyme. These
enzymes have been classified based on functional and struc-
tural characteristics (see Table 15.1).!!

Among Gram-positive cocci, the staphylococcal -lactamases
hydrolyze benzylpenicillin, ampicillin and related compounds,
but are much less active against the antistaphylococcal peni-
cillins and cephalosporins. Among Gram-negative bacilli the
situation is complex, as these organisms produce many differ-
ent B-lactamases with different spectra of activity. All B-lactam
drugs, including the latest carbapenems, are degraded by
some of these enzymes, many of which have recently evolved
through stepwise mutations selected in patients treated with
cephalosporins. Several of these B-lactamases are increasing
in prevalence among Gram-negative pathogens in many parts
of the world. The most widely dispersed are the group 2be

extended-spectrum P-lactamases (ESBLs) that include those
derived by mutational modifications from TEM and SHV
enzymes as well as the CTX-M enzymes that originate from
Kluyvera spp. ESBLs can hydrolyze most penicillins and all
cephalosporins except the cephamycins. These enzymes are
plasmid-mediated in Enterobacteriaceae, notably in Esch. coli
isolates from both community and hospital settings, and
K. pneumoniaestrainsfromhospitalepidemicsinall continents. !
Another group of problematic B-lactamases is the group 1,
which includes both the AmpC type, chromosomal, induc-
ible cephalosporinases in Enterobacter, Serratia, Citrobacter
and Pseudomonas aeruginosa and similar plasmid-mediated
enzymes that are now spreading among Enterobacteriaceae
such as Esch. coli and K. pneumoniae.’> Both hyperproduc-
tion of the chromosomal enzyme and high-copy number plas-
mid encoded enzymes are causing an increasing prevalence of
resistance to all B-lactam drugs except some carbapenems (see
Chs 13 and 15). A third group of B-lactamases of emerging
importance is the group 3 metalloenzymes that can hydrolyze
all B-lactam drugs except monobactams.'*These B-lactamases,
also called metallo-carbapenemases, include both diverse
chromosomal enzymes found in aquatic bacteria such as
Stenotrophomonas maltophilia and Aeromonas hydrophila and
plasmid-mediated enzymes increasingly reported in clinical
isolates of Ps. aeruginosa, Acinetobacter and Enterobacteriaceae
in Asia, America and Europe.*!* A group of -lactamases that
now constitute a major threat to available drug treatments is
the class A, group 2f carbapenemases, of which KPC enzymes
produced by K. pneumoniae have become widespread in parts
of the USA and Europe.?” Likewise, many anaerobic bacteria
also produce B-lactamases, and this is the major mechanism
of B-lactam antibiotic resistance in this group. The classifica-
tion and properties of B-lactamases are described more fully
in Chapter 15.

)

Much of the resistance to aminoglycoside antibiotics observed
in clinical isolates of Gram-negative bacilli and Gram-positive
cocci is due to transferable plasmid-mediated enzymes that
modify the amino groups or hydroxyl groups of the aminogly-
coside molecule (see Ch. 12). The modified antibiotic mole-
cules are unable to bind to the target protein in the ribosome.
The genes encoding these enzymes are often transposable
to the chromosome. These enzymes include many different
types of acetyltransferases, phosphotransferases and nucle-
otidyl transferases, which vary greatly in their spectrum of
activity and in the degree to which they inactivate different
aminoglycosides (see Ch. 12).16 Based on phylogenetic analy-
sis, their origin is believed to be aminoglycoside-producing
Strepromyces species. In recent years, the amikacin-modifying
6’-acetyltransferase tended to predominate and multidrug-
resistant pathogens acquired multiple modifying enzymes,
often combined with mechanisms of resistance such as

AMINOGLYCOSIDE-MODIFYING
ENZYMES



decreased uptake and active efflux (see below), rendering them
resistant to all of the available aminoglycosides.

\@(

A plasmid-mediated mechanism of resistance to quinolo-
nes has been related to a unique allele of the aminoglycoside
acetyltransferase gene designated as aac(6")-Ib-cr. Two amino
acid substitutions in the AAC(6")-Ib-cr protein are associated
with the capacity to N-acetylate ciprofloxacin at the amino
nitrogen on its piperazinyl substituent, thereby increasing the
MIC of ciprofloxacin and norfloxacin.!”

\@{

The major mechanism of resistance to chloramphenicol is the
production of a chloramphenicol acetyltransferase which con-
verts the drug to either the monoacetate or the diacetate. These
derivatives are unable to bind to the bacterial 50S ribosomal
subunit and thus cannot inhibit peptidyl transferase activity.
The chloramphenicol acetyltransferase (CAT) gene is usually
encoded on a plasmid or transposon and may transpose to the
chromosome. Surprisingly, in view of the very limited use of
chloramphenicol, resistance is not uncommon, even in Esch.
col, although it is most frequently seen in organisms that are
multiresistant.

\@(

In Gram-positive bacteria B-lactam antibiotics enter the cell
easily because of the permeable cell wall, and B-lactamase is
released freely from the cell. In Staphylococcus aureus, resistance
to benzylpenicillin is caused by the release of B-lactamase into
the extracellular environment, where it reduces the concen-
tration of the drug. This is a population phenomenon: a large
inoculum of organisms is much more resistant than a small
one. Furthermore, staphylococcal penicillinase is an inducible
enzyme unless deletions or mutations in the regulatory genes
lead to its constitutive expression.

In Gram-negative bacteria the outer membrane retards entry
of penicillins and cephalosporins into the cell. The f-lactamase
needs only to inactivate molecules of drug that penetrate within
the periplasmic space between the cytoplasmic membrane and
the cell wall. Each cell is thus responsible for its own protec-
tion — a more efficient mechanism than the external excretion of
B-lactamase seen in Gram-positive bacteria. Enzymes are often
produced constitutively (i.e. even when the antibiotic is not pres-
ent) and a small inoculum of bacteria may be almost as resis-
tant as a large one. A similar functional organization is exhibited
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by the aminoglycoside-modifying enzymes. These enzymes are
located at the surface of the cytoplasmic membrane and only
those molecules of aminoglycoside that are in the process of
being transported across the membrane are modified.

ALTERATIONS TO THE PERMEABILITY

OF THE BACTERIAL CELL ENVELOPE

The bacterial cell envelope consists of a capsule, a cell wall
and a cytoplasmic membrane. This structure allows the pas-
sage of bacterial nutrients and excreted products, while acting
as a barrier to harmful substances such as antibiotics. The cap-
sule, composed mainly of polysaccharides, is not a major bar-
rier to the passage of antibiotics. The Gram-positive cell wall
is relatively thick but simple in structure, being made up of a
network of cross-linked peptidoglycan complexed with teichoic
and lipoteichoic acids. It is readily permeable to most antibiot-
ics. The cell wall of Gram-negative bacteria is more complex,
comprising an outer membrane of lipopolysaccharide, protein
and phospholipid, attached to a thin layer of peptidoglycan.
The lipopolysaccharide molecules cover the surface of the cell,
with their hydrophilic portions pointing outwards. Their inner
lipophilic regions interact with the fatty acid chains of the phos-
pholipid monolayer of the inner surface of the outer membrane
and are stabilized by divalent cation bridges. The phospholipid
and lipopolysaccharide of the outer membrane form a classic
lipid bilayer, which acts as a barrier to both hydrophobic and
hydrophilic drug molecules. Natural permeability varies among
different Gram-negative species and generally correlates with
innate resistance. For example, the cell walls of Neisseria spe-
cies and Haemophilus influenzae are more permeable than those
of Esch. coli, while the walls of Pseudomonas aeruginosa and
Stenotrophomonas maltophilia are markedly less permeable.

Hydrophobic antibiotics can enter the Gram-negative cell by
direct solubilization through the lipid layer of the outer mem-
brane, but the dense lipopolysaccharide cover may physically
block this pathway. Changes in surface lipopolysaccharides
may increase or decrease permeability resistance. However,
most antibiotics are hydrophilic and cross through the outer
membrane of Gram-negative cells via water-filled channels
created by membrane proteins called porins. The rate of dif-
fusion across these channels depends on size and physicochem-
ical structure, small hydrophilic molecules with a zwitterionic
charge showing the faster penetration. Some antimicrobial resis-
tance in Gram-negative bacteria is due to reduced drug entry
caused by decreased amounts of specific porin proteins, usually
in combination with either overexpression of efflux pumps or
B-lactamase production. This phenomenon is associated with
significant B-lactam resistance, such as low-level resistance
to imipenem in strains of Ps. aeruginosa and Enterobacter spp.
that are hyperproducing chromosomal cephalosporinase and
deficient in porins.'®! Porin-deficient mutant strains emerge
sporadically during therapy and were thought to be unfit to
spread. However, multidrug-resistant, porin-deficient strains of
Ps. aeruginosa have caused nosocomial outbreaks.?°
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The target molecules of antibiotics that inhibit cell wall
synthesis, such as the B-lactam antibiotics and the glyco-
peptides, are located outside the cytoplasmic membrane,
and it is not necessary for these drugs to pass through
this membrane to exert their effect. Most other antibiotics
must cross the membrane to reach their intracellular sites
of action. The cytoplasmic membrane is freely permeable
to lipophilic agents such as minocycline, chloramphenicol,
trimethoprim, fluoroquinolones and rifampicin (rifampin),
but poses a significant barrier to hydrophilic agents such
as aminoglycosides, erythromycin, clindamycin and the sul-
fonamides. These drugs are actively transported across the
membrane by carrier proteins, and some resistances have
been associated with various changes in these transporters.
Resistance to aminoglycosides in both Gram-positive and
Gram-negative bacteria may be mediated by defective
uptake due to the mutational inactivation of proton motive
force-driven cytoplasmic pump systems, a defect which is
associated with slow growth rate and production of ‘small
colony variants’.

RESISTANCE DUE TO DRUG EFFLUX

Single drug and multidrug efflux pumps have been recog-
nized to be ubiquitous systems in micro-organisms, and have
been found in all bacterial genomes.?! These systems are
involved in the natural resistance phenotype of many bacteria.
Furthermore, they may produce clinically significant acquired
resistance by mutational modification of the structural gene,
overexpression due to mutation in regulatory genes or hor-
izontal transfer of genetic elements. Most of the bacterial
efflux pumps belong to the class of secondary transporters

Table 3.1

Transporter Associated proteins

Class Pump OM Channel

Periplasmic

Regulator(s)

that mediate the extrusion of toxic compounds from the cyto-
plasm in a coupled exchange with protons.

Multidrug pumps can be subdivided into several super-
families, including the major facilitator superfamily (MFS),
small multidrug-resistance family (SMR), resistance-
nodulation-cell division family (RND) and multidrug and
toxic compound extrusion family (MATE) (Table 3.1).
RND and MATE systems appear to function as detoxify-
ing systems and transport heavy metals, solvents, detergents
and bile salts, whereas MFS pumps are closely related to
specific efflux pumps and appear to function as major Na*/
H* transporters. MFS and SMR pumps are mostly found
in Gram-positive bacteria, whereas RND pumps are mostly
found in Gram-negative bacteria, in which they function in
association with special outer membrane channel proteins
and periplasmic membrane fusion proteins, forming a tri-
partite transport system spanning both the inner and outer
membranes (Table 3.1 and Figure 3.2). This allows the
pumps to expel their substrates directly from the inner mem-
brane or cytoplasm into the extracellular space. Although
these pumps confer resistance mostly to a range of lipo-
philic and amphiphilic drugs (including B-lactams, fluoro-
quinolones, tetracyclines, macrolides and chloramphenicol)
some pumps, such as MexY of Ps. aeruginosa, also transport
aminoglycosides.

Among the best studied systems are the AcrB system of
Esch. coli and the MexB system of Ps. aeruginosa. The AcrB
pump is controlled by the Mar regulon, which is widespread
among enteric bacteria. The MarA global activator, which can
be derepressed by tetracycline or chloramphenicol, simulta-
neously upregulates the AcrAB-TolC transport complex and
downregulates the synthesis of the larger porin OmpF, thereby
acting in a synergistic manner to block the drug penetration

Selected multidrug efflux systems determining multiple antibiotic resistance in pathogenic and commensal bacteria

Organism Antibiotic resistance profile

MFS NorA - - Staphylococcus Fluoroquinolones, chloramphenicol
aureus
MATE NorM - - Vibrio Fluoroguinolones, aminoglycosides
parahaemolyticus
RND AcrB AcrA TolC AcrR, MarA Escherichia coli B-Lactams, tetracyclines, macrolides,
fluoroquinolones, chloramphenicol
RND MexB MexA OprM MexR Pseudomonas B-Lactams, tetracyclines, macrolides,
aeruginosa fluoroquinolones, chloramphenicol
RND MexD MexC OprJ MexS Ps. aeruginosa Group 6 cephalosporins, tetracyclines,
fluoroquinolones, chloramphenicol
RND MexF MexE OprN MexT Ps. aeruginosa Fluoroquinolones, chloramphenicol
RND MexY MexX OprM MexZ Ps. aeruginosa Macrolides, tetracyclines,
aminoglycosides
RND MtrD MtrC MtrE Neisseria B-Lactams, macrolides, tetracyclines,
gonorrhoeae chloramphenicol

MATE, multiple drug and toxic compound extrusion; MFS, major facilitator superfamily; OM, outer membrane; RND, resistance-nodulation-cell division.

Adapted from Nikaido & Zgwiskaya.”'
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Fig.3.2 Structure of different types of staphylococcal chromosome cassette (SCC) mec described in Staphylococcus aureus.

into the cell. Constitutive overexpression of AcrAB is pres-
ent in most ciprofloxacin-resistant Esch. coli clinical isolates.??
In Ps. aeruginosa, overexpression of the MexAB-OprM trans-
port complex occurs commonly during B-lactam therapy by
selection of mutants with altered specific repressor gene mexR.
This increased efflux determines resistance to fluoroquino-
lones, penicillins, cephalosporins and meropenem. Another
cause for concern is the selection of multidrug pumps by
disinfectants such as triclosan, which is increasingly used in
housekeeping products.

Active efflux of the drug from the bacterial cell is one of the
major resistance mechanisms to tetracyclines, the second being
308 ribosome protection by elongation factor G-like proteins.?
Efflux can be mediated either by tetracycline-specific efflux
pumps or by multidrug transporter systems. Specific pumps
of the TetA-E and TetG-H families are widespread in Gram-
negative bacteria, whereas the specific pumps TetK and TetL
are common in Gram-positive bacteria. These determinants are
often encoded by genes located on plasmids or transposons.
These specific pumps are single proteins located on the inner
membrane that export the drug into the periplasm, in contrast
with multidrug transporter systems that extrude tetracyclines
from the cytoplasm directly outside the cell.

Specific efflux proteins have been shown to play a major
role in macrolide resistance, including the Mef(A) trans-
porters of the MFS that determine resistance to 14-C mac-
rolides in pneumococci, B-hemolytic and oral streptococci
and enterococci, and the Msr(A) ATP-binding transporters
that confer resistance to erythromycin and streptogramin B in
staphylococci.? The mef genes are located on conjugative ele-
ments that readily transfer across Gram-positive genera and
species.

Finally, a plasmid-mediated QepA efflux pump belonging
to the MFS transporters was recently shown to be capable of
extruding hydrophilic fluoroquinolones and conferring low-
level resistance to these drugs.?

RESISTANCE DUE TO ALTERATIONS

IN TARGET MOLECULES

(21 B-LACTAM RESISTANCE DUE TO
@ ALTERATIONS TO PENICILLIN-
BINDING PROTEINS

These proteins are associated with the bacterial cell envelope
and are the target sites for B-lactam antibiotics. Each bacterial
cell has several penicillin-binding proteins (PBPs), which vary
with the species. PBPs are transpeptidases, carboxypeptidases
and endopeptidases that are required for cell-wall synthesis
and remodeling during growth and septation. Some, but not
all, PBPs are essential for cell survival (see Ch. 2). PBPs are
related to B-lactamases, which also bind B-lactam antibiotics.
However, unlike B-lactamases, PBPs form stable complexes
with B-lactams and are themselves inactivated. f-Lactam anti-
biotics thus inactivate PBPs, preventing proper cell growth
and division, and producing cell-wall defects that lead to death
by osmolysis. Alterations in PBPs, leading to decreased bind-
ing affinity with B-lactam antibiotics, are important causes of
B-lactam resistance in a number of species, most commonly
Gram-positive bacteria.

Penicillin-resistant strains of Streprococcus pneumoniae pro-
duce one or more altered PBPs that have reduced ability to
bind penicillin. Stepwise acquisition of multiple changes in
the genes encoding these PBPs produce various levels of pen-
icillin resistance.?® The genetic sequences encoding normal
PBPs in sensitive strains of Str. pneumoniae are highly con-
served; the genes in resistant strains are said to be ‘mosaics’
since they consist of blocks of conserved sequences inter-
spersed with blocks of variant sequences. As more variant
blocks are introduced into the mosaic, the more penicillin
resistant the recipient strain tends to become. These gene
sequences have probably been derived by transformation from
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oral streptococcal species such as Str. miris and St oralis.”
Whereas high-level resistance to penicillin involves changes
in at least PBP 1a, PBP 2x and PBP 2a that require multiple
transformation events, resistance to group 4 cephalosporins
(see Ch. 13) can result from a single transformation event
through co-transformation of the closely linked genes encod-
ing PBP la and PBP 2x.

The relative penicillin resistance of enterococci is due to
the normal production of PBPs with low binding affinity.
The higher levels of penicillin and ampicillin resistance often
seen in Enterococcus faecium are the result of overexpression of
PBP 5 (which exhibits a lower affinity for penicillin than other
PBPs), which can be further decreased by point mutations
in the very high level resistant strains. Other species show-
ing B-lactam resistance due to altered PBPs include group
B Streptococcus, Neisseria gonorrhoeae, N. meningitidis and
Haemophilus influenzae. The genes encoding altered PBPs in
both Neisseria species appear to be mosaics, and the variant
blocks may have been derived from N. flavescens and other
commensal Neisseria.

Methicillin resistance in Staph. aureus and in coagulase-
negative staphylococci is caused by an acquired chromo-
somal gene (mecA) which results in the synthesis of a fifth
penicillin-binding protein (PBP 2a), with decreased affin-
ity for methicillin and other B-lactam agents, in addition to
the intrinsic PBP 1 to 4. Many methicillin-resistant Szaph.
aureus (MRSA) strains exhibit heterogeneity in the expression
of resistance, with only a small proportion of the total cell
population expressing high-level resistance. The proportion
of resistant cells is dependent on environmental conditions
such as temperature and osmolality. This phenomenon is
related to the presence of the regulatory loci mecl and mecR1
upstream of mecA, which exhibit significant sequence and
functional homology with the B-lactamase regulators blal-
blaR1. Deletion of these elements produces homogeneous
expression of methicillin resistance. The mecA gene is located
on an antibiotic resistance island, called the staphylococcal
cassette chromosome mec (SCCmiec), a mobile element driven
by site-specific recombinases.?

\@{

Glycopeptides are large hexapeptides that inhibit bacterial
peptidoglycan synthesis by binding the carboxy-terminal
D-alanyl-D-alanine dipeptide residue of the muramyl penta-
peptide precursor, thereby blocking access to three key steps
in the peptidoglycan polymerization: transglycosylation,
transpeptidation and carboxypeptidation (see Ch. 2). Most
clinically important Gram-positive bacteria build their pep-
tidoglycan from this conserved pentapeptide precursor and
are naturally sensitive to the glycopeptides vancomycin and
teicoplanin. Acquired glycopeptide resistance was described
in enterococci in 1986 and in coagulase-negative staphylo-
cocci in 1987. Decreased susceptibility and resistance to

GLYCOPEPTIDE RESISTANCE DUE
TO METABOLIC BYPASS

vancomycin were reported in Staph. aureus in 1997 and 2003,
respectively.

In enterococci, seven different glycopeptide resistance
genotypes are now recognized:*

1. VanA, inducible high-level transferable resistance

to both vancomycin and teicoplanin; usually seen
in E. faecium, sometimes in E. faecalis and rarely in
E. avium, E. hirae, E. casseliflavus, E. mundti and
E. durans.

2. VanB, inducible low-level transferable resistance,
usually to vancomycin alone; found in E. faecium,
sometimes in E. faecalis.

3. VanC, constitutive low-level vancomycin resistance, seen
in E. gallinarum, E. casseliflavus and E. flavescens.

4. VanD, constitutive or inducible moderate-level
resistance, usually to vancomycin alone; rarely
acquired in E. faecium.

5-7. VanE,VanG and VanL, low-level resistance to vanco-

mycin alone; rarely acquired in E. faecalis.

Enterococcal resistance to glycopeptides is due to multien-
zymatic metabolic bypass, mediated by replacement of the
normal D-alanyl-D-alanine termini of peptidoglycan precursors
by abnormal precursors with p-alanyl-D-lactate, or D-alanyl-
D-serine termini, none of which can bind glycopeptides. The
vanA gene cluster is carried by a 10.8 kb transposon (Tn1546)
that contains nine functionally related genes encoding mobi-
lization of the element (resolvase and transposase) and co-
ordinated replacement of muramyl pentapeptides.’** The vanAd
gene encodes an abnormal D-alanine-D-alanine ligase that
synthesizes the D-alanine-D-lactate dipeptide. The vanH gene
codes for a dehydrogenase that generates D-lactate. The vanX
and vanY genes encode two enzymes that hydrolyze normal
precursors: VanX, a D, D-dipeptidase that hydrolyzes p-alanyl-
D-alanine dipeptides and VanY, a D, D-carboxypeptidase that
cleaves terminal alanine from normal precursors. The vanR
and wvanS genes regulate the expression of the vanHAX
operon through a two-component sensor system for glyco-
peptides. The vanB gene cluster has a similar organization,
albeit with more heterogeneity, and is located on a large con-
jugative transposon (Tn1547) that is usually integrated in the
chromosome and occasionally plasmid borne.

Over the past decade, the prevalence of glycopeptide resis-
tance has increased markedly in clinical isolates of entero-
coccli, particularly E. faecium, as a result of nosocomial spread
of transposons, plasmids and multiresistant clones. In the
USA, the vanA and vanB genotypes are widespread in many
hospitals and frequently cause nosocomial infection but are
rarely found in the community. In Europe, the vanA geno-
type was initially predominant in the healthy population and
in farm animals due to the widespread use of avoparcin (a
glycopeptide related to vancomycin) as a growth promoter
between 1970 and 1998. The wanA gene cluster has been
transferred experimentally to other Gram-positive bacteria
where it is expressed.?! It has been found in clinical isolates
of Staph. aureus, Bacillus circulans, Oerskovia turbata, and
Arcanobacterium haemolyticum.



Glycopeptide resistance in Staph. aureus could be classi-
fied into low-level and high-level resistance. Since their first
description in 1997 from Japan,*? vancomycin-intermediate
Staph. aureus (VISA) isolates have been reported world-
wide.?®3* These isolates were recovered in chronically ill
patients failing prolonged glycopeptide therapy of infections
with indwelling devices or undrained collections. In addi-
tion to VISA, other strains, named hetero-VISA, appear to be
susceptible to vancomycin (MIC <4 mg/L) but exhibit low-
level subpopulations (107 cells) able to grow at concentra-
tions of 4-8 mg/L.. Those strains could represent first-step
mutants that develop into VISA strains under selective pres-
sure. Recently, the CLSI lowered vancomycin breakpoints for
staphylococci and many of these hetero-VISA isolates would
now be accordingly reclassified as VISA.

Low-level resistance to glycopeptides in VISA strains
has been associated with stepwise mutations in several loci,
including global regulator systems, such as agr, vra and
gra, and genes encoding proteins of the cell wall and mem-
brane biosynthesis pathways.>® Phenotypic abnormalities
reported in VISA strains include increased cell-wall thickness,
reduced autolytic activity, increased production of glutamine
non-amidated muropeptides and D-Ala-D-Ala residues, and
reduced peptidoglycan cross-linking.>®> These abnormalities
suggest that the increased production of dipeptides acts as
false targets which trap the antibiotic away from its lethal tar-
get site of cell-wall synthesis adjacent to the membrane. In
addition, VISA strains show decreased susceptibility to dapto-
mycin, despite its different mechanisms of action.

The experimental transfer of the vanAd operon from E. fae-
calis to Staph. aureus by conjugation was reported in 1992.
In 2002, the first clinical vancomycin-resistant Staph. aureus
(VRSA) strain was isolated in the USA.?* Since then, eight
other cases have been confirmed in the USA.3* All isolates
carried the vanA gene on Tnl546-like elements integrated
into staphylococcal plasmids and had an MIC to vancomy-
cin ranging from 32 to 1024 mg/L. All patients with VRSA
had a history of MRSA and vancomycin-resistant enterococci
(VRE) co-colonization or infection; underlying conditions
included chronic skin ulcers, diabetes, chronic renal failure
and obesity.?> Most had received vancomycin. No secondary
transmission was observed after implementation of infection
control measures.*

DUE TO RIBOSOMAL

\@! AMINOGLYCOSIDE RESISTANCE
MODIFICATION

Aminoglycoside resistance may be produced by alterations
in specific ribosomal binding proteins or ribosomal RNA,
although this is still uncommon in clinical isolates. Recently,
plasmid-mediated 16S rRNA methylases that exert methyla-
tion of the G1405 residue of 16S rRNA have been reported
to confer broad aminoglycoside co-resistance in Gram-
negative bacilli due to loss of affinity for these drugs.?® These

MECHANISMS OF RESISTANCE

determinants, especially ArmA, are commonly found in asso-
ciation with CTX-M ESBL production.

W

The main targets for quinolones are the type II topoisomerase
DNA gyrase and type IV topoisomerase, both of which are
essential enzymes involved in chromosomal DNA replica-
tion and segregation (see Ch. 2). Fluoroquinolones exert their
bactericidal action by trapping topoisomerase-DNA com-
plexes, thereby blocking the replication fork. Both of these
structurally related target enzymes are tetrameric. DNA
gyrase is composed of two pairs of GyrA and GyrB subunits
while topoisomerase type IV is composed of two pairs of the
homologous ParC and ParE subunits.

Bacterial resistance to fluoroquinolones is generally medi-
ated by chromosomal mutations leading either to reduced
affinity of DNA gyrase and/or topoisomerase IV, or to over-
expression of endogenous MDR efflux systems (see above).>”
Plasmid-mediated resistance was first reported in K. pneumo-
niae.’® The commonest target-resistance modifications arise
from spontaneous mutations, occurring at a frequency of 1
in 10° to 1 in 10° cells, that substitute amino acids in spe-
cific domains of GyrA and ParC subunits and less frequently
in GyrB and ParE. These regions of the enzymes, called the
quinolone resistance-determining regions, either contain
the active site, a tyrosine that covalently binds to DNA, or
constitute parts of quinolone binding sites.

Fluoroquinolones have different potencies of antibacterial
activity against different bacteria, a variance which is to a large
part related to the different potency against their enzyme tar-
gets. The more sensitive of the two enzymes is the primary
target. In general, DNA gyrase is the primary target in Gram-
negative bacteria and topoisomerase IV is the primary target
in Gram-positive bacteria. Resistance develops progressively
by stepwise mutations. The first step in increasing resistance
level results from amino acid change in the primary target and
is followed by second-step mutational modifications of amino
acid in the secondary target. The higher the difference in drug
potency against the two enzymes, the higher the MIC increase
provided by first-step mutation. Fluoroquinolones with a low
therapeutic index (defined as the drug concentration at the
infected site divided by the MIC of that drug) are more likely
to select first-step mutants. This explains why resistance to
quinolones has emerged rapidly after the introduction of cip-
rofloxacin and ofloxacin for human therapeutics in two spe-
cies, Ps. aeruginosa and Staph. aureus, which develop significant
resistance after only a single mutation in gyrA4. In Staph. aureus,
fluoroquinolone resistance quickly became associated with
methicillin resistance. This was the consequence of two fac-
tors: increased likelihood of exposure of multiresistant strains
to therapy with these drugs, leading to multiple mutations and
high-level resistance; and the further selective advantage for
nosocomial spread conferred by this resistance.?® In organisms

QUINOLONE RESISTANCE DUE
TO ALTERED TOPOISOMERASES

31



32

CHAPTER 3 THE PROBLEM OF RESISTANCE

in which multiple mutational changes are required to reach clin-
ical resistance to these drugs, such as Esch. coli, Campylobacter
Jejuni and N. gonorrhoeae, it appeared later and was accelerated
by other epidemiological factors. For C. jejuni, this was related
to the massive use of the cross-selecting fluoroquinolone enro-
floxacin in the poultry industry followed by food-borne trans-
mission to humans.? For N. gonorrhoeae, the emergence of
fluoroquinolone resistance was soon followed by outbreaks of
person-to-person transmission.

\@{

Macrolides inhibit protein synthesis by dissociation of the
peptidyl-tRNA molecule from the 50S ribosomal subunit.
Macrolides bind to a ribosomal site that overlaps with the
binding site of the structurally unrelated lincosamide and
streptogramin B antibiotics. The most common type of
acquired resistance to erythromycin and clindamycin (and
other macrolides and lincosamides) is seen in streptococci,
enterococci and staphylococci, and is called macrolide—
lincosamide-streptogramin B (MLS,) resistance. This is due
to the production of enzymes that methylate a specific ade-
nine residue in 23S rRNA, resulting in reduced ribosomal
binding of the three antibiotic classes.?* Low concentrations
of erythromycin induce resistance to all the macrolides and
lincosamides (so-called ‘dissociated’ resistance), but some
strains may produce the methylase constitutively following
mutations or deletions in the regulatory genes. More than
20 erm genes encode MLS, resistance. Most are located on
conjugative and non-conjugative transposons that predomi-
nantly insert in the chromosome and are occasionally plasmid
borne. They are frequently associated with other resistance
genes, particularly those encoding tetracycline resistance by
ribosomal protection. Increased use of macrolides has been
related to spread of MLS, resistance in group A B-hemolytic
streptococci and pneumococci.*!

Linezolid is an oxazolidinone which acts on Gram-
positive bacteria by ribosome inhibition following fixation on
a 23S rRNA residue which is specific to the attachment of
N-formylmethionyl transfer RNA (fMet-tRNA). In staphy-
lococci, linezolid resistance can be mediated by mutations
of the target 23S rRNA gene or by horizontal acquisition
of the ¢fr gene which encodes an rRNA methyltransferase.
Mutations in the domain V region of 23S rDNA, particu-
larly G2447T, T2500A and G2576T, have been associated
with resistance to linezolid.*? The level of linezolid resistance
correlates with the number of 23S rRNA genes carrying the
point mutations. The ¢fr gene encodes for a 23S rRNA methyl-
transferase which confers cross-resistance to oxazolidinones,
lincosamides, streptogramin A, phenicols and pleuromutilins
but not to macrolides. This enzyme involves methylation of
23S rRNA at position A2503.% The ¢fr gene is carried on
plasmids in Staph. aureus and coagulase-negative staphylo-
cocci (CNS). In enterococci, linezolid resistance is conferred

MLS AND LINEZOLID RESISTANCE
DUE TO RIBOSOMAL MODIFICATION

by mutation of the domain V region (mutation G2576T) of
23S rRNA.

In bacteria with a low copy number of ribosomal oper-
ons, such as the mycobacteria and C. jejuni and Helicobacter
pylori, macrolide resistance is commonly caused by muta-
tional modification of the 23S rRNA peptidyl transferase
region at the same adenine that is modified by erm methy-
lases or adjacent nucleotides (A2057 to A2059). In most
other bacteria, such mutations are recessive due to multi-
copy rRNA genes.

%{

RIFAMPICIN (RIFAMPIN)
RESISTANCE DUETO
MODIFICATION OF RNA
POLYMERASE

Rifampicin resistance is commonly the result of a mutation
that alters the B-subunit of RNA polymerase, reducing its
binding affinity for rifampicin. Mutation usually produces
high-level resistance in a single step, but intermediate resis-
tance is sometimes seen. Mutational resistance occurs rela-
tively frequently, and for this reason rifampicin is combined
with other agents for the treatment of tuberculosis and staphy-
lococcal infection. Meningococcal carriers treated with rifam-
picin alone have readily shown the emergence of rifampicin
resistance.

%{

Mupirocin (pseudomonic acid) is widely used for topical treat-
ment of Gram-positive skin infections and the clearance of
nasal carriers of methicillin-sensitive and methicillin-resistant
Staph. aureus. It acts by inhibiting bacterial isoleucyl-tRNA
synthetase, and resistance is mediated by the production of
modified enzymes. Isolates showing low-level resistance have
a single chromosomally encoded synthetase modified by point
mutation, while those with high-level resistance have a second
enzyme that cannot bind the drug and is encoded on a trans-
ferable plasmid.*

MUPIROCIN RESISTANCE DUE
TO METABOLIC BYPASS

(52 SULFONAMIDE AND TRIMETHOPRIM
RESISTANCE DUE TO METABOLIC
BYPASS

Acquired sulfonamide resistance is usually due to the produc-
tion of an altered dihydropteroate synthetase that has reduced
affinity for sulfonamides. Resistance is encoded on transfer-
able plasmids and associated with transposons. Trimethoprim
resistance occurs much less commonly. It is usually due to
plasmid-mediated synthesis of new dihydrofolate reductases,
which are much less susceptible to trimethoprim than the



natural ones. The resistance genes are again associated with
transposons.

FUSIDIC ACID RESISTANCE DUETO
MODIFICATION OF ELONGATION
FACTORG

Fusidic acid acts by inhibiting protein synthesis by inter-
fering with ribosome translation. Mutation alteration of
the target molecule, the elongation factor G (EF-G), con-
fers resistance by decreasing the affinity of fusidic acid to
its target.” This occurs at high frequency in Staph. aureus
in vitro, and therefore it is recommended that fusidic acid
should not be used alone to treat staphylococcal infections.
Resistance to fusidic acid can also result from the horizontal
acquisition of the fusB gene which encodes an EF-G bind-
ing protein that protects the translation from inhibition by
fusidic acid.®

FAILURE TO METABOLIZE THE
DRUG TO THE ACTIVE FORM

Both metronidazole and nitrofurantoin must be converted to
an active form within the bacterium before they can have
any effect. Resistance arises if the pathogen cannot effect this
conversion. Aerobic organisms cannot reduce metronida-
zole to its active form and are therefore inherently resistant,
but resistance in anaerobic organisms is very uncommon.
Resistant strains of Bacteroides fragilis that have been inves-
tigated have reduced levels of pyruvate dehydrogenase; the
enzyme necessary for the reduction of metronidazole to the
active intermediate. Nitrofurantoin must be reduced to an
active intermediate by nicotinamide adenine dinucleotide
(NADH) or nicotinamide adenine dinucleotide phosphate
(NADPH) reductases. Resistance to nitrofurans is uncom-
mon, since such strains must lose more than one reductase
to become resistant.

TARGET PROTECTION

In 1998, the plasmid-encoded Qnr protein was discovered in
K. pneumoniae and shown to increase fluoroquinolone MICs
eight-fold to 64-fold below the level of the clinical resistance
breakpoint.®® Since then, four types of gnr gene have been
described: gnrA (six variants), gnrB (19 variants), gnrC and
gnrD (one variant each), and gnrS (three variants). Qnr proteins
are capable of binding and protecting DNA gyrase and type IV
topoisomerase from quinolone inhibition. They show a global
distribution across a variety of plasmids and bacterial genera.
Recent homology data suggest that they have originated from
environmental bacteria.?® Their prevalence is unknown but
can exceed 20% among ESBL-producing Enterobacteriaceae,
mostly in association with CTX-M and CMY enzymes.!’

GENETIC BASIS OF RESISTANCE‘

GENETIC BASIS OF RESISTANCE

INTRINSIC RESISTANCE

Resistance of bacteria to antimicrobial agents may be intrin-
sic or acquired. Intrinsic resistance to some antibiotics is
the natural resistance possessed by most strains of a bacte-
rial species and is part of their genetic make-up, encoded on
the chromosome. Intrinsic multiresistance is characteristic
of free-living organisms, which may have evolved because of
metabolic polyvalence and exposure to natural antibiotics and
other toxic compounds in the environment. Multiresistance is
due mostly to decreased antibiotic uptake by highly selective
outer membrane porins and multiple efflux systems. Although
these organisms have low virulence, their multiresistance
allows them to persist in hospital environments and cause
nosocomial infections. An example of a free-living opportu-
nistic pathogen with a high degree of intrinsic resistance is
Ps. aeruginosa.

MUTATIONAL RESISTANCE

Acquired resistance may be due to mutations affecting genes
on the bacterial chromosome, to acquisition of mobile foreign
genes or to mutation in acquired mobile genes. Mutations
usually involve deletion, substitution or addition of one or a
few base pairs, causing substitution of one or a few amino
acids in a crucial peptide. Mutational resistance can affect the
structural gene coding for the antibiotic target. This usually
results in a gene product with reduced affinity for the anti-
biotic. An example is fluoroquinolone resistance from altera-
tions in DNA topisomerases. Mutational resistance can also
involve regulatory loci, leading to overproduction of detox-
ifying systems such as the multiple resistance expressed by
the MexAB-OprD efflux pump overproducing mutants of Ps.
aeruginosa.

Although the basal rate of mutation is low in bacterial
genomes, it is not constant but varies by a factor of 10 000
according to a number of intrinsic and external factors.’
Among these factors are the sequence of the gene, with some
hypermutable loci associated with short tandem repeats that
are prone to deletions and duplications by slipped-strand
mispairing; the mutator phenotype associated with a defec-
tive mismatch repair system; and stress-induced mutagene-
sis, including exposure to antibiotics and host defenses. Once
a resistant mutant has been selected during exposure to the
antibiotic, it usually shows a decreased fitness for compet-
ing with the wild-type ancestor, defined as the competitive
efficiency of multiplication in the absence of the antibiotic.
This deficiency is called the biological cost of resistance. It
has been observed, however, that this reduction in fitness may
be compensated by secondary mutations in other chromo-
somal loci, thereby ensuring the persistence of the mutant.
The probability that antibiotic treatment will select a resistant
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mutant depends on a complex network of factors including
the drug, its concentration, the organism, its resistance muta-
tion rate, inoculum size, physiological state and structure of
the bacterial population.*’

TRANSFERABLE RESISTANCE

Horizontal spread of a resistance gene from organism to
organism occurs by conjugation (intercellular passage of plas-
mid or transposon), transduction (DNA transfer via bacte-
riophage) or transformation (uptake of naked DNA). The
acquisition of resistance by transduction is rare in nature
(the most important example is the transfer of the penicil-
linase plasmid in Staph. aureus). Transformation of resistance
factors is an important mechanism in the few bacterial species
that are readily transformable during part of their life cycle
and are said to be naturally competent. These organisms,
which include St pneumoniae, H. influenzae, Helicobacter,
Acinetobacter, Neisseria and Moraxella spp., show extensive
genetic variation resulting from natural transformation. They
may also acquire chromosomally encoded antimicrobial resis-
tance. Examples, as discussed above, include penicillin- or
ampicillin-resistant Str. pneumoniae and N. meningitidis that
acquired mosaic genes for the production of altered PBPs by
transformation and site-specific recombination from phyloge-
netically related, co-resident commensal bacteria.

@' PLASMIDS

These are molecules of DNA that replicate independently
from the bacterial chromosome. ‘R-plasmids’ carry one or
more genetic determinants for drug resistance. This type of
resistance is due to a dominant gene, usually one resulting in
production of a drug-inactivating or drug-modifying enzyme.

Conjugation is the most common method of resistance
transfer in clinically important bacteria.*® Conjugative plas-
mids, which are capable of self-transmission to other bacterial
hosts, are common in Gram-negative enteric bacilli, whereas
non-conjugative plasmids are common in Gram-positive
cocci, H. influenzae, N. gonorrhoeae and Bacillus fragilis. Non-
conjugative plasmids can transfer to other bacteria if they are
mobilized by conjugative plasmids present in the same cell, or
by transduction or transformation. Large plasmids are usu-
ally present at one or two copies per cell, and their replication
is closely linked to replication of the bacterial chromosome.
Small plasmids may be present at more than 30 copies per
cell, and their distribution to progeny during cell division is
ensured by the large number present.

Plasmids tend to have a restricted host range: for example,
those from Gram-negative bacteria cannot generally transfer
to or maintain themselves in Gram-positive organisms, and
vice versa. Conjugative transfer of plasmids has been observed,
however, between these distant bacterial groups and even
between bacteria and eukaryotic cells such as yeasts.

' TRANSPOSONS

These are discrete sequences of DNA, capable of transloca-
tion from one replicon (plasmid or chromosome) to another —
hence the epithet ‘jumping gene’. They may encode genes for
resistance to a wide variety of antibiotics, as well as many
other metabolic properties. They are circular segments of
double-stranded DNA, 4-25 kb in length, and usually con-
sist of a functional central region flanked by long terminal
repeats, usually inverted repeats. Complex transposons also
carry genes for the transposition enzymes transposase and
resolvase and their repressors. They need not share extensive
regions of homology with the replicon into which they insert,
as is required in classic genetic recombination. Depending
upon the transposon involved, they may transpose into a repl-
icon randomly or into favored sites, and they may insert at
only a few or at many different places.

A special type of element, called a conjugative transposon,
can transfer directly between the chromosome of one strain to
the chromosome of another without a plasmid intermediate.
Antibiotics can function as pheromones that are capable of
inducing conjugation of conjugative transposons that in turn
mobilize the transfer of co-resident R-plasmids. These trans-
posons are less restrictive than plasmids in the host range.
A well-studied example is Tn416, which has spread the tertM
gene from Gram-positive cocci to diverse bacteria such as
Neisseria, Mycoplasma and Clostridium.*°

Other important genetic elements by which transpo-
sons and plasmids acquire multiple antibiotic resistance
determinants are called integrons. These are site-specific
recombination systems that recognize and capture antibi-
otic resistance gene cassettes in a high-efficiency expres-
sion site.®>° The structure of class 1 integrons (Figure
3.3) includes an integrase gene (inz), an adjacent integra-
tion site (arzl) that can contain one or more gene cassettes,
and one or more promoters. Class 1 integrons, the most
frequently observed type, also contain a 3’ conserved seg-
ment that includes the genes encoding resistance to qua-
ternary ammonium compounds (gacEA) and sulfonamides
(sull). The integrase is capable of excision and integra-
tion of up to five gene cassettes, each of which is associ-
ated with a related 59 bp palindromic element that acts as
a recombination hotspot. Gene cassettes include determi-
nants of f-lactamases, aminoglycoside-modifying enzymes,
chloramphenicol acetyltransferase and trimethoprim-
resistant DFR enzymes. Integrons are widespread among
antibiotic-resistant clinical isolates of diverse Gram-negative
species and have also been reported in Gram-positive bac-
teria. The genetic linkage of resistance to sulfonamides and
to newer antibiotics in these integrons may explain the per-
sistence of sulfonamide resistance in Esch. coli in spite of
a huge decrease in sulfonamide use.’! Likewise, mercury
released from dental amalgams has been suggest to select
for antibiotic resistance in the oral and intestinal flora of
humans because of the physical linkage between integron
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Integron structure and gene cassette movement. The int7 gene encodes the integrase that mediates site-specific integration

of circular gene cassettes between the att1 and attC sites. P denotes the common promoter. Adapted from Ploy MC, Lambert T, Couty JP et al.
Integrons: an antibiotic resistance gene capture and expression system. Clin Chem Lab Med. 2000;38:483-487.>°

and mercury resistance in the ubiquitous Tn2I-like trans-
posons.>? Clearly, transposons and integrons are responsible
for much of the diversity observed among plasmids, and
play a major role in the evolution and dissemination of anti-
biotic resistance among bacteria.*>2

STAPHYLOCOCCAL CASSETTE
CHROMOSOME

Staphylococcal cassette chromosome (SCC) elements are
always inserted in one copy into a specific region of the
Staph. aureus genome, the attBssc at the 3’ end of the orfX
gene, near the origin of replication. They carry recombi-
nase (ccr) genes that catalyze excision and integration of
the element. The mechanism of horizontal transfer of SCC
elements between staphylococci is unknown. The SCC
elements may encode antibiotic resistance genes such as
the SCCmec and SCCfar for methicillin and fusidic acid
resistance, respectively.

The SCCmec elements have been grouped into types I-VIII,
which range in size from 20.9 kb to 66.9 kb (Figure 3.2)>**
They are classified according to the combination of ccr genes
and mec complex that they carry. Five major mec complexes
(A—E) have been described but only three (A—C) have been
identified in Staph. aureus. The mec complexes differ by inte-
gration of IS7272 and IS431 elements and by deletion of
mecl and a part of mecR. The ccr genes are classified into
five allotypes which have been designated ccrAB1, ccrAB2,
ccrAB3, ccrAB4 and ccrC. The SCCmec type III prototype
is a composite element that consists of the recombination of
two SCC elements, i.e. SCCmec type III and SCCmercury.
The SCCmec complexes often carry plasmids (e.g. pUB110,
pI258 and pT181) and transposons (e.g. Tn554 and
YTn554) integrated into them.

The SCCmec elements also comprise three junkyard (J)
regions. The variations in the J regions within the same mec and
ccr combination define the SCCmec subtypes within a type.

CURRENT THERAPEUTIC PROBLEMS
WITH RESISTANCE

STAPHYLOCOCCUS AUREUS

Approximately 85% of Staph. aureus are resistant to penicil-
lin by plasmid-mediated B-lactamase. During the 1950s, large
epidemics of hospital infection were caused by ‘the hospital
staphylococcus’, a virulent strain of Staph. aureus resistant to
penicillin, tetracycline, erythromycin, chloramphenicol and
other drugs. After the introduction of the penicillinase-stable
penicillins, the incidence of hospital infection with multiresis-
tant staphylococci gradually declined during the 1960s and
1970s. Although strains of methicillin-resistant Staph. aureus
(MRSA) were seen as early as 1961, gentamicin-resistant
MRSA emerged later as a major pathogen of hospital infec-
tion in the 1980s. Since then, MRSA has continued to increase
in prevalence in several countries, including the USA, UK
and countries in Southern and Eastern Europe, but was well
contained in others such as Scandinavian countries and the
Netherlands (Figure 3.4). Epidemic strains of MRSA have
been associated with large nosocomial outbreaks spreading to
whole regions by interhospital transfer of colonized patients or
staff.>>>% Deep-seated MRSA infections have been associated
with increased mortality compared with oxacillin-susceptible
Staph. aureus infection in some settings.”” After becoming
endemic in many acute care hospitals in the 1980s and 1990s,
MRSA strains have disseminated into long-term care facilities
which have become a reservoir of carriers. In the 1990s, com-
munity-acquired (CA-) MRSA infections have been reported
from Australia, the USA and Europe in populations lacking
previous contact with healthcare facilities.”® CA-MRSA strains
are unrelated to nosocomial strains and frequently produce
the Panton—Valentine leukocidin (PVL) exotoxin. Recently,
MRSA carriage has been reported with unexpected high prev-
alence among livestock animals, farmers and veterinarians in
Europe and the USA.>® These MRSA strains appear clonal
and unrelated to either nosocomial or CA-MRSA clones.
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Fig.3.4 Proportion of methicillin-resistant Staph. aureus isolates from bloodstream infections, EARSS participating countries, 2008.

Available at http://www.earss.rivm.nl.

MRSA strains have become multiresistant by a num-
ber of mechanisms. The chromosomal DNA region harbor-
ing the mecA gene, the staphylococcal cassette chromosome
mec, contains a number of insertion sites. These permit the
accumulation of multiple mobile genetic elements encoding
resistance to other classes of antibiotics such as macrolides,
lincosamides, streptogramins, sulfonamides and tetracyclines.
In addition, MRSA may acquire other resistances encoded
on plasmids and transposons, including B-lactamase produc-
tion and resistance to trimethoprim and the aminoglycosides.
Aminoglycoside resistance is mediated by at least six amino-
glycoside-modifying enzymes. Following the rapid emergence
of mutational resistance to quinolones and to other drugs such
as rifampicin and mupirocin, fuelled by clonal spread,’® many
strains of MRSA remain sensitive only to the glycopeptides
vancomycin and teicoplanin. The recent recognition of MRSA
strains with reduced susceptibility or high resistance to glyco-
peptides (see above) is likely to further complicate therapy of
serious staphylococcal infection. Among the recently available
antistaphylococcal antibiotics, such as linezolid, quinupristin—
dalfopristin, tigecycline and daptomycin, partial or full resis-
tance by mutational mechanisms has already been reported
in clinical isolates.

COAGULASE-NEGATIVE

STAPHYLOCOCCI

These organisms are important causes of nosocomial infec-
tions associated with prosthetic and indwelling devices. In
the community, people are normally colonized by relatively
sensitive strains of Staph. epidermidis; after admission to hos-
pital and treatment with antibiotics, patients often become
colonized with more resistant strains of Staph. epidermidis or
Staph. haemolyticus. A majority of coagulase-negative staphylo-
cocci isolated in hospitals show multiple antibiotic resistance,
including resistance to methicillin (and other B-lactams), gen-
tamicin and quinolones. Staph. haemolyticus frequently shows
low-level, inducible, teicoplanin resistance.®® Multiresistant
strains may act as a reservoir of resistance genes that can be
transferred to Staph. aureus and enterococci.

The enterococci are naturally sensitive to ampicillin, but are
intrinsically relatively resistant to other PB-lactams such as
cloxacillin, the cephalosporins and the carbapenems. They



are also usually resistant to trimethoprim and the sulfon-
amides, quinolones and aminoglycosides. These organisms
have a remarkable ability to acquire new resistances to ampi-
cillin, vancomycin and teicoplanin, chloramphenicol, eryth-
romycin, tetracyclines, high levels of aminoglycosides and
clindamycin.*!

E. faecalis is the most common enterococcal species to be
isolated from clinical specimens, but E. faecium is increasing
in frequency. E. faecium is inherently more resistant to peni-
cillin and ampicillin than E. faecalis, and hospital isolates tend
to show increasing high-level resistance due to altered PBPs
(see above). The production of B-lactamase and the overpro-
duction or alteration of penicillin-binding proteins has been
reported in ampicillin-resistant E. faecalis strains that have
caused large hospital outbreaks in the USA.%?

In the USA, acquired vancomycin resistance increased
more than 40-fold among nosocomial isolates of enterococci,
from 0.3% in 1989 to over 70% in 2007.9 This rise followed
an increase by more than 100-fold in the use of vancomy-
cin in hospitals in the last 20 years. Initially, clonal epidem-
ics of vancomycin-resistant enterococci broke out in intensive
care units and later in whole hospitals. This was followed by
spread of resistance plasmids and transposons among mul-
tiple strains of E. faecium and E. faecalis.®' In Europe, the inci-
dence of nosocomial infection caused by VRE varies widely
from <1% to >40%.3° Outbreaks have also been reported in
Europe, especially in hematological, transplant and inten-
sive care units. Transmission occurs by cross-contamination
via the hands of healthcare personnel and the environment,
and is enhanced by exposure to therapy with glycopeptides,
cephalosporins and drugs with anti-anaerobic activity.%* The
phylogenic analysis of a large collection of E. faecium isolates
from humans and animals showed the worldwide expansion of
complex-17 lineage causing hospital outbreaks and character-
ized by ampicillin resistance and specific virulence factors.®

In the USA, most of the vancomycin-resistant strains are
resistant to all other available antimicrobials, making therapy
extremely difficult and requiring combinations of drugs or the
use of new drugs such as quinupristin—dalfopristin, daptomy-
cin and linezolid.®® Resistance to these new antimicrobials has
already been reported in clinical isolates. As the consump-
tion of linezolid increased, several outbreaks of linezolid- and
vancomycin-resistant E. faecium have been reported in hema-
tological and transplant wards in Europe and the USA.% In a
meta-analysis of enterococcal bloodstream infection, the mor-
tality attributable to the infection was independently associ-
ated with vancomycin resistance, although the specific impact
of antibiotic therapy is difficult to ascertain because of the
severity of the underlying disease.®’

STREPTOCOCCUS PNEUMONIAE

Acquired multidrug resistance in Str. pneumoniae has become a
worldwide health problem, with increasing incidence of resis-
tance to B-lactams, macrolides, lincosamides and tetracyclines

CURRENT THERAPEUTIC PROBLEMS WITH RESISTANCE

in most parts of the world in the last three decades.®®*"! The
MIC of penicillin for sensitive strains of pneumococci is
<0.01 mg/L; the first penicillin-resistant isolates, reported in
1967 from Papua New Guinea, showed ‘low-level’ resistance
with MICs of up to 1 mg/L, but in 1977 pneumococci were
isolated in South Africa showing ‘high-level’ resistance with
penicillin MICs of >1 mg/L. High-level penicillin resistance
has so far been confined to a few serotypes, whereas low-level
resistance is now found in nearly all the common serotypes.
There is a wide geographical variation in the prevalence of
penicillin-resistant pneumococci, even between regions of a
particular country.

There is conclusive evidence of international spread of mul-
tiresistant clones, such as the Spanish serotype 23F clone that
was apparently ‘exported’ from Spain to the USA.” Several
serotypes, showing multiresistance, significantly decreased
in incidence after the introduction of the 7-valent conjugate
vaccine in both the USA and Europe.® These strains were
replaced by non-vaccine serotypes such as the multidrug-
resistant serotype 19A in the USA and Europe.”™ According
to two recent worldwide surveys and Europe-wide surveil-
lance data (http://www.earss.rivm.nl), in some countries, such
as in Northern Europe, only a few percent of pneumococ-
cal isolates show low-level penicillin resistance and high-level
resistance is rare; however, in other countries such as France,
Poland, Turkey, Israel and the USA, 25% or more of isolates
are penicillin resistant, of which up to 15% of isolates are
high-level resistant.”! In recent surveys, resistance to third-
generation cephalosporins varied between <1% and 15%.7%7}

A high prevalence (from 10% to >50%) of macrolide
resistance among Str. pneumoniae strains is reported from all
continents. The predominant mechanisms of resistance to
macrolides are ribosomal methylation conferred by the ermB
gene, followed by drug efflux pump encoded by the mefA4
gene.” In North America, macrolide resistance is more fre-
quently caused by MefA, which does not affect lincosamides.
However, the proportion of isolates positive for both ErmB
and MefA is increasing. In Europe and the Asia—Pacific
regions the predominant mechanism of resistance is ErmB
conferring the MLS; phenotype. There is a strong associa-
tion of co-resistance to penicillin, macrolides, lincosamides,
chloramphenicol, tetracycline and co-trimoxazole.

The resistance of Sw. pneumoniae to fluoroquinolones is
due to chromosomal mutations in the DNA gyrase (gyr4 and
gyrB) and topoisomerase IV (parC and parE) and/or active
efflux. Both mechanisms have so far been reported at low
prevalence (<1%) in a majority of countries but with higher
frequency in China (4-14%), Japan (0.5-6%) and Italy
(6%).™ This is a cause for concern, given the usefulness of
newer generation fluoroquinolones for the treatment of lower
respiratory tract infections.

Respiratory and bloodstream infections with strains of
pneumococci showing low- to moderate-level penicillin resis-
tance (MIC <4.0 mg/L) can be treated with high doses of
penicillin, amoxicillin or cephalosporins as there is no firm
evidence that this level of penicillin resistance is associated
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with increased risk of treatment failure. On the other hand,
meningitis treatment failures have been documented in
infections with even low-level penicillin-resistant strains.
Therefore, initial treatment of meningitis in areas with high
levels of penicillin and cephalosporin resistance includes
high-dose cefotaxime or ceftriaxone in association with van-
comycin. Both drugs should be continued in case of infection
with cefotaxime-intermediate resistant pneumococci (MIC of
1.0 mg/L), and rifampicin should be added if the cefotaxime
MIC is 22 mg/L (see Ch. 50).

HAEMOPHILUS INFLUENZAE

Ampicillin resistance due to plasmid-mediated TEM-1
B-lactamase production was first noted in 1972, and is now
widespread, ranging from 3% in Germany to 65% in South
Korea in lower respiratory and blood specimens. The prev-
alence of B-lactamase-producing strains rose in the 1990s,
followed by a subsequent decline in the 2000s in the USA,
Canada, Japan and Spain.” In 1981, Rubin et al. reported a
novel B-lactamase in H. influenzae, later called ROB-1.7° The
recent prevalence of this enzyme varies greatly (from 4% to
30%) and was found with the highest frequency in Mexico
and USA.”

B-Lactamase-negative, ampicillin-resistant (BLNAR) strains
are associated with changes in penicillin-binding proteins,
especially PBP 3. This form of ampicillin resistance appears to
be globally rare (<0.5%) but was reported locally at much higher
rates (10-40%) in recent surveys from Europe and Japan, pos-
sibly due to differences in the methods and definitions used.”
Cephalosporins and amoxicillin—clavulanate remain very active
(>99% sensitivity), as are fluoroquinolones, tetracyclines,
rifampicin and chloramphenicol. Rates of chloramphenicol
resistance in excess of 10% were occasionally found in some
Latin American and Asian countries. Co-trimoxazole resistance
rates vary markedly by region, with the highest rates reported
from Latin America, the Middle East and Spain (about 30%),
followed by Eastern Europe and North America (10-20%).

NEISSERIA MENINGITIDIS

The emergence of sulfonamide resistance in N. meningitidis,
due to mutational or recombinational modification of the tar-
get dihydropteroate synthase, emerged in the early 1960s and
is now widespread. Of greater concern today is the emergence
of penicillin resistance. The MIC of penicillin for meningo-
cocci is usually <0.08 mg/L, but this may be increased in mod-
erately susceptible isolates up to 0.5 mg/L. These strains were
first reported in the 1960s but have increased in frequency
in some countries, especially in Spain. This low-level peni-
cillin resistance is due to alterations in PBP 2, with a mosaic
gene structure arising as a result of transformation from com-
mensal Neisseria species. In the 1990s, Spain suffered a clonal

epidemic associated with a moderately susceptible penicil-
lin strain that accounted for more than 60% of invasive sero-
group C isolates. There are only scant clinical data indicating
that meningitis with the moderately susceptible meningococ-
cal strains may be associated with penicillin treatment failures.
Third-generation cephalosporins remain very active on these
strains. In addition, B-lactamase production by meningococci
has been reported in four cases and appears to be encoded on
a gonococcal plasmid. Chloramphenicol resistance has been
reported recently from Vietnam and was determined by a catP
gene located on a defective transposon from Clostridium per-
fringens. Although up to 10% of carriers treated with rifam-
picin are subsequently found to harbor rifampicin-resistant
meningococci, caused by a point mutation in the rpoB gene,
such strains remain extremely rare in invasive disease. Four
cases of meningococcal disease caused by ciprofloxacin-
resistant N. meningitidis serogroup B have been reported in the
USA."" They were caused by the same strain which revealed a
gyrA mutation that was possibly acquired by horizontal gene
transfer from the commensal N. lactamica.”

NEISSERIA GONORRHOEAE

Low-level resistance to benzylpenicillin (MIC 0.1-2 mg/L)
has been increasing in strains of N. gonorrhoeae for several
decades, and is now very common. This type of resistance is
due to mutational alterations in the penicillin-binding pro-
teins PBP 1 and PBP 2 and to impermeability associated
with alteration of PI porin. Alterations in penA genes confer-
ring decreased susceptibility to third-generation oral cepha-
losporins has been documented in Japan, Hong Kong and the
Western Pacific Region.” Since 1976, a high-level plasmid-
mediated type of resistance to penicillin, caused by produc-
tion of TEM-1 B-lactamase, appeared in South East Asia and
West Africa and spread to Western countries.” These peni-
cillinase-producing strains of N. gonorrhoeae remain common
(30-65%) in many developing countries, but account for only
5-10% of gonococcal isolates in the West. Low-level resis-
tance to tetracyclines is often associated with multiple resis-
tance to penicillin, erythromycin and fusidic acid. It is caused
by mutational derepression of the MtrRCDE efflux system.?
Plasmid-mediated high-level resistance to all tetracyclines,
including doxycycline, determined by the ribosomal protec-
tion protein TetM carried on a transposon, emerged in 1985.
It has reached a high prevalence, which unfortunately reduces
the clinical utility of this group of drugs for the treatment of
dual infection with gonococci and chlamydia.®® Spectinomycin
resistance, due to mutational alteration of the 30S ribosomal
subunit, remains rare. Resistance to fluoroquinolones, due to
GyrA and/or ParC mutational alteration, emerged in several
countries during the 1990s and increased globally by clonal
spread to reach prevalence rates up to 94% in South East Asia
and more than 50% in some European countries.® This dra-
matic increase in resistance has markedly reduced the value of
fluoroquinolones for empirical treatment of uretritis.



ESCHERICHIA CcOLI

Acquired resistance to ampicillin is conferred to Esch.
coli by a plasmid-encoded, Tn3-associated TEM-1
B-lactamase. First described in 1965, this mobile gene has
spread so extensively throughout the world that 40-60%
of both hospital and community strains are now resistant
by this mechanism. Up to 50% of these ampicillin-resis-
tant organisms are also resistant to the combination of
amoxicillin with clavulanic acid, either because of hyper-
production of TEM-1 B-lactamase or by production of a
mutant, inhibitor-resistant TEM enzyme. Other plasmid-
encoded PB-lactamases are seen in Esch. coli with increas-
ing frequency, including extended-spectrum B-lactamases
of the TEM, SHV and AmpC families. Fluoroquinolone
resistance in Esch. coli is an increasingly common prob-
lem in Europe and has reached prevalence rates as high
as 50% in Turkey, and 40% in Hong Kong. Intestinal car-
riage was found in 25% of healthy individuals in Spain.®!
Fluoroquinolone-resistant Esch. coli is particularly com-
mon in patients with complicated urinary tract infections
and in neutropenic patients developing bacteremia during
fluoroquinolone prophylaxis.

Esch. coli has been recognized as the major source of
ESBLs with a higher increase in prevalence in the com-
munity than in the hospital setting.!? This increase was
initially due to the spread of multiple clones harbor-
ing different CTX-M enzymes into diverse genetics ele-
ments (integrons and transposons). These enzymes show
higher hydrolyzing activity against cefotaxime than cef-
tazidime. They display high homology with chromo-
somal B-lactamases from Kluyvera species. The insertion
sequences ISEcpl and Orf513 contribute to their mobili-
zation. Among the CTX-M, CTX-M-15 is the predomi-
nant enzyme found in the community and in long-term
care facilities. This enzyme harbors the Asp240Gly sub-
stitution that confers an eight-fold higher level of resis-
tance to ceftazidime than its parental CTX-M-3 enzyme.
CTX-M-15 Esch. coli has emerged globally by acquisition
of epidemic plasmids into highly virulent strains of the
B2 phylogenetic subgroup, sequence type ST131, sero-
group 025:H4.82 Co-resistance to fluoroquinolones is fre-
quently mediated by gnr genes and aac (6”)-Ib-cr in these
ESBL-producing strains.

In addition to ESBL, new variants of cephalosporinases
called extended-spectrum AmpC (ESAC) B-lactamases,
which confer resistance against oxyimino-cephalosporins
including cefepime and cefpirome, have been described
since 1995 in Ent. cloacae, Serratia marcescens and Esch.
coli.??> Plasmid-encoded AmpC enzymes conferring resis-
tance to third-generation cephalosporins (such as CMY-
2) have become frequent in the USA but remain rare
in Europe. Resistance to carbapenems by metallo-B-
lactamase production (VIM-1) has been reported spo-
radically in clinical Esch. coli isolates from Spain and
Greece.

CURRENT THERAPEUTIC PROBLEMS WITH RESISTANCE

KLEBSIELLA, ENTEROBACTER AND

SERRATIA SPP

These organisms are intrinsically resistant to ampicillin, and
Enterobacter and Serratia spp. are resistant to older cepha-
losporins. They all have the ability to cause hospital outbreaks
of opportunistic infection, and they often exchange plasmid-
borne resistances. K. pneumoniae is the most common noso-
comial pathogen of the three, and appears to have the greatest
ability to receive and disseminate multiresistance plasmids.
The ampicillin resistance of K. pneumoniae is mediated by
chromosomal SHV-1 B-lactamase. In the 1970s, organisms
carrying plasmid-borne aminoglycoside resistance often
caused large outbreaks of hospital infection and sometimes
disseminated their resistances to Enterobacter, Serratia and
other enterobacterial species. These outbreaks diminished
when the newer cephalosporins and aminoglycosides became
available.

Starting in the mid-1980s in Europe and Latin America
and in the 1990s in the USA, hospital outbreaks due to
K. pneumoniae with resistance to third-generation cepha-
losporins
spectrum B-lactamases (ESBL) were reported, particularly
in intensive care units (ICUs). ESBL-encoding plasmids
were also transferred to K. oxytoca, Citrobacter spp., Esch. coli,

by plasmid-borne production of extended-

Proteus mirabilis and Enterobacter spp. Pan-European surveys
in ICUs showed that the proportion of ESBL-producing
klebsiellae varies markedly by hospital and by country, from
3% in Sweden to 60% in Turkey.?* Co-resistance to amino-
glycosides, co-trimoxazole, tetracyclines and fluoroquinolo-
nes is common.

Resistance to carbapenems has been reported increas-
ingly in K. pneumoniae (Figure 3.5). In the majority of cases,
this was related to the spread of plasmid-encoded class A
carbapenemases (KPC) and class B carbapenemases (VIM),
especially in K. pneumoniae.’> Less commonly, carbap-
enem-resistant Enterobacteriaceae were due to high-level
production of cephalosporinase- or oxacillinase-mediated
resistance combined with other B-lactamases and porin
mutation.?® The K. pneumoniae carbapenemase (KPC) was
initially reported in North Carolina in 1996 and subse-
quently worldwide.'” Six variants of the bla,.,, gene have
been reported. Although these enzymes confer decreased
susceptibility to all B-lactams, impaired outer membrane
permeability is often required to achieve full resistance
to carbapenems. The bla,,. genes have been identified
within a Tn3-type transposon (Tn4001) in large transfer-
able plasmids. These plasmids frequently carry aminogly-
coside determinants and have been associated with ESBL
(CTX-M-15) and the quinolone-resistance proteins QnrA
and QnrB. Co-resistance to other non-B-lactam antibiotics
limits therapeutic options for these strains. The bla,,. genes
have been reported in other Enterobacteriaceae (Enterobacter
spp., Esch. coli, K. oxytoca, C. freundii, R mirabilis, Salmonella
spp. and S. marcescens) and at chromosomal and plasmid
locations in Ps. aeruginosa.
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Proportion of carbapenems-resistant K. pneumoniae isolates in participating countries in 2008
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Fig.3.5 Proportion of carbapenem-resistant K. pneumoniae isolates from bloodstream infections, EARSS participating countries, 2008.

Available at http://www.earss.rivm.nl.

The KPC-producing bacteria are widespread in the USA,
Israel, China, Latin America and Greece, but remain rare
in western and northern Europe.!® Since 2001 sporadic iso-
lates and small outbreaks of multiresistant VIM-producing
K. pneumoniae have been reported in some European coun-
tries (France, Spain, Italy, Greece, Turkey and Belgium). In
several cases these strains were traced back to patient transfer
from hospitals in Greece, where the proportion of resistance
to imipenem increased from <1% in 2001 to >70% in iso-
lates from ICUs and to >20% in isolates from hospital wards
from 2001 to 2007 (http://www.earss.rivm.nl). Co-resistance
to colistin has been reported in some of these strains, leaving
very few active therapeutic options.

About 30% of hospital isolates of Enterobacter spp. show
cephalosporinase hyperproduction.®® In the 1990s, ESBL-
producing (mostly TEM-24), multiresistant Ent. aerogenes
strains emerged as a common cause of nosocomial infection
in France, Spain and Belgium. Epidemic strains were first
reported in ICUs and have since disseminated hospital-wide
to cause large regional epidemics.®® Many of these ESBL-
producing strains remain susceptible only to carbapenems,
which are the drugs of choice for treatment of serious infec-
tion with these organisms. In Enterobacter strains with high-
level cephalosporinase combined with ESBL production,

however, emergence of porin-resistant mutants during imi-
penem therapy may lead to treatment failure, requiring the
use of colistin or doxycycline for infections with strains
resistant to all B-lactams and fluoroquinolones.®” The resis-
tance to carbapenems by enzymes of class A (SME, IMI,
NMC, GES) and Class B (IMP, VIM, SPM) in species
such as Ent. cloacae, K. oxyroca, Citrobacter spp., 2 mirabilis,
Providencia stuartii and S. marcescens is a growing problem
worldwide.!*

Shigellae were among the first organisms to be shown in the
1950s to harbor transferable antibiotic resistance determi-
nants on conjugative plasmids. In developing countries, rates
of multiple resistance are high, with >50% of isolates resistant
to ampicillin, chloramphenicol, tetracycline, co-trimoxazole
or nalidixic acid. In the last few years, fluoroquinolone resis-
tance in Shigella spp. increased in the Indian subcontinent as
a result of both gyr4 and parC mutations,®® compromising
the use of fluoroquinolones as the first line of treatment for
dysentery in that region. Multiresistance is most common in
Shigella dysenteriae, followed by Shigella flexneri and Shigella



sonnei. In developed countries rates of resistance are higher in
shigellosis patients with a history of travel abroad.

Salmonella enterica serotype Typhi has developed multiple
resistance to first-line antibiotics in many developing coun-
tries. In the 1970s, strains with plasmid-mediated resistance
to ampicillin and chloramphenicol caused epidemics in Latin
America. In the 1980s, strains with plasmid-mediated resis-
tance to ampicillin, chloramphenicol and co-trimoxazole
emerged in South East Asia and have since become wide-
spread in Asia and Latin America, where rates of 30-70%
multiresistant Salmonella Typhi were reported in the 1990s.
Fluoroquinolone resistance is now emerging in MDR strains
and has been associated with recent outbreaks of typhoid fever
in Tajikistan, Vietnam and the Indian subcontinent. The pro-
portion of Salmonella Typhi with low-level resistance to cipro-
floxacin showed a rapid increase to more than 20% in 1999 in
the UK, and was mostly seen in travelers returning from the
Indian subcontinent.?®

In the 1990s, multiple resistance also rose rapidly in non-
typhoidal salmonellae in Europe and in the USA. There is
conclusive evidence that antibiotics used in animal husbandry
have contributed to antibiotic resistance in human isolates. In
the UK and other European countries, the incidence of human
infections with multiresistant Salmonella ser. Typhimurium
DT104 resistant to ampicillin, chloramphenicol, streptomycin,
co-trimoxazole and tetracycline increased markedly during the
period 1990-1996, at a time when penicillin and tetracycline
were commonly used in cattle feed. In Denmark, an outbreak
of food-borne salmonellosis caused by a multidrug and low-
level fluoroquinolone-resistant Salmonella ser. Typhimurium
was traced to an infected swine herd. This strain was nalidixic
acid resistant and showed increased ciprofloxacin MIC (0.06—
0.12 mg/L). Although this level of susceptibility is categorized
as sensitive by current breakpoints, patients treated with
fluoroquinolones showed poor clinical response.®

Soon after the introduction of enrofloxacin for veteri-
nary use in the UK in 1993, human Salmonella isolates with
decreased susceptibility to ciprofloxacin increased 10-fold
from 1994 to 1997. In 1999, soon after the introduction of
codes of good practice for the prophylactic use of fluoroquino-
lones in animal husbandry in the UK, there was a 75% decline
in isolations of multiresistant Salmonella ser. Typhimurium
DT104 from clinical specimens, which may indicate a favor-
able impact of more prudent antibiotic use.’! The extended-
spectrum [-lactamases have appeared in some Salmonella
strains, possibly as a result of plasmid transfer from com-
mensal enterobacteria in the human gut. ESBL-producing
salmonellae caused epidemics in Greece and spread to other
European countries in the 1990s.°> The first case of infec-
tion by ceftriaxone-resistant Salmonella reported in the USA
was linked to contact with infected cattle treated with cepha-
losporins on a Nebraska farm.??

CURRENT THERAPEUTIC PROBLEMS WITH RESISTANCE‘

CAMPYLOBACTER

Campylobacter spp. have also shown increasing antimicrobial
resistance in the past decade, and again much of this resistance
appears related to the veterinary use of antibiotics. Although
there is considerable geographic variation, macrolide resis-
tance in C. jejuni, which is mainly due to mutational alteration
of domain V of 23S rRNA, is increasing worldwide, includ-
ing in Europe and the USA.** C. coli shows higher erythro-
mycin resistance rates (4-50%) than C. jejuni (0-20%). The
proportion of isolates resistant to fluoroquinolones, which is
caused by stepwise mutations in gyrA4 and/or parC genes, has
increased dramatically around the world over the last 20 years
(from 0% to over 80% in some areas). There is consistent
evidence that this is a result of the addition of quinolones to
chicken feed.*>*> In every country where this has been inves-
tigated, quinolone resistance in human Campylobacter isolates
increased in frequency soon after the introduction of these
drugs in animal husbandry, but long after their licensing in
human medicine. In the USA, domestic chickens were deter-
mined by epidemiological and molecular investigations as the
predominant source of quinolone-resistant C. jejuni infection
in the years after these drugs were licensed for use in poultry
in 1995.%° In South Africa, Thailand and Taiwan, very high
rates of multiple resistance to quinolones, macrolides, tetra-
cyclines and ampicillin often leave no effective antimicrobial
treatment for Campylobacter enteritis.’®

HELICOBACTER PYLORI

Peptic ulcer disease caused by H. pylor: infection is treated
by associations of antibiotics, which may include amoxicillin,
tetracyclines, clarithromycin and metronidazole. Eradication
fails, however, in 10—-30% of cases. This is in part due to pri-
mary or secondary resistance to one or more of these drugs,
most commonly to metronidazole or clarithromycin.?”
Development of secondary resistance may occur in over 50%
of cases with suboptimal regimens. Nitroimidazole resistance
is mostly related to mutational inactivation of the rdxA gene
encoding an oxygen-sensitive NADPH nitroreductase. The
cure rate with most combination regimens drops by about
50% in case of nitroimidazole resistance. The prevalence of
this resistance is rising and currently ranges from 10% to 40%
of isolates in the West and from 50% to 80% in developing
countries. Resistance to clarithromycin is caused by a muta-
tion at position 2142 or 2143 in 23S rRNA. Its impact on
cure rate appears similar to that of nitroimidazole resistance
for most treatment regimens. The prevalence of primary mac-
rolide resistance varies by region between 3% and 25% and
is increasing. Standardization of resistance detection meth-
ods for this pathogen is much needed to assess the efficacy of
treatment regimens based on primary resistance patterns and
to guide local recommendations based on surveillance data.”®
The prevalence of resistance to amoxicillin and to tetracy-
cline is very low (<1%) in H. pylori except in a few countries
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like South Korea. In contrast, resistance to fluoroquinolones,
mainly caused by mutation in the gyr4 gene, shows a higher
prevalence (9-20%).

PSEUDOMONAS AERUGINOSA

Ps. aeruginosa is a leading cause of nosocomial infection in
critically ill patients and is associated with the highest attrib-
utable mortality among opportunistic Gram-negative bacte-
ria. It is intrinsically resistant to most -lactam antibiotics,
tetracyclines, chloramphenicol, sulfonamides and nalidixic
acid, due to the interplay of impermeability with multidrug
efflux, principally mediated by MexAB-OprM.?” Acquired
resistance to anti-pseudomonal antibiotics develops rapidly
in more than 10% of patients during treatment. This occurs
most commonly with imipenem and ciprofloxacin.!*® Multiple
types of acquired B-lactam resistance are expressed by this
adaptable organism, often in combination: hyperproduction
of AmpC cephalosporinase, acquisition of transposon and
plasmid-mediated ESBLs, oxacillinases or carbapenemases;
mutational loss of porins or upregulation of efflux pumps.!®

Three types of aminoglycoside resistance are seen: high-
level, plasmid-mediated resistance to one or two aminogly-
cosides, due to the production of aminoglycoside-modifying
enzymes, and broad-spectrum resistance to all the amino-
glycosides, due to a reduction in the permeability of the
cell envelope and/or overexpression of an efflux pump.
Fluoroquinolone resistance is mediated by topoisomerase
gene mutations, decreased permeability and efflux overex-
pression. Surveys of clinical isolates of Ps. aeruginosa from
ICUs have indicated resistance rates >10% to all drugs in
European countries.?* Resistance rates varied by region, with
Latin America showing the highest prevalence, followed by
Europe with high B-lactam resistance (>25% to ceftazidime)
and fluoroquinolone resistance rates (>30% to ciprofloxacin),
particularly in Southern Europe. Multidrug-resistant strains
were found in 1% of isolates from the USA, 5% from Europe
and 8% from Latin America, and their distribution by partici-
pating center suggested local outbreaks.

Only 10 years after the first description of VIM-1 in a Ps.
aeruginosa isolate in 1997, the VIM-2 variant has become
the most widespread metallo-f-lactamase (MBL) among
Ps. aeruginosa strains.'®! VIM-producing strains have caused
hospital outbreaks worldwide. IMP enzymes have also been
reported in this organism. The bla,,, and bla,, genes are
inserted into class 1 integrons. Other mobile genes encoding
MBL enzymes were reported in Ps. aeruginosa, including the
SMP (endemic in Brazil) and GIM (reported in Germany)
enzymes.!®! These carbapenemase-producing Ps. aeruginosa
strains are multiresistant and on many occasions susceptible
to colistin only. Class A B-lactamases such as VEB have been
described with increasing frequency in this organism, whereas
the GES and KPC enzymes were found in Latin America.!®!
Multiresistant Ps. aeruginosa is becoming one of the most
problematic nosocomial pathogens, particularly in view of the

lack of new antimicrobial classes in clinical development that
are active on this organism.

ACINETOBACTER SPP

Acinetobacters are free-living, non-fermenting organisms that
often colonize human skin and cause opportunistic infections.
Furthermore, these organisms are able to survive for prolonged
periods in inanimate environments. The most frequently iso-
lated species, and one most likely to acquire multiple antibi-
otic resistance, is Acinetobacter baumannii. In the early 1970s,
acinetobacters were usually sensitive to many common anti-
microbial agents but many hospital strains are now resistant
to most available agents, including co-trimoxazole, aminogly-
cosides, cephalosporins, quinolones and, to a lesser extent,
carbapenems. The mechanisms and genetics of resistance in
this species are complex, but they involve several plasmid-
borne B-lactamases and aminoglycoside-modifying enzymes,
as well as alterations in membrane permeability and penicil-
lin-binding proteins. The acquisition of these multiple mecha-
nisms may be due to the fact that this group of organisms is
physiologically competent and can acquire DNA by transfor-
mation in vivo.

Multiresistant A. baumannii strains have caused epidem-
ics in several countries and nosocomial infections with these
strains have been associated with excess mortality. Although
not exclusively, many MDR A. baumannii strains are associ-
ated with epidemic lineages (EU clones I, IT and IIT) that were
found to spread in many European countries.

A. baumannii naturally harbor a carbapenem-hydrolyz-
ing oxacillinase (OXA-51/69 variants) which, when overex-
pressed, confers a decreased susceptibility to carbapenem.
Class D (OXA-type) B-lactamases conferring resistance to
carbapenems have been widely reported in A. baumannii.
These enzymes belong to three unrelated groups (repre-
sented by OXA-23, OXA-24 and OXA-58) that can be
either plasmid (OXA-23 and OXA-58) or chromosomally
encoded. OXA-23- and OXA-58-producing Acinetobacter
have been associated with outbreaks in several countries such
as the UK, China, Brazil and France.'”! Class B metallo--
lactamases (VIM, IMP, SIM) that confer resistance to all
B-lactams except aztreonam have been reported worldwide in
Acinetobacter strains, especially in Asia and Western Europe.
Other mechanisms of carbapenem resistance in this organism
include the reduced expression of several outer membrane
proteins (porins) such as CarQ.!%? Active efflux of carbapen-
ems may be associated.

Colistin, sulbactam and tigecycline may be the only active
drugs available to treat infections caused by multiresis-
tant strains. The activity of sulbactam against carbapenem-
resistant isolates is decreasing. Clinical reports support the
effectiveness of colistin for treating infection with multire-
sistant acinetobacters whereas clinical evidence with tigecy-
cline is still scarce in spite of its good antimicrobial activity.
High-level resistance to tigecycline mediated by upregulation



of chromosomally encoded efflux pumps has been reported
among MDR strains. Strains resistant to all available antimi-
crobial agents have been reported.'®

OTHER NON-FERMENTING ORGANISMS

Sten. maltophilia and Burkholderia cepacia are intrinsically resis-
tant to many of the antimicrobial agents used for infection
with Gram-negative organisms, including the aminoglyco-
sides and cephalosporins, and often acquire further resistance
to co-trimoxazole and fluoroquinolones. Because of this,
and despite their relatively low virulence, they are seen with
increasing frequency in areas of high antibiotic usage such as
ICUs. Sten. maltophilia is intrinsically resistant to all the amin-
oglycosides, to imipenem and most f-lactams, and up to 30%
of isolates have acquired resistance to co-trimoxazole and tet-
racyclines. It has considerable ability to develop further mul-
tiple resistances by several mechanisms, including decrease
in outer membrane permeability, active efflux and the pro-
duction of inducible broad-spectrum [B-lactamases. Bacteria
of the B. cepacia complex are also generally resistant to the
aminoglycosides and most B-lactam antibiotics, but sensi-
tive to ciprofloxacin, temocillin and meropenem. However,
acquired multiple resistance was found in epidemic strains
that are associated with rapid deterioration in infected cystic
fibrosis patients.

MYCOBACTERIUM TUBERCULOSIS

M. tuberculosis has limited susceptibility to standard antimi-
crobial agents, but can be treated by combinations of anti-
tuberculosis drugs, of which the common first-line agents are
rifampicin, isoniazid, ethambutol and pyrazinamide (see Chs
33 and 58). Resistance is the result of spontaneous chromo-
somal mutations at various loci. Mutational resistance occurs
at the rate of about 1 in 108 for rifampicin, 1 in 10® to 1 in
10° for isoniazid, 1 in 10° for ethambutol and 1 in 10° for
streptomycin. Since a cavitating lung lesion contains up to
10° organisms, mutational resistance appears quite frequently
when these drugs are used singly for treatment, but is uncom-
mon if three or more are used simultaneously.

The action of isoniazid against M. tuberculosis may involve
multiple mechanisms, including transport and activation of the
drug by mechanisms involving catalase-peroxidase, pigment
precursors, nicotinamide adenine dinucleotide (NAD) and
peroxide; generation of reactive oxygen radicals; and inhibition
of mycolic acid biosynthesis. Mutations at several loci might
be involved in decreased susceptibility to isoniazid, including
the karG gene that encodes catalase-peroxidase activity, the
inhA gene which is involved in mycolic acid synthesis, and the
aphC gene which encodes alkylhydroxyperoxide reductase.!**
Likewise, resistance to ethambutol may result from diverse
mutations in the embCAB operon, which is involved in the
biosynthesis of cell-wall arabinan, or in other genes.

CURRENT THERAPEUTIC PROBLEMS WITH RESISTANCE

Resistance to rifampicin, fluoroquinolones and strepto-
mycin appears to be caused in M. tuberculosis by mechanisms
similar to those seen in other species, as the result of muta-
tions in the rpoB gene that encodes the B-subunit of RNA
polymerase, the gyr4 gene encoding the A subunit of DNA
gyrase and either the rrs gene encoding 16S rRNA or the
rpsL gene encoding the S12 ribosomal protein, respectively.
Resistance to pyrazinamide, however, does not appear to
be due to altered target but to inactivation of the pncA4 gene
encoding pyrazinamidase, an enzyme which is necessary for
transformation of the prodrug into active pyrazinic acid.’** An
open access database of putative and well-established tuber-
culosis resistance mutations is available.!**

In 2007, M. tuberculosis caused 9.27 million new cases
of tuberculosis and 1.78 million deaths according to the
World Health Organization (WHO). The main factors for
the appearance of tuberculosis drug resistance are the emer-
gence of drug-resistant mutants from wild-type susceptible
strains during treatment (acquired resistance), increasing
development of resistance in drug-resistant strains because
of inappropriate treatment (amplified resistance) and direct
transmission of drug-resistant strains (transmitted resis-
tance). Multidrug-resistant tuberculosis (MDR-TB) implies
resistance to at least two of the first-line antituberculosis
drugs: rifampicin and isoniazid. These two drugs are essen-
tial for initial or short-course treatment regimens, and strains
of M. tuberculosis resistant to them soon develop resistance
to other drugs. Patients with MDR-TB thus fail to respond
to standard therapy and disseminate resistant strains to their
contacts (including healthcare workers), both before and after
the resistance is discovered. MDR-TB emerged in the 1990s
and today represents a major problem in several parts of the
world, such as some countries from the former Soviet Union
and in China.!®>!% Although the median worldwide preva-
lence of MDR-TB among new cases of tuberculosis is 1%,
these rates can reach 22% in some areas of Eastern Europe,
Russia, Iran and China.'% A higher prevalence of drug resis-
tance is also seen in immigrants to Western countries.

Extensively drug-resistant M. tuberculosis (XDR-TB), which
is defined as bacteria resistant to at least isoniazid and rifam-
picin, any fluoroquinolone, and at least one of three injectable
second-line drugs (amikacin, capreomycin or kanamycin), has
recently emerged as a major public health threat.'% By the end
of 2008, 55 countries reported at least one case of XDR-TB.
Five countries from the former Soviet Union documented 25
cases or more with a prevalence of XDR-TB ranging from 7%
to 24% among MDR-TB.!%

MDR-TB is difficult and expensive to treat and is asso-
ciated with high mortality rates in immunocompromised
patients, especially in people infected with HIV, which is a
common association. Large nosocomial and community out-
breaks of MDR-TB were seen in some American cities in the
early 1990s, and later reported in Europe, Asia and Brazil.!"
The clinical outcome of patients infected with XDR-TB
is even poorer than with MDR-TB. The mortality rate of
XDR-TB is particularly high in patients co-infected with
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HIV.!% Epidemic and clinically highly virulent MDR- and
XDR-TB strains are associated with successful clones such as
Beijing/W and KwaZulu-Natal genotypes which have accu-
mulated resistance to second-line drugs. Factors that contrib-
ute to this situation include insufficient public health services
directed towards control of tuberculosis; inadequate training
of healthcare workers in the diagnosis, treatment and control
of tuberculosis; laboratory delays in the detection and sensitiv-
ity testing of M. tuberculosis; admission to hospitals unprepared
for control of airborne transmission of pathogens; addition of
single drugs to failing treatment regimens; an increase in the
number and promiscuity of individuals at high-risk of acquir-
ing and disseminating tuberculosis, including those infected
with HIV, the poor and the homeless; and increasing migra-
tion of people from areas where tuberculosis is common.!
The single most important factor in the prevention and suc-
cessful control of further emergence of MDR/XDR-TB is
probably the re-introduction of supervised observed therapy.
In addition, substantial commitment of resources, healthcare
planning, surveillance of drug resistance and the use of appro-
priate hospital isolation facilities have brought nosocomial
MDR-TB under control.!®”

EPIDEMIOLOGY OF ANTIBIOTIC

RESISTANCE

Epidemiological and biological studies have shown that the
rise of antibiotic resistance among human pathogenic bacteria
is a global phenomenon which is related to the interplay of sev-
eral factors in different ecosystems (Figure 3.6).! These factors
include the development of environmental and human reser-
voirs of antibiotic resistance genes and resistant bacteria, pat-
terns of antibiotic use in medicine and agriculture that select
for and amplify these reservoirs, and socioeconomic changes
that influence the transmission of pathogens. The genetic
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Stay in healthcare institution

Colonization and infection
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Fig.3.6 Factors contributing to the emergence and spread of
antibiotic resistance in interconnected ecosystems.

mechanisms that confer antibiotic resistance on bacteria must
have existed long before the antibiotic era. Conjugative plas-
mids devoid of resistant genes were detected in clinical iso-
lates of bacteria collected before the 1940s. Many resistance
genes have presumably evolved from detoxifying mechanisms
in antibiotic-producing fungi and streptomycetes living in
soil and water and were later mobilized by genetic transfer to
commensal and pathogenic bacteria.*® Whatever the origins
of resistance genes, there has clearly been a major increase in
their prevalence during the past 60 years. This can be closely
correlated with the use of antibiotics in humans and animals,
and it is clear that resistance has eventually emerged to each
new agent.

Antibiotic use is the driving force that promotes the selec-
tion, persistence and spread of resistant organisms. The
phenomenon is common to hospitals, which have seen the
emergence of a range of multidrug-resistant pathogens,!®
to the community at large, where respiratory and gut patho-
gens have become resistant to often freely available antibiot-
ics,'” and to animal husbandry, where the use of antibiotics
for growth promotion and for mass therapy has promoted

% and created a

resistance in Salmonella and Campylobacter,
reservoir of glycopeptide-resistant enterococci that can be
transmitted to humans.*°

In the community, where about 80-90% of human anti-
biotic consumption takes place, a large proportion of anti-
biotics is inappropriately prescribed for upper respiratory
infections. Patients’ misperceptions about the utility of antibi-
otics in self-resolving viral infections, commercial promotion,
poor compliance with prescriptions and over-the-counter
sales of antibiotics in some countries are contributing to this
misuse of antimicrobials.!® The factors relating prescription
patterns to increasing resistance are only incompletely under-
stood. Low dosage and prolonged administration have been
associated with increased risk of development of B-lactam
resistance in pneumococci.'!? Finnish surveillance data show
that macrolide resistance in Str. pyogenes has increased as the
national use has increased — and, conversely, has declined as
a result of the much diminished use of erythromycin.*! There
are wide variations in per capita antibiotic consumption in
Europe, with lowest levels of consumption in the Nordic
countries correlating with a much lower prevalence of resis-
tance in most bacterial pathogens than in the other parts of
Europe (see Figure 3.4). Socioeconomic changes are also
powerful drivers of the resurgence of infectious diseases and
drug resistance.' The impoverishment of large sections of the
population and disruption of the healthcare system in the for-
mer Soviet Union has had a clear impact on the spread of
MDR-TB. Globalization is stimulating international circula-
tion of goods and people, and plays a role in accelerating the
dissemination of pathogens, including resistant strains.

The hospital, particularly the intensive care unit, is a major
breeding ground for antibiotic-resistant bacteria. Here, a
high-density population of patients with compromised host
defenses is exposed to a usage of antibiotics that is about
100 times more concentrated than in the community, and



frequent contact with healthcare personnel creates cease-
less opportunities for cross-infection.!® Most new drugs and
injectable agents are first administered to hospital patients.
Topical antibiotics are particularly likely to select for resis-
tance, as illustrated by the emergence of gentamicin-resistant
Ps. aeruginosa and fusidic acid- or mupirocin-resistant Staph.
aureus that has often followed heavy topical use of gentami-
cin in burns and fusidic acid or mupirocin in dermatological
patients. Multiple drug resistance can be encouraged by the
use of a single agent, since this may select for plasmids confer-
ring resistance to multiple antibiotics.

Selection of resistance during antibiotic therapy in infect-
ing or colonizing bacteria is enhanced by factors related to
the patient: immune suppression, presence of a large bacte-
rial inoculum, and biofilm-associated infection of foreign
bodies which impede local host defenses.*” Other resistance-
predisposing factors relate to the modalities of treatment: drug
underdosing or inappropriate route of administration which
causes failure to achieve bactericidal drug levels at the site of
infection.'!! Alteration of the endogenous microflora during
antibiotic therapy also enhances replacement of susceptible
organisms by resistant strains from the hospital microflora.

Nosocomial transmission of MDR bacteria occurs most
commonly by indirect contact between patients (via the con-
taminated hands of healthcare personnel) and, less com-
monly, by contaminated fomites. Patient factors predisposing
to this transmission include the severity of underlying illness,
length of stay in hospital, intensity and duration of exposure to
broad-spectrum antibiotics, and use of invasive devices (such
as intravenous catheters) or procedures.!® Hospital patients
and staff colonized with resistant bacteria, especially in the
feces or on the skin, further disseminate these organisms both
within the hospital and into the community. Cost containment
in hospitals has resulted in chronic understaffing, increased
patient turnover and inter-institutional transfer, factors which
have been well documented to enhance nosocomial transmis-
sion of MDR bacteria such as MRSA and ESBL-producing
Gram-negative bacteria.'*®

About 30% of the patients in acute care hospitals receive
antibiotics for therapy or prophylaxis. Although antibiotics are
essential for modern hospital care, many studies have shown
that up to 50% of these prescriptions may be unnecessary or
inappropriate. Insufficient training in antibiotic therapy, diffi-
culty of selecting the appropriate anti-infective drugs empiri-
cally, underuse of microbiological testing, drug promotion by
pharmaceutical companies and fear of litigation are some of the
factors that are stimulating the use of broad-spectrum drugs.

PUBLIC HEALTH AND ECONOMIC

IMPACT

Antibiotic resistance places an increasing burden on society
in terms of increased morbidity, mortality and costs. In spite
of the methodological complexities in studying the impact
of antibiotic resistance on clinical outcomes, it is recognized
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that, for many diseases, individuals infected with resistant
pathogens are more likely to receive ineffective therapy, to
more frequently require hospital care, to stay in for longer,
to develop complications and to die of the disease.!* The cost
of care is also increased for such patients, due to the need
for more costly second-line drugs, longer duration of hospital
stay, increased need for intensive care and diagnostic testing,
higher incidence of complications, and expenses incurred by
use of isolation precautions. There are also longer-term costs
for society related to patient disability from the increased inci-
dence of acute infectious diseases and their sequelae.

CONTROL AND PREVENTION

Learned societies and expert panels have published guidelines
for optimizing antibiotic use and curtailing antibiotic resis-
tance in hospitals.!!>!!® Key components of these guidelines
include:

* better undergraduate and postgraduate training in
healthcare;

establishment of hospital antimicrobial stewardship
programs, involving multidisciplinary cooperation
between hospital administrators, clinicians, infectious
disease specialists, infection control team, microbiologists
and hospital pharmacists;

formulary-based local guidelines on anti-infective therapy
and prophylaxis, education and regulation of prescriptions
by consultant specialists, monitoring and auditing drug
use, surveillance and reporting of resistance patterns of
the hospital flora;

surveillance and early detection of outbreaks by molecular
typing, detection and notification of patients colonized
with communicable resistant bacteria to the infection
control team when useful for patient isolation and/or
decolonization;

promotion and monitoring of basic hospital infection
control practices such as hand hygiene.

These guidelines are mostly based on local experience and
on the results of before—after and analytic studies.!'>!!7 Few
strategies have been formally tested for cost-effectiveness
in controlled intervention studies. Mathematical modeling
provides interesting insights into the prediction of epidemi-
ological factors that are the most vulnerable to effective inter-
ventions.>>% Because each hospital has its own ecosystem and
micro-society where determinants of antibiotic resistance are
quite specific and evolve rapidly, effective solutions should be
tailored to local circumstances and resources. On the other
hand, early coordination of policies at regional or national
level has been successful in controlling the transmission of
emerging MDR nosocomial pathogens.!!®

In the past few years, antibiotic resistance has been
universally identified as a public health priority and action
plans to combat resistance have been developed by several
national health agencies and international organizations such
as the US Centers for Disease Control and Prevention (CDC),
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the WHO and the European Union (EU).%*!!8 These strategic
plans call for:

public and professional education toward rational use of
antimicrobials;

coordination of surveillance of antibiotic resistance and
antibiotic use in human and animal health sectors;
refined regulation of antibiotic registration for use in both
sectors;

development and evaluation of improved diagnostic
methods;

promotion and evaluation of medical and veterinary
practice guidelines;

restriction of antibiotic use as growth promoters in food
animals;

promotion of infection control practice in healthcare
institutions;

development of novel antimicrobial drugs and vaccines;
closer international cooperation.

A number of national action plans and international surveil-
lance systems are now in development to implement these
strategies and provide early warning of the emergence of
threatening antibiotic-resistant bacteria to guide timely
interventions.

Physicians can no longer avoid their responsibilities as anti-

biotic prescribers and their impact on the global ecosystem of
microbial pathogens. If we want to prove wrong the prediction
of an impending post-antibiotic era, we must strive to continu-
ously improve our antibiotic prescribing and infection control
practices and develop new strategies for controlling resistance.
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Pharmacodynamics

of anti-infective agents:

target delineation and
susceptibility breakpoint selection

Johan W. Mouton

The goal of anti-infective chemotherapy is to administer the drug
in such a way that it will generate the highest probability of a good
therapeutic outcome while at the same time having the lowest
probability of a drug-related toxicity event that is related to the
time—concentration profile of the drug. In order to reach that goal,
it is therefore necessary to determine the concentration—effect rela-
tionship of the drug over time, determine which concentration pro-
file ensures this to become true and design dosing regimens that
bring about this concentration profile. This approach applies to all
anti-infectives, whether they are antibacterials, antivirals, antifun-
gals or antiparasitic agents. In this chapter the discussion and exam-
ples are mainly taken from the antibacterial scene, but it should be
emphasized that the concepts can be applied to all anti-infective
agents.

One of the unique features of anti-infectives is that the target of
the drug - the receptor of the molecule - is located on the micro-
organism rather than in humans. This stands out against virtually all
other drugs where the receptor of the drug is located in humans
themselves. Unfortunately, for some anti-infectives there are also
receptors in humans, resulting in toxicity, and for some drug classes
this is a major limitation to their use. Since the receptor of the anti-
infective is on the microbe, it is relatively easy to study the effect
of antimicrobials in model systems, both in in-vitro systems as
well as in in-vivo infection models. The downside is that, because
there are as many different receptors as there are different species,
exposure-response relationships cannot always be generalized
and need to be studied in detail for various drug—micro-organism
combinations. The primary focus of this chapter is to describe the
approach to determine exposure-response relationships of anti-
infectives and to translate these to optimal dosing regimens and the
choice of anti-infective.

PHARMACODYNAMIC TARGETS

AND TARGET DELINEATION
w

Figure 4.1A shows a diagram of the concentration—time
curve of an anti-infective agent. Two major pharmacoki-

EXPOSURE-RESPONSE
RELATIONSHIPS IN VIVO

netic parameters describe this profile: the peak concentra-
tion (C_ ) and the area under the concentration-time curve
(AUC). These in turn are the result of the pharmacokinetic
properties of the drug, clearance and volume of distribution.
However, a pharmacokinetic description as such does not
convey any information with respect to the activity of the
drug in vivo. One way to do this is to use the relationship
between the exposure of the anti-infective and the activ-
ity (or potency) of the drug as determined in an in-vitro
system such as minimum inhibitory concentration (MIC)
testing. Other measures of potency include the half maxi-
mal effective concentration (EC, ) in vitro for antivirals and
some antifungals. Figure 4.1B shows the same diagram as
in Figure 4.1A but includes the MIC of a micro-organism.
Instead of two pharmacokinetic parameters there are now
three pharmacodynamic indices (PIs) that can be recog-
nized: the AUC and the C__, both relative to the MIC, and
in addition the time the concentration of the drug remains
above the MIC (T, ). The latter is usually expressed as
the %T_, . of the dosing interval. These three PI values
- AUC/MIC, C_ /MIC and %T — thus describe the

>MIC
relationship between exposure of the anti-infective over a
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if daily doses are divided. The length of the bars beneath Figure 4.1C correspond to the T

defined time interval in relation to the potency of the anti-
microbial as defined by the MIC. For the AUC/MIC and
the C_ /MIC, it follows that the value of the PI is pro-
portional to the AUC and C__ . Since the pharmacokinetic
profile for most antimicrobials is proportional to dose in a
linear fashion, it follows that: (1) doubling the dose usu-
ally results in a doubling of AUC/MIC and C__ /MIC, and
(2) administration of the dose twice will double the AUC/
MIC while the C___will not change. For the %T_,, ., divid-
ing the same dose over multiple smaller doses will result in
an increased %T_ . while retaining the same AUC/MIC
(Figure 4.1C).

Using different dosing regimens in animal models of
infection by varying both the frequency and the dose of
the drug, and thereby different exposures and correspond-
ing PIs, it has been shown that there is a clear relationship
between a pharmacokinetic/pharmacodynamic (PK/PD)
index and efficacy.! Figure 4.2 shows the relationship for
two drugs belonging to different classes of antimicrobials,
the quinolones and the B-lactams. In general, for concentra-
tion-dependent drugs there is a clear relationship between
AUC:MIC ratio and/or C__:MIC ratio and efficacy, while
for time-dependent drugs it is the %T that is best
correlated with effect.

>MIC

to Time > MIC

(A) Diagram of a concentration-time curve showing the pharmacokinetic parameters Peak (or C__) and AUC. (B) The PK/PD indices
are derived by relating the pharmacokinetic parameter to the MIC: AUC/MIC,C__/MICand T

(C) Diagram showing that the T_, _increases

max >MIC >MIC

>MIC

W CURVE-EFFECT DESCRIPTION

AND PHARMACODYNAMIC TARGETS
IN ANIMAL MODELS

In most cases, the relationship between exposure and effect
can be described by a sigmoid curve. The E_ model with
varying slope, or Hill equation, is most commonly used to
describe this sigmoid relationship. An example is shown in
Figure 4.3, displaying the relationship between AUC/MIC
ratio and effect. The effect here is the number of colony form-
ing units (CFU) after 24 h of treatment with different dosing
regimens of levofloxacin. Apart from the parameter estimates
that describe the curve, such as the EC_ and the E__, there
are other parameters related to the curve, the most important
of which is the net static effect. This is the dose or exposure
resulting in the measure of effect being unchanged from base-
line to the time of evaluation (e.g. the number of CFU att =
0 h [baseline, start of treatment] and t = 24 h [time of sam-
pling]). The use of the term °‘static’ does not imply that no
changes have occurred during the period of reference; indeed
kill and regrowth may have occurred (repeatedly) during this
period.* Other characteristics include exposures that result in
the E_ ,90% of the E__, or a 2 log drop. The PI value that
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AUC and peak of levofloxacin (upper) and ceftazidime (lower) in a mouse model of infection with

Streptococcus pneumoniae as obtained by various dosing regimens and efficacy expressed as colony forming units (CFU). The best relationship
is obtained with the AUC for levofloxacin and T_,, _ for ceftazidime; the curve drawn represents a model fit of the Hill equation with variable

>MIC

slope to the data. Reproduced from Andes D, Craig WA. Animal model pharmacokinetics and pharmacodynamics: a critical review. Int J
Antimicrob Agents. 2002;19(4):261-268, with permission of Elsevier.?
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Fig. 4.3 Diagram showing various characteristic effect levels of a
sigmoid dose-response relationship, in this example levofloxacin.
From F. Scaglione, JW. Mouton, R. Mattina and F. Fraschini,
Pharmacodynamics of levofloxacin and ciprofloxacin in a murine
pneumonia model: peak concentration/MIC versus area under the
curve/MIC ratios. Antimicrob Agents Chemother. 47 (2003), pp.
2749-2755. Copyright © 2003, American Society for Microbiology.?

will result in one of the effects described and is desired is also
called the pharmacodynamic target (PT). Pharmacodynamic
targets have been described for many micro-organism—anti-
infective combinations and in general show a good concor-
dance with survival and clinical cure (see below), in particular
for the free, non-protein bound fraction of the drug. In the
following, the prefix findicates that the parameters or indices
apply to the fraction unbound (see also ‘Exposure in first com-
partment’, below).

DELINEATION IN HUMAN

TARGETS AND TARGET
INFECTIONS

The relationship between PI and effect is increasingly being
studied in humans. There are two major differences with
animal models that need consideration and have, or may
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have, a significant effect on conclusions. The first is that the
outcome parameter is usually binomial instead of (semi) con-
tinuous. That is, instead of colony forming units, outcome is
determined as cure versus no cure, persistence of colonization
versus elimination, or mortality versus survival, and therefore
the statistical and/or mathematical models that describe the
relationship between PI and effect differ as well.

Binomial outcome

If outcome is measured at a single point in time, for instance
clinical cure 28 days after the start of antimicrobial treatment,
univariate or multivariate logistic regression is the analysis
tool primarily used. Alternatively, if outcome is determined
over time, such as time to defervescence or time to pathogen
clearance, a Kaplan—Meier analysis can be applied and/or Cox
regression. The advantage of determining outcome over time
is that in general it is much more powerful to show differences
between groups — if present — and therefore fewer patients are
needed to determine differences in effects. This was shown in
a study by Ambrose and colleagues, studying the effect of levo-
floxacin in maxillary sinusitis and taking serial sinus aspirates.®

While these methods do indicate differences between
groups if present, and the models can also be used to esti-
mate the parameters that determine outcome, they do not
answer the question as to which value of the PI makes the
difference between a high probability of cure and a low prob-
ability of cure. To that purpose, classification and regression
tree analysis (CART) has been used increasingly. This tool
uses exploratory non-parametric statistical algorithms that
can accommodate continuous numerical data, as well as cat-
egorical data, as either independent or dependent variables.
For a dependent variable that is categorical such as clinical
response, it can be used to identify threshold values in an
independent continuous variable such as an AUC:MIC ratio
that separates groups with a high probability of cure from
those with a low probability of cure. The results can subse-
quently be used to test for significance in univariate or multi-
variate logistic regression analyses.

One of the first exposure-response analyses of clinical data
that utilized this approach was by Forrest et al.® Intravenous
ciprofloxacin was studied in critically ill patients with pneu-
monia involving predominantly Enterobacteriaceae and
Pseudomonas aeruginosa. Multivariate logistic regression anal-
yses identified the AUC_,,:MIC ratio as being predictive of
clinical and microbiological response (p <0.003). Recursive
partitioning identified a threshold AUC , :MIC ratio value of
125. Patients who had an AUC_ ,,:MIC ratio of 125 or greater
had a significantly higher probability of a positive therapeutic
response than those patients in whom lesser exposures were
attained. Another example is provided in Figure 4.4 show-
ing a jitter plot of the relationship between the fAUC , :MIC
ratio of five quinolones and microbiological response. CART
analysis indicates that patients with an AUC:MIC ratio above
34 (cure rate 92.6%) had a significantly (p = 0.01) increased
probability of cure compared to those that had not (cure rate
66.7%)."
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Fig.4.4 Jitter plot of the relationship between the ratio of free
drug area under the concentration—time curve at 24 h to the MIC
(fAUC, ,;MIC) for five quinolones (ciprofloxacin, garenoxacin,
gatifloxacin, grepafloxacin and levofloxacin) and microbiological
response in 121 patients with respiratory tract infection pneumonia,
acute exacerbation of chronic bronchitis or acute maxillary
sinusitis associated with Streptococcus pneumoniae. Reproduced
from Rodriguez-Tudela JL, Almirante B, Rodriguez-Pardo D, et al.
Correlation of the MIC and Dose/MIC ratio of fluconazole to the
therapeutic response of patients with mucosal candidiasis and
candidaemia. Antimicrob Agents Chemother. 2007;51(10):3599-
3604. Copyright © 2007, American Society for Microbiology.”

(Semi)-continuous outcome

There are an increasing number of studies that have strived to
look for outcome data that are continuous or semi-continuous.
These have the advantage that they are much more informa-
tive, and therefore fewer subjects are needed to show an expo-
sure-response relationship. In addition, E__models can be fit
to the data to show exposure-response relationships in a more
meaningful manner than binomial data.

An approach for a semi-continuous outcome was the expo-
sure—response relationship of fluconazole for the treatment of
oropharyngeal candidiasis (Figure 4.5). Patients were treated
with various doses of fluconazole and outcome recorded,
while MICs were determined from cultures taken before and
after treatment. Because of the variation in doses and MICs,
a large number of groups could be distinguished, with each
group designated by a specific dose:MIC ratio or AUC:MIC
ratio. The percentage cure per group was plotted, and the E__
model fitted to the data. This resulted in a clear exposure—
response relationship. The authors concluded that the phar-
macodynamic target would be an AUC:MIC ratio of near
100, corresponding to the near maximum effect in this study.

It is, however, not easy to find an outcome variable that is
continuous in humans that is meaningful. One example is the
use of the relative increase in FEV1 (the forced volume of expira-
tion during the first second) after a specified period of treatment
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Fig.4.5 Dose/MIC-response relationship for fluconazole in
patients with oropharyngeal candidiasis. The dose:AUC ratio for
fluconazole is 1, thus the plot for AUC/MIC is similar. Reproduced
from Rodriguez-Tudela JL, Almirante B, Rodriguez-Pardo D, et al.
Correlation of the MIC and Dose/MIC ratio of fluconazole to the
therapeutic response of patients with mucosal candidiasis and
candidaemia. Antimicrob Agents Chemother. 2007;51(10):3599-
3604. Copyright © 2007, American Society for Microbiology.®

with antipseudomonal therapy in patients with cystic fibrosis as
shown in Figure 4.6. An E_ _model fitted the data well, and by
using a continuous variable instead of a dichotomous one, the
authors could show an exposure-response relationship in a lim-
ited number of patients, indicating the significant increase in
power if a continuous outcome variable is used.

Variance in exposure

The second major difference between human studies and
animal models, or in-vitro pharmacokinetic models, is the
variance in exposure. With some exceptions, such as the rela-
tionship between fluconazole exposure and effect (see Figure
4.5), only one or two different dosing regimens can be ana-
lyzed, resulting in a significant correlation between the various
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Fig. 4.6 Relationship between fAUC :MIC ratio of tobramycin as
a measure of exposure and relative increase in FEV1 as a measure of
effect in patients with cystic fibrosis. Reproduced from Preston SL,
Drusano GL, Berman AL, et al. Pharmacodynamics of levofloxacin:

a new paradigm for early clinical trials [see comments]. Journal
American Medical Association. 1998:279(2):125-129.°

OPTIMIZING DOSING REGIMENS

PIs. While this does not affect the estimate of the pharmaco-
dynamic target if the PI that drives the effect is known, this
co-linearity makes it almost impossible to determine the PI
that drives outcome. This information thus needs to be derived
from other sources. Alternatively, if different drugs from the
same class with the same mechanism of action are analyzed
simultaneously, this will result in the variety of exposures
being sought. A clear example is the study of Ambrose and
colleagues who looked at the exposure-response relationship
of various quinolones as discussed above (see Figure 4.4).

%{

In general, there is a rather good concordance between PK/
PD animal studies and data from infected patients, as shown
by Ambrose and collegues'® in Table 4.1. With the exception of
telithromycin, the magnitudes of the PK/PD measure necessary
for clinical effectiveness were similar to those identified from
animal data across drug classes and across multiple clinical indi-
cations. As illustrated in Table 4.1, the magnitude of exposure
identified for a 2 log unit reduction in bacterial burden in immu-
nocompromised animals was similar to the exposure thresh-
old associated with good clinical outcomes for patients with
hospital-acquired pneumonia associated with Gram-negative
bacilli treated with ciprofloxacin or levofloxacin. For instance,
Drusano and colleagues (Jumbe et al.!'!) demonstrated that
for levofloxacin and Ps. aeruginosa, a total drug AUC , :MIC
ratio of 88 in immunosuppressed mice was associated with a
99% reduction in bacterial burden, while Craig.!? showed that
for fluoroquinolones and primarily Gram-negative bacilli in
immunosuppressed animals, the AUC , :MIC ratio was pre-
dictive of survival. Thus, it can be inferred that the exposure tar-
get in immunocompromised animals predictive of an adequate

CONCORDANCE BETWEEN
TARGETS IN ANIMAL MODELS
AND HUMAN INFECTIONS

response in humans with such pneumonias is a minimum 2 log
unit reduction in bacterial burden. This means that, in the cir-
cumstance where human exposure-response data are unavail-
able, as is the case in newly developed anti-infectives, we can use
the PT in animals to predict clinical effectiveness in humans.

OPTIMIZING DOSING REGIMENS:
TRANSLATING PHARMACODYNAMIC

TARGETS TO OPTIMIZING THERAPY

In the first part of the chapter the relationship between expo-
sure and response was discussed, both in models of infection
as well as in the treatment of human infections. Using those
relationships, PI values were derived that could differentiate
between the probability of a good outcome versus a worse
outcome, and these are pharmacodynamic targets one aims to
attain in patients. Once this PT is known, a dosing regimen to
optimally treat infections can be determined by optimizing
the exposure of the drug to the micro-organism in the
patient. Since the value of the PT is dependent on both the

53
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Table 4.1

Clinically derived
PK/PD target

Disease state

Pharmacodynamic targets derived from animal infection models and clinical data

Animal infection model;

organism studied

Animal-derived PK/PD target

Hospital-acquired Quinolones fAUC, ,,MIC ratio: 62-75 Neutropenic mouse thigh; fAUC, ,MIC ratio: 70-90 for 90%
pneumonia Gram-negative bacilli animal survival or 2 log-unit kill
Community-acquired Quinolones fAUC, ,;MIC ratio: 34 Immunocompetent mouse thigh; fAUC, ,MIC ratio: 25-34 for 90%
respiratory tract Streptococcus pneumoniae animal survival or 2 log-unit kill
infections
B-Lactams T, 40% of the dosing Immunocompetent mouse thigh; T,y 30-40% of the dosing interval
interval Str. pneumoniae for 90% animal survival
Telithromycin AUC, ,;MICratio: 3.375 Neutropenic mouse thigh; AUC, ,,:MIC ratio: 1000 for stasis
Str. pneumoniae
Bacteremia Oritavancin fT_ it 22% of the dosing Neutropenic mouse thigh; fT_c: 20% of the dosing interval for a
interval for Staphylococcus Staph. aureus 0.5 log-unit kill
aureus
Linezolid AUC, ,MIC ratio: 85 for Staph.  Neutropenic mouse thigh; AUC, ,;MIC ratio: 83 for stasis
aureus or Enterrococcus faecium ~ Staph. aureus
Complicated skin Tigecycline AUC,,;MIC ratio: 17.9 Neutropenic mouse thigh; AUC, ,;MIC ratio: 20 for stasis
and skin structure Staph. aureus
infections
Linezolid AUC, ,MICratio: 110 Neutropenic mouse thigh; AUC, ,MIC ratio: 83 for stasis

Staph. aureus

From Ambrose et al.”®

exposure as such, as well as the MIC of the micro-organism,
it follows that the pharmacokinetic profile has to be optimized
accordingly.

é’ TARGET ATTAINMENT

The simplest method to determine the dosing regimen
required to obtain a certain exposure or PT is to tabulate or
plot the PI as a function of MIC for a number of dosing regi-
mens. Pharmacokinetic parameters are used to calculate the
pharmacokinetic profiles using standard equations and the
PI calculated for a range of MICs. An example is provided
in Figure 4.7, showing the T, . for amoxicillin—clavulanic
acid.'® If the MICs that need to be covered are known, MICs
that can supposedly be covered with a certain dosing regimen
can be read directly from the figure for a certain PT. Although
there are other factors that need to be considered to optimize
dosing regimens, this approach yields a straightforward com-
parison of exposures of various dosing regimens (or drugs
within the same class; see for instance Mouton et al.'%).

When a specific pharmacodynamic index value is used
as a pharmacodynamic target to predict the probability of
successful treatment, this should be true not only for the
population mean, but also for each individual within the pop-
ulation. Since the pharmacokinetic behavior differs for each
individual, the PK part of the PI differs as well. An example

PROBABILITY OF TARGET
ATTAINMENT
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Diagram showing the relationship between T

d

>MIC an

MIC of amoxicillin for four different dosing regimens of amoxicillin—
clavulanic acid to demonstrate that the clinical breakpoint is

dependent on the dosing regimen. Assuming that 40% T

is the

>MIC

time of the dosing regimen needed for effect, the breakpoint for the
875 mg every 12 his 2 mg/L while for the dosing regimen of 500 mg
every 6 h it is 8 mg/L. Based on Mouton JW, Punt N. Use of the T>
MIC to choose between different dosing regimens of beta-lactam
antibiotics. J Antimicrob Chemother. 2001;47(4):500-501. © 2001
The British Society for Antimicrobial Chemotherapy.'
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Fig.4.8 Simulation of ceftazidime after a 1 g dose. The grayscale indicates the probability of presence of a certain concentration. Due to

interindividual variability, some individuals in the population will have a T_, - of 50%, while others will have a value of 80%. The population

mean is in the middle of the black area. Reproduced from Mouton JW. Impact of pharmacodynamics on breakpoint selection for susceptibility
testing. Infect Dis Clin North Am. 2003;17(3):579-598, with permission of Elsevier.'®

is given in Figure 4.8.The figure shows the proportion of the
population reaching a certain concentration of ceftazidime
after a 1 g dose. It is apparent from Figure 4.8 that there
are individuals with a'T_, . of 50%, while others have, with
the same dosing regimen, a T_, . of more than 80%. Thus,
when designing the dosing regimen that should result in a
certain pharmacodynamic target, this interindividual varia-
tion should be taken into consideration.

The most popular method to do this is to use Monte Carlo
simulations (MCS). This approach was first used by Drusano
et al. who presented an integrated approach of population
pharmacokinetics and microbiological susceptibility informa-
tion to the US Food and Drug Administration (FDA) Anti-
infectives Product Advisory Committee.'®!” The first step
in that approach is to obtain estimates of the pharmacoki-
netic parameters of the population, using population phar-
macokinetic analysis. Importantly, not only the estimates of
the parameters are obtained, but also estimates of dispersion.
These are then applied to simulate multiple concentration—
time curves by performing Monte Carlo simulation. This is a
method which takes the variability in the input variables into
consideration in the simulations.!® For each of the pharma-
cokinetic curves generated, all of which are slightly different
because the input parameters vary to a degree in relation to
the variance of the parameters, the value of the PK/PD index
is determined for a range of MICs. For each MIC value, the
proportion of the population that will reach a specific phar-
macodynamic target is displayed in tabular or graphical form.
As an example, Table 4.2 displays the probability of target
attainment (PTA) for various targets for a 1 g dose of ceftazi-
dime. The optimal dosing regimen follows from the PT that
one considers necessary and the MIC range that needs to be

Table 4.2 Probability of target attainment for various
pharmacodynamic targets for ceftazidime given three times daily

% Time > MIC

MIC (mg/L) 50

0.5 100 100 100 100
1 100 100 100 100
2 100 100 100 100
4 100 100 100 100
8 100 99 84 42
16 54 10 1 0
32 0 0 0 0

From Mouton JW, Punt N, Vinks AA. A retrospective analysis using Monte Carlo
simulation to evaluate recommended ceftazidime dosing regimens in healthy
volunteers, patients with cystic fibrosis, and patients in the intensive care unit. Clin
Ther. 2005;27(6):762-772, with permission of Elsevier."”

covered. Vice versa, existing dosing regimens can be evaluated
bearing this in mind.

Another approach was presented at the Clinical and
Laboratory Standards Institute (CLSI) in 2004 by the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST)? as part of the method being used to evaluate
susceptibility breakpoints. It has the advantage that it shows
the total probability function irrespective of the target and
therefore provides a more complete picture of the data.!®
An example is shown in Figure 4.9. In the figure, the fT_ .
of ceftazidime is displayed as a function of MIC fora 1 gdose.
The middle line represents the values for the mean of the
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Fig.4.9 Means and 99% confidence interval estimates using
Monte Carlo simulation for %fT_, - of ceftazidime, based on the
population pharmacokinetic parameter estimates. Reproduced from
Mouton JW, Punt N, Vinks AA. A retrospective analysis using Monte
Carlo simulation to evaluate recommended ceftazidime dosing
regimens in healthy volunteers, patients with cystic fibrosis, and
patients in the intensive care unit. Clin Ther. 2005;27(6):762-772,

with permission of Elsevier."”

population, similar to Figure 4.7. The lines on both sides
represent the confidence interval estimations of the mean
values. MICs that can supposedly be covered with the dos-
ing regimen can be read directly from the figure at the
intersection of the horizontal line concurring with the phar-
macodynamic target and the lower confidence interval.
Alternatively, the effect of choosing a different PT can be
observed directly.

($Z21 SELECTING DOSING REGIMENS
é OR DRUGS BASED ON PROBABILITY
OF TARGET ATTAINMENT

With the information obtained by MCS, dosing regimens
or drugs can be compared and selected (see above), but
now taking the population variability into account. In drug
development, this information can be used to select dosing
regimens. An example is shown in Table 4.3 for two dos-
ing regimens of ceftobiprole (BAL9141), a cephalosporin
with anti-methicillin-resistant Staphylococcus aureus (MRSA)
activity recently under clinical investigation. The PTA for two
simulated dosing regimens, 250 mg every 12 h and 750 mg
every 12 h, is displayed for several values of T_, . Since the
frequency distributions of the target pathogens indicate that
the highest MIC is 2 mg/L for most species and only rare iso-
lates of 4 mg/L, the dosing regimen of 250 mg every 12 h is
clearly insufficient to obtain target attainment ratios nearing
100% for %T_,, . as low as 30%. Of the two regimens com-
pared here, it is recommended that the 750 mg every 12 h
course of therapy is followed up in clinical trials.

Table 4.3 Probability of target attainment (%) for two dosing
regimens of ceftobiprole using data from human volunteers.
PTAs are displayed for 30, 40, 50 and 60% f T

>MIC
Dosing
regimen MIC
(mg/L)

250 mg every 12 h (%)

750 mg every 12 h (%)

30 40 30 40 50

1 100 99 71 100
2 100 59 3 0 100 99
4 0 0 0 100 100 78 15
8 69 3 0 0
16 0 0

32

PTA 100% 2 1 0.5 0.5 4 4 2 1

Modified from Mouton JW, Schmitt-Hoffmann A, Shapiro S, Nashed N, Punt NC. Use
of Monte Carlo Simulations To Select Therapeutic Doses and Provisional Breakpoints
of BAL9141. Antimicrob Agents Chemother. 2004;48(5):1713-1718. Copyright ©
2004, American Society for Microbiology.”!

Similar comparisons can be made for drugs within the
same class to determine the optimal drug choice. The choice
will also depend on the MIC distribution of the species to
be covered. For instance, the PTA for ciprofloxacin is infe-
rior to other quinolones for the treatment of pneumococci but
superior for Ps. aeruginosa infections.

PREDICTED FRACTION OF
RESPONSE: INTEGRATION
OF MIC DISTRIBUTIONS AND
PHARMACODYNAMIC DATA

%{

The approach can be taken one step further by incorporat-
ing the frequency distribution of MIC values of the target
pathogen. By multiplying the PTA and the relative fre-
quency of the target pathogen, the fraction of target attain-
ment is obtained at each MIC; by cumulating these, the
cumulative fraction of target attainment is obtained. In this
fashion, not only the variability in pharmacokinetic param-
eters is considered, but also the variance in susceptibility
in the target pathogen population. The major drawback of
this approach is that the MIC frequency distribution of the
target micro-organism population has to be unbiased and
this is almost never the case. The cumulative frequency of
target attainment can be very useful, however, in the devel-
opment phase of a drug to determine whether the response
is sufficiently adequate for further follow-up. For instance,
Drusano and colleagues showed that the cumulative frac-
tion of target attainment for a 6 mg/kg dose of everninomi-
cin would be 34% given the priors in the simulations and
thereby concluded that further development of the drug
was not justified.!”



SOME OTHER FACTORS TO BE CONSIDERED WHEN DEFINING OPTIMAL EXPOSURES

BREAKPOINTS

In choosing an antibiotic, the clinician is guided by reports
from the microbiology laboratory. In the report, classifica-
tions of ‘susceptible’ (S) and ‘resistant’ (R) are used to indi-
cate whether the use of an antimicrobial will have a reason-
able probability of success or failure, respectively.?%?2

Ideally, when an anti-infective drug is developed, the
pharmacodynamic target is determined in various models of
infection. This provides the estimates of exposure required to
treat infectious micro-organisms. Phase I trials provide infor-
mation on pharmacokinetic parameters of the drug in humans.
Using the derived population pharmacokinetic parameters and
measures of dispersion, Monte Carlo simulations can subse-
quently be used to determine the dosing regimens needed to
obtain the exposures required at a range of MICs. Then, the
MICs that need to be covered — based on the indications of
the antimicrobial and micro-organisms causing the infection —
need to be established. Finally, the dosing regimen resulting
in an exposure in a significant part of the patient population —
using a diagram such as Figure 4.9 or Table 4.3 — can be
derived that will cover the relevant wild-type (WT) distribu-
tion. This dosing regimen is then validated in phase II and
phase III trials. It follows, therefore, that the clinical break-
point of the species to be covered is at the right-end of the WT
distribution. In other words, the breakpoint is the MIC for
which the PTA was considered to choose the adequate dose.

Unfortunately, most of the anti-infective drugs that are avail-
able today were developed before this whole approach became
feasible because the knowledge was not available at the time.
Breakpoints derived in the past are therefore more the result of
practical use, appropriate or less appropriate comparative trials,
assumptions of efficacy in vivo and local history. A full discus-
sion regarding this subject can be found in Mouton et al.?? The
essential difference with the procedure described above is that
dosing regimens have been established for years and sometimes
decennia ago without the pharmacokinetic/pharmacodynamic
information that is presently available. Two clear examples are
the evaluation of piperacillin breakpoints®* and cefepime break-
points.? In a retrospective analysis looking at mortality after 30
and 28 days, respectively, it was shown that current CLSI break-
points are too high with respect to the dosing regimens commonly
applied, and those breakpoints do not distinguish between a high
and a lower probability of cure. This clearly indicates that periodic
re-evaluation of breakpoints is necessary as science evolves.

SOME OTHER FACTORS TO BE

CONSIDERED WHEN DEFINING
OPTIMAL EXPOSURES

TARGET DELINEATION

The pharmacodynamic target to select a dosing regimen
and a susceptibility breakpoint is based on the information
that we have (see above), but the true value is unknown. For

instance, the target value for the AUC is usually taken as 100—
125 for Gram-negatives, because that value has been found
to be discriminative between groups of patients responding
to therapy and those who did not. However, there are sev-
eral reports that in some cases higher values are clearly nec-
essary, while lower values have also been described. In the
study published by Forrest et al.,* 125 (notably, total drug)
was the cut-off value below which the probability of cure
was distinctly lower, but values above 250 resulted in a faster
cure rate. Thus, although the final effect was more or less
equal for patients with AUC/MIC values of 125 and above,
the rate at which the effect was achieved differed. Similarly,
although the current assumption is that the PK/PD index
value necessary for (bacteriological) cure is similar for most
infections, this is not necessarily the case. For instance, it
has been shown that PK/PD index values needed to reach a
maximum effect in sustained abscesses is higher.?* Thus, the
target value may be different by micro-organism as well as
by clinical indication.

W EMERGENCE OF RESISTANCE

While the above discussion was focused on efficacy, and
pharmacodynamic targets based on cure (either clinical or
microbiological), other factors should also be considered.
One of the most important factors is emergence of resistance.
While hardly any data existed before the millennium change,
it becomes increasingly clear that emergence of resistance
is also dependent on exposure. Although space prohibits a
full discussion, it must be noted that several authors have
shown that the PT to prevent emergence of resistance has
a different value from the one for efficacy. Most often it is
higher and it may even be different from the PI best predict-
ing efficacy.?”

%! POPULATION TO BE TREATED

The output of MCS is directly dependent on the pharma-
cokinetic parameter values and their measures of dispersion
used for input. Thus, if pharmacokinetic parameter estimates
are used from a small group of healthy young male volunteers
obtained in phase I or phase II studies, the simulations will be
biased towards relatively low PTAs, because the elimination
rate of most drugs is higher in volunteers than in the aver-
age patient. On the other hand, there are patient groups such
as patients with cystic fibrosis known to have higher clear-
ances for most drugs, and specific analyses have been made
for such specific patient groups.!” Comparing the results of
Monte Carlo simulations of ceftazidime for three different
populations — healthy volunteers, patients with cystic fibro-
sis and intensive care unit patients — significant differences
in PTA were shown, in particular at the extremes of the
distribution.!’
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‘CHAPTER4 PHARMACODYNAMICS OF ANTI-INFECTIVE AGENTS

($21 EXPOSURE IN FIRST

é COMPARTMENT (SERUM)
AS OPPOSED TO CONCENTRATIONS
AT THE SITE OF INFECTION

While most of the exposure-response relationships have been
drawn from concentrations in serum, these are — except for
bacteremias — used as a surrogate for concentrations at the
actual receptor site. While these relationships show a marked
consistency, it has to be borne in mind that the actual concen-
tration—effect relationships at the site of infection are usually
unknown. However, most bacterial infections are located in
the extracellular compartment and it is those concentrations
that are of primary interest. Most antibiotics have been shown
to reach the extracellular fluid rapidly, with concentrations
in extracellular fluid comparable to the non-protein-bound
concentration in serum or plasma,?® although there seem to
be some exceptions such as cerebrospinal fluid (CSF) and
epithelial lining fluid (ELF) concentrations.?’ Nowadays,
microdialysis techniques which only measure unbound drug
concentrations are increasingly being used to obtain concen-
tration—time profiles in interstitial fluid.>® Thus, the strong
relationship between unbound drug concentrations in serum
or plasma with those in extracellular fluid explains the good
correlation found between unbound serum concentrations
and in-vivo effects. Using data obtained from in-vitro time Kkill

curves, we have shown that the predicted T, . for a static
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Fig.4.10 Exposure-response relationship for different sites

of infection. Reproduced from Preston SL, Drusano GL, Berman
AL, et al. Pharmacodynamics of levofloxacin: a new paradigm for
early clinical trials [see comments]. Journal American Medical
Association. 1998;279(2):125-129.3

effect in an animal model of infection was between 35% and
40%, substantiating the paradigm that effects in vivo can be
predicted by exposures in serum.>!

There are, however, differences that should be considered.
The equilibrium and the type of infection do matter. There are
several papers which clearly show that the exposure-response
relationship differs by type and site of infection, in particular
pulmonary infections.?*** An example is shown in Figure 4.10.

' TOXICITY

The approach to pharmacodynamic targets for toxicity is
essentially similar to that for efficacy as described above, in
that the exposure-response description is sought for, and
PTAs are determined. The conclusions from this relation-
ship, however, are fundamentally different in that the PT is at
the minimum part of the curve instead of the maximum. For
some drugs, optimizing the PT for efficacy and toxicity results
are clearly at odds with each other and a compromise then
needs to be sought in a conflict. An excellent paper discussing
this issue is focused on optimizing aminoglycoside therapy.3*

As our understanding of the processes underlying antimicro-
bial activity evolves and more information becomes available
it allows for improved antimicrobial treatment. The major
advances over the last two decades have been to describe expo-
sure—response relationships for anti-infectives in a meaning-
ful manner. This has resulted in a more rational approach to
the design of dosing regimens and it applies, as indicated at
the start of the chapter, to all anti-infective agents. It has also
changed the way we look at antimicrobial breakpoints and how
antimicrobials can be developed. While the main focus of target
delineation has been on efficacy of antimicrobials, the primary
challenge during the present era is to uncover pharmacody-
namic targets that prevent emergence of resistance. This is a
fast developing field that needs continuous attention.
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Antimicrobial agents
and the kidneys

S. Ragnar Norrby

Antimicrobial drugs may interact with the kidneys in several ways.
Decreased renal function often results in slower excretion of drugs
or their metabolites. In the extreme situation the patient lacks renal
function and is treated with hemodialysis, peritoneal dialysis or
hemofiltration; since most antimicrobial drugs are low-molecular-
weight compounds they are often readily eliminated from blood by
such treatments. However, more and more drugs (e.g. the fluoroqui-
nolones and many of the macrolides) are so widely distributed in tis-
sue compartments and/or so highly protein bound that only a small
fraction is available for elimination from the blood. Moreover, many
antimicrobials are eliminated by liver metabolism and can be admin-
istered at full doses, irrespective of renal function, provided their
metabolites are not toxic.

Another type of interaction between drugs and the kidneys is
nephrotoxicity. Some of the most commonly used antimicrobial
drugs (e.g. the aminoglycosides and amphotericin B) are also neph-
rotoxic when used in normal doses relative to the patient’s renal
function.

This chapter deals with general aspects on interactions between
antimicrobial drugs and the kidneys. The readers are referred to
section 2 for details about dosing in patients with reduced renal
function.

I —
RENAL FUNCTION AND AGE

The prematurely born child has reduced renal function.
Thereafter the glomerular filtration rate (GFR) is higher than
in the adult. The young, healthy adult has a GFR of about
120 mL/min. Creatinine clearance overestimates GFR by
8-10%.With increasing age GFR becomes markedly reduced
and in the very old (>85 years) is often lower than 30 mL/
min, even if there are no signs of renal disease. For drugs
that are excreted only by glomerular filtration, which are not
metabolized and which have low protein binding (e.g. the
aminoglycosides and many of the cephalosporins), the renal
clearances are normally directly proportional to the GFR. As

shown in Figure 5.1,! the elimination time (the plasma half-
life) of the drug increases slowly in the range from normal

GFR to markedly reduced GFR but then increases drastically.
Clinically this means that the drug will not accumulate mark-
edly until renal function is profoundly decreased. However,
when that is the case, only very slight further reductions of
renal function will result in a marked increase in the elimina-
tion time and an obvious risk of accumulation to toxic levels.

Measurement of GFR is difficult because it requires pre-
cise collection and volume measurement of urine over time
for determination of creatinine clearance or repeated plasma
samples when >!Cr clearance or inulin clearance are stud-
ied. For >'Cr clearance there is also a need to administer and
handle an isotope, and none of these methods is suitable for
routine clinical use. The most frequently used way to mea-
sure renal function is by serum creatinine assay, which in
the last decades has replaced blood urea nitrogen. However,
serum creatinine depends on renal function and muscle mass.
Therefore, in a very old person with reduced muscle mass,
serum creatinine may be within normal values despite the fact
that GFR is <25 mL/min. As a consequence, serum creati-
nine must be related to age, sex and weight (or preferably lean
body mass). Two widely used routine methods are available:
the Cockroft and Gault formula (Figure 5.2)% and a nomo-
gram (Figure 5.3).2

ELIMINATION OF ANTIMICROBIAL

DRUGS IN RENAL FAILURE

GENERAL ASPECTS

Only water-soluble drugs are eliminated via the kidneys: liver
metabolism normally aims at producing water-soluble metab-
olites that can be excreted renally. In the kidneys water-soluble
compounds that are not bound to protein are eliminated by
glomerular filtration, tubular secretion or both of these mech-
anisms. For protein-bound drugs, only the free fraction is
available for glomerular filtration. Following glomerular fil-
tration some drugs (e.g. the aminoglycosides) are reabsorbed
into, and sometimes accumulate in, proximal tubular cells.



ELIMINATION OF ANTIMICROBIAL DRUGS IN RENAL FAILURE
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Fig. 5.1

Correlation between glomerular filtration rate (GFR) and serum half-life (t,) of ceftazidime. After Alestig et al. Ceftazidime

and renal function. Journal of Antimicrobial Chemotherapy 1989; 13: 177-181 with permission of Oxford University Press.

In renal failure glomerular filtration is reduced while
tubular secretion is often maintained. The effect of renal
failure depends to a large degree on whether the drug is
also metabolized or eliminated through the bile. For exam-
ple, among the cephalosporins, cefuroxime has low protein
binding and is not metabolized; its plasma clearance will be
virtually identical to creatinine clearance. Ceftriaxone, on
the other hand, has a relatively high protein binding and is
eliminated via the bile; in patients with renal failure the elim-
ination half-life of ceftriaxone will not increase markedly
because the proportion of drug eliminated by biliary excre-
tion will increase. Another example is imipenem, which is
excreted by glomerular filtration but which also has a (non-
hepatic) metabolism that is constant over time. In renal fail-
ure the plasma half-life of imipenem will increase, but only
to about 3 h in the anuric patient (compared with 1 h in an
individual with normal renal function). In contrast, cilasta-
tin, the enzyme inhibitor administered with imipenem, has
relatively little metabolism and low protein binding, and its
half-life will increase from about 1 h to more than 10 h in
severe renal failure.

fx (140 - age (years) x Body weight (kg)

Creatinine clearance (mL/min) = —
Serum creatinine (umol/L)

f=1.23 for men and 1.04 for women

Fig.5.2 Cockroft and Gault’> formula for estimation of creatinine
clearance.

It is essential to know the mode of elimination of all anti-
microbial drugs used as well as the effects on elimination time
of renal failure. Many compounds are toxic if given in over-
dose, and failure to correct dosages in patients with markedly
reduced renal function may result in serious adverse effects.

ANTIMICROBIAL DRUGS THAT ARE

INDEPENDENT OF RENAL FUNCTION
FOR THEIR ELIMINATION

Some antimicrobial drugs can be given at full doses even to
patients with severe renal failure (Table 5.1). However, also in
such patients elimination by hemodialysis or hemofiltration
should be considered. A relatively simple rule of thumb is that
drugs that are highly protein bound (290%) and drugs that
have a large volume of distribution tend not to be eliminated.
Alternatively, for most drugs with low protein binding and/or
low volume of distribution, a further dose should be consid-
ered after peritoneal dialysis, hemodialysis or hemofiltration.

ANTIMICROBIAL DRUGS THAT SHOULD

BE AVOIDED IN SEVERE RENAL FAILURE

Nephrotoxic drugs should not be used in patients with renal
failure unless they are anephric. When using formulations
that are combinations of two drugs, it should be noted that
the pharmacokinetics of the two components in renal failure
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Fig.5.3 Nomogram for calculation of creatinine clearance.
Connect body weight and age with a ruler and mark the crossing
on the mid axis. Connect the crossing with the serum creatinine
value and read the estimated creatinine clearance. After Siersbaek-
Nielsen K, Mglholm Hansen J, Kampmann J, Kristensen M. Rapid
evaluation of creatinine clearance. Lancet. 1971;i:1333-1334.

may differ from those in patients with normal kidney func-
tion. Examples are imipenem-—cilastatin and piperacillin—
tazobactam: the elimination times of cilastatin and tazobactam
increase far more drastically than those of imipenem and
piperacillin, which both undergo substantial metabolism.

PERITONEAL DIALYSIS

Modern medicine offers several replacement treatments of
severe renal failure: hemodialysis, continuous ambulatory perito-
neal dialysis (CAPD), continuous arteriovenous hemofiltration
(CAVHEF), continuous venovenous hemofiltration (CVVHF)
and continuous venovenous hemodiafiltration (CVVHDEF).
The degrees of elimination of individual antimicrobial drugs by
these methods vary and are sometimes incompletely studied.
In terms of reproducibility of the elimination rate, CAPD is
likely to be the least reproducible, both with the same patient

Table 5.1 Antimicrobial drugs that can be given at full
doses to patients with severe renal failure

Anidulafungin
Atazanavir
Azithromycin
Caspofungin
Ceftriaxone The manufacturer recommends a maximum daily
dose of 2 g if glomerular filtration rate is <10 mL/
min
Chloramphenicol
Clarithromycin
Clindamycin
Darunavir
Doxycycline
Efavirenz
Erythromycin

Other tetracyclines should not be used in renal failure

It has been proposed that the risk of toxicity should
increase in patients with renal failure

Ethambutol
Fosamprenavir Limited data
Indinavir No data but minimal renal excretion

[traconazole
Ketoconazole

Linezolid Exposure to two main metabolites increases 10 times
at a glomerular filtration rate of <30 mL/min

Lopinavir Limited data for anuric patients

Mebendazole

Mefloquine

Metronidazole

Mezlocillin Liver metabolism

Posaconazole
Praziquantel
Primaquine
Pyrazinamide
Quinine
Rifampicin
Ritonavir
Saquinavir
Sulfonamides
Tigecycline
Tinidazole
Tipranavir
Voriconazole
Zanamivir

No data but minimal renal excretion
No data but minimal renal excretion

and between patients. The main reason for this is that, with
time, a person undergoing CAPD is likely to develop fibrin
adherence, which limits the peritoneal surface area available
for dialysis. The efficacy of the dialysis may also vary with the
position of the patient and the amount of dialysis fluid admin-
istered during a specified time. Other factors limiting elimina-
tion of drugs with CAPD are protein binding and molecular
size. There is often limited information about rate of elim-
ination of an antimicrobial agent in patients using CAPD.
For renally eliminated antibiotics, the most common rec-
ommendation is to give the dose normally administered to a
patient with a GFR <10 mL/min. When aminoglycosides are
given to patients on CAPD, about 50% of the dose given is
found in the dialysate fluid but regular serum concentration
assays are recommended (see below).

In patients undergoing CAPD, antibiotics are also fre-
quently used as additives to peritoneal dialysate fluid to treat
peritonitis, a common complication in these patients. Since
the most common agent causing these infections is coagulase-
negative staphylococci that are often methicillin resistant, van-
comycin is most frequently used. In such treatment varying



but generally quite high plasma concentrations are achieved
as a result of passage of the antibiotic from the dialysate fluid
to plasma. This is especially important to note if the patient is
also on systemic antibiotic treatment.

HEMODIALYSIS

In hemodialysis toxic substances are cleared from blood
through passive diffusion across a membrane. Drug elimina-
tion via hemodialysis depends on molecular size of the drug,
protein binding and volume of distribution (drugs with a
molecular weight <500 Da normally pass through the dialy-
sis filter easily if they are not protein bound). Factors of the
dialysis technique that influence drug elimination are dialysis
time, blood and dialysate flow rates, and dialysis membrane
permeability, pore size and surface area. Elimination of mol-
ecules of 500-5000 Da will depend largely on the type of filter
used; some of the modern filters also allow passage of rela-
tively large molecules.

For most antibiotics, the effect of hemodialysis on elimination
is known, although information is more limited on antifungal,
antiparasitic and antiviral drugs (Tables 5.2 and 5.3).With drugs
that are readily eliminated during hemodialysis it is necessary to
give a new dose directly after hemodialysis; no dose corrections
are needed for those that are not significantly eliminated.

Table 5.2 Antimicrobial drugs which are removed during
hemodialysis

Drug Dose recommendation

Abacavir The manufacturer does not recommend the use of
abacavir in patients with severe renal insufficiency
Aciclovir Maximal oral dose 800 mg every 12 h. New parenteral

dose after dialysis and then half normal dose every
24 h

Adefovir dipivoxil  One dose weekly

Amikacin Two-thirds of normal dose after dialysis. Monitor
serum concentrations

Amoxicillin New dose after dialysis

Amoxicillin- New dose after dialysis

clavulanic acid

Ampicillin New dose after dialysis

Aztreonam Half normal dose after dialysis and one-quarter of
normal dose between dialyses

Cefaclor New dose after dialysis

Cefadroxil New dose after dialysis

Cefalexin New dose after dialysis

Cefamandole New dose after dialysis

Cefapirin New dose after dialysis

Cefazolin New dose (maximum 1 g) after dialysis

Cefdinir New dose after dialysis

Cefepime 0.5 g per day. New dose (maximum 1 g) after dialysis

Cefixime New dose after dialysis

Cefoperazone New dose after dialysis

Cefotaxime New dose (maximum 1 g) after dialysis

Cefotetan New dose (maximum 1 g) after dialysis

Cefpodoxime New dose after dialysis

Cefprozil 250 mg after dialysis

Cefradine New dose after dialysis

Ceftazidime New dose (maximum 1 g) after dialysis

Cefuroxime New dose after dialysis

Clarithromycin
Daptomycin

New dose after dialysis
Insufficient data to allow dosage recommendations

HEMOFILTRATION AND HEMODIAFILTRATION

Didanosine New dose after dialysis and then once daily

Doripenem Insufficient data to allow dosage recommendations

Emtricitabine New dose every 96 h

Entecavir 0.1 mg every 24 h or 0.5 mg every 72 h

Ertapenem Insufficient data to allow dosage recommendations

Famciclovir New dose after dialysis and then every 48 h

Fluconazole New dose after dialysis

Flucytosine New dose after dialysis. Monitor serum concentrations

Ganciclovir Half dose after dialysis and then 0.625 mg/kg three
times/week

Gentamicin Two-thirds normal dose after dialysis. Monitor serum
concentrations

Imipenem-— New dose after dialysis and then 0.5 g every 12 h

cilastatin

Lamivudine 25 mg once daily

Levofloxacin 125 mg per day

Mecillinam New dose after dialysis

Meropenem New dose after dialysis

Metronidazole New dose after dialysis

Netilmicin Two-thirds normal dose after dialysis. Monitor serum
concentrations

Ofloxacin 100 mg every 12 h

Paludrine 50 mg every week

Penicillin Vand G~ New dose after dialysis

Piperacillin 1 g after dialysis and then 2 g every 8 h

Piperacillin— 2 g (of piperacillin) after dialysis and then 4 g

tazobactam (of piperacillin) every 12 h
Stavudine New dose after dialysis and then once daily

New dose after dialysis
New dose after dialysis

Sulfamethoxazole
Sulfisoxazole

Teicoplanin Dose for GFR <10 mL/min. Monitor serum
concentrations
Telbivudine New dose every 96 h
Tenofovir New dose once weekly
disoproxil
Ticarcillin New dose after dialysis
Tobramycin Two-thirds normal dose after dialysis. Monitor serum

concentrations

Trimethoprim New dose after dialysis

Valaciclovir Maximal dose 1 g once daily
Valganciclovir Insufficient data to allow dosage recommendations
Vancomycin Dose for GFR <10 mL/min. Monitor serum

concentrations

Doses, when specified, are for adults. GFR, glomerular filtration rate.
Data are partly taken from Livornese et al.*

No information has been found on elimination of the fol-
lowing in patients on hemodialysis: abacavir, artemether plus
lumefantrine, daptomycin, doripenem, ertapenem, foscarnet,
indinavir, itraconazole, ketoconazole, mefloquine, moxifloxa-
cin, polymyxin B (colistin), ritonavir, saquinavir, sparfloxacin,
trovafloxacin, zalcitabine and zidovudine. The manufacturer
of isoniazid states that it is eliminated during hemodialysis
but gives no dosage recommendations. The combination of
atovaquone and proguanil (Malarone) for malaria prophylaxis
should not be used in patients with severe renal dysfunction.

HEMOFILTRATION AND

HEMODIAFILTRATION

There is far less information on elimination of drugs in patients
on hemofiltration than there is for those on hemodialysis.
The principle of removal of compounds by hemofiltration is
convection of the compound in solution in plasma water over
a filter, while hemodialysis involves diffusion against a dialysis
fluid. In hemofiltration the drug is removed by drag of plasma
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Table 5.3 Antimicrobial drugs that are not removed
by hemodialysis

Drug Comments

Amphotericin B Large molecular weight

Azithromycin Large molecule; very large volume
of distribution

High protein binding; alternative biliary
excretion

Large volume of distribution

Ceftriaxone

Chloramphenicol

Chloroquine Large volume of distribution
Ciprofloxacin Large volume of distribution
Clindamycin Large volume of distribution; high protein binding
Cloxacillin High protein binding
Dicloxacillin High protein binding
Doxycycline High protein binding; large volume of distribution
Erythromycin Large molecule; large volume of distribution
Fusidic acid High protein binding
Mefloquine High protein binding
Minocycline High protein binding; large volume
of distribution
Nafcillin High protein binding
Quinine Large volume of distribution

Quinupristin-dalfopristin  Large volumes of distribution; large molecules

Rifabutin Large volume of distribution; high protein
binding

Rifampicin Large volume of distribution

Spectinomycin Always single dose

Tetracycline High protein binding; large volume

of distribution

water. Only free drug can be removed by this process and pro-
tein binding is a major factor restricting elimination. Large
molecular size is also a restrictive factor. The efficiency with
which a drug is removed is measured as the sieving coefficient;
a drug with a sieving coefficient of 1 will cross the filter freely;
one with a coefficient of 0 is unable to cross. Amikacin has a
sieving coefficient of 0.9, amphotericin B (which has a high
molecular weight) 0.3 and oxacillin (which has a very high
protein binding) 0.02.

Hemofiltration is generally less efficient than hemodialysis
in eliminating drugs from plasma. The most common recom-
mendation for drugs which are normally given in a full dose
after each intermittent hemodialysis is to give the dose used
in patients with moderate renal failure (GFR 10-50 mL/min)
during CVVHF or CAVHEF. In patients treated with amino-
glycosides or glycopeptides, serum concentrations should be
monitored to avoid toxic reactions.

Another way of treating patients with acute renal failure is
to use continuous venovenous hemodiafiltration (CVVHDF),
which combines hemofiltration and hemodialysis. This tech-
nique is more efficient in eliminating filterable and dialyzable
drugs.Table 5.4 gives a comparison of CVVHF and CVVHDF
when used in patients treated with meropenem.

NEPHROTOXICITY OF ANTIMICROBIAL

DRUGS

Some antimicrobial drugs — such as the aminoglycosides,
vancomycin and amphotericin B — are also nephrotoxic when
dosed correctly in relation to the renal function of the patients.
Others (e.g. cefaloridine; no longer available) are nephrotoxic

Table 5.4 Comparison of meropenem pharmacokinetics
in patients treated with continuous venovenous hemofiltration
(CVVHF) or hemodiafiltration (CVVHDF)

Parameter CVVHF CVVHDF (1L/h) CVVHDF
(mean % pL SD) (2L/h)
Meropenem 75+plL20 56+ pl 142 48 +pl1.2%
half-life (h)

Meropenem 33+plL23 4.7 £pL2.7° 57+plL36”

clearance (L/h)

aSignificantly (p <0.05) different from the CVWWHF.
b Significantly (p <0.05) different from the CVWWHDF (1 L/h) phase.
Data from Valtonen et al.

if overdosed while a large number of drugs, especially the
penicillins and rifampicin (rifampin), have been reported to
cause interstitial nephritis in a very low frequency of patients
treated. Some antimicrobial agents (e.g. older sulfonamides,
quinolones and indinavir) may cause urolithiasis as a conse-
quence of precipitation in the renal pelvis.

AMINOGLYCOSIDE NEPHROTOXICITY

This subject has been excellently reviewed by Mingeot-Leclercq
and Tulkens.® Following glomerular filtration, approximately
5% of an aminoglycoside dose is reabsorbed in the proximal
tubular cells of the kidneys. This process is assumed to be, at
least partially, the result of adsorptive endocytosis and most
of the reabsorbed aminoglycoside is found in endosomal and
lysosomal vacuoles. However, part of the reabsorbed drug
is found in the Golgi complex. The tubular reabsorption of
aminoglycosides results in accumulation of drug in the proxi-
mal tubular cells since the release from the cells is far slower
than the rate of uptake. Important for the discussion below of
optimal dosing of aminoglycosides is the fact that the uptake
into the tubular cells seems to be saturable.

At normal aminoglycoside doses, signs of nephrotoxicity can
be observed after a few days, manifest as release of brush bor-
der and lysosomal enzymes and increased excretion of potassium,
magnesium, calcium, glucose and phospholipids. After prolonged
treatment (>7 days) serum creatinine increases as a consequence
of reduced GFR. At the subcellular level, accumulation of polar
lipids into so-called ‘myeloid bodies’ is seen. There is some evi-
dence that generation of toxic oxygen metabolites (hydrogen per-
oxide) plays an important role in this pathological process.” If
these early changes are overlooked and if the patient is overdosed,
the end result will be tubular necrosis and renal failure.

The best way to reduce the effects of aminoglycoside neph-
rotoxicity is to adjust doses in order to avoid overdosing and
subsequent risks for serious nephrotoxicity and for ototox-
icity. This can be achieved by regular monitoring of serum
concentrations of the aminoglycoside used (see larer).

The pharmacodynamics of aminoglycosides are character-
ized by a direct correlation between antibacterial efficacy and
the area under the serum concentration curve, i.e. the higher



Table 5.5 Results of a meta-analysis of single versus multiple
daily dosing of aminoglycosides

Parameter Mean difference 95% confidence
interval

Overall clinical 3.06% (p = 0.04) 0.17-5.95%

response

Overall microbiological ~ 1.25% (not significant) -0.40 t0 2.89%

response

Nephrotoxicity -0.18% (not significant)  -2.17t0 1.81%

Ototoxicity 1.38% (not significant) -0.99t0 3.75%

Vestibular toxicity -3.05% (not significant)  -10.7 to0 4.59%

A positive result for response or a negative result for toxicity favors single daily dose
regimens.
Data modified from Ali & Goetz?

the individual dose the more bactericidal the aminoglyco-
side. This speaks in favor of using few doses per time unit.
Fortunately, several studies show there to be no increase in
toxicity of aminoglycosides when once-a-day regimens have
been used rather than regimens with two or three daily doses.
Table 5.5 shows the results of a meta-analysis of studies com-
paring single and multiple daily dosing of aminoglycosides.
From the results of that study (and others) it seems clear
that aminoglycosides should be administered once daily. This
has been questioned for neutropenic patients in whom there
may be a reduced post-antibiotic effect of the aminoglyco-
side. However, studies have indicated no reduction in efficacy
or safety of aminoglycosides when single and multiple daily
dosing have been compared in neutropenic patients.

GLYCOPEPTIDE NEPHROTOXICITY

Both vancomycin and teicoplanin are nephrotoxic but the
latter appears to be less so.° The mechanism by which these
antibiotics are nephrotoxic is not completely known. It has
been postulated that glycopeptides accumulate in proximal
tubular cells as a result of passage from the blood rather than
by tubular reabsorption.

The risk of developing nephrotoxicity seems to vary with
certain risk factors. In one study cisplatin administration,
high APACHE scores and administration of carboplatin,
cyclophosphamide or non-steroidal anti-inflammatory drugs
correlated to increased nephrotoxicity of vancomycin in can-
cer patients.! High individual doses (high area under the
serum concentration curve) and prolonged treatment seem to
increase the risk of nephrotoxicity.!!

Nephrotoxicity of glycopeptides seems to be reversible in
most cases. However, vancomycin therapy should be moni-
tored with serum concentration assays (see below). Teicoplanin
concentrations should also be monitored but this is more to
achieve therapeutic levels (e.g. in a patient with endocarditis)
than to prevent nephrotoxicity.

NEPHROTOXICITY OF ANTIMICROBIAL DRUGS

NEPHROTOXICITY OF 3-LACTAM

ANTIBIOTICS

Cefaloridine (no longer available for therapeutic use) was
the first cephalosporin with marked dose-related nephro-
toxicity. Cefaloridine accumulates in proximal renal tubular
cell, probably by active anionic transport. Thus, probenecid,
which blocks such transport, eliminates the nephrotoxicity of
cephaloridine.

Nephrotoxicity of the cefaloridine type has been seen with
imipenem given intravenously to rabbits. That toxicity is com-
pletely blocked if imipenem is administered as a 1:1 combi-
nation with cilastatin, an inhibitor of the brush border renal
enzyme (dehydropeptidase-I) which metabolizes imipenem
and which also has a probenecid-like effect.

Ceftazidime, which has a mode of elimination and renal
handling very similar to that of cefaloridine, has shown slight
nephrotoxicity in overdose.

Dicloxacillin, when used as prophylaxis in orthopedic sur-
gery, increases serum creatinine. So far no explanation has
been offered as to why single doses of dicloxacillin (with or
without single dose of gentamicin) should result in increased
serum creatinine.

NEPHROTOXICITY OF POLYMYXIN B

(COLISTIN)

Colistin is an antibiotic which is being used more com-
monly now than when it was introduced because of its activ-
ity against multiresistant Gram-negative bacteria, especially
Acinetobacter baumanii and Enterobacteriaceae producing
extended spectrum B-lactamases. It had a bad reputation due
to reports of neurotoxicity and nephrotoxicity. Recent stud-
ies have shown lower rates of nephrotoxicity than previously
reported.!>!> However, in one of these reports,!? 7/42 patients
with high serum creatinine values prior to colistin treatment
developed renal failure.

AMPHOTERICIN B NEPHROTOXICITY

Amphotericin B acts by binding to ergosterol in the cyto-
plasmic membrane of the fungal cell. It is fungicidal and,
for systemic treatment of several clinically important myco-
ses, is often the only therapeutic choice. Unfortunately,
amphotericin B also binds to ergosterol in the human cell
and in particular the proximal tubular cells of the kidney.
Thus, treatment of mycoses such as aspergillosis and dis-
seminated candidiasis with normal doses of amphotericin
B results in reduced renal function manifested by loss of
potassium, loss of magnesium, signs of tubular necrosis and
decreased GFR. Factors of importance for how long treat-
ment can continue are total dose given and renal function at
the start of treatment.
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The nephrotoxicity of amphotericin B can be reduced
considerably, but not eliminated, by administration of
the drug as a lipid formulation. Several variants of such
formulations (e.g. incorporation of amphotericin B in lipo-
somes and complex binding to phospholipids) have been
developed (see Ch. 32).

ACUTE INTERSTITIAL NEPHRITIS

AND ANTIMICROBIAL DRUGS

The following antimicrobial drugs have been reported to cause
acute nephritis: aciclovir, cephalosporins, chloramphenicol,
erythromycin, ethambutol, fluoroquinolones (ciprofloxa-
cin and norfloxacin), gentamicin, minocycline, penicillins,
rifampicin, sulfonamides, trimethoprim and vancomycin.!*
Typically, the patient develops hematuria and proteinu-
ria after more than 10 days of treatment. Other common
symptoms are fever and rash, often with eosinophilia. These
conditions are normally rapidly reversible if treatment is
stopped.

UROLITHIASIS CAUSED BY

ANTIMICROBIAL DRUGS

Sometimes a drug may precipitate in the kidney as a result
of poor solubility in urine. Important factors in the risk of
formation of precipitates are urine volume, urine pH and
drug solubility. Drugs with a high tendency to precipitate and
cause symptoms of urolithiasis include the older sulfonamides
and indinavir, an HIV protease inhibitor. For ciprofloxacin
and some other fluoroquinolones, the solubility is very poor
at alkaline pH. Thus, a patient with a renal infection caused
by Proreus spp. may be at risk of clinically significant precipita-
tion of the quinolone.

MONITORING OF SERUM
CONCENTRATIONS OF

ANTIMICROBIAL DRUGS

Serum concentration assays have two purposes: to avoid
exceeding drug levels known to increase the risk of toxicity
and to ensure that the dose given is sufficient to achieve thera-
peutic activity. For most antimicrobial drugs, serum concen-
tration assays are not meaningful because there are no defined
limits for toxicity or therapeutic efficacy. With some antibiot-
ics (e.g. imipenem) concentration assays should be avoided
because the drug is very unstable and transportation of the
sample may lead to degradation of imipenem and falsely low
concentrations in the assay. However, for some antimicrobial
agents serum concentration assays are clinically indicated
(Table 5.6).

Table 5.6 Antimicrobial drugs for which serum concentration
monitoring is indicated

Aminoglycosides High trough levels clearly related to nephrotoxicity
and ototoxicity; low peak levels related to
increased risk of therapeutic failure

Flucytosine Concentrations <25 mg/L increase risk
of emergence of resistance; concentrations

>100 mg/L may result in toxicity

Glycopeptides High trough levels related to nephrotoxicity and
ototoxicity; low peak levels related to increased risk

of therapeutic failure

Isoniazid Concentration assay helps in identifying fast and
slow acetylators; concentrations may be too low

in the former and toxic in the latter

@ References

1. Alestig K, Trollfors B, Andersson R, Olaison L, Suurkula M, Norrby SR.
Ceftazidime and renal function. J Antimicrob Chemother. 1984;13:177-181.

2. Cockroft DW, Gault MH. Prediction of creatinine clearance from serum
creatinine. Nephron. 1976;16:31-41.

3. Siersbaek-Nielsen K, Mglholm Hansen J, Kampmann J, Kristensen M. Rapid
evaluation of creatinine clearance. Lancet. 1971;i:1333-1334.

4. Livornese LL, Slavin D, Benz RL, Ingerman MJ, Santoro J. Use of antibacterial
agents in renal failure. Infect Dis Clin North Am. 2000;14:371-390.

5. Valtonen M, Tiula E, Backman JT, Neuvonen PJ. Elimination of mero-
penem during continuous veno-venous haemofiltration and haemo-
diafiltration in patients with acute renal failure. J Antimicrob Chemother.
2000;45:701-704.

6. Mingeot-Leclercg MP, Tulkens PM. Aminoglycosides: nephrotoxicity.
Antimicrob Agents Chemother. 1999;43:1003-1012.

7. Walker PD, Barry Y, Shah SV. Oxidant mechanisms in gentamicin nephrotoxic-
ity. Ren Fail. 1999,21:433-442.

8. Ali MZ, Goetz B. Meta-analysis of the relative efficacy and toxicity of single
daily dosing versus multiple daily dosing of aminoglycosides. Clin Infect Dis.
1997;24:796-8009.

9. Wood MJ. The comparative efficacy and safety of teicoplanin and vancomy-
cin. JAntimicrob Chemother. 1996;37:209-222.

10. Elting LS, Rubenstein EB, Kurtin D, et al. Mississippi mud in the 1990s. Risks
and outcomes of vancomycin-associated toxicity in general oncology praxis.
Cancer. 1998;15:2597-2607.

11. Lodise TP, Lomaestro B, Graves J, Drusano GL. Larger vancomycin doses
(at least four grams per day) are associated with an increased incidence of
nephrotoxicity. Antimicrob Agents Chemother. 2008;52:1330-1336.

12. Ouderkirk JP, Nord JA, Turett GS, Kislak JW. Polymyxin B nephrotoxicity and
efficacy against nosocomial infections caused by multiresistant Gram-
negative bacteria. Antimicrob Agents Chemother. 2003;47:2659-2662.

13. Falagas ME, Kasiakou SK. Toxicity of polymyxins: a systematic review of the
evidence from old and recent studies. Crit Care. 2006;10:R27.

14. Alexopulos E. Drug-induced acute interstitial nephritis. Ren Fail.
1998;20:809-819.

@ Further information

Alestig K, Trollfors B, Andersson R, Olaison L, Suurkula M, Norrby SR. Ceftazidime
and renal function. J Antimicrob Chemother. 1984;13:177-181.

Bailey TC, Little JR, Littenberg B, Reichley RM, Dunagan WC. A meta-analysis
of extended-interval dosing versus multiple daily dosing of aminoglycosides.
Clin Infect Dis. 1995,24:786-795.

Baliga R, Ueda N, Walker PD, Shah SV. Oxidant mechanisms in toxic acute renal
failure. Drug Metab Rev. 1999;31:971-997.



MONITORING OF SERUM CONCENTRATIONS OF ANTIMICROBIAL DRUGS 67

Beauchamps D, Laurent G, Grenier L, et al. Attenuation of gentamicin-
induced nephrotoxicity in rats by fleroxacin. Antimicrob Agents Chemother.
1997,41:1237-1245.

Brown NM, Reeves DS, McMullin CM. The pharmacokinetics and protein-binding
of fusidic acid in patients with severe renal failure requiring either haemo-
dialysis or continuous ambulatory peritoneal dialysis. J Antimicrob Chemother.
1997;39:803-8009.

Chow AW, Azar RW. Glycopeptides and nephrotoxicity. Intensive Care Med.
1994,20:523-529.

De Vriese AS, Robbrecht DL, Vanholder RC, Vogelaers DP, Lamiere NH. Rifampicin-
associated acute renal failure: pathophysiologic, immunologic, and clinical
features. Am J Kidney Dis. 1998,31:108-115.

DelDot ME, Lipman J, Tett SE. Vancomycin pharmacokinetics in critically ill
patients receiving continuous haemodiafiltration. BrJ Clin Pharmacol.
2004;58:259-268.

Fanos V, Cataldo L. Antibacterial-induced nephrotoxicity in the newborn. Drug Saf.
1999;20:245-267.

Gilbert DN, Lee BL, Dworkin RJ, et al. A randomized comparison of the safety of
once-daily or thrice-daily gentamicin combination with ticarcillin-clavulanate.
Am J Med. 1998;105:182-191.

Hatal R, Dinh TT, Cook DJ. Single daily dosing of aminoglycosides in immuno-
compromised adults: a systematic review. Clin Infect Dis. 1997,24:810-815.

Krueger WA, Schroeder TH, Hutchison M, et al. Pharmacokinetics of meropenem
in critically ill patients with acute renal failure treated with continuous hemo-
diafiltration. Antimicrob Agents Chemother. 1998;42:2421-2424.

Murray KR, McKinnon PS, Mitrzyk B, Rybak MJ. Pharmacodynamic charac-
terization of nephrotoxicity associated with once-daily aminoglycoside.
Pharmacotherapy. 1999;19:1252-1260.

Norrby SR. Carbapenems: imipenem/cilastatin and meropenem. Antibiotics for
Clinicians. 1998;2:25-33.

Nucci M, Loureiro M, Silveira F, et al. Comparison of the toxicity of amphotericin B
in 5% dextrose with that of amphotericin B in fat emulsion in a randomized trial
with cancer patients. Antimicrob Agents Chemother. 1999;43:1445-1448.

Rohde B, Werner U, Hickstein H, Ehmcke H, Drewelow B. Pharmacokinetics of
mezlocillin and sulbactam under continuous veno-venous hemodialysis
(CVWHD) in intensive care patients with acute renal failure. Eur J Clin Pharmacol.
1997,53:111-115.

Rougier F, Claude D, Maurin M, et al. Aminoglycoside nephrotoxicity: modeling,
simulation, and control. Antimicrob Agents Chemother. 2003;47:1010-1016.

Ryback MJ, Abate BJ, Kang SL, Ruffing MJ, Lerner SA, Drusano GL. Prospective
evaluation of the effect of an aminoglycoside dosing regimen on rates of
observed nephrotoxicity and ototoxicity. Antimicrob Agents Chemother.
1999;43:1549-1555.

Sanches Alcaraz A, Vargas A, Quintana MB, et al. Therapeutic drug monitoring of
tobramycin: once-daily versus twice-daily dosage schedules. J Clin Pharm Ther.
1998;23:367-373.

Solgaard T, Tuxoe JI, Mafi M, Due Olofsen S, Toftgaard Jensen T. Nephrotoxicity
by dicloxacillin and gentamicin in 163 patients with trochanteric hip fractures.
Orthopedics International. 2000;24:155-157.

Staatz CE, Byrne C, Thomson AH. Population pharmacokinetic modeling of
gentamicin and vancomycin in patients with unstable renal function following
cardiothoracic surgery. BrJ Clin Pharmacol. 2006;28:3382-3388.

Swan SK. Aminoglycoside nephrotoxicity. Semin Nephrol. 1997;17:27-33.

Takeda M, Tojo A, Sekine T, Hosoyamada M, Kanai Y, Endou H. Role of organic
anion transporter 1 in cephaloridine (CER)-induced nephrotoxicity. Kidney Int.
1999;56:2128-2136.

Tegeder Fl, Neumann F, Bremer F, Brune K, Lotsch J, Geisslinger G.
Pharmacokinetics of meropenem in critically ill patients with acute renal fail-
ure undergoing continuous venovenous hemofiltration. Clin Pharmacol Ther.
1999,65:50-57.

Van der Verf TS, Mulder POM, Zijlstra JG, Uges DRA, Stegeman CA.
Pharmacokinetics of piperacillin and tazobactam in critically ill patients with
renal failure, treated with continuous veno-venous hemofiltration (CVWH).
Intensive Care Med. 1997;23:873-877.

Van der Verf TS, Fijen JW, Van de Merbel NC, et al. Pharmacokinetics of cefpirome
in critically ill patients with renal failure treated by continuous veno-venous
hemofiltration. Intensive Care Med. 1999,25:1427-1431.

Warkentin D, Ippoliti C, Bruton J, Van Besien K, Champlin R. Toxicity of single
daily dose of gentamicin in stem cell transplantation. Bone Marrow Transplant.
1999;24:57-61.

Wingard JR, Kabilkis P, Lee L, et al. Clinical significance of nephrotoxicity in patients
treated with amphotericin B for suspected or proven aspergillosis. Clin Infect
Dis. 1999;29:1402-1407.

Wingard JR, White HM, Anaisse E, Raffalli J, Goodman J, Arrieta A. A randomized,
double-blind comparative trial evaluating the safety of liposomal amphot-
ericin B versus an amphotericin B lipid complex in the empirical treatment of
febrile neutropenia. L Amph/ABLC Collaborative Study Group. Clin Infect Dis.
2000;31:1155-1163.



Drug interactions involving
anti-infective agents

Keith A. Rodvold and Donna M. Kraus

The medical treatment of common causes of infectious diseases (e.g.
HIV, fungi, tuberculosis, and resistant Gram-negative or Gram-positive
bacteria) has continued to evolve. The standard of care for these infec-
tions often requires patients to receive combinations of anti-infective
agents as well as other medications to treat other diseases or clini-
cal conditions. The medication profiles of individual patients in the
infectious diseases clinic or hospital services have become increas-
ingly more complex and are associated with higher probabilities of
drug-drug interactions and adverse drug reactions.
Recentregulatory actions by the US Food and Drug Administration
(FDA) remind us that important drug-drug interactions with anti-
infective agents can result in withdrawal of drugs from the market-
place, termination of clinical development and restrictive dosage
recommendations. Examples of these consequences include the
withdrawal of terfenadine, astemizole and cisapride in the 1990s after
patients experienced serious cardiac toxicity when taking these anti-
histamine or prokinetic drugs in combination with macrolide anti-
biotics or azole antifungals.” The antiviral agent, pleconaril, was not
recommended for FDA approval for the treatment of the common
cold in 2002 because of the potential for drug-drug interactions.?
Pleconaril, a known cytochrome P, (CYP) inducer, can potentially
lower the plasma drug concentrations of CYP3A substrates and
reduce their effectiveness, including oral contraceptive steroids such
as ethinyl estradiol. Finally, the product package insert of the CCR5
co-receptor antagonist, maraviroc, is an example of the FDA restrict-
ing the dosing recommendations (Table 6.1) because of potential
drug-drug interactions with potent CYP3A inhibitors or inducers dur-
ing combination therapy.? Both the pharmaceutical industry and reg-
ulatory agencies have issued guidance papers on the methodologies
of in-vitro and in-vivo pharmacokinetic drug-drug interaction stud-
ies because of the increasing concern about drug—drug interactions.*
In addition, labeling of product package inserts has recently been
revised and various sections describe relevant information about
metabolic enzymes, drug transporters and drug—drug interactions.
Drug-drug interactions in the field of infectious diseases continue
to expand as old and new agents requiring metabolic enzymes and
transporters are commonly used, treatment recommendations for
co-infections are revised, and the use of multiple medications (e.g. poly-
pharmacy) proliferates in an aging population.> In addition, commonly

prescribed medications with known drug—drug interactions are more
likely to cause serious adverse health outcomes in elderly patients
admitted to the hospital. Juurlink et al. recently performed a case-
control study to determine the odds ratio (OR) for association between
hospital admission of elderly patients with digoxin toxicity and use
of clarithromycin within the previous week® A total of 1051 patients
admitted to the hospital for digoxin toxicity were compared to a con-
trol group (n =51 896) without toxicity. The patients with digoxin tox-
icity were 13 times more likely to have received prior clarithromycin
therapy (OR, 13.6; confidence interval [Cl] 8.8-20.8). In comparison, no
significant association (OR, 2.0; Cl, 0.6-6.4) was found between patients
with digoxin toxicity and prior use of cefuroxime within 1 week of hos-
pital admission. This evidence is further supported by a large retro-
spective study that demonstrated a five-fold increased in the rate of
cardiac-related sudden death in patients who were co-administered
CYP3A inhibitors and erythromycin compared to patients who did not
receive a CYP3A inhibitor or anti-infective agent.” These studies illustrate
that many of the known drug—drug interactions are avoidable and that
clinicians must consider alternative therapy when appropriate.

This chapter provides an overview of the principles and mecha-
nisms of drug—drug interactions and uses extensive tables to sum-
marize pharmacokinetic-pharmacodynamic interactions commonly
associated with each anti-infective class. Physicochemical and in-vitro
antimicrobial activity (e.g. additive, synergistic or antagonistic) inter-
actions will not be discussed. This review was based on information
available in the product package inserts, primary literature retrieval
from PubMed, computer databases of Micromedex Drugdex®
System, and current issues of the following textbooks: Piscitelli and
Rodvold’s Drug Interactions in Infectious Diseases, Hansten and Horn's
Drug Interactions Analysis and Management,? Tatro's Drug Interaction
Facts'® and Stockley’s Drug Interactions."" In addition, Stockley’s Herbal
Medicine Interactions'? is a recently published textbook that provides
a comprehensive review of drug interactions with herbal medicines,
dietary supplements and nutraceuticals. The reader is referred to
these resources as well as to the primary literature and online web-
sites for detailed information and reference lists about drug—drug
interactions associated with a specific anti-infective agent. The ref-
erence list at the end of this chapter is mainly limited to secondary
literature because of the publication space restrictions.
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Table 6.1 Dosing recommendations for maraviroc associated
with drug-drug interactions

Maraviroc dosage Dosing recommendation for interacting

drugs

Standard dose of maraviroc with no concomitant
administration of cytochrome P, (CYP) 3A
inhibitors or inducers; recommended dosage of
maraviroc with concomitant administration of
tipranavir-ritonavir or nevirapine

300 mgevery 12 h

Reduced dose of maraviroc with concomitant
administration of CYP3A4 inhibitors (with or
without a CYP3A inducer) including protease
inhibitors (exception: tipranavir-ritonavir [see
above dosage recommendation]), delavirdine,
ketoconazole, itraconazole, clarithromycin
(including with etravirine plus ritonavir-boosted
protease inhibitors or with efavirenz plus either
lopinavir-ritonavir or saquinavir-ritonavir), and
other strong CYP3A inhibitors (e.g. nefazadone,
telithromycin)

150 mgevery 12 h

Increased dose of maraviroc with CYP3A inducers
(without a CYP3A inhibitor) including rifampicin,
carbamazepine, phenytoin, phenobarbital,
efavirenz and etravirine

600 mg every 12 h

PHARMACOKINETIC AND
PHARMACODYNAMIC DRUG-DRUG

INTERACTIONS

A drug—drug interaction is defined as the change in efficacy
or toxicity of one drug by prior or concomitant administration
of a second drug. In general, drug—drug interactions involve
two drugs: the interacting drug (e.g. precipitant, perpetrator)
is the agent that causes a change to occur upon another drug
(e.g. substrate, object, victim). Alterations in the pharmacoki-
netic or pharmacodynamic characteristics of the object drug
are the two commonly used mechanisms for categorizing
drug—drug interactions.!?

Pharmacokinetic interactions are those associated with alter-
ations in the processes of absorption, distribution, metabolism
or elimination of a medication. The consequences of this type of
drug—drug interaction include increased or decreased concen-
trations of a drug in the blood, body fluids and/or tissues, which
may in turn alter the efficacy or toxicity of the object drug. The
most commonly measured pharmacokinetic parameters used
to describe and assess these changes include maximum drug
concentration (C_ ), area under the concentration—time curve
(AUC), apparent drug clearance (CL), half-life (t,) or total
amount of drug excreted in the urine (Ae).

Absorption interactions generally involve orally admin-
istered drugs and occur in the mucous membranes of the
gastrointestinal (GI) tract. Common causes for drug—drug
interactions involving absorption include: (1) alterations in
GI pH; (2) adsorption, chelation or other complexing mecha-
nisms; (3) changes in GI motility; (4) induction or inhibition
of drug transporter proteins or intestinal CYP isoenzymes;
(5) malabsorption caused by drugs; and (6) alteration to the
normal GI flora.!! Oral anti-infective agents such cefpodoxime

proxetil, ketoconazole, itraconazole, delavirdine and atazanavir
have dissolution and absorption that is pH dependent and
can be affected by antacids, proton pump inhibitors and his-
tamine, (H,) antagonists.'"'* Antacids, vitamin/mineral sup-
plements or other therapeutic agents containing divalent and
trivalent cations, such as aluminum, magnesium, calcium or
iron, chelate tetracycline and fluoroquinolones, resulting in
markedly reduced oral GI absorption, lower systemic drug
concentrations and lower anti-infective efficacy.!®

The oral bioavailability of digoxin can be increased or
decreased by agents such as clarithromycin and rifampicin
(rifampin), respectively. These effects are most likely explained
by alterations to P-glycoprotein (P-gp).'® This efflux trans-
porter can reduce drug absorption from the GI tract, as well
as promote drug removal or decrease drug entry at various
sites of distribution and elimination. Rifampicin is an inducer
of P-gp which leads to decreased oral absorption of medica-
tions while macrolides such as erythromycin and clarithro-
mycin are inhibitors of intestinal and renal P-gp of digoxin.
Oral neomycin can impair the absorption of digoxin by caus-
ing a malabsorption syndrome similar to non-tropical sprue.!!
Antibiotics can also alter the normal GI flora and thus affect
the metabolism and absorption of medications such as war-
farin and estrogen-containing products (e.g. oral contracep-
tive agents).

Pharmacokinetic drug—drug interactions can be related to
protein binding and distribution characteristics of medica-
tions. Drug—drug interactions associated with protein bind-
ing could be clinically significant if the drug being displaced
has a narrow therapeutic index, small volume of distribution,
high extraction ratio, and is highly protein bound (>90%)
at therapeutic concentrations. Displacement interactions
have often been associated with drugs that are highly pro-
tein bound (e.g. warfarin, phenytoin). However, these agents
have a low extraction ratio and drug concentrations are inde-
pendent of protein binding changes since they can effectively
clear any increase in the unbound fraction of the drug. The
significance of drug—drug interactions involving protein bind-
ing and drug displacement is less than what was once thought
since steady-state unbound (free) drug concentrations often
redistribute and remain unaltered.!” In addition, some drug—
drug interactions once thought to be associated with pro-
tein binding and drug displacement have been shown to be
associated with other interaction mechanisms. For example,
the increased anticoagulant activity associated with warfarin
when administered with trimethoprim-sulfamethoxazole is
more likely caused by the inhibition of S-warfarin metabolism
(e.g. CYP2C9) than from warfarin being displaced from its
protein-binding sites."”

There are several transport proteins which play a role in
mediating tissue-specific distribution as well as absorption
and excretion of drugs.!®?! The two major gene superfamilies
responsible for the transport of drugs are ABC (ATP binding
cassette) and SL.C (solute carrier). P-glycoprotein (P-gp, also
termed MDR]1) is one of the most studied transporters from
the ABC superfamily. P-gp and other transport proteins are
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located throughout the body in tissues and can control expo-
sure of drugs at target organs. It has also been shown P-gp and
organic anion transporting polypeptide (OATP) and organic
anion transporter (OAT) families are involved with efflux
transport in the blood—brain barrier and blood—cerebrospinal
fluid (CSF) barrier. The organic transport systems are par-
ticularly important in the distribution of B-lactam agents.
Membrane transporters and drug response is a growing field
of research and should further clarify drug—drug interactions
associated with the distribution of anti-infective agents.

Drug metabolism serves as the major mechanism of many
pharmacokinetic drug-drug interactions.'?? Drugs are
mainly metabolized by enzymes in the liver, GI tract, skin,
lungs and blood. Drug-metabolizing enzymes are found in
the endoplasmic reticulum of these sites and are classified
as microsomal enzymes. There are two major types of drug
metabolizing reaction: phase I, which increases the polarity of
drugs predominantly through oxidation, reduction or hydro-
lysis; and phase II, which catalyzes drugs and/or metabolites
to inactive products by glucuronidation, sulfation or acety-
lation. Phase II reactions are most commonly mediated by
sulfotransferase (SULT), uridine diphosphate glucurono-
syltransferase (UGT), glutathione-S-transferase (GST),
N-acetyltransferase (NAT) and thiopurine methyltransferase
(TPMT) (Figure 6.1). Many of the enzymes involved in phase
IT are still being further defined, and drug-drug interactions
are being further investigated.

The majority of phase I reactions are catalyzed by cyto-
chrome P

450
heme-containing, membrane-bound proteins. Cytochrome

enzymes in the liver and small intestine, which are

P, is a superfamily of enzymes divided into families (desig-
nated by CYP followed by a number, e.g. CYP2), subfamilies
(designated by a capital letter, e.g. CYP2C), and individual
members (designated by a number, e.g. CYP2C19) based on
amino acid sequence homology. The most common individ-
ual members of enzyme subfamilies responsible for the major-
ity of phase I metabolic reactions are CYP3A4, CYP2De6,

CYP1A2, CYP2C9 and CYP2C19 (Figure 6.2).!%

NATs

Fig. 6.1 The relative proportions of clinically used drugs
metabolized by phase Il enzymes. GST, glutathione-S-transferase;
NAT, N-acetyltransferase; TPMT, thiopurine methyltransferase; SULT,
sulfotransferase; UGT, uridine diphosphate glucuronosyltransferase.

CYP2C19
CYP3A4

CYP1A1/2

CYP2D6

Fig.6.2 The relative proportions of clinically used drugs

metabolized by phase | (cytochrome P, [CYP]) enzymes.

More than 50% of all drugs on the market are metabolized
by CYP3A4.1>22 CYP3A4 is the major CYP isoform found
in the adult liver and accounts for 28% of total hepatic CYP
enzymes. In addition, CYP3A4 is also found in the GI tract
and has effects on bioavailability. There is significant overlap-
ping activity between P-gp and CYP3A4 at both of these sites,
and a drug causing an effect on P-gp will also have the same
effect on CYP3A4. Many drug—drug interactions previously
thought to be due to only CYP3A4 may actually involve the
additive effects of both P-gp and CYP3A4. Phase I reactions
can also involve other CYP-independent enzymes such as
monoamine oxidases and epoxide hydrolases.

Drug-drug interactions involving CYP isoenzymes are
often the result of either enzyme inhibition or induction.!
A drug that is an inhibitor of a specific drug-metabolizing
enzyme will decrease the rate of metabolism and increase
plasma concentrations of an object drug. Increased drug accu-
mulation can result in enhanced therapeutic effects or adverse
effects, especially if the object drug has a narrow therapeutic
range or index. A greater increase in the AUC or C___ of the
object drug would be predicted to occur when the specific
drug-metabolizing enzyme is the primary elimination path-
way compared to substrates with multiple elimination path-
ways of which the enzyme plays only a minor role. Inhibition
of metabolic pathways can also lead to decreased formation of
an active metabolite of the object drug and this may result in
decreased therapeutic efficacy of the drug.

Inhibition of CYP3A4 is a common cause of drug—drug
interactions with anti-infective agents. Table 6.2 provides
examples of some of the serious and/or life-threatening drug—
drug interactions known to occur between substrates of
CYP3A4 and anti-infective agents known to be potent inhibi-
tors of CYP3A4. The co-administration any CYP3A4 inhib-
itors should be avoided or only undertaken with extreme
precautions (e.g. dosage adjustments or use of less potent
inhibitors) with the listed substrates due to the serious clini-
cal consequences. Anti-infective agents that are moderate to
strong inhibitors of CYP3A4 include protease inhibitors, dela-
virdine, azole antifungal agents, clarithromycin, erythromycin
and telithromycin.
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Table 6.2 Substrates of CYP3A4 with major or life-threatening interactions when co-administered with a CYP3A inhibitor’

CYP3AA4 substrate Pharmacological effect
Astemizole? terfenadine,? cisapride,?

bepridil,? pimozide sudden death, torsade de pointes

QTc interval prolongation, arrhythmias,

Management recommendation

Contraindicated

Ciclosporin, sirolimus, tacrolimus
immunosuppression

Increased serum concentrations and

Monitor immunosuppressive agent serum concentrations;
adjust dose as needed

Ergot alkaloids Ergotism, peripheral ischemia

Contraindicated

Lovastatin, simvastatin Risk of rhabdomyolysis

Use other HMG-CoA reductase inhibitors such as pravastatin
or fluvastatin

Midazolam, triazolam Excessive sedation

Use other benzodiazepines such as lorazepam, oxazepam
or temazepam

Rifabutin

Uveitis, neutropenia, flu-like syndrome

Reduce dose of rifabutin

Sildenafil, tadalafil, vardenafil Hypotension, priapism

Reduce dose or avoid use entirely

Vincristine, vinblastine Neurotoxicity

Reduce dose and monitor for vinca toxicity

'Examples of anti-infective agents that are potent cytochrome P
ketoconazole, itraconazole and voriconazole.

“Drugs not longer commercially available in the USA.

HMG-CoA, hydroxymethylglutaryl-coenzyme A.

450

(CYP) 3A4 inhibitors include clarithromycin, erythromycin, telithromycin, protease inhibitors, delavirdine,

Inhibition of a specific drug-metabolizing enzyme can be
either competitive or non-competitive. Competitive inhibi-
tion occurs when two drugs are substrates for the same drug-
metabolizing enzyme. Binding of one agent to the enzyme
prevents binding by the other, thereby decreasing the rate of
metabolism and increasing systemic exposure and/or pharma-
cological effects of the drug with lower enzyme-binding affin-
ity. In contrast, non-competitive inhibition occurs when one
drug is an inhibitor of a specific drug-metabolizing enzyme
(e.g. CYP3A4) and can substantially reduce the metabo-
lism of an object drug of that enzyme. However, the inhibi-
tor is metabolized by a different drug-metabolizing enzyme
(e.g. CYP2D6) than the object drug being inhibited. The
onset and dissipation of drug—drug interactions involving
inhibition is rapid and occurs within the first few days after
co-administration.

Phase I and II reactions can also be induced. Enzyme
induction occurs when the precipitant drug induces the syn-
thesis of the drug-metabolizing enzyme. Drugs that induce
cytochrome P, isoenzymes cause increased drug clear-
ance and decreased plasma concentrations of substrate
drugs. Rifampicin is one of the most potent inducers and
has effects on both CYP enzymes and P-gp.??>"** Rifampicin
can also induce phase II enzymes such as UGT as well as
other relevant transporter proteins. Because of this broad
and potent range of induction activity, numerous drug—drug
interactions have been reported between rifampicin and var-
ious therapeutic classes of drugs, including anti-infective
agents (Table 6.3).%2 Because induction requires creation of
new enzymes, the time course of the onset and dissipation of
induction is slow and can take weeks to occur. When rifam-
picin induces the metabolism of an object drug, serum drug
concentrations are gradually decreased and the full effect
may not be seen for 2 weeks.

Many of the commonly used anti-infective agents are
substrates, inhibitors and/or inducers of the clinically sig-
nificant CYP isoenzymes, P-gp and UGT (Table 6.4).
In addition, an updated list of drugs from various thera-
peutic classes and their designation as substrates, inhibi-
tors or inducers of specific CYP isoenzymes can be found
on the website http://medicine.iupui.edu/clinpharm/ddis.
These tables can assist in the semi-quantitative prediction
of potential drug—drug interactions, particularly when no
published studies are available. It is important to appreci-
ate that a drug can be a substrate of more than one CYP
isoenzyme and that the same drug may serve as an inhibitor
or inducer of a different CYP isoenzyme than the one being
metabolized by it.

Factors that play an important role in determining the
magnitude of changes in substrate metabolism include single
or multiple substrate elimination pathways, existence of
dominant elimination isoforms and the inhibitory-induction
potency. Simultaneous therapy with both inducers and inhibi-
tors of CYP isoforms may have unpredictable effects. There
are no dosage guidelines that address these competing effects.
It is suggested that close monitoring for toxicity or alternative
agents that do not interact be used.

The clinical significance of the potential pharmacoki-
netic drug—drug interaction is supratherapeutic drug con-
centrations resulting in an exaggerated clinical response,
toxicity, or both, or subtherapeutic drug concentrations
resulting in loss of efficacy, the development of resistance,
or both. For inhibition, the clinical consequences may be
amplification of known adverse effects or the occurrence of a
concentration-related toxicity. The therapeutic index, type
of concentration-dependent toxicity and the dosage that
the patient is receiving when the enzyme inhibitor is added
to the treatment regimen are all important considerations.
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Table 6.3 Drug-drug interactions of rifampicin (rifampin)

Interacting drug Comments and management strategy

Anti-infective agents
Atovaquone

Monitor clinical response; increase dose
if needed; consider alternative agent

Caspofungin

Monitor clinical response; increase dose to 70 mg
per day

Chloramphenicol

Monitor chloramphenicol serum concentrations;
increase dose if needed

Clarithromycin

Monitor clinical and microbiological response;
increase dose if needed

Dapsone Monitor clinical response and hematological
toxic effects

Delavirdine Avoid rifampicin; use rifabutin or alternative
agent and monitor viral response

Doxycycline Monitor clinical and microbiological response;
increase dose if needed

Efavirenz Monitor viral response; increase dose if needed
(e.g. 800 mg if >60 kg)

Etravirine Avoid rifampicin; use rifabutin or alternative
agent and monitor viral response

Fluconazole Monitor clinical and microbiological response;

increase dose if needed

[traconazole,
voriconazole

Avoid rifampicin; if used, increase dose of azole
and monitor response

Maraviroc Monitor viral response; appropriate dosing with
inducers and inhibitors (see Table 6.1)
Mefloquine Consider avoiding combination; larger study needed

Metronidazole

Monitor clinical and microbiological response;
increase dose if needed

Nevirapine

Avoid rifampicin; use rifabutin or alternative
agent and monitor viral response

Praziquantel

Consider alternative agent if possible; monitor
clinical response

Protease inhibitors

Avoid rifampicin; use rifabutin or alternative
agent and monitor viral response

Quinine Monitor clinical response; consider alternative
agent if possible

Raltegravir Consider using rifabutin; if rifampicin is used,
monitor viral response

TMP-SMX Monitor clinical and microbiological response;
increase dose if needed

Analgesics

Codeine Monitor pain control and clinical response

COX-2 inhibitors'

Monitor clinical response; increase dose
if needed

Fentanyl Monitor pain control; increase dose if needed
Methadone Increase methadone dose; monitor and control
withdrawal symptoms

Morphine Monitor pain control and clinical response

Anticonvulsants
Phenytoin

Monitor phenytoin serum concentrations and
seizure activity; increase dose if needed

Antidiabetic agents
Sulfonylureas?

Monitor blood glucose levels; adjust dose based
on blood glucose control

Meglitidinides®

Monitor blood glucose levels; adjust dose based
on blood glucose control

Thiazolidinediones*

Monitor blood glucose levels; adjust dose based
on blood glucose control

Anticoagulants (oral)

Monitor INR; increase anticoagulant dose as needed

Cardiovascular drugs
Beta-blocking agents

Monitor clinical response; increase propranolol or
metoprolol dose if needed

Digitoxin

Monitor clinical response and/or arrhythmia
control, monitor digitoxin serum concentrations

Digoxin (oral)

Monitor clinical response and/or arrhythmia control,
monitor digitoxin serum concentrations

Diltiazem

Use alternative agent; monitor patient for clinical
response

Disopyramide

Monitor arrhythmia control; increase dose if
needed

Losartan Monitor clinical response; increase dose
if needed
Nifedipine Consider alternative agents; if used, monitor
clinical response; increase dose if needed
Nilvadipine Monitor clinical response; increase dose
if needed
Propafenone Monitor clinical response; increase dose
if needed; consider alternative agent
Quinidine Monitor quinidine serum concentrations and
arrhythmia control; increase dose if needed
Tocainide Monitor arrhythmia control; increase dose if
needed
Verapamil Use alternative agent; monitor patient for clinical

response

Contraceptives (oral)

Use alternative form(s) of birth control; counsel
patient and document

Glucocorticoids

Increase dose of glucocorticoid two- to three-fold

HMG-CoA reductase
inhibitors®

Monitor lipid panel; increase dose if needed
(likely for simvastatin)

Immunosuppressants

Ciclosporin Monitor ciclosporin serum concentrations;
increased dose if needed

Tacrolimus Monitor tacrolimus serum concentrations;
increase dose if needed

Everolimus Monitor everolimus serum concentrations;
increase dose if needed

Psychotropic agents

Buspirone Monitor clinical response; increased dose likely

needed; use alternative agent if possible

(Continued)
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Table 6.3 Drug-drug interactions of rifampicin
(rifampin)—cont’d

Interacting drug Comments and management strategy

Clozapine Monitor clinical response; increase dose
if needed or use alternative agent if possible
Haloperidol Monitor clinical response; increase dose

if needed

Nortriptyline Monitor clinical response and nortriptyline serum

concentrations

Sertraline Monitor clinical response; increase dose

if needed

Others

5-HT, antiemetics® Monitor clinical response; increase dose

if needed; use alternative agent if needed

Diazepam Monitor clinical response; increase dose

if needed
Gefitinib Avoid combination; if must use, increase dose
Imatinib Avoid combination; if must use, increase dose

Levothyroxine Monitor thyroid stimulating hormone; increased

dose likely needed

Lorazepam Monitor clinical response; increase dose
if needed

Midazolam Avoid combination; use alternative agent
if possible

Tamoxifen, toremifene  Monitor clinical response; increased dose likely
needed

Theophylline Monitor theophylline serum concentrations;
increase dose if needed

Triazolam Avoid combination; use alternative agent
if possible

Zolpidem Monitor clinical response; increase dose

if needed or use alternative agent if possible

'Examples include celecoxib and rofecoxib (no longer available).

“Examples include tolbutamide, chlorpropamide, gliclazide and glimepiride.
*Examples include repaglinide and nateglinide.

“‘Examples include rosiglitazone and pioglitazone.

*Examples include simvastatin, atorvastatin and pravastatin.

°Examples include ondansetron and dolasetron.

5-HT,, 5-hydroxytryptamine 3; HMG-CoA, hydroxymethylglutaryl-coenzyme A;
TMP-SMX, trimethoprim-sulfamethoxazole.

With this knowledge, one can decide whether the drug—
drug interaction makes co-administration potentially haz-
ardous. For induction, a hypothetical clinical consequence
may be loss of anti-infective activity or possible development
of resistance. In both of these examples, co-administration
would not be advisable. Alternatively, these interactions
may be overcome with higher doses. However, higher doses
have often not been studied in most cases and unless rec-
ommended in the product monograph this is not advisable.
Suggested dosage adjustment recommendations are based
on mean changes in substrate clearance, and in most in-vivo
dosage interaction trials, doses used were less than currently

recommended. It is often unknown whether product mono-
graph dosage adjustment recommendations will result in
safe and therapeutic substrate concentrations.

Regulatory agencies such as the FDA have placed greater
emphasis on in-vitro and in-vivo drug—drug interaction assess-
ment.?! Information on the likely potential of drug—drug
interactions involving CYP enzymes and drug transporter
proteins is included in the product package inserts of recently
approved medications. For example, the product insert for
daptomycin states that metabolic drug—drug interactions are
unlikely since in-vitro studies have shown that daptomycin
neither induces nor inhibits CYP isoforms 1A2, 2A6, 2C9,
2C19, 2D6, 2E1 and 3A4.% Similar to CYDP isoforms, fur-
ther information about metabolism and potential drug—drug
interactions of phase II reactions are being included in prod-
uct package information. The product insert for raltegravir
states that this agent is mainly eliminated by metabolism via
a UGT1Al-mediated glucuronidation pathway and is not a
substrate of CYP enzymes.?® Drugs known to inhibit (e.g.
atazanavir) and induce (e.g. rifampicin) UGT1A1 have been
shown in vivo to increase and decrease plasma concentrations
of raltegravir, respectively.

There is significant interindividual variability in the out-
comes of drug—drug interactions. This variability is often asso-
ciated with patient-specific factors such as disease states, other
concomitant medications and genetics. Genetic polymorphism
has been identified with CYP2D6, CYP2C9 and CYP2C19,
as well as many of the phase II enzymes. Clinically significant
polymorphisms can contribute to ethnic differences in metab-
olism as well as drug safety and efficacy.?” For CYP2D6, the
prevalence of poor metabolizers is 5-8% in Caucasians and
<1% in Asians. In comparison, the incidence of CYP2C19
poor metabolizers is 2-6% of Caucasians and 18-20% of
Asians. The magnitude that drug—drug interactions will have
is dependent in part on whether the initial enzyme activity
is at a high or a low level. Inhibition of a drug-metabolizing
enzyme in extensive or rapid metabolizers may result in more
significant effects than in slow metabolizers. Thus, drug—drug
interactions involving polymorphisms must be assessed for
clinical relevance to an individual patient.

Pharmacokinetic drug—drug interactions can also occur
during renal excretion. These interactions are rapid and occur
competitively. The mechanisms for drug—drug interactions of
renal elimination involve glomerular filtration, tubular secre-
tion, tubular reabsorption, and drug transporter proteins
(e.g. P-gp and OATsS).!>!81° Tubular secretion is the most
common site of renal interactions since drugs often compete
with each other for the same active transport system in the
renal tubules. The classic anti-infective example is probenecid
reducing the renal excretion of penicillin to increase anti-
infective serum concentrations for therapeutic benefit. It has
more recently been appreciated that organic anion transport
(OAT) proteins are primarily located in the kidneys and facil-
itate the active renal secretion of several anti-infective agents
including cidofovir, adefovir, aciclovir (acyclovir), ganciclo-
vir, zidovudine and P-lactam antibiotics.!®!” Probenecid,
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Table 6.4 Examples of anti-infective agents as substrates, inhibitors and inducers of CYP enzymes, UGT and P-gp

Enzymes or transporter  Substrates Inhibitors Inducers
CYP1A2 Ritonavir Erythromycin, clarithromycin, ciprofloxacin, Ritonavir, rifampicin
norfloxacin, ritonavir
CYP2C9 Nelfinavir, ritonavir, fluconazole, Erythromycin, metronidazole, sulfamethoxazole,  Rifampicin, rifapentine
voriconazole, dapsone trimethoprim-sulfamethoxazole, fluconazole,
miconazole, voriconazole, isoniazid
CYP2C19 Chloramphenicol, nelfinavir, ritonavir, ~ Chloramphenicol, ritonavir, fluconazole, Rifampicin
fluconazole, voriconazole ketoconazole, voriconazole
CYP2D6 Ritonavir Primaquine, ritonavir Rifampicin
CYP2E1 Ritonavir, isoniazid, dapsone Ritonavir, isoniazid Isoniazid
CYP3A4 Erythromycin, clarithromycin, Chloramphenicol, erythromycin, clarithromycin, Efavirenz, nevirapine, rifampicin,
telithromycin, clindamycin, protease telithromycin, norfloxacin, ciprofloxacin, rifabutin, rifapentine, ritonavir
inhibitors, delavirdine, nevirapine, amprenavir, nelfinavir, lopinavir-ritonavir,
NNRTIs, maraviroc, miconazole, ritonavir, saquinavir, indinavir, delavirdine,
ketoconazole, itraconazole, efavirenz, quinupristin-dalfopristin,
fluconazole, voriconazole, clotrimazole, miconazole, itraconazole,
posaconazole, dapsone, quinine ketoconazole, fluconazole, voriconazole,
posaconazole
UGT Posaconazole, zidovudine, raltegravir Ketoconazole, fluconazole, atazanavir Rifampicin
P-gp Clarithromycin, erythromycin, Clarithromycin, erythromycin, ketoconazole, Rifampicin, ritonavir

indinavir, nelfinavir, ritonavir, saquinavir,
maraviroc, ketoconazole, itraconazole,
fluconazole, posaconazole,

itraconazole, indinavir, nelfinavir, ritonavir,
saquinavir

CYP, cytochrome P, ; NNRTIs, non-nucleoside reverse transcriptase inhibitors; P-gp, P-glycoprotein; UGT, uridine diphosphate glucuronosyltransferase.

a known OAT1 inhibitor, blocks the tubular transport of the
nucleotide cidofovir and reduces its renal clearance to the
rate of glomerular filtration. Concomitant use of probenecid
decreases the risk of nephrotoxicity associated with cido-
fovir and is considered a beneficial drug—drug interaction.
Although cidofovir does not affect the disposition of other
agents, the concurrent administration of probenecid can
inhibit renal tubular secretion of other commonly admin-
istered agents such as reverse transcriptase inhibitors (e.g.
zidovudine, zalcitabine), B-lactams, methotrexate and non-
steroidal anti-inflammatory drugs (NSAIDs). Various anti-
infective agents (e.g. clarithromycin, itraconazole), as well as
probenecid, have been shown to inhibit P-gp in the kidney. As
with liver metabolism, significant overlapping activity exists
between P-gp and other transport mechanisms involved with
renal excretion.

In addition to pharmacokinetic drug—drug interactions,
pharmacodynamic interactions can also occur.!*!> Pharmaco-
dynamic drug—drug interactions are associated with a change
in the pharmacological response (e.g. efficacy or toxicity) of
the object drug, with or without changes in pharmacokinetics.
Pharmacodynamic interactions can be categorized as:

* additive: two agents leads to enhanced pharmacological
effect (e.g. increased bone marrow suppression with
concurrent use of zidovudine and ganciclovir);

* synergistic: use of two or more agents results in drug effect
greater than (e.g. exponential vs additive) the addition
of all of the drugs together (e.g. combined effect with

concurrent use of indinavir, lamivudine, and zidovudine
than the sum of their individual effects); or
» antagonistic: the pharmacological effect of one agent is
reduced due to concurrent therapy with another agent
(e.g. concurrent use of zidovudine and stavudine reduces
antiviral effect).
Some of the common additive or overlapping adverse effects
associated with anti-infective agents include ototoxicity, neph-
rotoxicity, bone marrow suppression and prolongation of the
QTec interval. Concurrent administration of aminoglycoside
antibiotics and other nephrotoxic agents such as amphotericin
B, cisplatin, ciclosporin or vancomycin would be examples of
additive risk for developing nephrotoxicity.!> Pharmacodynamic
drug—drug interactions are less predictive a priori than pharma-
cokinetic interactions, and fewer reports exist in the literature.

IDENTIFICATION OF CLINICALLY
SIGNIFICANT DRUG-DRUG

INTERACTIONS

The prescribing of safe and effective anti-infective therapy
has becoming increasingly important as issues of resistance
and treatment failure constantly challenge our anti-infective
armamentarium. In addition, anti-infective drug regimens
have become more complex because of the expansion of
different drug classes; increased number of agents per anti-
infective class; the availability of more agents as substrates,
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inhibitors and/or inducers of metabolism or transporter sys-
tems; and multiple different drug therapies being required to
prevent or treat acute and chronic conditions or diseases due
to both infectious and non-infectious causes. Awareness of
clinically significant drug—drug interactions and appropriate
inventions to minimize their occurrence are essential as anti-
infective regimens become more complex.

Strategies for avoiding drug—drug interactions when select-
ing agents for use include:?®
+ obtaining a detailed medication history before prescribing

anti-infective agents;

+ avoiding adding a drug with high drug—drug interaction
potential;

+ delaying initiation of an interacting drug until anti-
infective therapy is completed;

» reviewing and considering concomitant diseases states
that influence drug disposition and interactions;

» selecting specific agents with the least potential for known
drug—drug interactions;

» avoiding agents associated with serious adverse effects or
toxicities;

 avoiding concurrent administration of drugs with
overlapping or additive adverse effects;

» using the lowest effective drug doses; and

* not underestimating the ability of patients to adhere to
the recommended drug dosage regimens.

Many of the drug—drug interactions involving absorption

can be simply avoided by separating or spacing the times

of concurrent drug administration. While not all drug—drug

interactions are avoidable, many can be better managed

with dosage adjustments, selection of alternative agents

with lower interaction probabilities, and therapeutic drug

monitoring.

Infectious disease clinicians are often forced to assess of
the possibility of a potential drug—drug interaction in patients
already receiving multiple medications from different drug
classes. Clues that should prompt careful evaluation of pre-
existing drug regimens for potential drug—drug interactions
include:?®
* drugs with well-documented drug—drug interaction

potential;

* drugs with known, relatively narrow therapeutic ranges or
indices;

» drugs with well-described pharmacodynamic
determinants of efficacy or toxicity;

» drugs associated with serious adverse effects or toxicities;
and

» the presence of extensive medication profiles in patients
who cannot be easily monitored for drug efficacy and
toxicity.

In addition, the drug interaction probability scale (DIPS) is a

new tool that may be of assistance in providing a guide to eval-

uating drug—drug interaction causation in a specific patient.?’

Consultation with other infectious diseases physicians,

pharmacists or drug-information specialists may also be valu-

able when multiple interactions are encountered.?°

Computer programs are a practical and potentially effec-
tive method for detecting drug—drug interactions.>** The
intention of most of these programs is to alert the prescriber
or dispensing pharmacist of a potential drug—drug interac-
tion based on the information available in the patient medi-
cation profile. However, the level of concordance, specificity
and sensitivity varies between programs, including those used
in the community and hospital setting. In addition, many soft-
ware programs and/or order entry systems have differing limi-
tations such as accuracy in the classification or the lack of
evidence for specific drug—drug interactions. Most programs
do not provide timely updates as new information becomes
available. Several studies have shown that users often over-
ride many of the different types of alerts and warnings being
flagged. This often results in ‘alert fatigue’, which causes clini-
cians to ignore critical drug—drug interaction warnings which
may require further information to determine the clinical
relevance of the interaction and the individual patient being
treated.

ANTIBACTERIAL AGENTS ( )

Nearly all mechanisms of drug—drug interactions are repre-
sented by antibacterial agents.!>3!>3 Several different types of
absorption drug—drug interaction occur with different anti-
bacterial agents:

 alterations in gastric pH caused by antacids,

H,-receptor antagonists or proton pump inhibitors (e.g.

oral cephalosporins);

* inhibition of a transport pump such as intestinal

P-gp (e.g. effect of clarithromycin on plasma digoxin

concentrations);

+ alterations of gut flora (e.g. decreased effectiveness of oral
contraceptives or augmentation of effects of warfarin); and

* chelation of drug (e.g. tetracyclines or fluoroquinolones)
by co-administration of divalent or trivalent cations such
as calcium, magnesium, aluminum or iron. Common
products containing multivalent cations include antacids,
laxatives, antidiarrheals, multivitamins, sucralfate,
didanosine tablets or powder, molindone, and quinapril
tablets.

Sulfonamides can potentially displace sulfonylurea hypogly-

cemics and methotrexate from plasma protein binding sites,

resulting in hypoglycemia and severe bone marrow depres-

sion, respectively.

Significant drug—drug interactions involving CYP3A4 and
P-gp have been well documented for macrolide and ketolide
agents (e.g. erythromycin, clarithromycin, telithromycin) since
many of these drug—drug interactions are associated with serious
or life-threatening adverse events (seeTable 6.2).1>3* In addition,
several classes of antibacterial agent are selective inhibitors of
CYP2C8 and CYP2C9 (trimethoprim and sulfamethoxazole,
respectively) and CYP3A4 (e.g. quinupristin—dalfopristin).
Carbapenems can significantly decrease (e.g. by 40-80%)
the serum concentrations of valproic acid by inhibiting the
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Table 6.5 Drug-drug interactions of antibacterial agents

Antibacterial agent

Oral cephalosporin

Interacting drug

H, antagonists or antacids

Interaction and management strategy

Decreased absorption of cephalosporin; space administration by at least 2 h

prodrugs'

Penicillins, cephalosporins  Probenecid Increased serum concentrations of B-lactam agent; avoid concomitant use when higher

and carbapenems? concentrations are not desirable or increased risk in toxicity (e.g. CNS) may occur

Ampicillin or amoxicillin Allopurinol Increased risk (three-fold higher) for rash; monitor for rash; consider alternative agent if possible

Carbapenems? Valproic acid Decreased serum concentrations of valproic acid; monitor serum valproic acid concentrations
and seizure activity; increase dose of valproic acid if needed or avoid concomitant use

Imipenem Ganciclovir or ciclosporin Increased risk for CNS toxicity; concomitant use of these agents is not recommended

Erythromycin, Substrates of CYP3A4 See Table 6.2

clarithromycin
or telithromycin

Antiarrhythmic agents*

Increased serum concentrations of antiarrhythmic agents leading to the risk of QTc
prolongation, torsades de pointes and death; alternative agents should be considered

Calcium channel blockers®

Increased serum concentrations of calcium channel blocker; monitor for hypotension,
tachycardia, edema, flushing and dizziness; increased risk of sudden cardiac death (diltiazem,
verapamil); consider alternative agent if possible

Colchicine Increased toxicity and mortality; avoid concurrent administration

Digoxin Increased digoxin serum concentrations and risk of toxicity; monitor serum digoxin
concentrations and toxicity; decrease dose of digoxin as needed

Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor serum theophylline

concentrations and toxicity; decrease dose of theophylline as needed

Tricyclic antidepressants and
antipsychotic agents®

Increased serum concentrations of antidepressant or antipsychotic agent; risk of QTc
prolongation and torsades de pointes; alternative agents should be considered

Warfarin

Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Fluoroquinolones’

Multivalent cations®

Decreased absorption of fluoroquinolone; space administration by at least 2-4 h

Class la and llla antiarrhythmic
agents

Increased risk of QTc prolongation and torsades de pointes; alternative agents should be
considered in patients who at risk (e.g. history QTc prolongation or uncorrected electrolyte
abnormalities)

Theophylline Ciprofloxacin or norfloxacin can increased theophylline serum concentrations and risk of toxicity;
monitor serum theophylline concentrations and toxicity; decrease dose of theophylline as needed
Tizanidine Ciprofloxacin can increased tizanidine serum concentrations and risk of hypotensive effects;

use alternative agents such a fluoroquinolones without CYPTA2 inhibition (e.g. levofloxacin or
moxifloxacin)

Aminoglycosides,’
polymyxin, colistin

Nephrotoxic agents'®

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used
with caution and includes monitoring of renal function and dosage adjustment based on body
weight, creatinine clearance estimation and/or serum aminoglycoside concentrations

Ototoxic agents''

Increased risk of ototoxicity; concomitant therapy should be avoided or used with caution at the
lowest possible dose; consider alternative agent if possible

Neuromuscular blocking
agents'

Increased respiratory suppression produced by neuromuscular agent; concomitant therapy
should be avoided or used with caution and includes monitoring for respiratory depression

Vancomycin Aminoglycosides Direct or additive injury to the renal tubule; concomitant therapy should be used with caution
and includes monitoring of renal function and dosage adjustment based on body weight,
creatinine clearance estimation and/or serum aminoglycoside and vancomycin concentrations

Daptomycin HMG-CoA reductase May increase creatinine phosphokinase concentrations or cause rhabdomyolysis; monitor for

inhibitors' signs and symptoms and consider temporarily discontinuation of HMG-CoA reductase inhibitor
during daptomycin therapy

Linezolid Selective serotonin reuptake  Increased serotonin concentrations and development of serotonin syndrome (hyperpyrexia,

inhibitors (SSRIs)'

cognitive dysfunction); concomitant therapy should be avoided or used with caution and
includes monitoring for serotonin syndrome

Sympathomimetic agents™

Enhance pharmacological (e.g. enhanced vasopressor effect); concomitant therapy should be
avoided or used with caution; counsel patients regarding choice of OTC products

(Continued)
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Table 6.5 Drug-drug interactions of antibacterial agents—cont'd

Antibacterial agent

Quinupristin—dalfopristin

Interacting drug

Substrates of CYP3A4

Interaction and management strategy

See Table 6.2

Tigecycline

Warfarin

Potential decreased clearance of warfarin; monitor PT/INR and adjust warfarin dose appropriately

Tetracyclines

Multivalent cations,®
colestipol, kaolin—pectin,
activated charcoal, and
sodium bicarbonate

Decreased absorption of tetracyclines; space administration by at least 2 h

Atovaquone Decreased atovaguone concentrations; parasitemia should be closely monitored; consider
alternative agent if possible
Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations

and adjust dose appropriately

Ergotamine tartrate

Increased ergotism; monitor for ergotism and use alternative therapy when possible

[sotretinoin, acitretin

Additive effects of pseudotumor cerebri (benign intracranial hypertension); avoid concurrent
use

Lithium Increased lithium serum concentrations and toxicity; monitor lithium serum concentrations and
adjust dose appropriately

Methotrexate Increased methotrexate serum concentrations and toxicity; monitor methotrexate serum
concentrations and use leucovorin rescue as needed

Quinine Increased quinine serum concentrations; monitor for quinine toxicity

Theophylline Increased theophylline serum concentrations; monitor toxicity and theophylline serum
concentrations, and adjust dose appropriately

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Doxycycline

Barbiturates, chronic ethanol
ingestion, carbamazepine,
phenytoin, fosphenytoin,
rifampicin, rifabutin

Decreased doxycycline serum concentrations; use other tetracycline product or alternative
agent if possible

Metronidazole

Ethanol, OTC and prescription
products containing ethanol
or propylene glycol®

Produces a disulfiram-like reaction (e.g. flushing, palpitation, tachycardia, nausea, vomiting);
avoid concomitant therapy within 2 or 3 days of taking metronidazole; counsel patients about
these potential side effects

5-Fluorouracil

Increased toxicity; avoid concomitant use

Lithium, busulfan, ciclosporin,
tacrolimus, phenytoin,
carbamazepine

Increased serum concentrations of interacting drugs; monitor toxicity and serum drug
concentrations; adjust dose appropriately

Phenobarbital, phenytoin,
rifampicin, prednisone

Decreased metronidazole serum concentrations; monitor efficacy; doses of metronidazole may
need to be increased

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately
Chloramphenicol Paracetamol Equivocal changes to chloramphenicol serum concentrations; monitor chloramphenicol serum
concentrations and adjust dose appropriately; use other analgesic or antipyretic agents
Cyclophosphamide Decreased effectiveness of cyclophosphamide; avoid concomitant use
Cimetidine Bone marrow suppression and increased risk for aplastic anemia; avoid concomitant use and

consider use of other antiulcer medications

Folic acid, iron,
cyanocobalamin

Delayed response of anemias; avoid concomitant use

Ciclosporin, tacrolimus,
phenobarbital, phenytoin

Increased serum drug concentrations of the interacting drug; monitor toxicity and serum drug
concentrations; adjust dose appropriately

Phenobarbital, phenytoin,
rifampicin

Decreased chloramphenicol serum concentrations; monitor efficacy and chloramphenicol
serum concentrations; adjust dose appropriately

Sulfonylurea hypoglycemic'”

Enhanced hypoglycemia; monitor efficacy and blood glucose concentrations

Warfarin

Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

(Continued)
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Table 6.5 Drug-drug interactions of antibacterial agents—cont'd

Antibacterial agent

Trimethoprim-
sulfamethoxazole

Interacting drug

Amantadine, dapsone,
digoxin, dofetilide,
lamivudine, methotrexate,
phenytoin, fosphenytoin,
procainamide, zidovudine

Interaction and management strategy

Increased serum drug concentrations of the interacting drug; monitor for toxicity, drug
concentrations (e.g. digoxin, procainamide and its metabolite, NAPA) or appropriate laboratory
test (dapsone: methemoglobin level; zidovudine: CBC) and adjust dose appropriately; avoid
concomitant use (e.g. dofetilide, methotrexate) if possible

Azathioprine

Increased leucopenia; monitor CBC

Ciclosporin

Decreased ciclosporin serum concentrations and azotemia; monitor ciclosporin serum
concentrations and renal function; adjust dose appropriately

Enalapril (ACE inhibitors),
potassium, potassium-
sparing diuretics

Hyperkalemia; monitor serum potassium level

Methenamine

Crystallization of sulfonamides in urine; avoid concomitant use

Metronidazole

Disulfiram reaction (ethanol in intravenous TMP-SMX product); use alternative therapy when
possible

Procaine, tetracaine

Decreased effect of sulfonamides; use alternative therapy when possible

Pyrimethamine

Megaloblastic anemia and pancytopenia; monitor CBC and consider adding leucovorin rescue;
avoid concomitant use

Repaglinide, rosiglitazone,
sulfonylurea hypoglycemic'

Increased serum concentrations of interacting drug and increased hypoglycemic effect; monitor
serum glucose concentrations and adverse effects

Rifabutin

Increased sulfamethoxazole hydroxylamine concentrations; monitor for SMX toxicity

Rifampicin

Increased rifampicin concentrations and decreased TMP-SMX concentrations; monitor
TMP-SMX efficacy

Thiazide diuretics

Hyponatremia; monitor serum sodium level

Warfarin

Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

'Oral cephalosporin prodrugs such as cefpodoxime proxetil, cefuroxime axetil and cefditoren pivoxil.
“Inhibition of tubular secretion of most renally eliminated B-lactam agents.

Imipenem, meropenem, ertapenem and doripenem.
“Examples include quinidine, ibutilide, sotalol, dofetilide, amiodarone and bretylium.
*Examples include nifedipine, felodipine, diltiazem and verapamil.
°Examples include amitriptyline, haloperidol, risperidone and quetiapine.
’Norfloxacin, ciprofloxacin, levofloxacin and moxifloxacin.
Sexamples include antacids (containing aluminum or magnesium or calcium), iron, zinc, bismuth subsalicylate, multivitamin products, laxatives, sucralfate, didanosine, sevelamer

and quinapril.

°Gentamicin, tobramycin, amikacin.
""Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
""Examples include ethacrynic acid, furosemide, urea, mannitol and cisplatin.""

?Examples include succinylcholine, d-tubocurarine, vecuronium, pancuronium and atracurium

"*Hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (or the 'statins’), such as simvastatin, lovastatin, pravastatin and fluvastatin.

“Examples include sertraline, paroxetine, citalopram and fluoxetine.

*Examples include dopamine, epinephrine, and OTC cough and cold preparations that contain pseudoephedrine or phenylpropanolamine.

"*Examples include oral (cough and cold OTC preparations, ritonavir solution) and intravenous products (diazepam, nitroglycerin, phenytoin, TMP-SMX). Amprenavir oral solution
has a high content of propylene glycol.
Examples include tolbutamide, chlorpropamide, glipizide and glibenclamide (glyburide).

ACE, angiotensin converting enzyme; CBC, complete blood count; CNS, central nervous system; CYP, cytochrome P

s OTC, over-the-counter; PT/INR, prothrombin time/

international normalized ratio; TMP-SMX, trimethoprim-sulfamethoxazole.

hydrolysis process between the glucuronide metabolite and
valproic acid.?»** Chloramphenicol has recently been shown to
be a potent inhibitor of CYP2C19 and CYP3A4 and a weak
inhibitor of CYP2D6 in human liver microsomes. In contrast,
newer agents such daptomycin, linezolid and tigecycline do
not have significant activity to inhibit common human CYP
isoforms (1A2, 2C9, 2C19, 2D6 and 3A4).!>%>3

Probenecid inhibits OAT1 and renal tubular secretion of
most B-lactams eliminated by the kidney.!®!° The product

package insert states that doripenem and probenecid should
not be co-administered.>® Other agents with the potential to
inhibit tubular secretion of B-lactams include methotrexate,
aspirin and indometacin. Trimethoprim is a potent inhibi-
tor of renal tubular secretion and can increase plasma con-
centrations of amantadine, dapsone, digoxin, dofetilide,
lamivudine, methotrexate, procainamide and zidovudine.
Trimethoprim can also inhibit sodium channels of the renal
distal tubules and can potentially cause hyperkalemia with
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angiotensin converting enzyme (ACE) inhibitors, potassium
supplements and potassium-sparing diuretics. In addition,
hyponatremia has been associated with thiazide diuretics and
trimethoprim therapy.

Several classes of antibacterial agent are associated with
pharmacodynamic drug-drug interactions involving over-
lapping and/or additive toxicity.'>** Numerous reports have
documented the increased risk of developing nephrotoxic-
ity with the concurrent administration of aminoglycosides
with amphotericin B, cisplatin, ciclosporin (cyclosporine),
vancomycin or indometacin (in neonates with patent duc-
tus arteriosus). In addition, aminoglycosides should be
avoided or used with caution with the above agents as
well as other known nephrotoxic agents such as foscar-
net, intravenous pentamidine, cidofovir, polymyxin B and
colistin. An increased risk of ototoxicity has been reported
with the co-administration of aminoglycosides and loop
diuretics. Ethacrynic acid has been reported to cause hear-
ing loss when administered alone and in conjunction with
aminoglycosides such as kanamycin and streptomycin.
Furosemide has also been identified as an additive risk fac-
tor for increased rates of nephrotoxicity and ototoxicity with
aminoglycosides. Ethacrynic acid, furosemide, urea and
mannitol should be used cautiously at the lowest possible
doses in patients receiving concurrent aminoglycoside ther-
apy. Aminoglycosides and clindamycin may enhance the
effects of neuromuscular blocking agents (e.g. d-tubocura-
rine, pancuronium, vecuronium) and result in a prolonged
duration of neuromuscular blockade.

Additive inhibition of dihydrofolate reductase to azathio-
prine, methotrexate or pyrimethamine contributes, in part,
to the increased risk of myelotoxicity, pancytopenia and/or
megaloblastic anemia when these agents are combined with
trimethoprim and/or sulfamethoxazole.’®?*% The combin-
ing of cimetidine with chloramphenicol has been associated
with additive bone marrow suppression and increased risk
for aplastic anemia. Tetracycline may potentiate the toxici-
ties of lithium, methotrexate, methoxyflurane and ergotamine
tartrate. The combination of tetracyclines or tigecycline with
retinoids (e.g. acitretin, isotretinoin) is not recommended
due to the potential additive effects of pseudotumor cerebri
(benign intracranial hypertension).

Metronidazole produces a disulfiram-like reaction (e.g.
flushing, palpitations, tachycardia, nausea, vomiting) in some
patients who drink ethanol while taking the drug.'” Careful
selection of over-the-counter and prescription medication is
necessary since several oral (e.g. cough and cold preparations,
ritonavir solution) and intravenous (e.g. diazepam, nitroglyc-
erin, phenytoin, trimethoprim-sulfamethoxazole) products
contain ethanol. Metronidazole and medications with a high
content of propylene glycol should also be avoided or used with
caution since metronidazole inhibits the alcohol and aldehyde
dehydrogenase pathway that metabolizes propylene glycol.

Several case reports have been published regarding the tem-
poral drug—drug interaction relationship between linezolid
and selective serotonin reuptake inhibitors (SSRIs) such as

sertraline, paroxetine, citalopram and fluoxetine.'>**The revers-
ible monoamine oxidase inhibitor (MAOI) activity of linezolid
also has the potential for drug—drug interactions involving over-
the-counter cough and cold preparations containing adrenergic
agents such as pseudoephedrine and phenylpropanolamine.

ANTIFUNGAL AGENTS ( )

Amphotericin B and flucytosine are eliminated by renal excre-

tion and are associated with significant adverse effects. Drug—

drug interactions of amphotericin B and flucytosine involve
overlapping or additive pharmacodynamic adverse effects

(e.g. increased risks for myelosuppression or nephrotoxic-

ity).>¢ Amphotericin B-associated nephrotoxicity can cause

fluid and electrolyte imbalances (e.g. hypokalemia) and these
changes result in additive effects with diuretics, aminoglyco-
sides or corticosteroids, or enhanced pharmacological effects
with digoxin. However, combination therapy of amphotericin

B and flucytosine may have synergistic antifungal effects and

can be beneficial in the treatment of cryptococcal meningitis.
Azole antifungal agents are associated with numerous phar-

macokinetic drug—drug interactions involving both induction
and inhibition of CYP isoenzymes.?5>°

» Ketoconazole is a substrate and strong inhibitor of
CYP3A4.

* Fluconazole is an inhibitor of CYP3A4, CYP2C9 and
CYP2C19. It is also a substrate of P-gp and inhibitor
of UGT. Fluconazole is a much less potent inhibitor of
CYP3A4 than itraconazole and ketoconazole; however,
it is a stronger inhibitor of CYP2C9 than voriconazole.
Unlike other azole agents, fluconazole is mainly renally
eliminated (e.g. 80%) and only 11% is metabolized to two
inactive metabolites.

» Itraconazole is a substrate and potent inhibitor of
CYP3A4 (hepatic and intestinal) and P-gp.

» Voriconazole is a substrate and an inhibitor of CYP2C19,
CYP3A4 and CYP2C9.

» Posaconazole is metabolized by phase 11
biotransformation using UGT and is an inhibitor of
CYP3A4.

* Miconazole is a potent inhibitor of CYP2C9 and has been
associated with drug—drug interactions (e.g. warfarin),
even though miconazole is most commonly administered
as a topical or oral gel.

Examples of clinically significant pharmacokinetic azole—drug

interactions include induction (e.g. reduced plasma concen-

tration of the azole by rifamycins), inhibition of CYP2C9 (e.g.

warfarin and voriconazole), inhibition of CYP and breast can-

cer resistance protein (e.g. lovastatin and itraconazole), inhi-
bition of CYP and P-gp (e.g. quinidine and itraconazole),
inhibition of P-gp (e.g. digoxin and itraconazole), inhibi-
tion of UGT (e.g. zidovudine and fluconazole), and two-way
interactions (e.g. induction of CYP or UGT by phenytoin and
inhibition of CYP3A4 by azole). In addition, ketoconazole
and itraconazole may have altered gastric absorption because
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Table 6.6 Drug-drug interactions of antifungal agents
Antifungal agent Interacting drug Interaction and management strategy

Amphotericin B Flucytosine May increase myelosuppression; monitor CBC, renal function and flucytosine serum concentrations;
initiate flucytosine at a low dosage (e.g. 75-100 mg/kg) and adjust dose as needed

Nephrotoxic agents' Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used
with caution and includes monitoring of renal function and dosage adjustment based on toxicity,
body weight and creatinine clearance estimation

Zidovudine, ganciclovir May increase bone marrow toxicity; monitor CBC weekly

Flucytosine Amphotericin B May increase myelosuppression; monitor CBC, renal function and flucytosine serum concentrations;
initiate flucytosine at a low dosage (e.g. 75-100 mg/kg) and adjust dose as needed

Cytarabine Antagonizes the antifungal activity of flucytosine; avoid concomitant use
Zidovudine, ganciclovir May increase bone marrow toxicity; monitor CBC weekly
Fluconazole Substrates of CYP3A4 See Table 6.2; fluconazole is contraindicated for concomitant use with ergot alkaloids and drugs

(e.g. astemizole, terfenadine, cisapride, quinidine, pimozide, mesoridazine, bepridil, thioridazine,
levomethadyl, ziprasidone ) that are CYP3A4 substrates and prolong the QTc interval

Ciclosporin, tacrolimus, Increased ciclosporin, tacrolimus, sirolimus or everolimus serum concentrations; monitor toxicity
sirolimus, everolimus and serum drug concentrations, adjust dose as needed
Phenytoin, fosphenytoin Increased phenytoin serum concentrations and phenytoin toxicity; monitor toxicity and

phenytoin serum concentrations and adjust dose as needed

Rifampicin, rifapentine Decreased fluconazole serum concentrations; monitor efficacy and increase dose as needed
Sulfonylurea hypoglycemic? Enhanced hypoglycemia; monitor efficacy and blood glucose concentrations
Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor serum theophylline

concentrations and toxicity; decrease dose of theophylline as needed

Warfarin Enhanced anticoagulation; monitor prothrombin time/international normalized ratio (PT/INR)
and adjust warfarin dose appropriately

Zidovudine Increased zidovudine serum concentrations; monitor for toxicity and adjust dose as needed

ltraconazole Substrates of CYP3A4 See Table 6.2; itraconazole is contraindicated for concomitant use with ergot alkaloids, HMG-CoA
reductase inhibitors metabolize by CYP3A4 (lovastatin, simvastatin), oral midazolam, triazolam,
alprazolam, astemizole, terfenadine, cisapride, quinidine, pimozide, dofetilide, levomethadyl,
silodosin, eplerenone, nisoldipine, ranolazine, alfuzosin or conivaptan

Antacids, H, antagonist Decreased itraconazole absorption and serum concentrations; loss of antimycotic efficacy;

(e.g. famotidine), proton pump alternative antifungal agent or interacting drug should be considerate; space antacid

inhibitor (e.g. omeprazole), administration by at least 2 h; administer itraconazole with a cola beverage if receiving H,
didanosine (buffered formulation)  antagonist; use new didanosine formulation with buffer

Buspirone, haloperidol, Increased serum concentrations of interacting agents; monitor toxicity and adjust dose as
risperidone, diazepam needed

Busulfan, docetaxel Increased serum concentrations of interacting drugs and toxicity; monitor toxicity and complete

blood count; adjust dose appropriately

Calcium channel blockers? Increased serum concentrations of calcium channel blocking agents; monitor toxicity and adjust
dose as needed

Ciclosporin, tacrolimus, sirolimus,  Increased ciclosporin, tacrolimus, sirolimus or everolimus serum concentrations; monitor toxicity
everolimus and serum drug concentrations; adjust dose as needed

Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations and
adjust dose appropriately

Loperamide Increased loperamide serum concentrations; monitor for increased loperamide toxicity
(e.g. nausea, vomiting, dry mouth, dizziness or drowsiness)

Protease inhibitors (indinavir, Increased serum concentrations of protease inhibitors and/or itraconazole; monitor toxicity and
ritonavir, saguinavir) adjust dose as needed

Rifampicin, rifabutin, isoniazid, Decreased itraconazole serum concentrations and loss of antimycotic efficacy; alternative
carbamazepine, phenobarbital, antifungal agent or interacting drug should be considerate

efavirenz, nevirapine, St John's wort

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

(Continued)
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Table 6.6 Drug-drug interactions of antifungal agents—cont'd

Antifungal agent

Interacting drug

Interaction and management strategy

Posaconazole Substrates of CYP3A4 See Table 6.2; posaconazole is contraindicated for concomitant use with ergot alkaloids,
sirolimus and drugs (e.g. astemizole, terfenadine, cisapride, quinidine, pimozide, halofantrine)
that are CYP3A4 substrates and prolong the QTc interval

Cimetidine Decreased posaconazole serum concentrations; avoid concomitant use and consider use

of other antiulcer medications

Ciclosporin, tacrolimus

Increased ciclosporin or tacrolimus serum concentrations; reduce dose of ciclosporin (by 25%)
or tacrolimus (by 66%), monitor toxicity and ciclosporin or tacrolimus serum concentrations,
and adjust dose as needed

Phenytoin, fosphenytoin

Decreased posaconazole serum concentrations and increased phenytoin serum concentrations;
avoid concomitant use; if concomitant use required, monitor efficacy, toxicity and phenytoin
serum concentrations, and adjust dose as needed

Voriconazole

Substrates of CYP3A4

See Table 6.2; voriconazole is contraindicated for concomitant use with ergot alkaloids, ritonavir
(400 mg every 12 h), sirolimus and drugs (e.g. astemizole, terfenadine, cisapride, quinidine,
pimozide, ranolazine) that are CYP3A4 substrates and prolong the QTc interval

Ciclosporin, tacrolimus

Increased ciclosporin or tacrolimus serum concentrations; reduce dose of ciclosporin or
tacrolimus by 33-50%, monitor toxicity and ciclosporin or tacrolimus serum concentrations,
and adjust dose as needed

Methadone Increased R-methadone concentrations and risk of toxicity (e.g. QTc prolongation, respiratory
depression); monitor for toxicity and adjust dose as needed
Omeprazole Increased omeprazole serum concentrations; reduce omeprazole dose in half

Phenytoin, fosphenytoin

Decreased voriconazole serum concentrations and increased phenytoin serum concentrations;
increase voriconazole dose to 400 mg every 12 h (oral) or 5 mg/kg every 12 h (intravenous),
monitor efficacy, toxicity and phenytoin serum concentrations and adjust dose as needed

Rifampicin, rifabutin,
carbamazepine, phenobarbital,
mephobarbital, efavirenz,

St John's wort

Decreased voriconazole serum concentrations; voriconazole is contraindicated for concomitant
use with these interacting drugs

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately
Anidulafungin Ciclosporin Slight increase in anidulafungin serum concentrations; no dose adjustment required
Caspofungin Ciclosporin Increased caspofungin serum concentrations and transient elevations in liver enzymes

(e.g. ALT and AST); monitor for toxicity and liver enzymes

Rifampicin (and potentially
other potent inducers)

Decreased serum concentrations of caspofungin; monitor clinical response and increase
caspofungin maintenance dose to 70 mg per day if needed

Tacrolimus Increased tacrolimus blood concentrations; monitor tacrolimus blood concentrations and
adjust as needed
Micafungin Ciclosporin Decreased oral clearance and increased half-life of ciclosporin; monitor ciclosporin serum
concentrations and adjust dose as needed
Nifedipine Increased nifedipine serum concentrations; monitor for nifedipine toxicity and reduce dose if

needed

'Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
“Examples include tolbutamide, chlorpropamide, glipizide and glibenclamide (glyburide).

*Examples include nifedipine, felodipine, diltiazem and verapamil.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; CYP, cytochrome P

normalized ratio.

HMG-CoA, hydroxymethylglutaryl-coenzyme A; PT/INR, prothrombin time/international

450"

of alteration in gastric pH or binding drug-drug interac-
tions. Fluconazole, ketoconazole and voriconazole can also be
associated with pharmacodynamic drug—drug interactions
involving QTc prolongation.

Echinocandin antifungal agents are not commonly asso-
ciated with drug-drug interactions.’® Anidulafungin and
micafungin are not clinically important substrates, inducers

or inhibitors of CYP isoenzymes or P-gp. Caspofungin is a
poor substrate for CYP isoenzymes and is not a substrate
for P-gp. Co-administration of rifampicin decreases serum
concentrations of caspofungin. Caution is recommended
when other potent drug inducers (e.g. carbamazepine, pheny-
toin, efavirenz, nevirapine, dexamethasone) are administered
with caspofungin.
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ANTIRETROVIRAL AGENTS

Some of the most challenging drug—drug interactions are
associated with antiretroviral agents, particularly with non-
nucleoside reverse transcriptase inhibitors, protease inhibi-
tors and chemokine receptor antagonists.>>**# The increased
knowledge about how these agents are metabolized and elimi-
nated from the body has been helpful in predicting and man-
aging many of the clinically significant drug—drug interactions.
The reader should refer to the most recent report by the Panel
on Antiretroviral Guidelines for Adults and Adolescents:
A Working Group of the Office of AIDS Research Advisory
Council (http://www.aidsinfo.nih.gov) for up-to-date guide-
lines on prescribing and monitoring antiretroviral agents,
including important drug-drug interactions. In addition,
there are several websites (e.g. http://hivinsite.ucsf.edu; http:/
www.hiv-druginteractions.org) that are readily available and
contain updated information about drug-drug, drug—food
and drug-herbal interactions with antiretroviral agents.

NUCLEOSIDE AND NUCLEOTIDE
REVERSE TRANSCRIPTASE
INHIBITORS (NRTIs) (Table 6.7)

Nucleoside and nucleotide reverse transcriptase inhibitors do
not undergo metabolism or inhibition by common human
CYP isoforms.?>*The majority of drug—drug interactions asso-
ciated with NRTTs involve drug absorption (e.g. didanosine),
antagonism of intracellular phosphorylation (e.g. stavudine and
zidovudine) or increased/additive toxicity. Mechanisms of many
of these drug—drug interactions of NRTIs remain unclear.

NON-NUCLEOSIDE REVERSE

TRANSCRIPTASE INHIBITORS (NNRTIs)
( )

The possibility of drug-drug interactions should be care-
fully considered and monitored in all patients prescribed
NNRTIs.?>% All NNRTIs are metabolized in the liver by

Table 6.7 Drug-drug interactions of nucleoside and nucleotide reverse transcriptase inhibitors (NRTIs)

Antiviral agent Interacting drug

Interaction and management strategy

Abacavir Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal and titrate methadone
dose as needed
Tipranavir-ritonavir Decreased abacavir serum concentrations; monitor for abacavir efficacy; appropriate dose for this
combination is not established
Didanosine Ganciclovir, Increased didanosine serum concentrations and decreased ganciclovir serum concentrations after oral

valganciclovir (oral)

administration; monitor ganciclovir efficacy and didanosine toxicity

Ribavirin Increased didanosine intracellular concentrations; contraindicated for co-administration

Hydroxyurea Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or
without stavudine); avoid co-administration if possible

Stavudine Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or
without hydroxyurea); avoid co-administration if possible

Allopurinol Increased didanosine serum concentrations and increased risk for toxicity (pancreatitis, neuropathy);
contraindicated for co-administration

Atazanavir Decreased didanosine serum concentrations with simultaneous co-administration; space administration

by 2 h before or 1 h after didanosine

Tipranavir-ritonavir

Decreased didanosine and tipranavir serum concentrations; space administration by at least 2 h

Indinavir Decreased indinavir serum concentrations after pediatric solution; space administration by at least 1 h
Delavirdine Decreased delavirdine serum concentrations after didanosine pediatric solution; space administration by
atleast 1 h
Tenofovir Increased didanosine serum concentrations; decrease didanosine dose (e.g. delayed-release capsules:
if CL,>60 mL/min: 250 mg per day if patient weighs >60 kg; 200 mg if patient weighs <60 kg)
Methadone Decreased didanosine serum concentrations with didanosine pediatric solution; monitor didanosine efficacy

Fluoroguinolones

Decreased fluoroquinolone serum concentrations with simultaneous co-administration of didanosine
pediatric solution but not delayed-release capsules; space administration by at least 2-6 h

Tetracyclines

Decreased tetracycline serum concentrations with simultaneous co-administration of didanosine pediatric
solution; space administration by at least 1-2 h

[traconazole

Decreased itraconazole serum concentrations with concurrent administration of didanosine pediatric
solution; space administration by at least 2 h

(Continued)
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Table 6.7 Drug-drug interactions of nucleoside and nucleotide reverse transcriptase inhibitors (NRTIs)—cont'd

Antiviral agent

Emtricitabine

Interacting drug

No major interactions

Interaction and management strategy

Lamivudine Trimethoprim- Increased lamivudine serum concentrations; monitor lamivudine toxicities
sulfamethoxazole
Stavudine Zidovudine Antagonism may occur; competitive inhibition of intracellular phosphorylation of stavudine by
zidovudine; avoid concomitant administration
Methadone Decreased stavudine serum concentrations; monitor stavudine efficacy
Didanosine Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or
without hydroxyurea); avoid co-administration if possible
Tenofovir Didanosine Increased didanosine serum concentrations; decrease didanosine dose (e.g. delayed-release capsules:
if CL, >60 mL/min: 250 mg per day if patient weighs >60 kg; 200 mg if patient weighs <60 kg)
Atazanavir-ritonavir Decreased atazanavir serum concentrations and increased tenofovir serum concentrations;
recommended dosage regimen: atazanavir 300 mg, ritonavir 100 mg, tenofovir 300 mg given once daily
with food; monitor for tenofovir toxicities; avoid concomitant administration without ritonavir
Darunavir-ritonavir Increased tenofovir serum concentrations; monitor tenofovir toxicities
Lopinavir-ritonavir Increased tenofovir serum concentrations; monitor tenofovir toxicities
Tipranavir-ritonavir Decreased tenofovir serum concentrations; monitor tenofovir efficacy
Zidovudine Stavudine Antagonism may occur; competitive inhibition of intracellular phosphorylation of stavudine by
zidovudine; avoid concomitant administration
Ganciclovir, Increased risk of hematological toxicity (e.g. anemia, neutropenia, pancytopenia) and Gl toxicity;

valganciclovir

concomitant therapy should be avoided or used with caution with careful monitoring of hematological
function and at the lowest possible dose; consider alternative antiretroviral agent

Aciclovir Increased risk of neurotoxicity (e.g. drowsiness, lethargy); monitor for adverse events

Ribavirin Ribavirin inhibits intracellular phosphorylation of zidovudine; avoid concomitant administration;
if administered together, monitor virological efficacy and hematological toxicities

Methadone Increased zidovudine serum concentrations; monitor zidovudine toxicities

Atazanavir Decreased zidovudine serum concentrations; monitor zidovudine efficacy

Tipranavir-ritonavir

Decreased zidovudine and tipranavir serum concentrations; monitor virological efficacy

Atovaquone Increased zidovudine serum concentrations; monitor zidovudine toxicities

Probenecid Increased zidovudine serum concentrations; monitor zidovudine toxicities

Cidofovir Manufacturer recommends that on days of cidofovir plus probenecid (see Table 6-10) co-administration,
zidovudine should be temporarily discontinued or given at a 50% reduced dose

Fluconazole Increased zidovudine serum concentrations; monitor zidovudine toxicities

Valproic acid Decreased zidovudine serum concentrations; monitor virological efficacy

CL,, creatinine clearance; Gl, gastrointestinal.

the cytochrome P system. Delavirdine is a substrate and a
potent inhibitor of CYP3A4. Delavirdine is also a weak inhib-
itor of CYP2C9, CYP2D6 and CYP2C19 in vitro. The con-
current administration of drugs outlined in Table 6.2 should
be avoided or used with extreme caution in patients receiv-
ing delavirdine. In addition, strong inducers and inhibitors
of CYP3A4 will significantly decrease and increase plasma
concentrations of delavirdine, respectively.

Nevirapine is metabolized by CYP3A4 and CYP2B6.
Nevirapine is a moderate inducer of CYP3A4 and will
lower the plasma concentrations of CYP3A4 substrates.

The metabolism of efavirenz is mainly by CYP2B6 but
also to a lesser extent by CYP3A4. Efavirenz is a moder-
ate inducer of CYP3A4 but also an inhibitor of CYP3A4,
CYP2C9 and CYP2C19. The impact that nevirapine and
efavirenz may have on substrates of CYP3A4 by lower-
ing plasma concentrations must be carefully considered.
In addition, potent inducers of CYP3A4 (e.g. rifampi-
cin, anticonvulsants, St John’s wort) can lower the plasma
concentrations of nevirapine and efavirenz, and appropri-
ate dosing guidelines or alternative agents (e.g. rifabutin)
need to be considered.
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Etravirine is the newest NNRTI and is metabolized by
CYP3A4, CYP2C9, CYP2C19 as well as glucuronidation
(minor).*! Etravirine is a moderate inducer of CYP3A4 and
acyl glucuronides, and an inhibitor of CYP2C9 and CYP2C19.
It is recommended that other inducers such as nevirapine,
efavirenz and rifampicin not be given in combination with

etravirine. In addition, clarithromycin, unboosted protease
inhibitors, tipranavir-ritonavir, fosamprenavir-ritonavir and
atazanavir—ritonavir should not be co-administered with etra-
virine. It is recommended that the dose of phosphodiesterase
5 inhibitors (e.g. sildenafil) be increased and titrated to the
desired effect when administered with etravirine.

Table 6.8 Drug-drug interactions of non-nucleoside reverse transcriptase inhibitors (NNRTIs)

NNRTI Interacting drug Interaction and management strategy
Delavirdine Substrates of CYP3A4 See Table 6.2; delavirdine is contraindicated for concomitant use with ergot alkaloids,
drugs (e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4
substrates and prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine,
rifabutin, alprazolam, oral midazolam, triazolam, St John's wort, fosamprenavir,
carbamazepine, phenobarbital and phenytoin
Antacids—didanosine Decreased delavirdine concentrations; space administration by at least 1 h
Clarithromycin Increased clarithromycin and delavirdine concentrations; reduce clarithromycin dose
by 50% if CL; 30-60 mL/min and by 75% if CL, <30 mL/min
Benzodiazepines: alprazolam, Avoid concomitant use; consider alternative agent (e.g. lorazepam)
diazepam
Hormonal contraceptives Consider using additional methods
Atorvastatin Use lowest possible dose; use alternative lipid-lowering agent
Protease inhibitors See Table 6.9
Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose
(e.g. 150 mg every 12 h)
Methadone Monitor for methadone toxicity; adjust dose as needed
Warfarin Monitor PT/INR; adjust dose as needed
Efavirenz [traconazole, posaconazole Decreased itraconazole, OH-itraconazole and posaconazole serum concentrations;

adjust dose as needed

Voriconazole

Contraindicated at standard dose; use voriconazole 400 mg every 12 h and efavirenz

300 mg per day

Carbamazepine, phenobarbital,

Decreased carbamazepine concentrations; monitor anticonvulsant serum

phenytoin concentrations; adjust dose as needed or use alternative anticonvulsant

Clarithromycin Decreased clarithromycin serum concentrations; monitor efficacy or use alternative
agent

Rifabutin Decreased rifabutin serum concentrations; increase dose

Rifampicin Decreased rifampicin serum concentrations; increase dose

Oral midazolam

Do not administer with oral midazolam

St John's wort

Avoid combination

Hormonal contraceptives

Use alternative or additional methods

Atorvastatin

Adjust atorvastatin dose according to lipid response

Lovastatin, simvastatin

Adjust statin dose according to lipid response

Pravastatin, rosuvastatin

Adjust statin dose according to lipid response

Protease inhibitors

See Table 6.9

Methadone Decreased methadone serum concentrations; adjust dose as needed; monitor for
withdrawal
Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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Table 6.8 Drug-drug interactions of non-nucleoside reverse transcriptase inhibitors (NNRTIs)—cont'd

NNRTI Interacting drug Interaction and management strategy
Etravirine Antiarrhythmic agents Decreased antiarrhythmic serum concentrations; use with caution, monitor
antiarrhythmic serum concentrations and adjust dose as needed
Dexamethasone Decreased etravirine serum concentrations; use with caution or consider alternative
corticosteroid for long-term use
[traconazole Decreased itraconazole and increased etravirine serum concentrations; adjust dose
as needed
Voriconazole Decreased itraconazole and etravirine serum concentrations; adjust voriconazole dose
as needed
Carbamazepine, phenobarbital, Do not co-administer; consider alternative anticonvulsant
phenytoin
Clarithromycin Decreased clarithromycin and increased OH-clarithromycin serum concentrations;
increased etravirine serum concentrations; consider alternative agent
Rifabutin Use alternative agent or adjust dose appropriately
Rifampicin Do not co-administer
Diazepam Increased diazepam serum concentrations; decrease dose
St John's wort Avoid combination
Hormonal contraceptives Increased ethinyl estradiol serum concentrations; no dosage adjustment needed
Atorvastatin, fluvastatin Increased atorvastatin serum concentrations; standard dose; adjust dose according
to response
Lovastatin, simvastatin Decreased statin serum concentrations; adjust dose according to response
Sildenafil Decreased sildenafil serum concentrations; may need to increase sildenafil dose based
on clinical effect
Protease inhibitors See Table 6.9
Warfarin Monitor PT/INR; adjust dose as needed
Nevirapine Fluconazole Increased nevirapine serum concentrations and hepatotoxicity; monitor hepatotoxicity
Carbamazepine, phenytoin, Decreased nevirapine serum concentrations; contraindicated; do not co-administer
phenobarbital
Clarithromycin Increased nevirapine and decreased clarithromycin serum concentrations; monitor
efficacy or use alternative agent
Rifampicin Decreased nevirapine concentrations; do not co-administer
St John's wort Avoid combination
Protease inhibitors See Table 6.9
Methadone Decreased methadone serum concentrations; monitor for opiate withdrawal and
increased methadone dose as needed
Warfarin Monitor PT/INR; adjust dose as needed
CL,, creatinine clearance; CYP, cytochrome P, : PT/INR, prothrombin time/international normalized ratio.

PROTEASE INHIBITORS ( )

Protease inhibitors are major substrates of CYP3A4.%04!
The only exception is nelfinavir which is a major substrate
of CYP2C19 and only a minor substrate of CYP3A4. The
active metabolite of nelfinavir (M8) is a major substrate
of CYP3A4. Ritonavir is also a substrate of CYP2C9 and
CYP2D6. Protease inhibitors can be affected by potent

inhibitors or inducers of these substrates and, in selected
cases, co-administration should be avoided (e.g. rifampicin
or St John’s wort).

Protease inhibitors can cause significant drug—drug inter-
actions with other antiretroviral agents, antibacterial agents,
ergot derivatives, sedatives/hypnotics, phosphodiesterase inhib-
itors and HMG Co-A reductase inhibitors because of inhi-
bition of CYP3A4 and/or P-gp (Tables 6.1, 6.2 and 6.9).1%%
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Table 6.9 Drug-drug interactions of protease inhibitors'

Protease inhibitor

Interacting drug

Interaction and management strategy

Atazanavir Substrates of CYP3A4 See Table 6.2; atazanavir is contraindicated for concomitant use with ergot alkaloids, drugs
(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4 substrates and
prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam,
triazolam, St John's wort and fluticasone

Antacids Decreased atazanavir concentrations; space administration by 2 h before or 1 h after antacid
Didanosine Decreased didanosine serum concentrations with simultaneous co-administration; space

administration by 2 h before or 1 h after didanosine

H,-receptor antagonist

Decreased atazanavir concentrations; three dosing recommendations:

+ H,-receptor antagonist dose should not exceed a dose equivalent to famotidine 40 mg
every 12 hin treatment-naive patients or 20 mg every 12 h in treatment-experienced
patients

+ Atazanavir 300 mg plus ritonavir 100 mg should be administered simultaneously with and/or
>10 h after the H -receptor antagonist

+ In treatment-experienced patients, if tenofovir is used with H -receptor antagonists, atazanavir
400 mg plus ritonavir 100 mg should be used

Proton pump inhibitors

Decreased atazanavir concentrations; proton pump inhibitors are not recommended in patients
receiving unboosted atazanavir or in treatment-experienced patients

For atazanivir plus ritonavir, proton pump inhibitors should not exceed a dose equivalent to
omeprazole 20 mg per day in treatment-naive patients; proton pump inhibitor should be
administered >12 h prior to atazanavir plus ritonavir

[traconazole

Potential bi-directional inhibition between itraconazole and atazanavir plus ritonavir;
high-dose itraconazole (>200 mg per day) is not recommended; monitor itraconazole
serum concentrations if possible

Voriconazole

Atazanavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is
contraindicated

Carbamazepine,
phenytoin, phenobarbital

Monitor anticonvulsant and atazanavir serum concentrations and virological response; consider
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin

Increased clarithromycin serum concentrations may prolong QTc; reduce clarithromycin dose by
509%; consider alternative therapy

Rifabutin

Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times
per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Calcium channel blockers:
dihydropyridine, diltiazem

Caution: dose titration with ECG monitoring. Increased diltiazem serum concentrations with
atazanavir plus ritonavir; decrease diltiazem dose by 50%; ECG monitoring recommended

Hormonal contraceptives

Boosted regimen: decreased ethinyl estradiol and increased progestin serum concentrations;
oral contraceptive should contain at least 35 mcg of ethinyl estradiol; consider using alternative
or additional methods

Unboosted regimen: increased ethinyl estradiol serum concentrations; oral contraceptive

should contain at least 30 mcg of ethinyl estradiol; consider using alternative or additional
methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Indinavir Co-administration is not recommended because of potential additive hyperbilirubinemia

Efavirenz Decreased atazanavir serum concentrations; in treatment-naive patients: atazanavir 400 mg plus
ritonavir 100 mg plus standard dose of efavirenz. Do not co-administer in treatment-experienced
patients

Etravirine Decreased atazanavir and increased etravirine serum concentrations; do not co-administer with
boosted or unboosted atazanavir regimens

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Boosted regimen: decreased methadone serum concentrations; monitor for methadone withdrawal;
adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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Table 6.9 Drug-drug interactions of protease inhibitors—cont'd

Protease inhibitor

Darunavir

Interacting drug

Substrates of CYP3A4

Interaction and management strategy

See Table 6.2; darunavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John's wort,
fluticasone, carbamazepine, phenytoin and phenobarbital

Itraconazole

Potential bi-directional inhibition between itraconazole and darunavir plus ritonavir;
high-dose itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum
concentrations if possible

Voriconazole

Darunavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; darunavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Clarithromycin

Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL . 30-60
mL/min; reduce clarithromycin dose by 75% if CL ., <30 mL/min; consider alternative therapy

Rifabutin

Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Hormonal contraceptives

Consider using alternative or additional methods

Atorvastatin, pravastatin,
rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Paroxetine, sertraline

Decreased paroxetine and sertraline serum concentrations; monitor efficacy and titrate dose as needed

Lopinavir-ritonavir,

Decreased darunavir and increased lopinavir serum concentrations; co-administration is not

saquinavir recommended because dosing is not established

Efavirenz Decreased darunavir and increased efavirenz serum concentrations; use standard doses and
monitor virological response

Etravirine Decreased etravirine serum concentrations; use standard doses and monitor virological response

Nevirapine Increased nevirapine serum concentrations; use standard doses and monitor virological response

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Boosted regimen: decreased methadone serum concentrations; monitor for methadone withdrawal;
adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Fosamprenavir Substrates of CYP3A4 See Table 6.2; fosamprenavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4 substrates and prolong
the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John's
wort, fluticasone, delavirdine and oral contraceptives

Antacids Decreased amprenavir concentrations; space administration by 2 h before or 1 h after antacid

Didanosine Decreased didanosine serum concentrations with simultaneous co-administration; space

administration by 2 h before or 1 h after didanosine

H,-receptor antagonist

Decreased amprenavir serum concentrations in unboosted regimen; separate administration
if co-administration is necessary; consider boosting with ritonavir

[traconazole

Potential bi-directional inhibition between itraconazole and fosamprenavir plus ritonavir; high-dose
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations if possible

Voriconazole

Fosamprenavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; co-administration
is not recommended; fosamprenavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Carbamazepine, phenytoin,
phenobarbital

Unboosted regimen: potential bi-directional inhibition; monitor for toxicities
Boosted regimen: decreased phenytoin and increased amprenavir serum concentrations; monitor
anticonvulsant serum concentrations and adjust dose as needed

Rifabutin

Unboosted regimen: increased amprenavir serum concentrations; no dosage adjustment

Boosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day
or three times per week

Unboosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other
day or 300 mg three times per week

Benzodiazepines: alprazolam,
diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

(Continued)
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Table 6.9 Drug-drug interactions of protease inhibitors—cont'd

Protease inhibitor

Interacting drug

Hormonal contraceptives

Interaction and management strategy

Boosted regimen: decreased ethinyl estradiol and norethindrone serum concentrations; use
alternative or additional methods

Unboosted regimen: increased ethinyl estradiol, norethindrone and amprenavir serum
concentrations; use alternative or additional methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Delavirdine Increased amprenavir and delavirdine serum concentrations; avoid concomitant administration

Efavirenz Decreased amprenavir serum concentrations; fosamprenavir dose of 1400 mg plus ritonavir 300 mg
per day, or fosamprenavir 700 mg plus ritonavir 100 mg every 12 h plus standard dose of efavirenz

Etravirine Increased amprenavir serum concentrations; do not co-administer with boosted or unboosted
atazanavir regimens

Maraviroc Use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal; adjust dose as
needed

Warfarin Monitor PT/INR; adjust dose as needed

Indinavir Substrates of CYP3A4 See Table 6.2; indinavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide, amiodarone) that are CYP3A4 substrates and
prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam,
St John's wort and atazanavir

[traconazole

Potential bi-directional inhibition between itraconazole and indinavir plus ritonavir; high-dose itracona-
zole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations if possible
Unboosted regimen: indinavir 600 mg every 8 h; do not exceed 200 mg itraconazole every 12 h

Voriconazole

Indinavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; indinavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Carbamazepine,
phenytoin, phenobarbital

Monitor anticonvulsant and indinavir serum concentrations and virological response; consider
alternative anticonvulsant- and ritonavir-boosting regimen

Clarithromycin

Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CLg
30-60 mL/min; reduce clarithromycin dose by 75% if CL, <30 mL/min; consider alternative therapy

Rifabutin

Boosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day
or three times per week

Unboosted regimen: increased rifabutin and decreased indinavir serum concentrations; rifabutin

150 mg per day or 300 mg three time weekly plus indinavir 1000 mg every 8 h or consider ritonavir
boosting

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Calcium channel blockers:

dihydropyridine

Caution: dose titration with ECG monitoring. Increased amlodipine serum concentrations with
indinavir plus ritonavir

Hormonal contraceptives

Ritonavir-boosted regimen: consider using alternative or additional methods
Unboosted regimen: increased ethinyl estradiol and indinavir serum concentrations; no dose
adjustments needed

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Atazanavir Co-administration is not recommended because of potential additive hyperbilirubinemia

Delavirdine Increased indinavir serum concentrations; indinavir dose of 600 mg every 8 h; standard dose for delavirdine

Efavirenz Decreased indinavir serum concentrations; indinavir dose of 1000 mg every 8 h; consider boosting
regimen; standard efavirenz dose

Nevirapine Decreased indinavir serum concentrations; indinavir dose of 1000 mg every 8 h; consider boosting
regimen; standard nevirapine dose

Maraviroc Possibly increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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Table 6.9 Drug-drug interactions of protease inhibitors—cont'd

Protease inhibitor

Lopinavir-ritonavir

Interacting drug

Substrates of CYP3A4

Interaction and management strategy

See Table 6.2; Lopinavir-ritonavir is contraindicated for concomitant use with ergot alkaloids,
drugs (e.g. astemizole, terfenadine, cisapride, pimozide, flecainide, propafenone) that are CYP3A4
substrates and prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral
midazolam, triazolam, St John's wort and fluticasone

Itraconazole

Increased itraconazole serum concentrations; do not exceed 200 mg per day; monitor itraconazole
serum concentrations if possible

Voriconazole

Atazanavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is
contraindicated

Carbamazepine,
phenytoin, phenobarbital

Increased carbamazepine and decreased phenytoin, phenobarbital and lopinavir serum
concentrations; monitor anticonvulsant and lopinavir serum concentrations and virological
response; consider alternative anticonvulsant

Clarithromycin

Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL , 30-60
mL/min; reduce clarithromycin dose by 75% if CL; <30 mL/min; consider alternative therapy

Rifabutin

Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Calcium channel blockers:

dihydropyridine

Increased amlodipine serum concentrations; caution is warranted and clinical monitoring is
required

Hormonal contraceptives

Decreased ethinyl estradiol; use alternative or additional methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Ritonavir Additional ritonavir is not recommended
Tipranavir Decreased lopinavir serum concentrations; avoid co-administration
Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)
Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for
methadone withdrawal; adjust dose as needed
Warfarin Monitor PT/INR; adjust dose as needed
Nelfinavir Substrates of CYP3A4 See Table 6.2; nelfinavir is contraindicated for concomitant use with ergot alkaloids, drugs (e.g.

astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam and St John's
wort

Proton pump inhibitors

Decreased nelfinavir and metabolite (M8) concentrations; avoid concomitant administration of
proton pump inhibitors and nelfinavir

Itraconazole

Potential bi-directional inhibition between itraconazole and nelfinavir plus ritonavir; high-dose
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations
if possible

Voriconazole

Nelfinavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; nelfinavir plus ritonavir 400 mg every 12 h or higher is
contraindicated

Carbamazepine,
phenytoin, phenobarbital

Monitor anticonvulsant and nelfinavir serum concentrations and virological response; consider
alternative anticonvulsant and ritonavir-boosting regimen

Rifabutin

Increased rifabutin and decreased nelfinavir concentrations; rifabutin dose of 150 mg per day
or 300 mg three times per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Hormonal contraceptives

Boosted regimen: decreased ethinyl estradiol and progestin serum concentrations; use alternative
or additional methods

Unboosted regimen: decreased ethinyl estradiol and norethindrone serum concentrations; use
alternative or additional methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

(Continued)
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Table 6.9 Drug-drug interactions of protease inhibitors—cont'd

Protease inhibitor

Interacting drug

Interaction and management strategy

Delavirdine Decreased delavirdine and increased nelfinavir serum concentrations; monitor delavirdine
virological efficacy and nelfinavir toxicities

Efavirenz Increased nelfinavir serum concentrations; use standard doses of each agent

Nevirapine Increased nelfinavir serum concentrations; use standard doses of each agent

Maraviroc Use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal; adjust dose
as needed

Warfarin Monitor PT/INR; adjust dose as needed

Ritonavir? Substrates of CYP3A4 See Table 6.2; ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil, amiodarone, flecainide, propafenone,
quinidine) that are CYP3A4 substrates and prolong the QTc interval, simvastatin, lovastatin,
rifampicin, rifapentine, oral midazolam, triazolam, St John's wort, fluticasone, alfuzosin and
voriconazole (with ritonavir >400 mg every 12 h)

Desipramine Increased desipramine serum concentrations; reduce desipramine dose and monitor toxicities

Trazodone Increased trazodone serum concentrations; use lowest dose of trazodone and monitor CNS and
cardiovascular toxicities

Theophylline Decreased theophylline serum concentrations; monitor theophylline serum concentrations and
adjust dose as needed

Hormonal contraceptives Use alternative or additional methods

Delavirdine Increased ritonavir serum concentrations; no data on dosing recommendations

Efavirenz Increased ritonavir and efavirenz serum concentrations; use standard doses

Nevirapine Decreased ritonavir serum concentrations; use standard doses

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Saquinavir Substrates of CYP3A4 See Table 6.2; saquinavir-ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort and
fluticasone

Proton pump inhibitors

Boosted regimen: increased saquinavir serum concentrations; monitor for toxicities

[traconazole

Potential bi-directional inhibition between itraconazole and saquinavir plus ritonavir; use lower
doses of itraconazole; monitor itraconazole serum concentrations if possible

Voriconazole

Saquinavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is
contraindicated

Carbamazepine, phenytoin,

phenobarbital

Monitor anticonvulsant and saquinavir serum concentrations and virological response; consider
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin

Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL , 30-60
mL/min; reduce clarithromycin dose by 75% if CL; <30 mL/min; consider alternative therapy

Rifabutin

Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Calcium channel blockers:
dihydropyridine, diltiazem

Caution: dose titration with ECG monitoring. Increased diltiazem serum concentrations with
atazanavir plus ritonavir; decrease diltiazem dose by 50%; ECG monitoring recommended

Hormonal contraceptives

Boosted regimen: decreased ethinyl estradiol serum concentrations; use alternative or additional methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Delavirdine

Increased saquinavir serum concentrations; recommended dose: saquinavir-ritonavir
1000 mg/100 mg every 12 h

(Continued)
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Table 6.9 Drug-drug interactions of protease inhibitors—cont'd

Protease inhibitor

Interacting drug

Interaction and management strategy

Efavirenz Decreased saquinavir and efavirenz serum concentrations; recommended dose: saquinavir-ritonavir
1000 mg/100 mg every 12 h

Etravirine Decreased saquinavir and etravirine serum concentrations; recommended dose: saquinavir—
ritonavir 1000 mg/100 mg every 12 h

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Tipranavir-ritonavir Substrates of CYP3A4 See Table 6.2; tipranavir-ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs

(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil, amiodarone, flecainide, propafenone,
quinidine) that are CYP3A4 substrates and prolong the QTc interval, simvastatin, lovastatin,
rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort and fluticasone

Antacids Decreased tipranavir concentrations; space administration by 2 h before or 1 h after antacid

Proton pump inhibitors

Decreased omeprazole serum concentrations; may need to increase the dose of omeprazole

Itraconazole

Potential bi-directional inhibition between itraconazole and tipranavir plus ritonavir; high-dose
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations
if possible

Voriconazole

Tipranavir plus ritonavir 100-200 mg: decreased voriconazole serum concentrations; concomitant
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is
contraindicated

Carbamazepine,
phenytoin, phenobarbital

Monitor anticonvulsant and tipranavir serum concentrations and virological response; consider
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin

Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL , 30-60
mL/min; reduce clarithromycin dose by 75% if CL . <30 mL/min; consider alternative therapy

Rifabutin

Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines:
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam)

Hormonal contraceptives

Boosted regimen: decreased ethiny! estradiol serum concentrations; use alternative or additional
methods

Atorvastatin, rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Efavirenz Decreased or no change in tipranavir serum concentrations; use standard doses

Etravirine Decreased etravirine and increased tipranavir serum concentrations; avoid co-administration

Maraviroc Use standard doses of maraviroc (e.g. 300 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

! Adapted from: Panel on Antiretroviral Guidelines for Adults and Adolescents: A Working Group of the Office of AIDS Research Advisory Council (OARAC), Department of Health
and Human Services. Guidelines for the use of antiretroviral agents in HIV-1-infected adults and adolescents. November 3, 2008. (Please refer the product package insert and
literature for complete details and potential list of both studied and theoretical drug-drug interactions.)

2 Ritonavir is used at low doses (e.g. 100-200 mg) to increase serum concentrations of most protease inhibitors so review other protease inhibitor recommendations; over 200
drugs used in HIV-infected patients have been investigated for potential drug-drug interactions; please review the product package insert and literature for complete details and
potential list of both studied and theoretical drug-drug interactions.

CL,

CR"

creatinine clearance; CNS, central nervous system; CYP, cytochrome P

0 ECG, electrocardiograph; PT/INR, prothrombin time/international normalized ratio.

Several drugs are contraindicated while administering protease
inhibitors because of the potential for serious or life-threaten-
ing adverse events. In addition, some protease inhibitors are
also inducers (e.g. ritonavir, lopinavir, tipranavir, darunavir) of
CYP3A4 and/or P-gp, resulting in decreased concentrations

and effectiveness of drugs such as oral contraceptives and
SSRIs (e.g. sertraline). Drug—drug interactions are less predict-
able and quite variable when a protease inhibitor or the com-
bination of two protease inhibitors (e.g. tipranavir-ritonavir)
has both inhibition and induction properties to a CYP isoform.
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Ritonavir and nelfinavir can also induce glucuronyl transferase,
CYP2C9 and CYP2C19. Lopinavir induces glucuronidation
and can lower plasma concentrations of NRTTs such as zidovu-
dine and abacavir (seeTable 6.7). In contrast, atazanavir inhibits
the phase II glucuronidation enzyme, UGT1A1l. Because of
the magnitude of inhibition or induction differs among the
protease inhibitors, careful evaluation of potential drug—drug
interaction with protease inhibitors is critical.

The current use of ritonavir is commonly at low doses
(e.g. 100 or 200 mg) for its inhibitory effect on the
CYP3A4 metabolism of other protease inhibitors. The co-
administration of ritonavir is recommended with saqui-
navir, lopinavir, tipranavir and darunavir. This beneficial
drug—drug interaction is used to increase and sustain the
plasma drug concentrations of other protease inhibitors
(booster effect). Benefits from booster ritonavir dosing
with other protease inhibitors includes higher minimum
(trough) serum concentrations, reduced development of
drug resistance by increasing drug exposure, less frequent
dosing, and enhance adherence by reducing the pill bur-
den and simplifying the dosing regimen. Current drug—
drug interaction reports with protease inhibitors must be
carefully reviewed with regard to whether or not boosted
ritonavir dosing was used and what dose of each protease
inhibitor was administered.

OTHER ANTIRETROVIRAL AGENTS

The CCR5 co-receptor antagonist, maraviroc, is a substrate
of CYP3A4 enzymes and the P-gp transport system.>%!
Maraviroc is neither an inhibitor nor an inducer of CYP3A4
or P-gp. Plasma concentrations of maraviroc are significantly
decreased by potent CYP3A inducers and increased by potent
CYP3A inhibitors. Table 6.1 outlines the dosage guidelines of
maraviroc when administered with and without inducers and
inhibitors.

Raltegravir is an HIV-1 integrase strand transfer inhibitor
and is neither an inhibitor nor an inducer of CYP enzymes
or P-gp.2%#! Raltegravir is primarily eliminated by glucuroni-
dation (e.g. UGT1Al). Strong inducers of UGTI1Al (e.g.
rifampicin) can reduce the plasma concentrations of raltegra-
vir and these combinations should be carefully monitored and
used with caution. The recommended dosage of raltegravir is
800 mg every 12 h during co-administration with rifampicin.
Other drug—drug interactions associated with reduced plasma
concentrations of raltegravir include efavirenz, etravirine and
tipranavir-ritonavir, whereas increased plasma concentra-
tions of raltegravir were associated with co-administration of
atazanavir, atazanavir-ritonavir and omeprazole. No adjust-
ments to the dosage of raltegravir have been recommended
with these drug—drug interactions.

Enfuvirtide is an infusion inhibitor that undergoes
catabolism of its amino acid constituent. Enfuvirtide is not
associated with clinically significant drug—drug interactions.

ANTIVIRAL AGENTS

(NON-RETROVIRAL)

The following section will review the drug—drug interactions
associated with antiviral agents that are systemically admin-
istered for non-human immunodeficiency virus (non-HIV)
infections. The individual drugs have been grouped according
to their most common clinical use as antiviral agents.!”

ANTIHERPESVIRUS AGENTS

( )

The majority of drug—drug interactions with aciclovir, gan-
ciclovir and foscarnet involve the risk of overlapping and/or
additive myelosuppressive, central nervous system (CNS)
toxicity or nephrotoxicity.!>* In addition, probenecid inhib-
its renal tubular secretion of the nucleoside analogs, result-
ing in an increased AUC and reduced renal clearance of each
agent. Cautious use and close monitoring for blood dyscrasias
are recommended when ganciclovir is combined with agents
such as antineoplastics, amphotericin B, dapsone, flucyto-
sine, intravenous pentamidine, primaquine, pyrimethamine,
trimethoprim-sulfamethoxazole and trimetrexate. The com-
bined use of ganciclovir and zidovudine should be avoided
whenever possible. In a controlled trial of patients receiving
zidovudine and ganciclovir, approximately 80% of patients
required a dosage reduction because of hematological (ane-
mia or neutropenia) or gastrointestinal toxicity. Caution is
also recommended in the use of ganciclovir, foscarnet or
high-dose intravenous aciclovir with other nephrotoxic agents
(e.g. aminoglycosides, amphotericin B, cidofovir, foscarnet,
ciclosporin, intravenous pentamidine) because of the additive
potential of nephrotoxicity. Case reports have suggested dos-
age adjustments may be needed for phenytoin, valproic acid
or theophylline (e.g. agents with a narrow therapeutic index)
when co-administered with aciclovir. However, no clinically
significant drug—drug interactions and only minor alterations
in pharmacokinetic parameter values have been observed
with the co-administration of famciclovir with digoxin, cime-
tidine, allopurinol, theophylline or zidovudine. Severe symp-
tomatic hypocalcemia can be increased when foscarnet is
combined with intravenous pentamidine. Serum electrolyte,
calcium and magnesium should be carefully monitored in all
patients to minimize adverse effects.

Cidofovir-associated nephrotoxicity is a result of renal cel-
lular uptake via OAT1 and drug accumulation in the renal
proximal tubules.!>!#3* To minimize the risk of nephrotoxicity,
intravenous cidofovir is administered with high-dose probenecid
(2 g 3 h before, and 1 g 2 and 8 h after, cidofovir infusion). The
use of other nephrotoxic agents (e.g. aminoglycosides, amphot-
ericin B, foscarnet, intravenous pentamidine, NSAIDs, contrast
dye) are contraindicated during cidofovir therapy, and the man-
ufacturer recommends waiting at least 7 days between exposure
of these agents and administration of cidofovir.



ANTIVIRAL AGENTS (NON-RETROVIRAL)

Table 6.10 Drug-drug interactions of antiherpesvirus agents

Antiviral agent

Aciclovir, valaciclovir,

Interacting drug

Cimetidine

Interaction and management strategy

Increased serum concentrations of antiviral agents; avoid concomitant use when high-dose

famciclovir aciclovir or patients who require a dose adjustment because of renal impairment or current
adverse effects; monitor for adverse events
Mycophenolate Increased serum concentrations of antiviral agent and glucuronide metabolite of
mycophenolate; monitor for adverse events and CBC
Probenecid Increased serum concentrations of antiviral agents; avoid concomitant use when high-dose
aciclovir or patients who require a dose adjustment because of renal impairment or current
adverse effects; monitor for adverse events
Aciclovir Phenytoin, fosphenytoin, Increased risk of seizures; monitor seizure activity and serum concentrations of the
valproic acid anticonvulsant agents; adjust dose as needed
Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor theophylline serum
concentrations and toxicity; decrease dose of theophylline as needed
Tizanidine Increased tizanidine serum concentrations and risk of toxicity (e.g. hypotension, sedation);
concomitant therapy should be avoided; consider alternative agent for managing spasticity
Zidovudine Increased risk of neurotoxicity (e.g. drowsiness, lethargy); monitor for adverse events
Ganciclovir, Didanosine Increased didanosine and slightly decreased ganciclovir serum concentrations; monitor for

valganciclovir

didanosine toxicity

Imipenem-—cilastatin

Increased risk of seizures; monitor adverse events and consider alternative antibacterial agent

Myelosuppressive agents'

Increased risk of blood dyscrasias; concomitant therapy should be avoided or used with caution
at the lowest possible dose; consider alternative agent if possible

Nephrotoxic agents?

Additive injury to the renal tubule; concomitant therapy should be avoided or used with caution
and includes monitoring of renal function and dosage adjustment based on creatinine clearance
estimation

Probenecid

Increased ganciclovir serum concentrations; monitor for ganciclovir toxicity

Zidovudine

Increased risk of hematological toxicity (e.g. anemia, neutropenia, pancytopenia) and Gl toxicity;
concomitant therapy should be avoided or used with caution with careful monitoring of
hematological function and at the lowest possible dose; consider alternative antiretroviral agent

Foscarnet Nephrotoxic agents? Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used
with caution and includes monitoring of renal function and dosage adjustment based on
creatinine clearance estimation

Pentamidine (intravenous) Increased risk for severe symptomatic hypocalcemia; monitor electrolytes, calcium and
magnesium to minimize adverse events

Saquinavir and/or ritonavir Increased risk of abnormal renal function; monitor renal function and consider alternative
antiretroviral agents

Cidofovir Nephrotoxic agents? Concomitant administration of cidofovir with potentially nephrotoxic drugs is contraindicated,

and the manufacturer recommends waiting at least 7 days between exposure to these agents
and administration of cidofovir

Probenecid

Concomitant probenecid is used to decrease the risk of renal toxicity of cidofovir by decreasing
its concentrations within proximal tubular cells; careful monitoring for other drug-drug
interactions of probenecid and dose adjust as needed

'Examples include antineoplastics, amphotericin B, flucytosine, dapsone, trimethoprim-sulfamethoxazole, intravenous pentamidine, primaquine and pyrimethamine.
“Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
CBC, complete blood count; Gl, gastrointestinal.

AGENTS FOR INFLUENZA ( ) (e.g.

chlorphenamine [chlorpheniramine], phenylpropa-
nolamine) and buproprion.'® If any of above combinations

Additive anticholinergic effects and/or increased CNS adverse
effects of amantadine can potentially occur with the concomi-
tant administration of anticholinergic agents (e.g. benzatro-
pine, biperiden, trihexyphenidyl), sedating antihistamines

is used, patients need to be monitored for CNS reactions
and dosage adjustment may be required. Triamterene—
hydrochlorothiazide, quinidine, quinine and trimethoprim
(alone or in combination with sulfamethoxazole) can reduce
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Table 6.11 Drug-drug interactions of anti-influenza agents

Antiviral
agent

Interacting drug

Interaction and management
strategy

Amantadine  Anticholinergic Increased central nervous system
agents' or (CNS) adverse effects (e.g. additive
antihistamines? anticholinergic effects); avoid

combination or use lowest
possible dose or alternative agent
Bupropion Increased risk of neurotoxicity
(e.g. restlessness, agitation, gait
disturbances, dizziness); avoid
combination or use alternative
agent
Triamterene— Increased amantadine serum
hydrochlorothiazide, concentrations and CNS
quinidine, quinine or toxicities; avoid combination
trimethoprim (alone or use lowest possible dose
or in combination with  or alternative agent
sulfamethoxazole)

Rimantadine  No major interactions -

Oseltamivir Probenecid Increased oseltamivir carboxylate
metabolite serum concentrations;
no dose adjustment or
monitoring is recommended
because of wide margin of safety

Zanamivir No major interactions -

'Examples include benzatropine, biperiden and trihexyphenidyl.
’Examples include chlorphenamine (chlorpheniramine) and phenylpropanolamine.

the renal tubular secretion of amantadine and may cause
increased plasma drug concentrations and CNS toxicities.
The reported drug—drug interactions for rimantadine have
only been minor alterations in pharmacokinetic parameters
which are unlikely to be clinically important.

In-vitro studies demonstrate that oseltamivir and zanamivir
are not substrates and do not affect any of the common human
CYP isoenzymes.!” No clinically significant metabolic drug-
drug interactions have been reported with either agent. The co-
administration of probenecid completely reduces the anionic
tubular secretion of oseltamivir carboxylate and results in a 50%
decrease in renal clearance, a 1.9-fold increase in C___ and a
2.5-fold increase in the AUC of oseltamivir carboxylate. Despite
these changes, no dosage adjustment is recommended due to
the wide margin of safety associated with the active metabolite.

AGENTS FOR TUBERCULOSIS

( )

Rifampicin as well as other rifamycins such as rifabutin and
rifapentine are potent inducers of oxidative metabolic sys-
tems such as the CYP isoenzyme system.?%%-4* In addi-
tion, rifampicin can induce transmembrane efflux pumps
such as P-gp and conjugative enzyme systems such as UGT
and sulfonyltransferases. Consequently, there exists an exten-
sive drug—drug interaction profile with the use of rifampicin

(see Table 6.3). Substitution of rifabutin for rifampicin is
often used clinically, especially when used concomitantly in
patients with HIV receiving highly active antiretroviral ther-
apy (HAART). Similarly, isoniazid inhibits CYP isoenzyme
systems and monoamine oxidase and is associated with some
drug—drug interactions. For example, inhibition of CYP2C9,
CYP2C19 and CYP3A4 by isoniazid is considered the mecha-
nism of interaction with phenytoin, carbamazepine, diazepam
and warfarin.*>»** The potential for this interaction is greater in
slow acetylators, which comprise 30-50% of Caucasians and
African—Americans. In contrast, a limited number of drug—
drug interactions have been reported for other first-line agents
such as ethambutol and pyrazinamide, as well as second-line
agents such as aminosalicylic acid, capreomycin, cycloserine
and ethionamide.*>* It is important to note that a few interac-
tion studies have incorporated the effect of combination antitu-
berculosis agents, for example the inhibitory effect of isoniazid
on CYP may be negated or overinfluenced by the induction
of this system by rifampicin. Consequently, therapeutic drug
monitoring and thoughtful consideration of the adverse event
profile of concomitantly used agents is critical.

I ———
ANTIMALARIAL AGENTS ( )

Various drug classes are used as antimalarial agents.**7 Most
of the agents are metabolized in the liver and are substrates of
CYP3A4 or CYP2C isoforms. The combination product arte-
mether—lumefantrine has recently been approved for use by the
FDA. A limited number of drug—drug interactions have been
reported so far (Table 6.13) but in-vitro and/or clinical studies
are desperately needed to assess the effects of co-administered
CYP3A4 inducers or inhibitors as well as specific anti-infec-
tive classes (e.g. rifampicin, NNRTTs, protease inhibitors) that
would likely be used concurrently in patients with malaria.*8
Mefloquine, ketoconazole and lopinavir-ritonavir have been
shown to alter the AUC of artemether and/or lumefantrine; how-
ever, the clinical significance of these changes is unknown.

The plasma AUC of atovaquone is decreased by potent
inducers of CYP-mediated drug metabolism (e.g. rifampicin,
rifabutin, ritonavir), as well as by tetracycline and metoclopr-
amide.!*>% Concomitant administration of rifampicin and
atovaquone is not recommended. The plasma AUC of didanos-
ine and zidovudine can be decreased with concurrent administra-
tion of atovaquone, whereas the systemic exposure of rifampicin
and etoposide is increased. Alteration in binding to plasma pro-
teins has also been suggested as a mechanism of drug—drug
interactions for atovaquone. Proguanil, which is combined with
atovaquone, is mainly metabolized by CYP2C19 and CYP3A4
to an active metabolite, cycloguanil. Further studies are needed
to identify and understand the clinical significance of drug—drug
interactions with proguanil and/or cycloguanil, particularly in
patients on combination therapy or with various genetic poly-
morphisms (slow versus fast metabolizers).

In-vitro studies have suggested that chloroquine is an inhib-
itor of CYP2D6, although less in-vivo evidence is available to



ANTIMALARIAL AGENTS

Table 6.12 Drug-drug interactions of antituberculosis agents

Antituberculosis
agent

Aminosalicylic acid

Interacting drug

Probenecid

Interaction and management strategy

Increased aminosalicylic acid serum concentrations (transiently); monitor for toxicity

Diphenhydramine

Decreased absorption of aminosalicylic acid; avoid concomitant use

Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations and adjust dose
appropriately
Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Ammonium chloride

Increased probability of crystalluria; avoid concomitant use

Capreomycin

Nephrotoxic
agents'

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used with caution
and includes monitoring of renal function and dosage adjustment based on body weight and creatinine
clearance estimation

Ototoxic agents?

Increased risk of ototoxicity; concomitant therapy should be avoided or used with caution at the lowest
possible dose; consider alternative agent if possible

Neuromuscular
blocking agents®

Increased respiratory suppression produced by neuromuscular blocking agent; concomitant therapy should
be avoided or used with caution and includes monitoring for respiratory depression

Cycloserine Isoniazid Increased CNS adverse effects (e.g. dizziness, drowsiness) when both drugs are used concurrently; monitor
toxicity
Ethionamide Increased CNS adverse effects (e.g. seizures) when both drugs are used concurrently; monitor toxicity
Phenytoin, Increased phenytoin serum concentrations; monitor toxicity and phenytoin serum concentrations, and adjust
fosphenytoin dose as needed
Ethambutol Antacids Decreased ethambutol serum concentrations with aluminum-containing antacids; space administration
by at least 4 h
Ethionamide Increased adverse effects (e.g. Gl distress, headache, confusion, neuritis, hepatotoxicity) when both drugs are
used concurrently; monitor toxicity and avoid concomitant use when possible
Ethionamide Aminosalicylic acid, Potentiates the adverse effects of other antituberculosis agents (hepatotoxicity, peripheral neuritis, Gl distress,
ethambutol, isoniazid, headache, confusion, neuritis, seizures, encephalopathy); monitor toxicity
pyrazinamide,
rifampicin
Excessive alcohol Increased psychotic reactions; avoid concomitant use
Isoniazid Increased isoniazid serum concentrations (temporarily); monitor for toxicity
Isoniazid Cycloserine, Increased CNS adverse effects; monitor toxicity
ethionamide

Carbamazepine

Increased carbamazepine serum concentrations and toxicity (e.g. ataxia, headache, blurred vision, drowsiness,
confusion); monitor toxicity and carbamazepine serum concentrations; decrease dose if needed

Phenytoin,
fosphenytoin

Increased phenytoin serum concentrations and toxicity; monitor toxicity and phenytoin serum concentrations;
decrease dose if needed

Primidone Increased primidone serum concentrations; monitor toxicity and primidone serum concentrations; adjust
dose if needed
Meperidine Increased toxicity (e.g. serotonin syndrome); monitor toxicity and adjust dose if needed

[traconazole

Decreased itraconazole serum concentrations and loss of antimycotic efficacy; alternative antifungal agent
or interacting drug should be considered

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Disulfiram Increased CNS changes (e.g. coordination difficulties, mood or behavioral changes); monitor toxicity and
consider dose reduction or discontinuation of disulfiram

Paracetamol Increased risk for hepatotoxicity; avoid concomitant use or limit use of paracetamol

Diazepam Increased diazepam serum concentrations; monitor toxicity and adjust dose if needed

Levodopa Increased toxicity (e.g. flushing, palpitations, hypertension); monitor toxicity and adjust dose if needed

Aluminum hydroxide

Decreased isoniazid serum concentrations; space administration by at least 1 h

(Continued)
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Table 6.12 Drug-drug interactions of antituberculosis agents—cont'd

Antituberculosis
agent

Pyrazinamide

Interacting drug

Ethionamide or

Interaction and management strategy

Increased hepatotoxicity; monitor liver enzymes and toxicity

rifampicin

Ciclosporin Decreased ciclosporin serum concentrations; monitor clinical response and ciclosporin serum concentrations;
adjust dose as needed

Zidovudine Decreased pyrazinamide serum concentrations and efficacy; consider alternative antituberculosis agent
if possible

Probenecid Decreased efficacy of probenecid (e.g. increased serum uric acid levels, worsening symptoms of gout);

monitor serum uric acid levels and adjust probenecid dose as needed

Rifabutin Ritonavir-boosted Increased rifabutin serum concentrations; rifabutin dosing to 150 mg every other day or three times weekly;

protease inhibitors monitor viral response and CBC

(ATV/r, FPV/r, DRV/,

IDV/r, LPV/r, SQV/r,

TPV/r)

Fosamprenavir Increased rifabutin serum concentrations; rifabutin dosing to 150 mg per day or 300 mg three times weekly;
monitor viral response and CBC

Indinavir Increased rifabutin and decreased indinavir serum concentrations; rifabutin dosing to 150 mg per day
or 300 mg three times weekly; indinavir 1000 mg every 8 h or consider ritonavir boosting; monitor viral
response and CBC

Nelfinavir Increased rifabutin and decreased nelfinavir serum concentrations; rifabutin dosing to 150 mg per day
or 300 mg three times weekly; monitor viral response and CBC

Delavirdine Increased rifabutin and decreased delavirdine serum concentrations; co-administration is not recommended

Efavirenz Decreased rifabutin serum concentrations; dose rifabutin 450-600 mg per day or 600 mg three times weekly
if efavirenz is not co-administered with a protease inhibitor; monitor viral response and CBC

Etravirine Decreased rifabutin and metabolite serum concentrations and decreased etravirine serum concentrations;
dose rifabutin 300 mg per day if not co-administered with a ritonavir-boosted protease inhibitor; if
co-administered with lopinavir plus ritonavir, dose rifabutin 150 mg per day or three times weekly

Nevirapine Increased rifabutin and decreased nevirapine serum concentrations; dosage adjustment is not recommended;
monitor viral response and CBC

Maraviroc Maraviroc dose of 300 mg every 12 h if used without a strong CYP3A inducer or inhibitor; maraviroc dose
of 150 mg every 12 h if used with a strong CYP3A inhibitor; monitor viral response

Fluconazole Increased rifabutin serum concentrations and potential rifabutin toxicity (uveitis, ocular pain, photophobia,
visual disturbances); monitor toxicity and CBC

[traconazole, Increased rifabutin serum concentrations and potential rifabutin toxicity (uveitis, ocular pain, photophobia,

voriconazole, visual disturbances); decreased azole serum concentrations and/or loss of antimycotic efficacy; alternative

posaconazole antifungal agent should be considered

Clarithromycin Decreased clarithromycin serum concentrations and increased risk of rifabutin toxicity (rash, Gl disturbances,
hematological abnormalities); monitor efficacy, toxicity and CBC

Ciclosporin Decreased ciclosporin serum concentrations; monitor clinical response and ciclosporin serum concentrations;
adjust dose as needed

Warfarin Decreased anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Oral contraceptives Use alternative form(s) of birth control; counsel patient and document

Rifampicin See Table 6.3

CBC, complete blood count; CNS, central nervous system; Gl, gastrointestinal; PT/INR, prothrombin time/international normalized ratio.




Table 6.13 Drug-drug interactions involving antimalarial agents

Antimalarial drug

Artemether—
lumefantrine
(co-artemether)

Interacting drug

Ketoconazole

Mechanism/effects

T artemether AUC by 132%, T dihydroartemisinin

AUC by 51%, and T lumefantrine AUC by 61%

ANTIMALARIAL AGENTS‘

Management recommendations

Clinical significance unknown; no dosage adjustment
recommended

Lopinavir-ritonavir

 artemether AUC by 34%, { dihydroartemisinin
AUC by 45%, and T lumefantrine AUC by 230%

Clinical significance unknown; no dosage adjustment
recommended

Mefloguine d lumefantrine AUC by 30-41% and C,, by 29% Clinical significance unknown
Quinine Increased risk for QTc prolongation; 4 quinine Monitor for toxicity and clinically significant
AUC by 46% lengthening of the QTc interval
Atovaquone Didanosine d didanosine AUC by 24% Not clinically significant; administer didanosine without
food and atovaquone with food
Etoposide T etoposide AUC by 8.6% and T catechol Separate administration by 1-2 days and use
metabolite AUC by 28.4% caution with concurrent substrates of CYP3A4 or
P-glycoprotein
Indinavir T atovaquone AUC by 13% and { indinavir Clinical significance unknown; monitor effectiveness
AUC by 5-9% of indinavir
Metoclopramide d atovaguone concentrations Caution in concomitant administration; if used,
monitor effectiveness of atovaquone
Rifabutin 1 atovaquone AUC by 34% and { rifabutin Caution in concomitant administration; if used,
AUC by 19% monitor effectiveness of atovaquone
Rifampicin d atovaquone AUC by 50% and T rifampicin Avoid concomitant administration; if used, monitor
AUC by 30% effectiveness of atovaquone
Ritonavir N atovaquone concentrations (predicted) Monitor effectiveness of atovaquone; may need
to increase atovaquone dose
Tetracycline d atovaguone concentrations by 40% Monitor effectiveness of atovaquone
Zidovudine 7T zidovudine AUC by 30% and 4 CL by 25%; Clinical significance unknown; monitor for zidovudine
inhibition of zidovudine glucuronidation toxicity
Chloroquine Ampicillin d ampicillin absorption from 29% to 19% Separate administration by at least 2 h; use other

antibacterial agent

Antacid (magnesium
trisilicate)

d chloroquine AUC by 18%

Separate administration by 2-3 h

Chlorpromazine

T chlorpromazine concentrations by
1.7- to 4.3-fold; increased sedation

Monitor toxicity; decrease dose of chlorpromazine

Colestyramine

d chloroguine AUC by 30%

Separate administration either 1 h before or 4-6 after
chloroquine

Cimetidine

{ chloroquine CL by 50%; prolonged T from
31t046h

Use other H_-receptor antagonists (e.g. ranitidine) that
do not have this drug-drug interaction

Ciprofloxacin

{ ciprofloxacin AUC by 43% and C__ by 18%

max

Monitor efficacy; increase ciprofloxacin dose for
systemic infections

Ciclosporin T ciclosporin serum concentrations and Monitor ciclosporin concentrations and renal function;
nephrotoxicity adjust dose as needed
Digoxin T digoxin serum concentrations by 70% Monitor digoxin concentrations; adjust dose as needed

Halofantrine

Warning: the combination may cause
prolongation of the QTc interval

Avoid concurrent administration; if used, monitor for
toxicity and clinically significant lengthening of the
QTc interval

Insulin 4 insulin requirement by 25% Monitor blood glucose and adjust insulin dose as
needed
Kaolin { chloroquine AUC by 28% Separate administration by 2-3 h

(Continued)
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Table 6.13 Drug-drug interactions involving antimalarial agents—cont’d

Antimalarial drug

Interacting drug

Methotrexate

Mechanism/effects

1 methotrexate AUC by 28% and C__ by
17-20%; T methotrexate AUC by 5% with
hydroxychloroquine

Management recommendations

Monitor for efficacy and methotrexate serum
concentrations; adjust methotrexate dose as
needed

Methylthioninium
chloride (methylene
blue)

{ chloroquine AUC by 20% and
desethylchloroguine (metabolite) AUC by 35%

Clinical significance unknown

Metoprolol Hydroxychloroquine T metoprolol AUC by Not clinically significant; monitor for toxicity
65%and C__ by 72% in extensive CYP2D6
metabolizers
Penicillamine T penicillamine AUC by 34% and C,.. by 55% Monitor toxicity (e.g. serious hematological effects)
Praziquantel d praziquantel AUC by 65% and C... by 59% Monitor for efficacy; T dose of praziquantel for
systemic infection
Proguanil 1.5-fold T in mouth ulcers and 1.33-fold Monitor toxicity and treat as needed

T in diarrhea

Promethazine

T chloroquine AUC and metabolite by 85%

Monitor toxicity; consider other agents

Mefloquine Ampicillin T mefloquine AUC by 34% and C, by 49% Clinical significance unknown
Anticonvulsants Increased risk of seizures Avoid concurrent administration
Artemether 4 mefloquine AUC by 27%; cure rates similar Clinical significance unknown
Artesunate 1 mefloquine AUC by 27% and T CL by 2.6-fold; Administer mefloquine 24 h after artesunate
lower cure rates
Cardioactive drugs' Warning: mefloquine plus one of these agents Avoid concurrent administration (contraindicated
contribute to the prolongation of the QTc with halofantrine); if used, monitor for toxicity and
interval, but do not contraindicate the use of clinically significant lengthening of the QTc interval
mefloquine with these agents
Cimetidine T mefloquine AUC by 0-34% and C Clinical significance unknown; use other H,-receptor
20-42% and { CL by 40%; prolongeda tvﬁ antagonists that do not have this drug-drug
from 9.6 to 14.4 days interaction
Co-artemether  lumefantrine AUC by 30-41% and C,., by 29% Clinical significance unknown
Hypoglycemic agents Reduced blood glucose levels and hypoglycemia Monitor blood glucose and adjust dose as needed
Ketoconazole T mefloquine AUC by 79%, C,. by 64% Monitor toxicity
and t,,5 by 34%
Metoclopramide d mefloquine absorption t,from32to24h Clinical significance unknown; however, less
and T C,. DY 31%; reduced Gl adverse effects mefloquine toxicity
Quinine (and related Increased risk for QTc prolongation and seizures Avoid concurrent administration; if used, delay
drugs [e.g. mefloquine administration until at least 12 h after the
chloroquinel) last dose of quinine; monitor for toxicity and clinically
significant lengthening of the QTc interval
Quinolones Increased risk for QTc prolongation Avoid concurrent administration; if used, monitor for
and seizures toxicity and clinically significant lengthening of the
QTcinterval
Rifampicin d mefloquine AUC by 68% and C... by 19% Avoid concurrent administration; if used, monitor for
efficacy
Ritonavir { ritonavir AUC by 31% and C.,. by 36% after Clinical significance unknown
multiple dosing
Tetracycline T mefloquine AUC by 30% and C,. by 38%, Not clinically significant
and { t,, from 19.3 to 144 days
Typhoid vaccine Reduced efficacy of oral vaccine Separate administration by 12 h (does not apply to
(oral) capsular polysaccharide typhoid vaccine for injection)
Primaquine Quinacrine Increased toxicity Avoid concomitant use (contraindicated)

(Continued)



Table 6.13 Drug-drug interactions involving antimalarial agents—cont’d

Antimalarial drug

Proguanil

Interacting drug

Antacid (magnesium
trisilicate)

Mechanism/effects

{ proguanil AUC by 65%

ANTIMALARIAL AGENTS

Management recommendations

Separate administration by 2-3 h

Chloroquine 1.5-fold T in mouth ulcers and 1.33-fold Monitor toxicity and treat as needed
Tin diarrhea
Cimetidine T proguanil AUCand t,; T C..... by 89%; Clinical significance unknown; use other H,-receptor
concentrations of active metabolite, antagonists that do not have this drug—drug
cycloguanil interaction
Cloxacillin { cloxacillin bioavailability Clinical significance unknown

Ethinyl estradiol-
levonorgestrel (hormonal

1 concentrations of active metabolite,
cycloguanil, by 34% in extensive metabolizer

Clinical significance unknown

contraceptives) via CYP2C19
Fluvoxamine L CL of proguanil by 40%, cycloguanil by Clinical significance unknown; monitor efficacy
85%, and 4-chlorophenylbiguanide by 89% in
extensive metabolizer via CYP2C19
Omeprazole 1 AUC of active metabolite, cycloguanil, Clinical significance unknown
by 50% in extensive metabolizer via CYP2C19
Quinine sulfate Amantadine { renal CL of amantadine by 30% and T plasma Clinical significance unknown
concentrations; 4 CL of quinine by 50%
Astemizole T astemizole (and desmethyl metabolite) AUC Avoid concurrent administration (contraindicated by

and C__ by three-fold after a single 430 mg
dose quuimne; increased risk for QTc
prolongation and cardiac arrhythmias

manufacturer); use a different antihistamine product

Co-artemether

Increased risk for QTc prolongation; 4 quinine
AUC by 46%

Monitor for toxicity and clinically significant
lengthening of the QTc interval

Carbamazepine

T carbamazepine AUC by 104% and C..
by 81%

X

Monitor efficacy and carbamazepine plasma
concentrations; adjust dose as needed

Cimetidine T quinine AUC by 42%, 1 CL by 27%, and Use other H,-receptor antagonists (e.g. ranitidine) that
T t,sfrom7.6t011.3h do not have this drug-drug interaction
Desipramine { urinary excretion of 2-hydroxydesipramine Monitor for toxicity (including QTc prolongation) and
by 56% in rapid hydroxylators desipramine plasma concentrations; adjust dose as needed
Digoxin T digoxin plasma concentrations by 11-92%; Monitor for toxicity and digoxin plasma
1 CLby 26% and { renal CL by 20% concentrations; adjust dose as needed
Flecainide T flecainide AUC by 21% and 4 CL by 16.5%; Monitor for toxicity; adjust dose as needed

increased PR and QRS prolongation on
electrocardiogram

Halofantrine

Warning: combination may cause
prolongation of the QTc interval

Avoid concurrent administration; if used, monitor for
toxicity and clinically significant lengthening of the
QTc interval

Ketoconazole

{ quinine CL by 31% and AUC of
3-hydroxyquinine by 30%

Clinical significance unknown

Meflogquine Increased risk for QTc prolongation and Avoid concurrent administration; if used, delay
seizures mefloquine administration until at least 12 h after the

last dose of quinine; monitor for toxicity and clinically
significant lengthening of the QTc interval

Phenobarbital T phenobarbital AUC by 57% and C,. by 53% Monitor efficacy and phenobarbital plasma
concentrations; adjust dose as needed

Phenytoin (fosphenytoin)  { quinine plasma concentrations Limited data; monitor efficacy of quinine

Rifampicin { quinine plasma concentrations; T quinine Monitor efficacy of quinine and increase dose as

CL by six-fold and 4 t,, from 11 t0 5.5 h

2]

needed

Tetracycline

T quinine plasma concentrations by two-fold

Increased efficacy; no drug-drug interaction with
doxycycline

Urine alkalinizers?

{ excretion of unchanged quinine

Clinical significance unknown

(Continued)
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Table 6.13 Drug-drug interactions involving antimalarial agents—cont’d

Mechanism/effects

Antimalarial drug

Interacting drug

Sulfadoxine and Artemether

pyrimethamine

T pyrimethamine C,__, by 44%

Management recommendations

Clinical significance unknown

Chlorpromazine

T chlorpromazine 3-h plasma concentrations

Monitor toxicity; decrease dose of chlorpromazine

by four-fold and T hydroxyl metabolite plasma

concentrations

Halofantrine

T halofantrine AUC, ,and C_ by 60%

Monitor for toxicity and clinically significant
lengthening of the QTc interval

Trimethoprim-
sulfamethoxazole

or sulfonamides given with pyrimethamine

Increased risk of myelosuppression; serious
pancytopenia and megaloblastic anemia when

Monitor whole blood cell count and toxicity; avoid
concomitant therapy with other folate antagonists;
administer leucovorin as needed

Zidovudine

Increased risk of myelosuppression

Monitor whole blood cell count and toxicity;
administer leucovorin as needed

'Examples of cardioactive drugs include antiarrhythmics (e.g. class Ic and Ill), beta-blockers (e.g. propranolol), calcium channel blockers, antihistamines (e.g. astemizole and
terfenadine), phenothiazines, related antimalarials (e.g. quinine), halofantrine and ziprasidone.

’Examples of urine alkalinizers include sodium bicarbonate and acetazolamide.
AUC, area under the plasma concentration-time curve; CL, clearance; C

max’

maximum plasma drug concentration; CYP, cytochrome P

s Gl gastrointestinal; t,,q, elimination half-life.

p

support this effect.!*® A fair number of drug-drug interac-
tions have been reported with chloroquine use and the great
majority are easily managed.

Mefloquine is completely metabolized in the liver to a car-
boxy metabolite, probably by CYP3A4.!:46 Potent inhibitors
(e.g. ketoconazole) and inducers (e.g. rifampicin) of CYP3A4
have increased and decreased the systemic exposure of meflo-
quine, respectively. Mefloquine has the potential to be associ-
ated with clinically significant pharmacodynamic drug—drug
interactions and overlapping toxicities such as QT¢ prolonga-
tion, neuropsychiatric disturbances and seizures. Concurrent
administration of quinine, quinidine, chloroquine and fluo-
roquinolones should be avoided. The administration of oral
typhoid vaccine and mefloquine should be separated by 12 h
to ensure adequate immunization from the vaccine.

Quinine is extensively metabolized in the liver to several
metabolites, including biologically active 3-hydroxyquinine. !>
The metabolism of quinine is a result of CYP3A (major) and
CYP2C19 (minor). In contrast, quinidine is metabolized
by intestinal and liver CYP3A4 and is a potent inhibitor of
CYP2D6. Cimetidine, ketoconazole, tetracycline and urine
alkalinizers can increase the systemic exposure or decrease
the renal clearance of quinine or 3-hydroxyquinine. Both
quinine and quinidine can increase the plasma concentra-
tions of digoxin. Drugs that prolong the QTc interval should
be avoided or used with caution and monitored for toxicity.

The antifolate agents such sulfadiazine and pyrimethamine
are not associated with major pharmacokinetic drug—drug
interactions.!’* Overlapping adverse hematological toxicity
(e.g. neutropenia, anemia, thrombocytopenia) may occur
with concurrent use of trimethoprim-sulfamethoxazole or
other sulfonamides, zidovudine or ganciclovir. Close moni-
toring and/or use of alternative therapies are recommended
when possible.

ANTIPROTOZOAL AND ANTHELMINTIC

AGENTS ( )

A variety of different drug classes are used to treat protozoal
and parasitic infections.!!>> Agents that can be used for these
infections, as well as an antibacterial agent (e.g. metronida-
zole, clindamycin or trimethoprim-sulfamethoxazole), have
been discussed in a previous section (e.g. Antibacterial agents;
see Table 6.5) in this chapter.

Interactions involving antiprotozoal and anthelmintic
agents may occur secondary to pharmacokinetic and/or
pharmacodynamic mechanisms.!! Drug-drug interactions
involving albendazole, mebendazole and praziquantel mainly
involve enzyme induction or inhibition. Agents reported
in these drug-drug interactions have included anticonvul-
sants (e.g. phenytoin, carbamazepine, phenobarbital or val-
proic acid), rifampicin, dexamethasone and cimetidine.
Tiabendazole (thiabendazole) appears to inhibit CYP1A2,
and has significantly (e.g. >50%) increased the plasma con-
centrations of xanthine derivatives such as theophylline
and caffeine. Renal excretion of diethylcarbamazine can be
increased or decreased with concurrent administration of
urinary acidifiers or alkalinizers, respectively.

Furazolidone is an MAOI and must be used with caution
when other drugs (e.g. sympathomimetic amines) as well as
food or drink containing tyramine are concurrently adminis-
tered during or before therapy.!! Disulfiram-like reactions have
been associated with concurrent administration of alcohol
and furazolidone or levamisole. The common adverse effects
associated with pentamidine (e.g. bone marrow suppression,
nephrotoxicity, pancreatitis or hypocalcemia) can result in
additive toxicity when used in conjunction with antiviral and
antiretroviral agents.
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Table 6.14 Drug-drug interactions involving antiprotozoal and anthelmintic agents

Drug Interacting drug Mechanism/effects Management recommendations
Albendazole Carbamazepine, 1 (+)-albendazole sulfoxide AUC by Monitor efficacy of systemic infections and increase
phenobarbital, phenytoin 49% (carbamazepine), 61% dose of albendazole as needed
(fosphenytoin) (phenobarbital), and 66% (phenytoin)
and { (+)-albendazole sulfoxide C__,
by 50-63%
Cimetidine T albendazole sulfoxide plasma Clinical significance unknown; increased efficacy
concentrations and T t,, from observed
74t019h
Dexamethasone T albendazole sulfoxide plasma Clinical significance unknown

concentrations by 50%

Levamisole { albendazole sulfoxide AUC by 75% Caution with concomitant use; monitor efficacy
of systemic infections

Atovaquone See Table 6.13
Diethylcarbamazepine  Ammonium chloride Increased urinary excretion Clinical significance unknown
Sodium bicarbonate Decreased urinary excretion Clinical significance unknown
Furazolidone Alcohol Disulfiram-like reaction Avoid alcohol during and shortly after therapy
with furazolidone
Omeprazole { furazolidone AUC by 30% Monitor efficacy; increase dose if needed
Sympathomimetics' MAOI activity and pressor responses Avoid concomitant sympathomimetic drugs or
(indirectly acting) to tyramine, dextroamfetamine or tyramine-containing foods or drinks that may have
pargyline non-selective MAQI effects; warn patients about
prohibiting the use of these agents
lvermectin Alcohol T ivermectin plasma concentrations Monitor for toxicity (e.g. ataxia and postural
by 51-66% hypotension)
Levamisole T ivermectin AUC by two-fold Monitor for toxicity
Levamisole Albendazole | albendazole sulfoxide AUC by 75% Caution with concomitant use; monitor efficacy
of systemic infections
Alcohol Disulfiram-like reaction Avoid alcohol during and shortly after therapy with
levamisole
lvermectin T ivermectin AUC by two-fold Monitor for toxicity
Mebendazole Carbamazepine, phenytoin 1 mebendazole serum concentrations Monitor efficacy of systemic infections and increase
(fosphenytoin) dose of mebendazole as needed
Cimetidine T mebendazole C.,.. by 48% Clinical significance unknown; increased efficacy
observed
Metronidazole Increased risk of Stevens—Johnson Avoid concomitant administration
syndrome/toxic epidermal necrolysis
Valproic acid T mebendazole serum concentrations Clinical significance unknown; monitor for toxicity
Pentamidine Foscarnet Additive hypocalcemia Monitor serum calcium levels and toxicity
Nephrotoxic agents? Direct or additive injury to the Concomitant therapy should be avoided or used with
renal tubule caution and includes monitoring renal function and
dosage adjustments based on toxicity, body weight
and creatinine clearance estimation
Zalcitabine, stavudine, Additive pancreatic toxicity Avoid concurrent administration; if used, zalcitabine
didanosine therapy should be interrupted while receiving
pentamidine
Zidovudine Additive bone marrow suppression Monitor WBC and toxicity
Piperazine Pyrantel Piperazine opposes anthelmintic Avoid concomitant administration

action of pyrantel

(Continued)
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Table 6.14 Drug-drug interactions involving antiprotozoal and anthelmintic agents—cont'd

Interacting drug

Mechanism/effects

Management recommendations

Praziquantel

Carbamazepine,

phenobarbital, phenytoin

{ praziquantel AUC by 90%
(carbamazepine) and 74% (phenytoin);

Monitor efficacy of systemic infections and increase
dose of praziquantel as needed

(fosphenytoin) praziquantel plasma concentrations
with phenobarbital
Chloroquine { praziquantel AUC by 65% and Monitor efficacy; T dose of praziquantel for systemic
C,o DY 59% infection
Cimetidine T praziquantel AUC and plasma May improve efficacy or reverse drug-drug interactions
concentrations by two-fold that | praziquantel AUC (e.g. anticonvulsants, steroids)
Dexamethasone { praziquantel plasma steady-state Monitor efficacy of systemic infections and increase
concentrations by 50% dose of praziquantel as needed
Rifampicin { praziquantel plasma steady-state Avoid concomitant administration
concentrations by 85-100%
Pyrantel Piperazine Piperazine opposes anthelmintic action Avoid concomitant administration
of pyrantel
Tiabendazole Aminophylline, T theophylline plasma concentrations Reduce theophylline dosage by 50% or stop
theophylline via inhibition of CYP1A2 theophylline while on tiabendazole; consider using
albendazole or mebendazole (not associated with this
drug interaction); if used concurrently, monitor toxicity
and plasma theophylline concentrations, and adjust
dose as needed
Caffeine T caffeine AUC by 57%, Tt by 140% Monitor and inform patient of adverse effects of

and { CL by 66%

]

caffeine

'Examples of indirectly acting sympathomimetic amines include amfetamines, phenylpropanolamine and ephedrine.
“Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, tenofovir, polymyxin B, colistin, radio contrast and
aminoglycosides.

AUC, area under the plasma concentration-time curve; CL, clearance; C |

ax

WBC, white blood cell count.

, maximum plasma drug concentration; MAOI, monoamine oxidase inhibitor; o

, elimination half-life;
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Antibiotics and the immune

system

Arne Forsgren and Kristian Riesbeck

Numerous reports on the effect of antibacterial agents on the immune
system have accumulated in recent years. However, immune capac-
ity is difficult to examine, and different results, sometimes conflicting,
will be obtained depending on the derivative, incubation time, cell
type, analysis method or experimental animal used. In this chapter,
selected current literature is reviewed.

Comprehensive reviews on the effects of antibiotics on the
immune response have been published over the last three decades.
Hauser and Remington in 1983 concluded that a potential for immu-
nosuppression exists for several antibiotics,' although the clinical rel-
evance of the experimental observations remained to be elucidated.
Milatovic characterized the published results on phagocytosis to a
large extent as controversial, thus rendering the evaluation rather dif-
ficult? Labro's review of the therapeutic relevance of the observed
effects on phagocyte functions and future research prospects raises
more questions than answers.? Extensive reviews on the immuno-
modulatory effects of quinolones have been published by Riesbeck*
and Dalhoff and Shalit.?

During an infection, antibiotics interfere with both the infecting
bacterium and the host in a complicated fashion (Figure 7.1). In addi-
tion to the conventional effects of an antibiotic, i.e. bacteristatic and
bactericidal activity (A), some antibiotics act directly on important
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Fig.7.1 Schematic drawing demonstrating host—cell interactions
and different levels of intervention by antibacterial agents. See text
for details.

components in the host defense such as granulocytes and lympho-
cytes (B). Antibiotics can alter the susceptibility of bacteria to host
defenses and alter release of toxins and inflammatory products, with
secondary effects on the host (C). Phagocytic or other host cells can
also protect bacteria against antibiotics (D).

CHEMOTAXIS

Most studies on the direct effect of antibiotics on phagocytic
cells concern chemotaxis. The effect of 20 different antibiotics
on chemotaxis in vitro towards an Escherichia coli filtrate was
studied by an agarose technique.® Human leukocytes preincu-
bated with clinically obtainable concentrations of rifampicin
(rifampin) and sodium fusidate showed markedly depressed
directional migration and, at concentrations slightly above
those clinically achievable, doxycycline also inhibited chemot-
axis. The clinical implications of these results must, however,
be questioned as the experiments were performed in a low-
protein tissue culture suspension, and fusidic acid particularly
is heavily protein bound. In patients and healthy volunteers
given doxycycline, leukocyte migration was studied ex vivo
with the agarose technique and in vivo with a skin window
technique. The very high dose 600 mg doxycycline adminis-
tered intravenously had only an insignificant effect, while con-
trols given non-steroidal anti-inflammatory drugs (NSAIDs)
had significantly reduced values both ex and in vivo (A Scheja,
A Forsgren, unpublished results). Aminoglycosides, B-lactams,
macrolides, clindamycin, sulfamethoxazole, trimethoprim and
also fluoroquinolones have shown no interactions with agarose
chemotaxis. In contrast to those results, it has been reported
that macrolides potentiate human neutrophil locomotion in
vitro by inhibition of leukoattractant-activated superoxide gen-
eration and auto-oxidation. In addition, aminoglycosides have
been reported to inhibit chemotaxis. The effects of macrolides
and aminoglycosides have not been confirmed in in-vivo stud-
ies. The anti-inflammatory activities of quinolones were inves-
tigated with an in-vitro model of transendothelial migration



(TEM). Human umbilical vein endothelial cells (HUVEC)
infected with Chlamydophila (formerly Chlamydia) pneumoniae
or stimulated with tumor neurosis factor alpha (TNF-a), as
well as neutrophils and monocytes, were preincubated with
quinolones. A significantly decreased neutrophil and mono-
cyte migration and interleukin-8 (IL-8) production compared
to antibiotic-free controls was detected. It was speculated that
the decreased migration was due to decreased IL-8 levels.”

PHAGOCYTOSIS AND KILLING

Studies of the direct influence of antibiotics on other phago-
cytic cell functions such as engulfment, killing and metabolic
responses are more scarce. In-vitro experiments by a number
of investigators have shown that, at clinical concentrations
slightly above those levels obtained in vivo, tetracyclines
inhibit the uptake of different bacteria, yeast and particles.
Furthermore, leukocytes harvested from healthy volunteers
after ingestion of tetracycline also demonstrated decreased
phagocytic capacity for yeasts, although results are conflict-
ing. For aminoglycosides, decreased, increased or no effect
on uptake has been reported. Other antibiotics have not been
studied or have not shown effect on phagocyte engulfment or
killing functions. At clinically achievable concentrations, for
example, fluoroquinolones in general do not affect phagocyte
functions.

INTRACELLULAR EFFECTS

Intracellular effects of antibiotics cannot be predicted on the
simple basis of cellular drug accumulation and minimum
inhibitory concentration (MIC) in broth. In most cases, intra-
cellular activity is actually lower than extracellular activity,
despite the fact that all antibiotics reach intracellular concen-
trations that are at least equal to, and more often higher than,
the extracellular concentrations. This discrepancy may result
from impairment of the expression of antibiotic activity or a
change in bacterial responsiveness inside the cells. It there-
fore appears important to evaluate the intracellular activity of
antibiotics in appropriate models.?

The penetration of antibiotics into human cells has been
addressed by different methods, often including radiola-
beled drugs. Again results vary with experimental conditions;
for example, using different media with (or without) albu-
min considerably affects the outcome.’ Penicillins, cepha-
losporins and aminoglycosides have, in general, been shown
to have limited access to the intracellular space with a cel-
lular/extracellular ratio (C/E) less than 1, whereas quinolo-
nes, tetracyclines, ethambutol and rifampicin are enriched
intracellularly. Azithromycin, clarithromycin, clindamycin,
erythromycin, roxithromycin and telithromycin, as well as
teicoplanin, demonstrate a C/E of 10:1 to 100:1 or higher.
There are also large differences between host cells regarding
their capacity to accumulate antibiotics intracellularly. Most

INTRACELLULAR EFFECTS

authors have reported a lack of intracellular accumulation of
B-lactams in phagocytic cells. However, during longer incu-
bations, B-lactam antibiotics diffuse through membranes into
the cell cytosol. Macrophages and also fibroblasts incubated
with aminoglycosides for several days accumulate these drugs
to an apparent C/E of 2 to 4. Macrophages take up penicil-
lins and aminoglycosides by pinocytosis, in contrast to gran-
ulocytes that lack this uptake mechanism. In macrophages
actively ingesting bacteria and also in resting macrophages
obtained from smokers, there is an increased rate of penetra-
tion of the drugs. The intracellular distribution of antibiotics
will influence their ultimate biological activity. A prerequisite
for a beneficial intracellular antibacterial effect is the local-
ization of the antibiotic and the pathogen in the same intra-
cellular compartment. Thus, intracellular bioactivity is not a
common property among antibacterial agents, even though
they are accumulated intracellularly.

Bacteria are internalized by both phagocytic and non-pro-
fessional phagocytic cells in which they may not only survive
but also multiply. The ability of bacteria to enter non-phagocytic
host cells such as epithelial cells, endothelial cells and fibro-
blasts requires specific uptake mechanisms including invasins,
which interact with specific host cell receptors or bacterial
proteins, triggering membrane ruffling and concomitant bac-
terial uptake. Although the molecular details in the uptake
mechanism of phagocytic cells differ among intracellular bac-
teria, the first event following the specific interaction between
the bacterial cell and the phagocyte is always the formation
of a primary phagosome. After being taken up, most extracel-
lular bacteria are quickly or more slowly inactivated by the
subsequent generation of reactive oxygen intermediates and
nitrogen oxide, together with lytic enzymes supplied by the
lysosomes. However, it is widely recognized that intracellular
survival or even multiplication of many bacteria, traditionally
referred to as extracellular parasites, play a significant role in
the pathogenesis of the disease these organisms cause. This is
evident in infections caused by Staphylococcus aureus but is also
seen in the case of Haemophilus influenzae, pneumococci and
streptococci. In order to escape these hostile conditions in the
phagosome, intracellular bacteria have invented two different
strategies either to modify the phagosomal compartment in a
variety of ways to prevent the bactericidal attack or to escape
from the primary phagosome into the cytosol of the host cell.
The first strategy is used by Salmonella spp., Mycobacterium
tuberculosis, Legionella pneumophila and Chlamydia spp. In con-
trast, Listeria, Shigella and Rickettsia spp. escape from the pri-
mary phagosome into the host cytosol, where they continue
replicating.

The activity of antibiotics against intracellular bacteria was
reviewed by van den Broek who commented on the difficul-
ties in comparing data generated by different laboratories.'?
Most antibiotics have not been tested in vitro for intracellular
effect against microbes with different locations. Intracellular
Staph. aureus have been shown to present a problem in anti-
biotic therapy and staphylococci phagocytosed by granulo-
cytes have often been used as a model. Although there are
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discrepancies in the literature on the ability of antibiotics to
kill intracellular Staph. aureus, most studies have shown a good
intraphagocytic activity for rifampicin. In contrast, studies on
the intracellular accumulation and activity of ciprofloxacin,
levofloxacin and moxifloxacin using different cellular models
of Staph. aureus-infected phagocytes, have reported a bacte-
ristatic rather than a bactericidal effect of fluoroquinolones
despite a many-fold accumulation of the drugs. These con-
cordant data clearly indicate that as yet unknown factors must
be at work to decrease the intracellular antibiotic efficiency
of fluoroquinolones.!! Macrolides, clindamycin, vancomycin
and teicoplanin giving high intracellular levels have shown
inability to kill intracellular Staph. aureus. This may be due to
the fact that clindamycin (and also erythromycin) is mainly
associated with the cytosol fraction and less with the lyso-
somal fraction where the staphylococci are found. In addition,
macrolides and clindamycin are negatively affected by acidic
pH in the lysosomal fraction. In most studies, B-lactam antibi-
otics and aminoglycosides have not shown reduction of Staph.
aureus within neutrophils. However, in contrast, phenoxym-
ethylpenicillin, cloxacillin, flucloxacillin and aminoglycosides
have been shown to exert some activity against staphylococci
within macrophages. It is widely believed that aminoglyco-
sides only affect extracellular bacteria. However, as pointed
out above, aminoglycosides enter macrophages and accumu-
late slowly. The activity of aminoglycosides against intracellu-
lar M. tuberculosis has been confirmed in classic macrophage
studies. The activity of rifampicin against intracellular
Legionella pneumophilia and M. tuberculosis is well accepted. In
addition, the intraphagocytic bactericidal effects of erythro-
mycin on Legionella and Chlamydia spp. seem well established.
This may, however, vary due to the cell type in question, as
infection with C. pneumoniae in circulating human mono
cytes is refractory to antibiotic treatment with azithromycin
and rifampicin.'?

Extracellular respiratory tract pathogens such as H. influ-
enzae, pneumococci and streptococci can enter epithelial cells
and macrophages and survive intracellularly. When the activ-
ity of azithromycin, gentamicin, levofloxacin, moxifloxacin,
penicillin G, rifampicin, telithromycin and trovafloxacin were
tested against intracellular pneumococci, moxifloxacin, trova-
floxacin and telithromycin were most active. Telithromycin
killed all intracellular organisms.!?

STRUCTURAL CHANGES IN BACTERIA

EXPOSED TO ANTIBIOTICS

Altered uptake and killing of bacteria exposed to antibiotics
has been clearly documented as reviewed by Gemmel and
Lorian.!%!> Bacteria exposed to various antibiotics including
B-lactam antibiotics, vancomycin, macrolides and quinolo-
nes have been reported to be more easily phagocytosed and
killed. In contrast to those drugs, tetracycline and gentamicin
have been reported to decrease phagocytosis. The reason for
the improved Kkilling varies but some bacteria exposed to low

concentrations of antibiotics, i.e. below MIC (sub-MIC),
often show increased killing. Structural changes can be one
reason for changed uptake and killing. B-Lactam antibiotics
produce the most dramatic alteration of the bacterial morphol-
ogy. The functional role of penicillin binding proteins (PBPs)
in bacterial growth and morphological integrity provides the
biochemical base for most of the alterations occurring in the
presence of B-lactam antibiotics. Each -lactam antibiotic has
a characteristic binding activity for each PBP and at sub-MIC
the antibiotic binds to that PBP for which it has the high-
est affinity, resulting in antibiotic-dependent specific changes
(e.g. filaments or oval cells). However, all B-lactam antibiotics
have similar morphological effects on staphylococci and other
Gram-positive cocci due to little variation in PBP affinity in
these bacteria. Fosfomycin and vancomycin, which inhibit
earlier stages of cell wall synthesis, produce similar mor-
phological alterations in Gram-positive cocci. Sub-MICs of
antibiotics with targets other than cell-wall synthesis induce
different morphological changes. Exposure of staphylococci
to chloramphenicol, tetracycline, rifampicin and also synercid
results in bacteria with multiple layers of cell wall. In Gram-
negative bacteria, ciprofloxacin and trimethoprim leads to
production of filaments.

Antibiotics may also inhibit the synthesis of key surface
molecules. The enhanced phagocytosis and killing of clin-
damycin-exposed Bacteroides spp. appear to be due to the dis-
appearance of capsule from the bacterial surface. Similarly,
clindamycin and linezolid reduce the amount of protein A
on the surface of Staph. aureus and M protein on group A
streptococci: consequently these bacteria become more sus-
ceptible to phagocytic uptake and killing. In addition, these
two antibiotics impair coagulase and hemolysin produc-
tion of Staph. aureus as well as streptolysin and DNase of
group A streptococci. Ceftriaxone and monobactams reduce
the antiphagocytic antigen of Esch. coli. In parallel, ampicillin
and chloramphenicol alter the antiphagocytic capsule of
H. influenzae type b, resulting in increased uptake.

ENDOTOXIN AND EXOTOXIN RELEASE

As early as 1960, Hinton and Orr observed that a-hemolysin
production by Staph. aureus is inhibited by streptomycin or
bacitracin at concentrations below those interfering with bac-
terial growth. Confirmation of these findings was performed
using other antibiotics (tetracyclines, clindamycin, chloram-
phenicol and erythromycin). Specific inhibition of, for exam-
ple, toxic shock syndrome toxin is possible with sub-MIC
levels of clindamycin. Treatment of several other species (e.g.
Clostridium difficile, Pseudomonas aeruginosa, group A strep-
tococci and Esch. colt) with mainly protein synthesis inhibi-
tors reduces both toxin synthesis and the production of other
virulence factors.!* Clindamycin has recently been used as
an important supplement to, for example, benzylpenicillin
to lower exotoxin levels in the treatment of patients suffer-
ing from infections with B-hemolytic group A streptococci.




An effect of great importance of antibacterial agents would be
their potential ability to limit release of endotoxin (lipopoly-
saccharide; LPS), the major constituent of the outer mem-
brane of Gram-negative bacteria, in the critically ill patient.

In-vitro and animal experiments as well as some clinical
studies have shown that endotoxin concentrations increase after
antibiotic treatment of Gram-negative infections. Antibiotics
differ in their capacity to cause endotoxin release depending
on their mode of action. B-Lactam antibiotics, acting on the
cell wall, lead to a higher endotoxin release than aminoglyco-
sides and other groups of antibiotics, affecting bacterial pro-
tein synthesis. Among the B-lactam antibiotics, there are also
differences in capacity to liberate endotoxin depending on
their affinities for the various PBPs. Furthermore, affinities for
PBPs have been shown to be dose dependent. Ceftazidime has
been demonstrated to bind to PBP 3 at low doses, leading to
the formation of long filamentous structures with an increased
endotoxin production before lysis. With increasing doses, cef-
tazidime also has a high affinity for PBP 1, leading to rapid
lysis without elongation and with less endotoxin release.

In a randomized, multicenter, double-blind study, no dif-
ferences in the levels of proinflammatory cytokines were
detected in patients with Gram-negative urosepsis treated
with either imipenem or ceftazidime.!® Thus, well-controlled
clinical investigations are required to shed light on compli-
cated biological phenomena. Reduced endotoxin shedding
has been reported when B-lactam antibiotics have been com-
bined with clindamycin and tobramycin.!”

CELL PROLIFERATION AND CYTOKINE

PRODUCTION

Effects of antibiotics on lymphoid cells or cells of other ori-
gins have been described for most antibiotics that accumu-
late intracellularly. Fluoroquinolones reach concentrations
in human leukocytes 3—20 times the extracellular concen-
tration.*®> Importantly, these drugs are not associated with
any specific cellular organelle and do not require cell via-
bility for accumulation. At concentrations slightly above
those clinically achievable, the effects of fluoroquinolo-
nes on the immune system have been thoroughly inves-
tigated by us and others. We have used ciprofloxacin as a
model drug for this large group of derivatives. Ciprofloxacin
(range 5-80 pg/mL), and to a lower degree other fluoro-
quinolones, superinduces IL-2 synthesis by mitogen-acti-
vated peripheral blood lymphocytes.!®2° Experiments with
T=cell lines and primary T lymphocytes transiently trans-
fected with a plasmid containing the IL-2 promoter region,
show ciprofloxacin to enhance IL-2 gene activation. In par-
allel with these observations, under certain in-vitro condi-
tions, ciprofloxacin (20-80 pug/mL) counteracts the effect
of the immunosuppressive agent ciclosporin (cyclosporine)
that normally inhibits the phosphatase activityof calcineu-
rin inhibiting NFAT-1 activity. Ciprofloxacin thus inter-
feres with a regulative pathway common to several cytokines.

CELL PROLIFERATION AND CYTOKINE PRODUCTION

Indeed, analysis of cytokine mRNAs in ciprofloxacin-treated
peripheral blood lymphocytes revealed that not only is IL.-2
mRNA enhanced, but also an array of other cytokine mRNAs
including interferon gamma (IFN-y) and IL-4 (Figure 7.2A).
An earlier and stronger ciprofloxacin-dependent activation
of the transcriptional regulation factors NFAT-1 and activa-
tor protein-1 (AP-1) has been observed in T-cells explain-
ing the upregulated mRNA transcription (Figure 7.2B).
These data suggest a program commonly observed in mam-
malian stress responses. In fact, when microarray analysis
was done on ciprofloxacin-treated T lymphocytes, several
gene transcripts (z = 104) were upregulated in cells treated
with ciprofloxacin, whereas 98 transcripts were downregu-
lated out of 847 total genes included on the microarray.?!
The increased mRNAs were distributed between major gene
programs, including interleukins (36.5%), signal-transduc-
tion molecules (13.5%), adhesion molecules (10.6%), tumor
necrosis factor and transforming growth factor superfamilies
(10.6%), cell-cycle regulators (9.6%) and apoptosis-related
molecules (8.7%). In parallel with this hypothesis, cipro-
floxacin and trovafloxacin at experimental concentrations
potentiate IL-8 and E-selectin (CD62E) synthesis in stimu-
lated endothelial cells.?? However, the fluoroquinolone mox-
ifloxacin (MXF) inhibits nuclear factor kappa B (NF-xB)
activation, mitogen-activated protein kinase activation and
synthesis of the proinflammatory cytokines IL-8, TNF-o and
IL-1P in activated human monocytic cells.?® It also had a pro-
tective anti-inflammatory effect in vivo in a model of Candida
albicans pneumonia in immune suppressed animals, resulting
in enhanced survival and reduction in IL-8 and TNF-o in
lung homogenates.

Several reports exist on ciprofloxacin-dependent immu-
nomodulation in vivo, strongly indicating that the observed
cytokine upregulation is not an in-vitro artefact.** It is thus
clear that the fluoroquinolone ciprofloxacin stimulates bone
marrow regeneration in both transplanted and sublethally
irradiated mice by interfering with IL-3 and granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) synthesis. The
treated mice demonstrated a higher number of white blood
cells and myeloid progenitor cells in bone marrow and spleen
on days 4 and 8 post-irradiation as compared to saline-treated
animals. Despite brilliant results in mouse models, only one
successful study exists on this phenomenon in human sub-
jects. In contrast to specific effects on the bacteria, fluoro-
quinolones (7% and 50% for trovafloxacin and tosufloxacin,
respectively) protected mice from LPS-dependent mortal-
ity when animals were injected with lethal doses.?* IL-6 and
TNF-o serum concentrations were significantly reduced in
fluoroquinolone-treated animals compared to drug-free con-
trols. In parallel, numerous studies have shown that fluoro-
quinolones inhibit monokine production by LPS-activated
monocytic cell, albeit at drug concentrations higher than the
ones achieved in serum.

Macrolides including erythromycin, clarithromycin and
roxithromycin have been analyzed in several cell systems
using various stimulatory compounds such as cytokines and
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Effects of fluoroquinolones
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Immunomodulatory effects of the representative fluoroquinolone ciprofloxacin and its putative site(s) of action in a schematically

drawn T lymphocyte. (A) Fluoroquinolones upregulate virtually all examined mRNA transcripts in mitogen-activated peripheral blood
lymphocytes (4,5,21) or monocytes (IL-8) (23), whereas mainly T helper 1 and 2 cytokines are paralleled by an increased protein synthesis.

(B) delineates the signaling events in a T lymphocyte stimulated through the T-cell receptor/CD3 complex resulting in protein kinase C

(PKQ) activation followed by triggering of the MAP kinase cascade on one hand and the increased Ca** mobilization on the other causing,
dephosphorylation of the pre-existing nuclear factor of activated T cells-1 (NFAT-1p). It is not completely clear, however, whether ciprofloxacin
directly interferes with the transcriptional regulation factors activator protein-1 (AP-1) or NFAT-1, or inhibits the DNA topoisomerase Il resulting
in DNA damage and genotoxic stress, leading to a secondary activation of the transcription factors (as indicated by the question marks).

endotoxins. Since macrolides are strongly accumulated intra-
cellularly (>10- to 200-fold), this group of antibiotics con-
sequently has the prerequisite to interfere with eukaryotic
cell activities. The molecular target for macrolides as tested
with erythromycin seems to be the nuclear transcription fac-
tor NF-kB or a target upstream.”” A common feature of the
macrolides in in-vitro experimental systems is to inhibit pro-
duction of proinflammatory cytokines, such as I1.-6, TNF-a
and IL-8. The effects by the macrolides are similar on epi-
thelial and monocytic cells. Macrolides also interfere directly
with eosinophils (i.e. inhibited IL-8 synthesis) and neutro-
phils (decreased superoxide anion production) suggesting
that, together with available data on inhibitory effects on pro-
inflammatory cytokines, macrolides may inhibit the inflam-
matory response on different levels.?¢

Tetracycline derivatives, and in particular doxycycline,
have repeatedly been reported to interfere with the com-
ponents of the immune system. For example, doxycycline
inhibits proliferation of mitogen-activated peripheral blood
lymphocytes,® and minocycline has been shown to decrease
T helper cell cytokines such as IL-2 and IFN-y. The primary
target for tetracyclines may be mitochondria as tetracyclines
inhibit mitochondrial protein synthesis, leading to a reduced
mitochondrial mass and consequently a decreased oxidative
phosphorylation and energy supply.?’

Fusidic acid at clinically achievable concentrations in low
protein tissue culture suspension significantly inhibits mito-
gen-activated peripheral blood lymphocytes.> Nitrofurantoin
also interferes with lymphocyte proliferation, whereas peni-
cillins, cephalosporins, aminoglycosides and trimethoprim
do not appear to exert any specific effects on lymphocyte
immune functions.

Rifampicin modifies several aspects of the immune
response;! it interferes with lymphocyte proliferation as dem-
onstrated by a decreased thymidine incorporation,® and sig-
nificantly prolongs graft survival up to 40% when examined
in a split-heart allograft transplantation model. The mecha-
nism responsible for this has not yet been thoroughly eluci-
dated, but it is most likely that the drug inhibits the cellular
immune response to the transplanted tissue. Interestingly,
cytokine-activated monocytes incubated with rifampicin show
an increased CD1b expression,®> a phenomenon that might be
beneficial in tuberculosis patients on rifampicin therapy since
CD1b plays a role in presentation of non-peptide antigens.

Cephalosporins do not in general potentiate or modify
the immune system. The results obtained in several stud-
ies on cefodizime are contradictory and the precise mech-
anisms have not yet been defined, although the effects of
cefodizime have been summarized by Bergeron et al.?® The
drug has been reported to exert negative, neutral or positive



effects on polymorphonuclear chemotaxis; to have no effect
or positive effects on phagocytosis; to downregulate TNF-o.,
IL-1 and IL-6 released by stimulated human monocytes; to
have no effect on IL-1 release; and to upregulate IL-8 release
and GM-CSF from monocytes and bronchial epithelial
cells, respectively. Ex vivo, cefodizime shows either neutral
or positive effects on chemotaxis and phagocytosis. In vivo,
cefodizime restores IL-1 and interferon production in immu-
nocompromised hosts, and enhances phagocytosis and sur-
vival of mice infected with cefodizime-resistant pathogens.
The drug decreases TNF-o synthesis and inflammation in
mice infected by Streprococcus pneumoniae, whereas TNF-o
production is increased in cefodizime-treated mice adminis-
tered heat-killed Klebsiella pneumoniae.

-
Since the field of immunology expanded in the early 1980s,
many studies have been performed in order to elucidate the
effects of clinically useful antibiotics on different immune
functions. Several antibiotics (e.g. certain fluoroquinolones,
macrolides, tetracyclines and rifampicin) significantly inter-
fere with the immune response; however, despite much effort,
only a few of the precise mechanisms behind the immuno-
modulatory capacities have been elucidated. The term bio-
logical response modifiers has been coined for some drugs, but
an antibiotic that is solely chosen for its immunomodulatory
activity in lieu of others is not yet available. We are still await-
ing drug derivatives with defined antibacterial activities in
addition to well-clarified chemical structures that superin-
duce or inhibit specific immune functions. The field is still in
its infancy; structural chemistry followed by high-throughput
screening and modern molecular immunology should point
us towards new drugs.
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General principles of
antimicrobial chemotherapy

Roger G. Finch

Antimicrobial agents have had a major impact on the practice of
medicine for almost three-quarters of a century. They remain life-
saving for many severe infections, such as meningitis, pneumonia
and bloodstream infections. However, their use has also controlled
many non-life-threatening infections, for example, those affecting the
skin, respiratory and urinary tracts, thereby alleviating suffering and
controlling the social and economic impact of infectious disease.

Their widespread use in surgical prophylaxis (see Ch. 10) has
greatly reduced the infectious complications of surgical operations
and made possible transplant surgery and the treatment of malig-
nant disease, notably those requiring profound immunosuppression
and cytotoxic chemotherapy for their control.

The very success of antibiotics has led to their widespread use
and, indeed, misuse through overprescribing, prolonged treatment
courses and for unproven indications. This, in part, has been due to
the general acceptance by the public and prescribing professionals
of the benefits and relative safety of these agents. Indeed, in many
countries, antibiotics may be purchased without prescription from
pharmacy stores, thereby adding further to their use.

Among therapeutic agents, antimicrobial drugs have several unique
properties. Their use is not directed at particular host-derived disease
or pathological processes, but at an infecting micro-organism(s). In
general, they are used for short periods (single dose to a few days)
rather than for prolonged periods of time as with many other drugs.
However, of greater importance is their vulnerability to antimicrobial
resistance mechanisms as a result of genetic mutation among target
pathogens. Such resistance mechanisms are not only diverse, complex
and continuously increasing, but also are readily transmitted both ver-
tically and horizontally among bacterial species and across genera.

This continuous erosion of efficacy through drug resistance has been
of professional concern for many years. More recently it has entered the
public domain and given rise to political concern. Many countries have
introduced a variety of initiatives which are attempting to stem the tide
of drug resistance and encourage the development of new agents.

The clinical impact of drug resistance has been to steadily limit
therapeutic choice and modify recommendations for managing many
common infections (Table 8.1). More recently, multidrug-resistant
pathogens have emerged and spread locally, nationally and, in some
cases, globally. Reports of formerly sensitive, but now ‘untreatable’
pathogens are beginning to emerge.

Table 8.1 Impact of antibiotic resistance on prescribing choice

Target organisms Agents formerly reliably active but for

which sensitivity testing is now required

Staphylococcus aureus Penicillin, methicillin, mupirocin

Streptococcus pneumoniae  Penicillin, tetracycline, erythromycin

Streptococcus pyogenes Erythromycin, tetracycline

Enterococci Ampicillin, teicoplanin, vancomycin

Neisseria gonorrhoeae Penicillin, tetracycline, ciprofloxacin,

cephalosporins

Neisseria meningitidis Sulfonamides

Haemophilus influenzae Ampicillin, chloramphenicol

Enterobacteriaceae Ampicillin, cephalosporins, trimethoprim,

ciprofloxacin

Salmonella spp. Ampicillin, sulfonamides, chloramphenicol,

ciprofloxacin

Shigella spp. Ampicillin, tetracycline, sulfonamides

Pseudomonas aeruginosa Gentamicin, ceftazidime

Drug resistance is by no means exclusive to bacteria. In the few
years in which effective chemotherapy has become available to treat
HIV infection, drug resistance (phenotypic as well as genotypic) has
been the major reason for disease progression. Among fungi, pri-
mary and acquired resistance to azole antifungals is increasingly
recognized, particularly among Candida spp. Worldwide resistance
of Plasmodium falciparum to chloroquine and other drugs is a major
cause of failure of therapeutic and prophylactic control of malaria.

Forall the above reasons, a set of prescribing principles has evolved
to guide prescribing practice of antimicrobial drugs in the manage-
ment of infectious disease.’ The basis for these principles is not only to
ensure effective and safe management of infection, but also to reduce
the risk of drug resistance emerging. Antibiotic prescribing can also
have an ecological impact that may not only affect the recipient of the
medication but also has the potential to spread either locally (within
the hospital) or more widely in the community. International travel
has added a global dimension to such dissemination.



THE PRINCIPLES OF ANITMICROBIAL
PRESCRIBING

DEFINING THE TARGET INFECTION

Fundamental to all antimicrobial prescribing is the need to
establish the presence and nature of a particular target infec-
tion and to decide whether it is an antibiotic responsive or
non-responsive condition. Ideally, such a diagnosis should
be supported by microbiological evidence that confirms the
nature of the infection. This is only possible where there is
ready access to laboratory facilities as in hospital practice, or
where reliable near-patient testing is available.

Very few infectious diseases present clinically in a man-
ner that is pathognomonic and for which the microbiological
diagnosis can be inferred. Examples include erysipelas caused
by Streprococcus pyogenes, meningococcal septicemia with rash
(Neisseria meningitidis) and varicella complicated by a primary
pneumonia. The majority of infections do not permit such
accurate diagnosis. Syndromes such as pneumonia, menin-
gitis and pyelonephritis are the result of infection by diverse
organisms. Microbiological investigations are of limited value
in defining a microbial etiology. Initial management, where
early microbiological information is unavailable or laboratory
facilities do not exist, must therefore be based on a clinical
assessment and a presumptive consideration of the likely or
possible causal organisms. Such empirical prescribing gov-
erns the majority of infections managed in primary care and
also reflects the initial management of infectious conditions
admitted to hospital, especially where these are life-threatening.

ANTIBIOTIC SELECTION

Knowledge of the likely pathogens responsible for a particular
target disease (e.g. urinary tract infection, meningitis, commu-
nity-acquired pneumonia) is important in making an appro-
priate choice of agent. This can be greatly enhanced when it is
based on local knowledge of the usual repertoire of pathogens
and their current susceptibility to therapeutic agents.

Dosage regimens for specific indications are based on
clinical trial data, accumulated experience and appropriate
dose modification for the patient’s age and, where relevant,
excretory organ dysfunction, in order to reduce the risk from
toxic effects. Dose adjustment may be necessary for patho-
gens causing ‘site protected infections’, such as pneumococ-
cal meningitis for which much higher doses of penicillin G
are required to produce therapeutic concentrations in the
cerebrospinal fluid in comparison with the dosage regimen to
treat pneumococcal pneumonia.

Antimicrobial agents, like other drugs, are bound to circu-
lating plasma proteins, mostly albumen. Although microbio-
logically inactive in the bound state, there is rapid dissociation
to the unbound state at the site of infection. The degree of
protein binding varies widely, being high for flucloxacillin
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(95%) and less marked for ciprofloxacin (30%) and amoxi-
cillin (20%). Highly protein bound agents can perform less
satisfactorily against pathogens of borderline susceptibility or
in situations where drug concentrations at the site of infection
are marginal. In general, the degree of protein binding has
little impact on the treatment of infections.

PHARMACOKINETIC

AND PHARMACODYNAMIC
CONSIDERATIONS

In the past decade or so, pharmacokinetic/pharmacodynamic
(PK/PD) modeling, which is derived from the pharmacoki-
netic behavior of a drug in comparison with the susceptibil-
ity of particular target pathogens, has had a major impact on
dosage selection, dosage intervals and, more recently, in pro-
viding supporting evidence of clinical efficacy. This PK/PD
approach plays a major part in new drug development and has
been applied not only to antibacterial agents, but also to anti-
retroviral and antifungal drugs. In some instances, data from
such PK/PD modeling have resulted in modification of dosage
regimens post-licensing (see Ch. 4). PK/PD modeling has also
been investigated for its ability to guide dosage regimens less
likely to result in the emergence of drug resistance, by defining
the ‘mutant preventing concentration’ of an agent.

ROUTE OF ADMINISTRATION

Antimicrobial agents can be administered systemically (par-
enterally or orally) or topically to the skin, eyes and external
auditory meati. Other routes include aerosol administration to
the lungs in the treatment of lower respiratory tract infections
complicating cystic fibrosis and, very rarely, intrathecally or
intraventricularly in the specialist management of central ner-
vous system (CNS) infections. In the latter situation, the risk
of drug toxicity is considerable and requires particular cau-
tion in dose selection and drug administration and, in general,
is best avoided.

Drugs with high degrees of bioavailability, such as the fluo-
roquinolones, produce therapeutic blood and tissue concen-
trations following oral administration such that parenteral
use can often be avoided. This approach is less costly, avoids
the complications of vascular access and also supports early
step-down therapy from intravenous to oral administration.

DURATION OF TREATMENT

The duration of therapy is poorly defined for many target
diseases and is in general based on custom and practice and
licensed data. For some diseases, the duration of treatment
has been determined scientifically — for example, standard
6-month regimens of combination therapy in the treatment
of pulmonary tuberculosis. Another example is the treatment
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of streptococcal endocarditis, where the species and, more
particularly, the in-vitro susceptibility of the target pathogen,
permit short-course therapy (2—4 weeks) for highly sensitive
viridans streptococci and prolonged courses (6 weeks) for less
susceptible strains, notably enterococcal species.

For many common infections, the licensed duration of treat-
ment has often been 1-2 weeks. In recent years and increas-
ingly based on clinical trial data, 5-7 days is widely accepted
for a variety of uncomplicated diseases, including lower respi-
ratory tract infections. Likewise, uncomplicated urinary tract
infections generally respond to 3 days’ treatment. Many of the
clinical features of infection are the result of the host inflam-
matory response, which often takes a few days to subside after
the infecting micro-organism is eliminated. Short-course ther-
apy has much to commend it in terms of compliance, lowered
ecological impact, adverse drug effects and cost.

ADVERSE DRUG REACTIONS

No drug is free from side effects. Good prescribing practice
must balance the potential benefits of treatment against the
known repertoire of adverse effects and likelihood of these
occurring in a particular patient. Some are predictable, while
others are not. Drug hypersensitivity is particularly common
with some agents, notably the B-lactams. Hence it is always
important to enquire after any previous adverse reaction
from past drug exposure. The known cross-hypersensitivity
between the penicillins and cephalosporins precludes substi-
tution of the latter, where an accelerated hypersensitivity reac-
tion (anaphylaxis) has occurred. In contrast, the cautious use
of a cephalosporin is often possible where the previous reac-
tion to penicillin was that of delayed hypersensitivity.

Dose-related toxicity is a particular issue for agents depen-
dent upon renal excretion. Where renal function is impaired,
drug accumulation can arise. The most notable example is
in the use of the aminoglycosides. Dose-related nephrotoxic-
ity and ototoxicity are issues that require constant vigilance
and careful monitoring. Therapeutic drug monitoring of gen-
tamicin by timed assays has greatly increased safety in use by
ensuring therapeutic, non-toxic serum concentrations linked
to careful dose adjustment.

PLACE OF SINGLE AND COMBINED

DRUG THERAPY

Whenever possible, single-agent therapy is preferred and is
widely adopted in the management of community infections.
It has the advantage of simplicity, cost, limits the risks of drug
interactions and restricts the risk of adverse reactions to those
of the single agent.

Combining agents has benefits in selected patients — for
example, in the severely ill septic patient where prompt
empirical treatment is necessary. This is usually in response to
infections for which a range of pathogens may be responsible,

notably intra-abdominal or lower respiratory tract infections.
Combined drug regimens ensure that the potential range of
organisms is effectively covered whilst awaiting microbio-
logical confirmation as to the nature of the infection. Once
obtained, treatment can often be adjusted to a single agent.
Recommendations and evidence-based guidelines now sup-
port the management of specific infections with combined
drug therapy in the severely affected. The initial empirical
management of severe community-acquired pneumonia is
one such condition.

In the treatment of tuberculosis, HIV and malaria, combi-
nation therapy is now the standard approach but for another
reason, namely to limit the risk of selecting drug-resistant
strains. In the case of tuberculosis, low frequency primary
drug resistance to isoniazid or rifampicin (rifampin) is an
ever-present risk. By using combination treatment (e.g. iso-
niazid plus rifampicin plus ethambutol/pyrazinamide) as the
initial regimen, the selection and emergence of drug-resistant
disease is greatly limited.

BACTERICIDAL VERSUS BACTERISTATIC

PROPERTIES

Another issue of importance in treating infection in severely
immunocompromised patients is the need to select a bacte-
ricidal drug regimen. This is of particular importance in pro-
foundly neutropenic patients, such as transplant recipients
and those receiving cytotoxic chemotherapy for malignant
disease. Regimens based on bactericidal agents such as the
B-lactams and aminoglycosides are used in preference to bac-
teristatic agents, notably tetracyclines and antifolate drugs,
which rely on an intact phagocytic cell system to eliminate
the pathogens. Another example is the use of bactericidal reg-
imens when treating bacterial endocarditis, since the target
pathogens are embedded within the cardiac vegetations which
is, in essence, an immunologically protected site into which
phagocytic cells penetrate poorly.

PROPHYLACTIC USE

Antibiotics have been used extensively in surgical practice to
prevent postoperative wound infections. Such prophylactic
use has resulted in significant reductions in infectious mor-
bidity and mortality complicating a range of operative proce-
dures (see Ch. 10). For example, the infectious complications
of colectomy have been reduced from approximately 40% to
5%. Implant surgery has also benefited, notably joint replace-
ment and cardiac valve surgery.

The rationale for selection of a particular drug regimen
for prophylactic use is based on the known risk of an infec-
tious complication, predictable and normally susceptible tar-
get organism(s), and a regimen that has been shown to be safe
and well tolerated. The latter is important in practice since
prophylaxis will be administered to large numbers of patients,



for some of whom the risk of infection will be absent. By lim-
iting such prophylaxis to short-course (usually single dose)
perioperative use, concerns over adverse reactions, drug resis-
tance and superinfections are greatly reduced.

Antibiotic prophylaxis also has applications in medical
practice to prevent infection in at-risk individuals or, in the
case of transmissible infections, to reduce spread to close
contacts. For example, those with anatomical or functional
asplenia are vulnerable to severe sepsis by Str. pneumoniae
and other pathogens. Long-term penicillin (erythromycin for
those hypersensitive to penicillin) is recommended, especially
for those under the age of 16 years. Likewise, rifampicin, cef-
triaxone or ciprofloxacin as single dose or short-course ther-
apy is given to close contacts of patients with meningococcal
meningitis or septicemia to prevent secondary cases.

FAILURE OF ANTIBIOTIC THERAPY

Despite adhering to the above principles of prescribing, some
infections fail to respond to treatment. Hence, it is important
to monitor progress in an individual patient.

Failure to respond to antibiotic treatment may be the result
of a variety of factors. The nature of the original diagnosis may
have been incorrect or may have been more complex than
originally conceived (e.g. cellulitis complicated by underly-
ing osteomyelitis). The microbiological nature of the infection
should also be reassessed — for example, an atypical pneumo-
nia unresponsive to B-lactams, or a mixed aerobic/anaerobic
intra-abdominal infection, while drug-resistant pathogens are
increasingly recognized.

Other important causes of failure of treatment include infec-
tion related to implanted medical devices (e.g. intravascular cath-
eters), prosthetic devices and retained surgical sutures or pus that
requires drainage. Micro-organisms adhere to foreign materials,
form biofilms and are then relatively protected from conventional
antibiotic therapy. Likewise, antibiotics may be either inactivated
or fail to penetrate collections of purulent material which require
incision and drainage for their resolution.

THE ROLE OF THE LABORATORY IN

DIAGNOSIS AND TREATMENT

In clinical practice it is often impossible to determine the
identity let alone the drug susceptibility of the causal agent,
hence the importance of sound microbiological practice and
good communication between the clinician and the labora-
tory. Nevertheless, even where laboratory services are not
available, by employing the principles of antibiotic use it is
often possible to make a logical and successful choice of agent.
Laboratory investigations range from simple to sophisticated
fully automated methods. Much valuable rapid diagnostic
information can be gleaned from reliably performed Gram
stains and Ziehl-Neelsen stains of cerebrospinal fluid (CSF)
or pus, as well as microscopic analysis of urine and CSF.

ANTIBIOTIC FORMULARIES AND POLICIES

It is important that all relevant specimens be collected
before treatment is started (an occasional exception is the
need sometimes to begin treatment in acute meningitis before
lumbar puncture is done) and that these be handled properly
and expeditiously. The responsibility for this stage in diagno-
sis, falling as it does between clinician and laboratory, may,
if badly executed, result in missed opportunities for diag-
nosis. The proper collection, handling and examination of
specimens in the diagnosis and management of infection are
paramount.

Culture-based laboratory methods remain important in
the management of bacterial infections. The growth, isola-
tion and subsequent identification of the pathogen(s) from a
clinical specimen add precision to the clinical diagnosis and
furthermore guide therapeutic management as a result of
antibiotic susceptibility testing. This is of increasing impor-
tance as drug-resistant pathogens become dominant and is
of particular importance in the management of infections
caused by methicillin-resistant Staphylococcus aureus (MRSA)
and other staphylococci, glycopeptide-resistant enterococci
and multidrug-resistant Enterobacteriaceae, Acinetobacter
and Pseudomonas spp. Such pathogens are increasingly iso-
lated from hospitalized patients in high dependency and
transplant units.

Drug resistance is no longer restricted to bacteria and is
increasing among fungi (notably Candida spp. to antifungals)
and viruses where it has had a major impact on the manage-
ment of HIV/AIDS with antiretroviral drugs. Laboratory
testing for susceptibility to such agents is of increasing
importance.

The occasional consequences of antibiotic use also include
the selection of fungi and C. difficile which in turn may result
in secondary infection. Here, laboratory investigations are key
to their recognition and management.

ANTIBIOTIC FORMULARIES AND

POLICIES (SEE CH. 11)

Antibiotic formularies are in widespread use. In their sim-
plest form they are a listing of the classes and drugs avail-
able or licensed. These may be produced locally (to indicate
what agents are stocked), nationally (e.g. British National
Formulary) or internationally as, for example, the World
Health Organization’s Model Lists of Essential Medicines.?
Formularies increasingly contain guidance on the indications,
dosage regimens, adverse drug reactions and other informa-
tion linked to usage.

In order to support good prescribing practice, avoid unneces-
sary use and to counter the threat from antibiotic resistance, pre-
scribing guidance has evolved into policies with increasing levels
of prescribing support and audit. Again, these may be developed
locally, by institutional Drug and Therapeutics Committees or
their equivalent, or be developed nationally. These increasingly
provide detailed prescribing recommendations for specific dis-
eases and conditions. Such recommendations are increasingly
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based on guidance derived from an evidence-based assessment
of published studies for specific target diseases. They may be
produced by professional societies, international collaborations
of experts and national agencies, such as the National Institute
of Health and Clinical Excellence (NICE) in the UK.
Antibiotic prescribing is increasingly subject to monitoring
and audit. Antibiotic usage data collection varies in sophis-
tication from a simple quantitative assessment of drug pur-
chased or prescribed, to more detailed monitoring of primary
care prescriptions as in the UK; this identifies prescribing
patterns by individual practices or practitioners. International
comparisons of prescribing rates are published annually by
the European Surveillance of Antimicrobial Consumption,®
where the unit of prescribing is based on the defined daily
dose (DDD) per 1000 inhabitants. Such surveillance systems
are helpful in informing local and, indeed, national strategies
to improve or modify prescribing practice. However, they fail

to provide day-to-day support for the prescriber. Here, online
IT systems are essential — but not universally available. By
linking prescribing to the medical record and patient-specific
laboratory information, a much more sophisticated support
system can be created. Prescribing guidance by diagnosis can
also support good clinical practice and permits audit of a vari-

ety of management and clinical outcomes.
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Laboratory control of
antimicrobial therapy

Gunnar Kahlmeter and Derek Brown

Most antimicrobial therapy is empirical. However, empirical therapy is
based on scientific evaluation of the outcome of clinical trials in which
the results of drug therapy have been related to laboratory tests of
the antimicrobial susceptibility of the causative micro-organisms and
on clinical experience built up during the years following registration
of a new antibiotic. The scientific proof of the effectiveness of a
drug against certain micro-organisms in specific clinical situations
is usually based on results with micro-organisms that lack resistance
mechanisms because acquired or mutational resistance (i.e. resis-
tance caused by a genetic alteration) is rare when the drug is new
or because organisms with resistance to the drug are excluded by
the clinical trials protocol. If factors determining therapeutic suc-
cess (indications for therapy, drug formulation and dosing, target
micro-organisms and antimicrobial susceptibility of target micro-
organisms) were constant over time, antimicrobial susceptibility test-
ing in the routine microbiological laboratory would be unnecessary.
However, due to the worldwide rapid increase in antimicrobial resis-
tance, empirical therapy becomes more and more uncertain and the
foundation for empirical therapy needs constant re-evaluation. Due
to sometimes major local differences in the occurrence of resistance,
this re-evaluation has to be based on local resistance frequencies.

I —
WHY SUSCEPTIBILITY TESTING?

Susceptibility testing is performed:

* to predict the outcome of antimicrobial chemotherapy
in individual patients, i.e. as an instrument for directing
antimicrobial chemotherapy;

to predict the outcome of antimicrobial chemotherapy in
future patients, i.e. for continuous evaluation of the basis
for empirical therapy;

* to permit epidemiological intervention through:

— the early detection of bacteria with certain
resistance mechanisms in the hospital, e.g.
methicillin-resistant Staphylococcus aureus (MRSA),
glycopeptide non-susceptible enterococci or

staphylococci, extended spectrum B-lactamase

(ESBL)-producing Gram-negative bacteria, and in
the community, e.g. multiresistant Mycobacterium
tuberculosis, multiresistant Salmonella enterica
serotype Typhimurium, penicillin and multiresistant
Streptococcus pneumoniae;
— the early detection of trends in resistance frequencies
and the identification of factors affecting the
dynamics of such trends, such as consumption of
antibiotics, infection control, associated resistance to
other antibiotics or other substances, overcrowded
conditions in hospitals and in society at large, etc.
Knowledge obtained in this way forms the basis for national
and local antibiotic policies and interventions, and affects
national and international legislation (e.g. the prohibition of
the use of some antimicrobials as growth promoters in animal
husbandry).

THE CATEGORIZATION OF

ANTIMICROBIAL SUSCEPTIBILITY

The antimicrobial susceptibility of bacteria and fungi is tradi-

tionally categorized with the letters S for Susceptible or Sensitive,

I for Intermediate or Indeterminate and R for Resistant. There is

some variation in the definitions of the different categories of

susceptibility which can lead to confusion, particularly with
the intermediate category. The International Organization for

Standardization (ISO)! has defined susceptibility categories

as follows:

*  Susceprble: A bacterial strain inhibited in vitro by a
concentration of an antimicrobial agent that is associated
with a high likelihood of therapeutic success.

* Resistant: A bacterial strain inhibited in vitro by a
concentration of an antimicrobial agent that is associated
with a high likelihood of therapeutic failure.

» Intermediate: A bacterial strain inhibited in vitro by a
concentration of an antimicrobial agent that is associated
with uncertain therapeutic effect.
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The ‘uncertain effect’ in the intermediate category implies that
an infection due to the isolate can be appropriately treated in
body sites where the drugs are physiologically concentrated
(e.g. lower urinary tract) or when a high dosage of drug can
be used. It may be taken as a signal from the microbiologist to
the clinician that the bacterium is now compromised (i.e. has
acquired some degree of resistance) and that the interpreta-
tion is difficult in the individual patient and/or that a higher
dosage than that normally used may be required. There is also
a long tradition for breakpoint committees to use the I cat-
egory as a ‘buffer zone’ to prevent small, uncontrolled techni-
cal factors from causing major discrepancies in interpretation
of in-vitro tests.

Differences in breakpoints recommended by different
national or international breakpoint committees can be sig-
nificant. For example, a comparison of breakpoints from the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST; http://www.eucast.org) and the USA Clinical and
Laboratory Standards Institute (CLSI; http://www.clsi.org)
shows that, of 36 breakpoints for drugs used to treat infections
caused by Enterobacteriaceae, not a single set of breakpoints
(S/R) is currently the same. The corresponding numbers for
staphylococci are 4/31, streptococci 2/25, Str. pneumoniae 3/29,
enterococci 0/14, Haemophilus influenzae 0/27, Pseudomonas
1/18 and Acinetobacrer 1/11. Some of the differences in
minimum inhibitory concentration (MIC) breakpoints are
quite pronounced and should be resolved.

A useful supplement to the classic clinical definitions of
susceptibility categories was the introduction by EUCAST
of the ‘epidemiological MIC cut-off values’ (or ‘microbio-
logical breakpoints’) designed to delineate the ‘wild type’ of
each species and to provide a means of early detection and
sensitive quantitative description of the emergence of resis-
tance. Clinical breakpoints should be based on the correlation
between MICs and clinical outcome of therapy, where doses
and duration of therapy are selected on the basis of pharmaco-
logical and pharmacodynamic data. The epidemiological cut-
off values should be based on the correlation between MICs
and the presence and absence of resistance mechanisms to
the drug, or class of drug, in question. Epidemiological break-
points can be used for epidemiological surveillance, for deter-
mining factors important for resistance development, and for
planning and measuring the effects of interventions to coun-
teract resistance development.

DETECTION OF ANTIMICROBIAL

RESISTANCE

The detection of resistance can be phenotypic or genotypic.
Phenotypic methods include disk diffusion and automated
systems, which are in some way related to the MIC of the
organism, and methods detecting a resistance mechanism,
such as the detection of B-lactamases or of PBP 2a (indicating
methicillin resistance in staphylococci). Genotypic methods
detect a defined gene(s), such as mecA coding for methicillin

resistance in staphylococci or the van genes coding for glyco-
peptide resistance in enterococci. Genotypic tests tend to be
‘either/or’, i.e. if positive, the organism is considered resistant
to the drug or class of drug. All susceptibility tests require
both methodological standardization to ensure reproducibil-
ity and appropriate interpretive criteria to ensure that results
are clinically or epidemiologically meaningful.

THE MINIMUM INHIBITORY

CONCENTRATION (MIC)

In MIC tests the micro-organisms are subjected to a range of
antibiotic concentrations, conventionally two-fold, in solid or
liquid medium, in a defined atmosphere, at a defined temper-
ature and for a defined period of time. The macroscopic inhi-
bition of growth is measured as the absence or near absence
of growth on a solid medium or as the absence of turbidity in
a liquid medium. The MIC is defined as the lowest concentra-
tion which clearly inhibits the growth of the micro-organisms.
The MIC is traditionally the antimicrobial susceptibility
testing standard against which other methods are assessed.
Performance of the methods is affected by technical factors
including medium, additives, pH, ion content, incubation
time, temperature, atmosphere, etc. Hence methods need to
be standardized.

%’ BREAKPOINT METHODS

Most models for susceptibility testing use two MIC break-
points to divide bacteria into the three susceptibility catego-
ries S, I and R defined above. In some susceptibility testing
techniques only the breakpoint concentrations are incorpo-
rated in solid or liquid media, in which case only two plates
or two tubes/microdilution plate wells are needed. Growth
at neither the low nor the high concentration indicates that
the organism is susceptible, growth at the lower but not the
higher concentration indicates intermediate susceptibility
and growth at both concentrations is interpreted as resis-
tance. Breakpoint methods are more difficult to control than
full MIC determinations or agar disk diffusion because MIC
values for control strains are often not close to tested con-
centrations. Hence the controls may fail to detect significant
changes in test concentrations.

%’ AUTOMATED SYSTEMS

A number of automated or semi-automated systems on the
market utilize the breakpoint principle, some including addi-
tional dilutions around the breakpoints. With additional dilu-
tions a restricted range MIC value for the isolate can be
given, together with the corresponding interpretation. With
the one- or two-concentration breakpoint system only the



interpretation is given. Automated systems are widely used
and have some advantages over manual systems in the stan-
dardization of methodology, labor saving and data handling.

%! GRADIENT METHODS

Gradient methods such as the Etest® (BioMérieux) or MICE®
(Oxoid) are a variation on MIC determination. A series of
two-fold dilutions of an antibiotic are incorporated on a plas-
tic carrier strip from which the antibiotic diffuses freely into
the agar, creating a diffusion gradient along the length of the
strip. After incubation overnight, the MIC is read as the point
where the growth inhibition ellipse intersects the MIC scale
on the strip. Recommendations are provided by the manufac-
turers for standardization of the inoculum, type of medium
to be used for different organisms and reading of the tests.
Gradient tests have brought MIC determination to those clin-
ical laboratories that did not previously have the facilities or
expertise to do the rather elaborate work needed to set up a
standard MIC test in solid or liquid medium.

%! AGAR DISK DIFFUSION

The diameter of the zone of growth inhibition which forms
during incubation of the agar plate constitutes a measure of
the susceptibility of the bacterium to the antibiotic. Zone
diameters are traditionally correlated with MICs through
a regression analysis performed on the parallel MIC and
disk diffusion test results obtained with collections of iso-
lates with a range of susceptibilities. The MIC breakpoints
are then transformed into corresponding zone diame-
ter breakpoints through the regression line. In the classic
Kirby—Bauer? and Ericsson and Sherris® regression analy-
ses, a collection of bacteria was analyzed in a regression
analysis involving many different species and all species
received common MIC and zone diameter breakpoints. To
be able to characterize the slope of the regression line, it
is often necessary to include species inherently insensitive
to the drug, which may be poorly representative of bacte-
ria with acquired resistance. Thus, multi-species regression
lines may not reflect the relationship between MIC and
zone diameter for future isolates with acquired resistance
and may not be valid for some species. Species-related
zone diameter breakpoints are now usually set in line with
species-related MIC breakpoints, and zone diameter break-
points are more commonly set by adjusting breakpoints so
that errors in reporting are as low as possible (the ‘error-
minimization’ approach).

Disk diffusion methods are versatile, economic and remain
the most widely used approach to routine susceptibility testing
in many countries. The Kirby-Bauer method? is the basis of
the recommendations of the CLSI in the USA, with Mueller—
Hinton agar as the only approved medium and an inoculum

DETECTION OF ANTIMICROBIAL RESISTANCE

of confluent growth. Standardized methods in Europe have
been based on the recommendations in the Ericsson and
Sherris® International Collaborative Study (ICS) report,
with either Mueller—Hinton agar or other defined media and
semi-confluent inoculum, with which it is easier to see when
the correct inoculum is not obtained.

Agar disk diffusion as a screening test

In situations where resistance is rare but clinically or epi-
demiologically important, and provided the zone diameter
breakpoints are specific to the species and set very close to
the wild-type population, a standard disk diffusion test can
be used as a test to screen for suspicious isolates for further
testing (e.g. methicillin resistance in Staph. aureus, penicillin
resistance in St pneumoniae, fluoroquinolone resistance in
Enterobacteriaceae). In some cases the next step is a confir-
matory test such as a polymerase chain reaction (PCR) test
for the detection of the specific gene responsible for a known
resistance mechanism (e.g. mecA gene indicating methicillin
resistance in staphylococci). In other cases a follow-up MIC
test provides a means for laboratories to define more closely
the degree of reduced susceptibility (e.g. Str. pneumoniae with
penicillin).

%{

To decide on national MIC and zone diameter breakpoints,
and in some instances to describe national methods and stan-
dards for susceptibility testing, several countries have break-
point committees or antibiotic reference groups (see below)
consisting of clinical microbiologists and infectious disease
specialists, and sometimes pediatricians, general practitio-
ners, clinical pharmacologists and representatives of the phar-
maceutical industries. Several of these groups in Europe have
combined and harmonized their breakpoints as part of the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST).

The MIC and zone diameter breakpoints published during
the 1960s and 1970s were, with a few exceptions (Neisseria
gonorrhoeae, M. tuberculosis), common for all bacterial species
and for all clinical situations. The Swedish Reference Group
for Antibiotics (SRGA) was first systematically to collect large
species-defined parallel databases of MIC values and zone
diameter distributions for bacteria lacking resistance mecha-
nisms. Their original database of MIC and disk diffusion zone
diameter distributions was later enlarged considerably under
the auspices of EUCAST and is now in the public domain
on the internet: http://www.eucast.org. The database now con-
sists of over 20 000 MIC distributions and some distributions
include as many as 120 000 MIC values. The collated distri-
butions include contributions from many sources, including
individual investigators, resistance surveillance programs and

MIC AND ZONE DIAMETER
BREAKPOINTS
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companies from all over the world. The species-defined data-

base underlined two particular points:

* Unimodal distributions of MICs or zone diameters for
any organism with a particular antibiotic were identical
irrespective of where in the world and when the isolates
were collected, and in non-unimodal distributions only
that part of the wild-type distribution consisting of non-

wild-type strains was affected (Figure 9.1). Furthermore, .

it was evident that distributions of MICs or inhibition

zone diameter values for a species were identical
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irrespective of whether the isolates were from humans or
animals. This is illustrated for tigecycline in Escherichia

coli in Figure 9.2.7 Distributions based on isolates from
different individuals and on data from repeat testing of
the same isolate were very similar (Figure 9.2), indicating
limited biological variation among wild-type individuals of
a species in their susceptibility to an antimicrobial agent.
Breakpoints common to all species often failed in one of
two principal ways. Either the breakpoints would divide
biologically homogenous populations of a species in such
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Escherichia coli ciprofloxacin MIC (mg/L) distributions from the EUCAST website (http://www.eucast.org) where graph A shows all

available data on 16 247 isolates from 81 data sources and graph B shows data on the 12 836 isolates (same data sources) considered devoid
of fluoroquinolone resistance mechanisms. The highest MIC value for isolates devoid of resistance mechanisms has been designated by
EUCAST the ‘epidemiological cut-off value’ or ECOFF (for Esch. coli against ciprofloxacin, the ECOFF is 0.032 mg/L).
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Fig.9.2 Tigecycline activity (inhibition zone diameters in disk diffusion testing on Mueller-Hinton agar) against Escherichia coli from human
bloodstream infections (100 consecutive patient isolates, black bars), the gut of 99 arctic non-migrating gulls from three widely separate
arctic areas (white bars) and against type strain Esch. coli ATCC 25922 (repeat testing of the same strain; gray bars). (Adapted from Sjolund M,
Bengtsson S, Bonnedahl J, Hernandez J, Olsen B, Kahimeter G. Clin Microbiol Infect. 2009;15(5):461-465. Epub 2009 Mar 2, with permission

from Wiley.”)

a way that organisms without biological difference in their
relationship to the drug in question would be classified as
being different (this is not only unhelpful from a clinical
point of view but also detrimental to the reproducibility
of susceptibility results) or, because the drug was very
active against a certain species (e.g. fluoroquinolones and
Neisseria or Haemophilus spp.), the common breakpoint
was so generous that resistance development would go
undetected. This is especially true for broad-spectrum
antimicrobials considered active against both Gram-positive
and Gram-negative bacteria. The solution to this problem
is to make species-related adjustments to breakpoints

to avoid dividing wild-type populations. This need is

now recognized by most breakpoint committees and is
one of the guiding principles for setting breakpoints by
EUCAST.

ANTIBIOTIC BREAKPOINT COMMITTEES

AND/OR REFERENCE GROUPS FOR
ANTIBIOTICS

Many countries have their own antibiotic breakpoint commit-

tees and/or reference groups for antibiotics, e.g.:

* BSAC (British Society for Antimicrobial Chemotherapy,
UK http://www.bsac.org.uk)

* CA-SFM (Comité de ’antibiogramme de la Société
Frangaise de Microbiologie, France; http://www.sfm.asso.fr)

» CLSI (Clinical and Laboratory Standards Institute, USA;
http://www.clsi.org)

* CRG (Commissie Richtlijnen Gevoeligheids-bepalingen,
The Netherlands)

* DIN (Deutsches Institut fiir Normung, Germany; http://
www.din.de)

« NWGA (Norwegian Working Group on Antibiotics,
Norway; http://www.unn.no/categoryl0274.html)

* SRGA and SRGA-M (Swedish Reference Group for
Antibiotics and its subcommittee on methodology,
Sweden; http://www.srga.org).

Many of the reference groups are more than just breakpoint
committees. Several publish guidelines on methodology, on
quality assurance and on the use of reference strains. Some
undertake education of laboratory personnel, surveillance
of antimicrobial resistance and liaison with regulatory
bodies, the medical profession and the pharmaceutical
industry.

In 2002, the national reference groups in Europe and the
European Society of Clinical Microbiology and Infectious
Diseases (ESCMID; http://www.escmid.org) co-organized
a joint committee, EUCAST, with the principal purpose
of achieving harmonized MIC breakpoints and methods in
Europe. EUCAST is funded by the European Centre for
Disease Prevention and Control (ECDC), ESCMID and the
national committees. EUCAST has specialist subcommittees
on antifungal susceptibility testing, expert rules and anaer-
obes. In 2009 the process of harmonization of MIC break-
points for all commonly used agents was completed. MIC
breakpoints for new agents are now set by EUCAST as part
of the licensing process for new agents through the European
Medicines Agency (EMEA). Reference MIC methods have
been described and a disk diffusion method calibrated to
EUCAST MIC breakpoints has been developed. Full details
of the EUCAST structure and organization are given on the
EUCAST website at http://www.eucast.org.
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TESTS FOR B-LACTAMASE

Various methods are available for detection of B-lactamase
activity (http://www.bsac.org.uk/_db/_documents/Chapter_6.
pdf). An increasing array of PCR methods for specific detec-
tion or typing of B-lactamases is available but these are rarely
used for routine purposes. The most commonly used routine
test is the nitrocefin test, which is commercially available in
various formats. Nitrocefin is a f-lactam molecule that changes
color when hydrolyzed by a B-lactamase. The color change is
often rapid but can take up to 60 min. The nitrocefin test
works well with H. influenzae, Moraxella catarrhalis, N. gonor-
rhoeae, N. meningitidis and Enterococcus faecalis (B-lactamase
production in the last two is very rare). The method is less
reliable with Staph. aureus, where induction with penicillin
or oxacillin may be required and, because of false-positive
reactions, the nitrocefin test should not be used for Staph.
saprophyticus. Alternative methods are the ‘clover leaf’ test,
the acidometric method and the iodometric method.

Enterobacteriaceae exhibit a multitude of B-lactamases,
most of which are cell bound and not reliably detected in con-
ventional B-lactamase tests unless induced and extracted. The
phenotypic resistance conferred by B-lactamases depends on
the level of expression, the substrate profile of the particular
enzyme or combination of enzymes, and the presence of other
complementary resistance mechanisms, such as permeability/
efflux. For this reason the detection of B-lactamase-mediated
resistance in the clinical laboratory is based on phenotypic sus-
ceptibility testing of penicillins (with and without B-lactamase
inhibitors) and cephalosporins.

Detection of resistance mediated by extended-spectrum
B-lactamases (ESBLs) is usually based on detection of resis-
tance to specific indicator B-lactams — for example, cefo-
taxime (or ceftriaxone) plus ceftazidime, or cefpodoxime
alone. Provided breakpoints are set close to the wild-type
populations (epidemiological cut-off values) of relevant spe-
cies of Enterobacteriaceae, the susceptibility test will detect
most ESBL-mediated resistance. Confirmation of ESBL
production is usually based on detection of B-lactamase
inhibition by clavulanate.

AmpC enzymes are mostly chromosomal and are induc-
ible in most Enterobacter spp., Citrobacter freundii, Serratia
spp., Morganella morganii, Providencia spp. and P aeruginosa.
With Enterobacter spp. and C. freundii, induction by cefoxitin
antagonizes the activity of third-generation cephalosporins,
which do not induce enzyme production. Resistance is usu-
ally obvious in strains with mutation to derepressed produc-
tion of AmpC enzymes. The presence of AmpC enzymes may
be indicated in tests with boronic acid, which inhibits AmpC
activity.

Detection of resistance mediated by carbapenemases can
be challenging as carbapenem MICs may be low. As with
ESBLs, if breakpoints are set close to the wild-type popula-
tions (epidemiological cut-off values) of relevant species, the
susceptibility test will detect most carbapenemase-mediated
resistance, particularly with ertapenem. The clover leaf test

is a particularly sensitive method for detection of carbapen-
emases and the presence of metallo-enzymes can be indi-
cated in tests based on detection of B-lactamase inhibition by
EDTA, although false positives have been reported for both
these methods.

DETECTION OF RESISTANCE GENES

WITH MOLECULAR TECHNIQUES

Many different genotypic tests have been described for the
detection of resistance genes or organisms carrying resistance
genes.* PCR methods can be used for the detection of most
resistance mechanisms — for example, methicillin resistance in
staphylococci (MRSA, MRSE) where detection of the mecA
gene coding for PBP 2a classifies the organism as resistant
to all currently marketed B-lactam antibiotics except ceftobi-
prole; and glycopeptide resistance mediated by the van genes
in enterococci. PCR techniques for the detection of genes cod-
ing for PB-lactamases, aminoglycoside-inactivating enzymes,
macrolide resistance and others have also been described.
Molecular methods might be used to detect resistant organ-
isms directly in clinical specimens, although mixtures with
normal flora that may contain resistance genes are a prob-
lem. This problem has been largely overcome in one method
for direct detection of MRSA where the PCR target identi-
fies both Staph. aureus and the SCCmiec elements that include
the mecA gene. Where resistance is sometimes equivocal in
phenotypic tests, such as with MRSA or glycopeptide-resistant
enterococci, PCR is a very useful confirmatory tool, especially
in low-prevalence areas where epidemiological intervention in
the form of sometimes cumbersome activities may be under-
taken to prevent dissemination of resistance. Molecular tests
are also valuable in epidemiological studies of the spread of
particular resistance genes and may be used as the reference
method in evaluation of susceptibility tests for some resis-
tances. However, it is not yet practical routinely to detect
the very wide range of genes that might confer resistance.
Furthermore, molecular techniques will detect only the genes
included in the particular tests, so new resistance genes or
mutations in existing genes may be missed, and they give no
indication of the level of expression or the effects of combina-
tions of genes, which may significantly affect phenotypic sus-
ceptibility. Therefore, phenotypic susceptibility tests are most
commonly used to discriminate between resistant and suscep-
tible isolates.

I ———
QUALITY ASSURANCE

All susceptibility testing needs effective control to ensure the
quality of results. The manufacturers of media, antibiotic disks,
gradient strips, microdilution plates with ready-made antibi-
otic concentrations, etc., and the producers of automated or
semi-automated systems, have a responsibility to ensure that
their products are of adequate quality. The laboratory has a



responsibility to ensure that the reagents and systems are used
correctly and to include control tests to detect problems in
performance of the tests.

INTERNAL QUALITY CONTROL

Quality control must be part of the daily routine in the lab-
oratory. Well-defined strains representing non-fastidious and
fastidious Gram-negative and Gram-positive bacteria can be
obtained from type culture collections (e.g. ATCC, NCTGC,
CCUQG) and from some national antibiotic reference groups.
Most standardized methods recommend type strains of Esch.
coli, Ps. aeruginosa, Staph. aureus, E. faecalis, Str. pneumoniae,
H. influenzae and N. gonorrhoeae and that they should be tested
daily (some methods permit less frequent testing when daily
testing has shown the method to be in control) against the
panels of antibiotics used in the daily routine. Control strains
should be handled exactly as patient isolates. The MICs or
the zone diameters should be recorded and may be plotted
in a Shewhart diagram to facilitate visual inspection. Target
values and/or control limits for control strains are published
for all national guidelines and defined action should be taken
if results fall outside these limits.

EXTERNAL QUALITY ASSESSMENT

In external quality assessment (EQA), organisms of known
but undisclosed susceptibility are distributed by a central lab-
oratory; participants test the organisms by their routine proce-
dures and send the results back to the central laboratory. The
expected results based on reference methods and a summary
of the results of all participants are sent to participants so they
can evaluate their performance in relation to the expected
result and other participants’ results. Most EQA programs
distribute micro-organisms with defined resistance mecha-
nisms as well as fully susceptible isolates. The international
external quality assessment scheme for clinical microbiology
organized from the UK (UK NEQAS; http://www.ukneqas.
org.uk) has a wide coverage, with laboratories from all over
Europe and many other parts of the world as subscribers.
As well as detecting poor-performing laboratories, which are
offered guidance where appropriate, the UK NEQAS scheme
has highlighted inadequate performance in some areas of sus-
ceptibility testing, such as penicillin resistance in Str. pneu-
moniae, low-level glycopeptide resistance in enterococci and
B-lactamase-negative ampicillin resistance in H. influenzae.
Associations have also been demonstrated between laboratory
performance and methods used.®

External quality assessment programs have been criticized
for distributing strains that are not challenging as suscepti-
bility is too obvious, but strains with borderline susceptibil-
ity or difficult resistances are now commonly distributed,
and a small proportion of laboratories fail even when strains
are obviously resistant or susceptible. In some countries

ANTIBIOTIC ASSAY

participation in EQA is not mandatory and it may be that
laboratories subscribing to EQA programs are more proficient
than those that do not. National efforts, including accredita-
tion requirements, to encourage laboratories to take part in
EQA programs, are needed.

I —
ANTIBIOTIC ASSAY

Assays of antibiotic concentrations in serum and other body
fluids were developed with the introduction of the modern
aminoglycosides during the 1960s and 1970s. A vast number
of articles described various assay methods and nomograms for
ensuring therapeutic and non-toxic concentrations of gentam-
icin, tobramycin, amikacin and netilmicin. At the same time
the first serious attempts were made to measure and describe
antimicrobial tissue concentrations and their relation to ther-
apeutic effect. Pharmacokinetic and eventually pharmacody-
namic modeling also depended on the development of assays
for measuring the concentration of antimicrobial drugs.

The monitoring of antimicrobial drug therapy is under-
taken for four main reasons:
» To ensure therapeutic concentrations — especially where
the therapeutic margin is narrow (aminoglycosides,
vancomycin) or where there are wide individual variations
in the pharmacokinetics of the drug (e.g. rifampicin
[rifampin], isoniazid).
To avoid potentially toxic concentrations (e.g.
aminoglycosides, vancomycin).

To prevent accumulation of drug (aminoglycosides,
fluoroquinolones in the elderly) — most often caused by
deteriorating renal function.
To ensure compliance and bioavailability in long-term
oral therapy.
Apart from the listed reasons, it is preferable to optimize drug
therapy in very sick patients on multidrug therapy in whom
drug interactions, failing renal function, dialysis and other
factors affecting pharmacokinetics may make dosing difficult
even at the best of times.

Clinical laboratories that take on drug monitoring should
be prepared to measure and advise on the serum concentra-

tions of at least one aminoglycoside and vancomycin. For both
these classes of drugs clinicians trying to avoid potentially
toxic serum levels run the risk of underdosing the patient. On
the other hand, aminoglycoside therapy administered as part
of intensive care or over longer periods is always accompanied
by some degree of renal function deterioration (i.e. the drug
negatively affects its own major pathway of elimination). Toxic
effects such as further damage to the proximal tubular cells
and ototoxicity due to accumulation of drug, common when
therapy goes beyond 3-5 days, can be counteracted by moni-
toring pre-dose levels. Vancomycin serum levels are measured
mainly to ensure that therapeutic levels are attained but high
levels of vancomycin should be avoided. The reader is referred
to the excellent publication Clinical Antimicrobial Assays® for
more detailed information on assay of antimicrobial drugs.
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O Principles of chemoprophylaxis

S. Ragnar Norrby

Chemoprophylaxis aims at preventing clinical infections and should
be separated from early treatment. Prophylactic use of antimicrobial
drugs has been established in several types of surgery to prevent post-
operative infections. In patients with certain heart disorders antibiotic
treatment is recommended to prevent endocarditis following inva-
sive procedures that may lead to bacteremia (e.g. dental treatment
and urogenital surgery). Patients who are neutropenic or otherwise
immunocompromised often receive prophylactic antibiotics and/or
antifungal or antiviral agents to prevent infections.

These are all examples of primary prophylaxis; the aim is to prevent
infections occurring. Other examples include prophylactic use of
anti-malarial drugs in travelers (see Ch. 62) and prophylaxis against
Pneumocystis jirovecii pneumonia in HIV-infected patients with low
CD4 lymphocyte counts. Following certain infections in immuno-
compromised patients (e.g. those with AIDS who have had P. jirovecii
pneumonia or Cryptococcus neoformans meningitis) secondary
chemoprophylaxis is used to prevent recurrences of the infections
for as long as the patient remains immunodeficient.

SURGICAL PROPHYLAXIS

Several surgical procedures (such as abdominal surgery with
enterotomies, transvaginal surgery and lung surgery) will
result in spillage of material that contains the normal bacterial
flora. In other types of surgery the risk of postoperative infec-
tion is increased by the use of foreign material, such as hip
and knee prostheses. Prophylactic use of antibiotics has been
found to reduce the incidence of postoperative bacterial infec-
tions in these procedures. In other types of surgery in which
spillage is not a major problem and where foreign bodies are
not implanted, advantages of prophylaxis cannot be proven
and its use is often doubtful. Table 10.1 gives examples of
types of surgery where antibiotic prophylaxis has been proven
to be beneficial, where it is routinely used but with no solid
documentation of efficacy and where it has been proven not
to reduce the incidence of postoperative infections.!

Correct timing of antibiotic prophylaxis in surgery is
essential. Treatment should aim at obtaining high antibiotic
concentration in tissue and tissue fluids during the surgi-
cal procedure, and in particular when there is a high risk of
contamination (e.g. when an enterotomy is performed). One
study demonstrated that if antibiotics with short plasma half-
lives were used, administration more than 2 h before or 3 h
after surgery resulted in poor prophylactic effect.? Today it is
agreed that surgical prophylaxis should be perioperative, i.e. it
should be administered during surgery and terminated when
the wound is closed.>” Prolonged antibiotic prophylaxis is
costly, gives no further benefits and increases the risk of selec-
tion of antibiotic-resistant bacteria.

An alternative to systemic antibiotic prophylaxis might be
topical application of antibiotics, which has been proven to be
effective when chloramphenicol was compared to placebo in
‘high risk’ wounds.®

ENDOCARDITIS PROPHYLAXIS

It is generally recommended that patients who have had
endocarditis or known cardiac valvular defects and/or pros-
theses should be considered for antibiotic prophylaxis when
subjected to certain procedures, including extensive dental
surgery and treatment, and genitourinary, gastrointestinal
and respiratory tract surgery (i.e. medical interventions which
increase the risk of bacteremia and the number of bacteria
in bacteremia).’ However, the scientific background for using
antibiotic prophylaxis has recently been questioned.!®

The choice of antibiotics in endocarditis prophylaxis
has been modified in the latest recommendations from the
American Heart Association.’ For example, the standard regi-
men before dental and respiratory procedures is today 2 g
amoxicillin 1 h before dental treatment or surgery; in patients
hypersensitive to penicillin, erythromycin has been replaced
by clindamycin or azithromycin. The use of amoxicillin is
further supported by a study in which placebo, amoxicillin,



124

CHAPTER 10 PRINCIPLES OF CHEMOPROPHYLAXIS

Table 10.1
procedures

Need for antibiotic prophylaxis in various surgical

Procedures for which antibiotic prophylaxis is documented and
indicated
+ Esophageal, gastric and duodenal surgery
Intestinal surgery (including appendectomy)
Acute laparotomy
Inguinal hernia repair
Transurethral or transvesical prostatectomy
Total hysterectomy
Cesarean section
Surgical legal abortion
Amputations
Reconstructive vascular surgery (not surgery on the carotid arteries)
with or without the use of grafts
Cardiac surgery
Pulmonary surgery

Procedures for which antibiotic prophylaxis is often used but with
incompletely documented efficacy
+ Pancreatic surgery
Liver surgery (resection)
Urological surgery with enteric substitutes
Implanted urological prostheses
Transrectal prostate biopsy
Hemiplastic surgery in patients with cervical hip fractures
Back surgery with metal implantation
Aortic graft-stents
Neck surgery

Procedures for which antibiotic prophylaxis is not documented
or indicated
Biliary tract surgery in patients with normal bile ducts and no stents
Endoscopic examination of the urinary tract
Reconstructive urethral surgery
Arthroscopic procedures

From the Swedish-Norwegian Consensus Group. Antibiotic prophylaxis in surgery:
summary of a Swedish-Norwegian consensus conference. Scand J Infect Dis.
1998;30:547-557.

clindamycin or moxifloxacin was given to patients undergo-
ing dental extractions.!! The frequencies of bacteremia were
96%, 46%, 85% and 57 %, respectively.

PREVENTION OF TRAVELERS’

DIARRHEA

Up to 50% of travelers to tropical and subtropical countries will
develop travelers’ diarrhea. The most common pathogens caus-
ing this condition are strains of Escherichia coli producing entero-
toxin (ETEC), Campylobacter spp., Vibrio parahaemolyticus,

Table 10.2 Primary chemoprophylaxis in immunodeficient patients

Type of immune deficiency

Prophylaxis against
Organ transplantation (Chapter 40) Pneumocystis jirovecii
Herpes simplex
Cytomegalovirus
Candida infections

Vibrio cholerae, Salmonella enterica serotypes and Shigella spp. In
addition, diarrhea may be the result of food poisoning with bac-
terial toxins produced by Staphylococcus aureus, Bacillus cereus
or Clostridium perfringens. Vaccines are available only against 7
cholerae (one of the cholera vaccines may also give short-term
protection against ETEC) and Salmonella Typhi.
Chemoprophylaxis using trimethoprim—sulfamethoxazole,
doxycycline, fluoroquinolones or other antibiotics effectively
decreases the incidence of travelers’ diarrhea. Arguments
against such use of antibiotics are the risks of adverse effects
and of emergence of resistance. However, prophylaxis should be
considered in individuals with underlying diseases that may be
complicated by acute diarrhea (e.g. people with diabetes mel-
litus, reactive arthritis or inflammatory bowel disease). Patients
treated with drugs that reduce the gastric acidity should also be
considered for prophylaxis because they are at increased risk of
developing diarrhea due to a defective acidic barrier.

PROPHYLAXIS AGAINST

MENINGOCOCCAL DISEASE

It is well known that individuals who have had close contact
with a patient with meningococcal disease are at increased
risk of developing the disease. Two types of prophylaxis have
been used. The most common one is to use ciprofloxacin
or rifampicin (rifampin) in order to eradicate carriage of
Neisseria meningiridis. Another approach, commonly used in
Norway, is to treat contacts of a patient with meningococ-
cal disease with penicillin V for 7 days. Such a regimen will
prevent disease but will not eradicate carriage. For further
details, see Chapter 50.

CHEMOPROPHYLAXIS IN PATIENTS

WITH IMMUNE DEFICIENCIES

Prophylactic antibiotics and antiviral drugs are commonly used
in patients with various types of immune deficiency and are
summarized in Table 10.2. The use of primary and secondary
prophylaxis against P jirovecii pneumonia with trimethoprim—
sulfamethoxazole (which also seems to prevent Toxoplasma

Drugs used

Trimethoprim-sulfamethoxazole
Aciclovir

Ganciclovir, aciclovir

Azole antifungals

Bacterial infections
Candida infections

Neutropenia (Chapter 40)

Various
Azole antifungals

Penicillin V

Asplenia Pneumococcal infections
HIV infection (Chapter 43) P. jirovecii
Toxoplasma gondii

Atypical mycobacteria
Neonatal transmission

Trimethoprim-sulfamethoxazole
Trimethoprim-sulfamethoxazole
Various

Antiretroviral drugs




CHEMOPROPHYLAXIS IN PATIENTS WITH IMMUNE DEFICIENCIES

gondii encephalitis) and secondary prophylaxis against C. neo-
formans meningitis have been proven to be effective. Primary
prophylaxis against fungal infections, especially those caused
by Candida spp. in HIV-positive patients, seems more doubtful
since the time during which prophylaxis is used by necessity
must be long and might result in selection of resistant strains,
especially when oral treatment with an azole antifungal agent
such as fluconazole or itraconazole is used. Importantly, it
has been demonstrated that during effective, so-called ‘highly
active’ antiretroviral treatment (HAART), pneumocystis pro-
phylaxis can be discontinued without negative effects.!?

Another type of prophylaxis in HIV-infected patients that
has been proven to be effective is the administration of anti-
retroviral drugs to pregnant women and to their newborn
children in order to prevent intrauterine and neonatal trans-
mission of HIV.
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" Antibiotic policies

Peter G. Davey, Dilip Nathwani and Ethan Rubinstein

Antibiotic resistance is a global public health problem.'? In Europe

in 2008 16 countries had developed a national strategy to contain

antimicrobial resistance and nine countries had an action plan.?

A core component of most of these strategies is antimicrobial stew-

ardship, which has been defined as a set of measures delivered by a

multidisciplinary team working in healthcare institutions to optimize

antimicrobial use amongst patients in order to improve patient out-
comes, ensure cost-effective therapy and reduce adverse sequelae
of antimicrobial use, including ecological effects such as resistance
and Clostridium difficile infections.**> Targets for antimicrobial stew-
ardship include appropriate antibiotic selection, dosing, route, and
duration of therapy. Antimicrobial stewardship combined with infec-
tion prevention measures will limit the emergence and transmission
of antimicrobial resistance.®

Antibiotic policies are an integral component of antimicrobial
stewardship programs. The terms ‘guidelines’, formularies” and ‘poli-
cies’ are often used interchtangeably but they are separate, comple-
mentary components of a strategy for prudent antimicrobial use.

* Guidelines provide advice about what drug should be prescribed
for a specific clinical condition. They may take the form of a care
pathway or flow chart outlining processes of care, including
investigations and therapies other than just antimicrobial
compounds (e.g. oxygenation in a pneumonia guideline).
National guidelines have been published as templates for local
consultation and adaptation.”®

* Aformularyis a limited list of drugs available for prescription.

It may include information about available dosing instructions
and advice about safety or interactions but it does not include
detailed guidance for use.

* Anantimicrobial policy contains guidelines about treatment
of specific conditions. This can also include a limited list of
antimicrobial agents that are generally available to all prescribers
— in other words an antimicrobial formulary. In addition to
guidance, antimicrobial policies may include enforcement
strategies such as compulsory order forms for restricted drugs.

* Anantimicrobial management team is a multidisciplinary
team in which each member is given specific roles and which
collectively takes responsibility for implementation of local
policies (see Figure 11.1). To be effective the team must have

full support from hospital leadership, work closely with infection

control teams and provide regular feedback to individual

clinicians and clinical teams about their compliance with

policies.
There is considerable variation in the use of antibiotic policies and
control measures in European hospitals.” Consequently, efforts to
coordinate and standardize antimicrobial stewardship programs
across multiple hospitals and primary care organizations have
been initiated by countries (e.g. Scotland,”® Sweden') or networks
such as the European Union antibiotic stewardship program (ABS
International').

Antibiotic policies have been used since the 1950s and have
evolved in complexity over time.” In 1990 the Drug and Therapeutics
Bulletin concluded that local prescribing policies are worth the time
and money they take to produce, improve the quality of prescrib-
ing and reduce overall costs in hospitals and in general practice."
Nonetheless, in 1994 only 62% of 427 UK hospitals had a policy for
antibiotic therapy and 75% had an antibiotic formulary.” In 2001 the
House of Lords Select Committee on Science and Technology again
had to urge the Department of Health to pursue any hospitals that
did not have a formal prescribing policy.! A further survey of acute
healthcare trusts in England in 2004/5 revealed that an antimicrobial
policy was in place in 89% of responding trusts (109/123)." This is
clearly an improvement on the previous survey result but it is disap-
pointing that 11% of responding hospitals had not taken the essen-
tial first step of writing an antibiotic policy. In the USA 100% of 47
hospitals surveyed in 2000 had an antibiotic formulary.” However,
only 47% had written policies for surgical prophylaxis, a key area of
antibiotic misuse.’®

The problems of antibiotic resistance linked to widespread pre-
scribing of antibiotics are even more pressing in developing coun-
tries. In India and Sri Lanka 66% of community prescriptions include
an antimicrobial; in Bangladesh and Egypt antibiotic use accounts for
54% and 61%, respectively, of all hospital prescribing.” The potential
value of antibiotic policies in such countries and their current role
have recently been reviewed.

In this chapter we review the aims of antibiotic policies, the meth-
ods for policy implementation and the evidence that policies achieve
their aims.



STIMULI FOR THE INTRODUCTION

OF ANTIBIOTIC POLICIES

Many of the stimuli for antibiotic policies are common to pol-
icies for other drug groups, but some are unique to antibiot-
ics (Table 11.1). The general advantages of defining a core
list of drugs that are used regularly have been recognized for
many years by the World Health Organization.?! The aim is to
encourage rational prescribing, which is based on knowledge
of pharmacology, efficacy, safety and cost. Drug resistance
amongst microbes is a unique stimulus to control of antibiotic
prescribing.

Table 11.1
policy

Category Benefits

Knowledge General
Promotes awareness of benefits, risks and cost
of prescribing
Facilitates educational and training programs within
the healthcare setting
Reduces the impact of aggressive marketing by the
pharmaceutical industry
Encourages rational choice between drugs based
on analysis of pharmacology, clinical effectiveness,
safety and cost
Specific to antimicrobials
Provides education about local epidemiology of
pathogens and their susceptibility to antimicrobials
Promotes awareness of the importance of infection
control

General and specific advantages of an antibiotic

General
Acceptance by clinicians of the importance of
setting standards of care and prescribing
Acceptance of peer review and audit of prescribing
Specific to antimicrobials
Recognition of the complex issues underlying
antimicrobial chemotherapy
Recognition of the importance of the special
expertise required for full evaluation of antimicrobial
chemotherapy:

Diagnostic microbiology

Epidemiology and infection control

Clinical diagnosis and recognition of other

diseases mimicking infection

Pharmacokinetics and pharmacodynamics

Attitudes

General

Increased compliance with guidelines and
treatment policies

Reduction of medical practice variation

Specific to antimicrobials

Improved liaison between clinicians, pharmacists,
microbiologists and the infection control team

Behavior

General

Standardization and reduction in practice variation
are key strategies for improving the quality of
healthcare

Improved efficiency of prescribing by increasing
sensitivity (patients who can benefit receive
treatment) and specificity (treatment is not
prescribed to patients who will not benefit)
Improved clinical outcome

Reduces medicolegal liability

Specific to antimicrobials

Limit collateral damage (emergence and spread
of drug-resistant strains or superinfection by
Clostridium difficile, other bacteria or fungi)

Outcome

STIMULI FOR THE INTRODUCTION OF ANTIBIOTIC POLICIES

PRACTICAL ADVANTAGES

OF LIMITING THE RANGE OF
ANTIMICROBIALS PRESCRIBED

In the hospital, the prescription of an antimicrobial by a clini-
cian has implications for nurses, pharmacists and microbiol-
ogists who will all be involved in preparation, administration
and monitoring of the prescribed drug. Limiting the range of
drugs used allows the team to become familiar with the nec-
essary processes.”? Many of the staff who take responsibility
for these processes will rotate through several departments in
the hospital or will provide cross cover outside working hours.
Having common policies within and between clinical director-
ates reduces the need for time-consuming retraining of staff as
they move between clinical units. The need for national guid-
ance about antibiotic prescribing in primary care has also been
recognized’ in response to earlier evidence of considerable vari-
ation in content and quality across policies in primary care.?
Providers of healthcare are increasingly being asked for
evidence about quality assurance. Auditing practice is only
possible if standards of care have been defined. The narrower
the range of drugs, the easier it is to write and audit detailed
standards of care. It is also likely that staff will find it easier to
comply with policies that cover a limited range of drugs.

COST

Antibiotics account for 3-25% of all prescriptions and up to 30%
of the drug budget in a hospital.?* New drugs are inevitably more
expensive than old drugs and new drugs will be heavily promoted
by pharmaceutical companies. One of the aims of antibiotic poli-
cies is to encourage prescribers to continue to use older, more
familiar drugs unless there are good reasons not to. Intravenous
antibiotics are usually about 10-fold more expensive than equiv-
alent oral formulations and intravenous administration requires
additional consumables and staff time.? Policies that include spe-
cific recommendations about route of administration may reduce
costs considerably.* Limiting the range of drugs also reduces the
range of stock that is sitting on the pharmacy shelves.

QUALITY AND SAFETY OF PRESCRIBING

Prescribing drugs that do not benefit the patient exposes
them to unnecessary risk and one study found that 26% of
all adverse drug reactions in a hospital were caused by drugs
that were prescribed unnecessarily.?¢ Unnecessary prescrib-
ing of antimicrobials carries additional risks for the patient
(increased risk of cross infection by resistant organisms or
C. difficile) and the environment (selection of drug-resistant
bacteria, e.g. Enterococcus faecalis). Therefore, assessment of
the quality of prescribing must consider several elements,
including the risks and benefits of introducing another drug
and of intravenous versus oral administration. In practice it is
very difficult to assess the appropriateness of an entire course
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of treatment, particularly in hospital. What is appropriate on
one day may be inappropriate the next. This problem has
been recognized in a practical system for reviewing each day
of an antibiotic prescription and then computing the propor-
tion of inappropriate days.?” The term ‘inappropriate’ covers a
multitude of sins and encompasses both undertreatment and
unnecessary overtreatment. Judgment of appropriateness is
therefore complex and it is worrying that the few studies of
interrater reliability show very poor agreement.?® Use of com-
puterized case vignettes may provide a more reliable system of
assessing inpatient antimicrobial appropriateness.?

Monitoring of community prescribing is challenging, espe-
cially where drugs are freely available over the counter. Self-
medication rates reported include 51% in Ecuador, 70% in
Thailand, 75% in Brazil, 82% in Ethiopia and 92% in the
Philippines.’® There are undoubtedly some potential advan-
tages to increasing the availability of antibacterials without
prescription, such as convenience for the patient, faster initia-
tion of treatment and reduction in primary care workload.*®
However, in the European Union? and in North America,*!
the risks of increasing access to antibacterials are thought to
outweigh these benefits.

In the second half of the 20th century there was an inexo-
rable increase in the number of prescriptions for antibiotics in
the community in developed countries.?> More recently this
trend has reversed and several countries have reported a signif-
icant reduction in antibiotic prescribing in primary care.!»33-3>
Nonetheless, there is still plenty of room for improvement.
For example, although the Netherlands has the lowest overall

use of antibiotics in Europe,?¢

a detailed investigation sug-
gested that 75% of prescriptions for otitis media in primary
care might be unnecessary.’” Longitudinal analysis that com-
bines quantitative and qualitative methods is required to
understand how socioeconomic factors and changes in the
delivery of care might influence antibiotic use.?**’

Educational training and support is an important com-
ponent of improving the quality and safety of prescribing.
The skills and competencies required are both technical
and non-technical.*’ These skills are applicable to all profes-
sional prescribers.*! Some of this knowledge can be acquired
through the use of a range of high-quality educational web-
based resources.*> The British Society for Antimicrobial
Chemotherapy (BSAC) and the European Society for Clinical
Microbiology and Infectious Diseases (ESCMID) are col-
laborating on a teaching resource that uses common clini-
cal infection vignettes as a means of learning about infection
management and use of local policies.*

COLLATERAL DAMAGE FROM

ANTIBIOTIC USE: RESISTANCE
AND CROSS-INFECTION

The mechanisms and epidemiology of drug resistance are
described in Chapter 3. Control of antibiotic resistance has
always been a strong stimulus to the development of antibiotic

policies.”” Antibiotic use stimulates the emergence of resis-
tance but the spread of resistance mainly occurs through
cross-infection of resistant strains from one patient to another.
The epidemiology of resistance shows that the probability of
infection with resistant bacteria is related to both the previ-
ous intensity of antibiotic use in the environment or popu-
lation and the exposure of individual patients who enter the
environment or population. Previous use facilitates the emer-
gence of resistance in the environment or population, while
exposure of individual patients facilitates persistence of resis-
tant strains.** Because acquisition of resistant strains is almost
always determined by cross-infection, infection control must
be integrated with antimicrobial stewardship (Figure 11.1).

In addition to antimicrobial resistance, collateral damage
from antibiotic use includes infection by Clostridium difficile
and by fungi. The same principles apply to these infections;
antimicrobial stewardship will only work if it is combined with
infection control (Figure 11.1).

WHAT INTERVENTIONS CHANGE

ANTIBIOTIC PRESCRIBING?

The evidence base for antibiotic policies is the subject of
two Cochrane Systematic Reviews, one of interventions for
patients in ambulatory care*” and one of interventions for hos-
pital inpatients.*® A variety of resources linked to the hospi-
tal inpatients review can be accessed from the BSAC website
(http://www.bsac.org.uk), including all publications, addi-
tional details of included studies with microbial outcomes and
slide sets with explanatory notes.*

The majority of interventions in both reviews were success-
ful: 81 (76%) of 106 interventions on prescribing to hospital
inpatients*® and 30 (75%) of 40 interventions on prescribing
in ambulatory care* were associated with statistically signifi-
cant improvements in the primary outcome. However, these
two reviews reveal important differences between ambula-
tory and hospital care in the targets for intervention, the types
of intervention and the outcomes that have been measured
(Table 11.2).

TARGET FOR THE INTERVENTION

In hospitals, 19 (18%) of the interventions aimed to
increase the intensity of antibiotic treatment (Table 11.2).
Examples include ensuring that antibiotics were received by
patients who would benefit from them*® or reducing time
from admission to start of antibiotic treatment for patients
with pneumonia.*’ In contrast, none of the interventions
in ambulatory care aimed to increase the intensity of anti-
biotic treatment (Table 11.2). In hospitals, the common-
est target for intervention was the choice of drug (80%),
whereas in ambulatory care only 45% of the interventions
targeted the choice of drug (Table 11.2). In ambulatory care
the commonest target for interventions was the decision to
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Model pathway for implementing improvements in antimicrobial prescribing practice in hospitals. The antimicrobial

management team has a central coordinating role in feedback of information to individual prescribers, clinical teams and senior
management. (From Nathwani D. Antimicrobial prescribing policy and practice in Scotland: recommendations for good antimicrobial practice
in acute hospitals. J Antimicrob Chemother. 2006;57:1189-1196, by permission of Oxford University Press.'°)

prescribe an antibiotic, with 26 (65%) of the studies aim-
ing to reduce the proportion of patients who received an
antibiotic (Table 11.2). In contrast, in secondary care, only
8 (8%) of the studies targeted the decision to prescribe and
in three of these the aim was to increase the proportion
of patients who received effective antibiotic therapy so that
only 5 (5%) of the studies on hospital inpatients aimed to
reduce the proportion of patients who received an antibi-
otic. Computerized decision support is a promising method
for reducing the number of patients who receive unneces-
sary antibiotics*® and one study has clearly shown the poten-
tial for this approach in hospital care.>!

TYPE OF INTERVENTION

In hospital, 47 (44%) of the interventions included a restric-
tive component, which limited the choice of professionals
(Table 11.3). In contrast, in ambulatory care all but two of
the interventions were persuasive, the two exceptions being
a restrictive primary care formulary that limited the use of
fluoroquinolones and an intervention to change the reim-
bursement and organization of services in primary care.*
The two commonest persuasive interventions used in hospi-
tals were distribution of educational materials and reminders,
whereas in ambulatory care they were educational meetings
and educational outreach visits (Table 11.3). Only 10% of
interventions in either setting used audit and feedback (Table
11.3). Patient-based interventions were only used in ambu-
latory care (Table 11.3). These were either patient informa-
tion sheets or delayed prescriptions, which allowed patients

to obtain an antibiotic without reconsulting the doctor if they
had persistent symptoms (Table 11.3).

DESIGN OF EVALUATION

OF INTERVENTIONS

The commonest method for evaluation of interventions was
an interrupted time series (I'TS) in hospitals (55% of studies)
whereas in primary care it was a randomized controlled trial
(RCT, 63% of studies, see Table 11.2). The Cochrane Effective
Practice and Organisation of Care Group have recently updated
their criteria for assessing risk of bias in studies.>> These criteria
have been applied to the 106 studies in the review of interven-
tions to improve antibiotic use for hospital inpatients (Table
11.4).ITS was the evaluation design that had the lowest risk of
bias and was the only design with <50% of studies at high risk
of bias (Table 11.4). In contrast, 67% of RCTs were at high
risk of bias and only one RCT had a low risk of bias (Table
11.4). The reason is that it is virtually impossible to conceal
allocation and avoid contamination in a trial in which profes-
sionals are randomly assigned to receive an intervention in a
hospital. This can only realistically be achieved in a large RCT
that involves multiple hospitals.”® In contrast, in an I'TS study,
the control and intervention periods are separated and stud-
ies will have a low risk of bias provided that they have reliable
primary outcome measures and enough data to show that the
intervention effect is likely to be independent of seasonal vari-
ation. Consequently, I'TS is usually the best design for evalu-
ation of the impact of an antibiotic policy in a single hospital.
For research, the strengths of I'TS and RCT can be combined
in a design called a stepped wedge.>*
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Table 11.2 Comparison of evaluations of interventions to improve antimicrobial prescribing for hospital inpatients and in ambulatory care

Hospital inpatients

Ambulatory care

Comparison Number Number

Design

Controlled before and after study 15 14 12 30
Controlled clinical trial 3 3 1 3
Randomized clinical trial 30 28 25 63
Interrupted time series 58 55 2 5
Target

Undertreatment of infection 19 18 0 0
Decision to prescribe 8 8 26 65
Choice of drug 89 84 18 45
Timing 9 8 0 0
Duration of treatment 17 16 4 10
Intervention

Persuasive, professional 56 53 40 100
Restrictive, healthcare system 47 44 2 5
Structural 7 7 0 0
Single component 63 59 32 80
Multifaceted 44 42 8 20
Outcome

Antimicrobial use 88 83 38 95
Financial savings 33 31 3 8
Clinical outcome 32 30 2 5
Microbial outcomes 31 29 4 10
Cost of design and implementation 13 12 0 0
of the intervention

Total studies 106 40

'Some studies had more than one target or outcome.

SUMMARY: WHAT INTERVENTIONS

CHANGE ANTIBIOTIC PRESCRIBING?

These two reviews of interventions in hospital and ambula-
tory care reinforce the message that there are ‘No magic bul-
lets’, meaning that it is not possible to provide general guidance
about the most appropriate method for improving professional
practice in any context.”> Both reviews provide further evi-
dence that the most successful interventions are those which
involve the professionals who are the targets for change in
both the development and dissemination phases, and provide
concurrent feedback of information about implementation.>->"

However, this approach requires considerable investment of
time by professionals, plus information systems that are capable
of providing concurrent feedback. Simply providing prescrib-
ers with educational information may be relatively unsuccess-
ful; however, as it requires much less in the way of resources,
it could be a more cost-effective method for achieving change.
As in most areas of medicine, the most complex and effective
intervention available is not necessarily the most appropriate
and it makes sense to test interventions in order of complexity,
starting with the simplest.>¢

In hospitals restrictive interventions were associated
with a greater immediate impact than persuasive interven-
tions.*® However, the impact of persuasive and restrictive
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Table 11.3 Types of intervention used to influence antibiotic prescribing

Hospital inpatients Ambulatory care

Intervention Number % Number

Description

Persuasive professional interventions

Distribution of educational
materials

Distribution of published or printed recommendations for 56 53 4 10
clinical care, including clinical practice guidelines, audiovisual

materials and electronic publications. The materials may

have been delivered personally or through mass mailings

Educational meetings Healthcare providers participating in conferences, lectures, 14 13 10 25

workshops or traineeships

Educational outreach visits ~ Use of a trained person who meets with providers in their 4 4 8 20
practice settings to give information with the intent of

changing the providers' practices. The information given

may have included feedback on the performance of the

provider(s)

Local opinion leaders Use of providers nominated by their colleagues as 2 2 0 0
‘educationally influential’. The investigators must have explicitly

stated that their colleagues identified the opinion leaders

Patient-mediated
interventions

New clinical information (not previously available) collected 0 0 5 13
directly from patients and given to the provider

Audit and feedback Any summary of clinical performance of healthcare 11 10 4 10
over a specified period of time. The summary may also

have included recommendations for clinical action. The

information may have been obtained from medical records,

computerized databases or observations from patients

Reminders Patient or encounter-specific information provided verbally, 44 42 3 8
on paper or on a computer screen, which is designed

or intended to prompt a health professional to recall

information. This would usually be encountered through

their general education, in the medical records or through

interactions with peers, and so remind them to perform or

avoid some action to aid individual patient care. Computer-

aided decision support and drug dosage are included

Other types of intervention

Healthcare system Restriction of professional choice through removal of drugs 47 44 2 5
from stock, compulsory order forms that limit drugs to specific

conditions, requiring signed approval by another professional,

therapeutic substitution of the physician’s original choice of

antibiotic by another professional, automatic stop order after

a fixed duration of treatment or prophylaxis

Changes in methods of physician remuneration

Structural Inclusion of equipment where technology in question is 8 8 0 0
used in a wide range of problems and is not disease specific

(e.g. rapid laboratory testing or therapeutic drug monitoring)

interventions was similar after 6 months and after 12

TO WHAT EXTENT DO ANTIBIOTIC

months there was a suggestion that persuasive interventions
had greater impact.

In ambulatory care all five studies that included patient-
based interventions (information sheets or delayed anti-
biotic prescriptions) resulted in a statistically significant
reduction in antibiotic use. The review authors concluded
that in ambulatory care multifaceted interventions com-
bining physician, patient and public education in a variety
of venues and formats were the most successful in reduc-
ing antibiotic prescribing for inappropriate indications.?
However, in hospitals multifaceted interventions were
not associated with greater impact than single component
interventions.*¢

POLICIES ACHIEVE THEIR SECONDARY
AIMS?

CAN ANTIBIOTIC POLICIES REDUCE
HEALTHCARE COSTS?

The literature is full of claims that implementation of anti-
biotic policies reduces healthcare costs, in hospital or in the
community. However, the Cochrane Systematic Reviews
revealed significant gaps in the evidence base. In hospital care
31% of studies estimated the financial savings from reduction
in use of the target drugs but only 12% of studies included
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Table 11.4 Rigorous designs for evaluation of interventions to change practice and organization of care*

Design

Criteria for assessment
of quality

Description

Risk of bias

Medium

Studies with a separate  Was the allocation sequence Randomized controlled trial 30 1 3 9 30 20 67
control group adequately generated? Participants (patients, doctors,
Was the allocation adequately healthcare teams, etc))
concealed? were assigned by random
Were baseline outcome measurements  allocation (e.g. random number
similar? generation, coin flips)
Were baseline characteristics similar?
Were incomplete outcome data Controlled clinical trial 3 0 0 3100
adequately addressed? Participants (patients, doctors,
Was knowledge of the allocated healthcare teams, etc.) were
interventions adequately prevented assigned by quasi-random
during the study? allocation method (e.g.
Was the study adequately protected alternation, date of birth,
against contamination? patient identifier)
Was the study free from selective
outcome reporting? Controlled before and after study 15 0 1 7 14 93
Was the study free from other risks Involvement of intervention
of bias? and control groups other
than by random process, and
inclusion of baseline period of
assessment of main outcomes
Interrupted time series  Was the intervention independent A change in trend attributable 58 25 24 3129 50 47

of other changes?

Was the shape of the intervention
effect pre-specified?

Was the intervention unlikely to affect

to the intervention, with
repeated measures of the main
outcomes before and after the
intervention.

data collection?

Was knowledge of the allocated
interventions adequately prevented
during the study?

Were incomplete outcome data
adequately addressed?

Was the study free from selective
outcome reporting?

Was the study free from other risks
of bias?

*Includes criteria for assessment of quality and the risk of bias in 106 studies of interventions to improve antibiotic prescribing in hospitals. The minimum criteria for any
design are objective measurement of performance, behavior or health outcomes in a clinical, not test, situation and relevant and interpretable data presented or obtainable.

information about the cost of design and implementation of
the intervention, which is essential to the overall assessment
of cost-effectiveness.*®

In ambulatory care only three (7.5%) of the studies
reported the impact of the intervention on total antibiotic
costs and none reported the impact on other costs (e.g. num-
ber of practice visits). None of the ambulatory care studies
reported the cost of designing, disseminating or implement-
ing the intervention.

CAN ANTIBIOTIC POLICIES CONTROL

COLLATERAL DAMAGE?

In hospitals 31 (29%) of the studies provided reliable data
about microbial outcomes and 24 interventions were asso-
ciated with significant improvement. Studies with microbial
outcomes are subject to additional risks of bias.>® Nonetheless,
there are examples of studies with medium or low risk of
bias that demonstrate sustained reduction in the prevalence

of antimicrobial-resistant bacteria and C. difficile infections
associated with change in antibiotic policy (Figure 11.2).
Unfortunately, some published studies use inappropriate
statistical methods and report unreliable conclusions about
the impact of antibiotic policies®®® — for example, changes
in a hospital formulary were made to limit an outbreak of
vancomycin-resistant enterococci.®! In the published report,
the effect of this formulary change on other resistant patho-
gens was analyzed with parametric statistics, which are not
appropriate for microbial outcomes.®® Segmented regression
analysis shows that the change in antibiotic policy was asso-
ciated with a small but not statistically significant decrease
in ceftazidime-resistant Klebsiella pneumoniae and methicillin-
resistant Staphylococcus aureus (MRSA), whereas there was
a statistically significant increase in cefotaxime-resistant
Acinetobacter spp. (Figure 11.3).

In ambulatory care four studies in the systematic review
included microbial outcomes (one macrolide-resistant strep-
tococci and three penicillin-resistant pneumococci).** Only
one of these studies showed that reduction in antibiotic use
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Fig.11.2 Examples of interrupted time series analysis of the impact of antibiotic policy change on the prevalence of Clostridium difficile
infection and infections with ceftazidime-resistant Enterobacteriaceae per 1000 patient days.>® The segmented regressions analysis of the effect
size was performed for a systematic review of interventions to change antibiotic prescribing in hospitals. (Redrawn from data from Carling P,
Fung T, Killion A et al. Favorable impact of a multidisciplinary antibiotic management program conducted during 7 years. Infection Control

and Hospital Epidemiology. 2003;24:699-706.%)

was associated with a significant reduction in resistance.®?

There are two possible explanations:

1. Duration of follow-up: the successful study had 4 years
of post-intervention data whereas the other three studies
all had no more than 1 year.

2. Antibiotic resistance in Gram-positive bacteria is not
associated with much fitness cost, meaning that there is
little survival advantage for sensitive bacteria even in the
absence of antibiotic pressure.®%*

In support of this second explanation, a recent study from
Israel showed that a national restriction of ciprofloxacin use
was associated with an immediate marked reduction in cip-
rofloxacin resistance in Gram-negative bacteria isolated from
urine.% In contrast with Gram-positive bacteria, resistance to
quinolones in Gram-negative bacteria is associated with con-
siderable fitness cost.*®

WHAT IMPACT DO ANTIBIOTIC

POLICIES HAVE ON CLINICAL
OUTCOME?

In hospitals, 32 (30%) of the studies included reliable data
about clinical outcomes. However, in 12 of these studies the
intervention was either wholly (n = 8) or partially (n = 4)
designed to increase the intensity of antibiotic treatment.
Clinical outcomes were measured in only 20 (23%) of 87

studies that aimed solely to reduce the intensity of antibiotic
treatment. These studies do provide some reassurance that
there were no unintended adverse clinical consequences.

In ambulatory care only two (5%) of 40 studies included
reliable data about clinical outcome: one showed that delayed
antibiotic prescription for otitis media was associated with a
1.1-day increase in the duration of symptoms (95% CI; from
0.5 to 1.5-day increase);*’ the other showed that reduction in
antibiotic prescribing for the common cold had no significant
impact on symptom score.®® Additional reassurance was pro-
vided by a third study, which showed that a reduction in the
use of antibiotics for acute bronchitis was not associated with
any significant increase in repeat office visits or in hospitaliza-
tions for respiratory tract infection.®

I —
DEVELOPMENT, DISSEMINATION

AND IMPLEMENTATION OF

ANTIBIOTIC POLICIES

Development of policies should be informed by the wide vari-
ety of resources and information available on the world wide
web.*2 A great deal of information can be captured within a
simple flow chart, providing an easily accessible reminder to
prescribers on the walls of a treatment room, in a pocket-
sized antibiotic policy or available on the hospital intranet and

world wide web.”
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A simple but effective model for improvement”! is based on

three questions:

1. What are we trying to accomplish?

2. How will we know that change is an improvement?

3. What changes can we make that will result in
improvement?

In order to answer the first question the team must define a

consensus goal for improvement. The second question requires

measurement of process or outcome. The third question requires

tests of change. These should be small, rapid and repeated.*

It is clear that measurement and improvement are inter-
twined; it is impossible to make improvements without mea-
surement.’® There are eight key principles to the use of data to
improve daily clinical practice:>¢
1. Seek usefulness, not perfection in the measurement.

Use a balanced set of process, outcome and cost measures.
Keep measurement simple (think big, start small).

2.
3.
4. Use qualitative and quantitative data.

Number of new cases of ceftazidime-resistant KI. pneumoniae per 1000 discharges

Write down the operational definition of measures.
Measure small, representative samples.
Build measurement into daily work.

® oW

Develop a measurement team.

Inclusion of targets for audit of implementation (Box 11.1)
is a key component of the assessment of evidence-based
guidelines.™

HOW SHOULD COMPLIANCE WITH

ANTIBIOTIC POLICIES BE MONITORED?

Hospitals fortunate enough to have sophisticated informa-
tion systems may be able to use these to monitor compliance
with policies.”” However, this remains the exception rather
than the rule. Less sophisticated information systems can
still provide valuable information but there is often no sub-
stitute for collection of data by hand.” This is not necessarily

------- Pre-intervention
Post-intervention

Time (month) before and after intervention

Fig. 11.3 Examples of interrupted time series analysis of the impact of antibiotic policy change on the prevalence of resistant bacteria.®’ The
segmented regression analysis of the effect size was performed for a systematic review of interventions to change antibiotic prescribing in
hospitals.* (A) New cases of ceftazidime-resistant Klebsiella pneumoniae per 1000 discharges.
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Fig. 11.3—cont’d

(B) New cases of cefotaxime-resistant Acinetobacter spp. per 1000 discharges. (C) Segmented regression analysis of data

from Figures 11.3A and 11.3B. (Redrawn from data from Landman D, Chockalingam M, Quale JM. Reduction in the incidence of methicillin-
resistant Staphylococcus aureus and ceftazidime-resistant Klebsiella pneumoniae following changes in a hospital antibiotic formulary.
Clinical Infectious Diseases. 1999,28:1062-1066, The University of Chicago Press.®")

as daunting as it may seem; a 1-day prevalence survey of
an entire hospital can be achieved in a few hours and may
be a useful tool to detect deviations from guidelines and
provide physicians with educational feedback. The European
Surveillance of Antimicrobial Consumption (ESAC) proj-
ect has adapted a web-based tool for antibiotic surveil-
lance developed in Sweden” and successfully used this for
comparative surveillance of hospitals in 20 European coun-
tries.”® A variety of staff can be involved in auditing policies,
including trainee nurses, pharmacists, doctors and medical
students.”” Participation in data collection is an educational

experience and the information can be used to agree care
bundles of three or four essential processes of care that must
be completed and documented for every patient to monitor
antibiotic compliance and review infection management.”® In
hospitals bacteremia provides a manageable focus for atten-
tion. Review of patients with bacteremia identifies patients
who are being overtreated, including those with contami-
nated blood cultures. However, about one-third of patients
reviewed will have inadequate treatment because of delay in
starting and selection of the wrong drug, dose or route of
administration.” 8!

135



136

CHAPTER 11 ANTIBIOTIC POLICIES

Box 11.1 Core indicators for audit from a national guideline

on surgical prophylaxis'® From Scottish Intercollegiate Guidelines
Network (SIGN). Antibiotic Prophylaxis in Surgery. Edinburgh
Royal College of Physicians of Edinburgh 2008 http://www.sign.
ac.uk/pdf/sign104.pdf (15th August 2009, date last accessed).

Process measures

Was prophylaxis given for an operation included in local guidelines?

If prophylaxis was given for an operation not included in local guidelines,
was a clinical justification for prophylaxis recorded in the case notes?

Was the first dose of prophylaxis given within 30 min of the start of
surgery?

Was the prescription written in the ‘once-only’ section of the drug
prescription chart?

Was the duration of prophylaxis greater than 24 h?

Outcome measures

Surgical site infection (SSI) rate = number of SSIs occurring
postoperatively/total number of operative procedures.

Rate of SSIs occurring postoperatively in patients who receive
inappropriate prophylaxis (as defined in guideline) compared with
rate of this infection in patients who receive appropriate prophylaxis,
expressed as a ratio.

Rate of Clostridium difficile infections occurring postoperatively in
patients who receive inappropriate prophylaxis (as defined in
guideline) compared with rate of this infection in patients who receive
appropriate prophylaxis, expressed as a ratio.

Minimum data set for surgical antibiotic prophylaxis

Date

Operation performed

Classification of operation (clean/clean-contaminated/contaminated)

Elective or emergency

Patient weight (especially children)

Any previous adverse reactions/allergies to antibiotics

Justification for prophylaxis (e.g. evidence of high risk of SSI) if prophylaxis
is given for an operation that is not one of the indications for routine
prophylaxis

Time of antibiotic administration

Name of antibiotic

Dosage of antibiotic

Route of administration

Time of surgical incision

Duration of operation

Second dosage indicated?

Second dosage given?

Postoperative antibiotic prophylaxis indicated?

Postoperative antibiotic prophylaxis given?

Antibiotic prophylaxis continued for >24 h

Documentation recorded appropriately (in correct place, clarity)

Name of anaesthetist

Name of surgeon

Designation of surgeon

In primary care routine data about antibiotic prescribing
are more generally available and can be used to measure the
impact of prescribing interventions.?? More sophisticated data
systems that include diagnosis may be required to monitor
the impact of targeted interventions — for example, to reduce
prescribing for bronchitis.®® However, as in hospitals, hand
collection of data may be the only practical method available.

Community pharmacists have an important potential role in
the audit of antibiotic prescribing in primary care.®?

Data about measures of professional practice or clinical
outcomes are best displayed as run charts or statistical pro-
cess control charts (Figure 11.4) as these clearly demonstrate
progress over time. Small amounts of data collected regu-
larly can be very informative. The statistical process control
charts in Figure 11.4 only have one patient observation for
every data point so each chart only includes data from 17
patients, yet the charts clearly show the impact of the inter-
vention. Resources for testing change (such as Plan Do Study
Act cycles), designing and using measures for improvement
are publicly available on clinical effectiveness websites.®* For
infrequent events (e.g. number of new MRSA or C. difficile
infections) the time since the last new infection is a powerful
method for displaying information.® Posting of ‘days since
last infection’ data allows staff to see at a glance the impor-
tance and status of critical infections. In this way, positive
feedback is provided as infection-free days accrue, and anal-
ysis of cause occurs when the days go back to zero.®®

LEGAL IMPLICATIONS OF ANTIBIOTIC

POLICIES

Having considered the advantages of antibiotic policies, it
is important to be aware of their legal implications. It is not
unusual for audits to show that only a minority of professionals’
practice is fully consistent with antibiotic policies. In that case,
are the majority of professionals guilty of negligence? Moreover,
is the organization in which the professionals practice also guilty
of negligence unless it takes action and achieves 100% adher-
ence to policies? Although interventions can improve adher-
ence to policies, the changes are often small.*>*¢ Even when the
best methods for development, dissemination and implemen-
tation are used, a majority of professionals may still not adhere
to the policy.®® The reasons include lack of knowledge, aware-
ness, familiarity, agreement, outcome expectancy and ability to
overcome the inertia of previous practice.’” Guidelines by their
very nature consider common problems in typical patients and
may fail to adequately address the needs of individual patients,
particularly the elderly and the patient with a complicated
course.? Guidelines frequently lack objective parameters, lack
graded recommendations and do not favor a multidisciplinary
approach.®® As has already been noted, a major flaw of much of
the literature on the implementation of antibiotic policies is the
failure to include measures of clinical outcome (see Table 11.2).
For all of these reasons 100% concordance between clinical
practice and guidelines is neither desirable nor achievable.
Written policies and practice guidelines have a major impact
on courts of law, particularly if they are endorsed by national
societies or other professional bodies. As a legal standard, their
testimonial relevance, or ‘weight’ in that respect, is just below
regulations issued by the primary or secondary lawmaker. The
legal implication of this position is that presentation of a pol-
icy or guideline in court may overcome expert opinion, results
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Instrument panel of three statistical process control charts for hospitalized patients with community-acquired pneumonia.

Duration of intravenous antibiotic therapy, time to administration of antibiotic therapy and average length of hospital stay were thought to
be key measures that the pneumonia care team wanted to follow over time. The solid lines represent the mean values plotted over time.
The dotted lines represent the upper and lower control limits or natural process limits for the measured variables (lower limits in the top and
middle panels were less than zero and are not shown). The arrows indicate the points at which changes were implemented. The upper and
lower natural process limits were computed by using the following formula: mean + 2.66 (average point-to-point variation, also called the
moving range). This formula is recommended for calculation of process limits when the size of the subgroup is 1; it was chosen because each
data point is a measurement from a single patient. From Nelson EC, Splaine ME, Batalden PB et al. Building measurement and data collection
into medical practice. Annals of internal medicine 1998;128:460-466, by permission of the American college of Physicians.*)

of well-conducted studies and even meta-analysis (particu-
larly if published after the guideline was written). Most courts
will assign a written policy/guideline a burden of evidence far
beyond the importance assigned to the policy/guideline by
those who wrote it or use it. Writers of guidelines, such as the
Scottish Intercollegiate Guidelines Network, often clearly state
that the intention is to provide guidance rather than to impose
stiff regulations. Nonetheless, courts of law may still interpret
guidelines as minimum standards of care.

Conversely, a court can even declare a policy or guide-
line as insufficient or unacceptable; the court is sovereign to
decide upon the standard according to its own legal policies —
which are usually aimed at improving the health of the public.

Thus, if the court finds a certain policy, even if approved by
official bodies, to be insufficient, it can declare it as a non-
standard and set its own standard. The following quote is
from the book Internarional Medical Malpractice Law: ‘A com-
mon practice (regardless if founded on guidelines) simply
may not be good enough to fulfill the standard required by
the law.”® In 1993 the supreme court of Canada expressed the
view that ‘conformity with standard practice (based on policy
or guidelines) in a profession does not necessarily insulate a
doctor from negligence where the standard of practice itself
is negligent’.?® In the UK, the House of Lords has stated the
view that the court can, in rare cases, reach a conclusion that
a professional standard is not based on a rational analysis,
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and that the experts express views that are not logical or
responsible.’! These judgments have important implications
for antibiotic policy makers. Concerns about antibiotic resis-
tance may be used to justify restriction of antibiotics even
when there is compelling evidence to suggest that this is not
in the interests of the individual patient.’> However, a court
may not agree with this decision; indeed the court is likely to
decide that a doctor’s primary duty is care of the individual
patient. The problem of antibiotic resistance confronts pre-
scribers and the healthcare organizations in which they work
with two conflicting ethical duties: one is their duty of fidel-
ity to the individual patient; the other is their duty of stew-
ardship for the resources that have been entrusted to them.*?
Rigid enforcement of the duty of fidelity would result in pre-
scription of antibiotics to any patient who might conceivably
have infection and selection of an empirical regimen that cov-
ers all possible pathogens. Such a policy is clearly not in the
long-term interests of the public. However, would a court of
law support a healthcare organization that put the long-term
interests of the public before the interests of the individual
patient?%*

Antibiotic restriction policy has been implied in farm hus-
bandry in view of human infections with resistant mutants
(e.g. fluoroquinolone-resistant C. jejunii originating in fluo-
roquinolone-fed chickens). A quantitative risk assessment
model of microbiological risks suggests that these outcomes
may be more than coincidental: prudent use of animal anti-
biotics may actually improve human health, while total bans
on animal antibiotics, intended to be precautionary, inadver-
tently may harm human health. Moreover, the ban of fluoro-
quinolones as food additives to chicken in the USA and some
other jurisdictions was not associated with a decrease in fluo-
roquinolone resistance among other human pathogens, less-
ening the impact of antibiotic restrictive policies in agriculture
on human disease. A court, when coming to decide on a case
in which non-human use of antibiotics was associated with
human harm (except for the case of C. jejuniz), will confront
great difficulties in obtaining direct evidence for this associa-
tion and may thus have uncertainty in its final decision.

Legislation should also be considered as an instrument for
helping to achieve the aims of antibiotic policies. Once anti-
microbial drug resistance has been recognized as a concern
by public health authorities they will ask for legal as well as
scientific analysis of the problem, and international organi-
zations such as the European Union and the World Health
Organization will also seek legal solutions.’> However, cooper-
ative initiatives may be more practical and speedy than legis-
lation, at least in the first instance.®® Similarly, at the national
level, it has been recognized that development of local solu-
tions may be more productive than imposing national legisla-
tion.*> Nonetheless, Fidler provides several practical proposals
for introducing legislation to help to control antimicrobial
prescribing:

1. International legal harmonization of principles for
prudent antimicrobial drug use will have to include
monitoring and enforcement, as well as financial,

technical and legal assistance by industrialized countries
to developing countries.

2. In the USA, Congress could regulate use of antimicrobial
drugs by monitoring interstate commerce in these
products. Congress probably does not have the authority
to regulate antimicrobial prescription practices directly;
such authority rests with the states.

3. Perhaps the most powerful US federal strategy would
be to make implementation of state policies to curb the
misuse of antimicrobial drugs mandatory before states
receive federal funds earmarked for public health. In
countries where governments subsidize the purchase of
antimicrobial drugs, legislative or regulatory changes in
these subsidies could lead to a decline in the use of the
drugs.

4. Fulfillment of legal duties often hinges on
sufficient resources. In many developing countries public
health systems may be inadequate. Thus, financial and
technical leadership is needed from national governments
towards local authorities and from international
organizations towards developing countries. A precedent
can be found in the proposed Convention on the
Provision of Telecommunication Resources for Disaster
Mitigation and Relief Operations, which obligates the
parties, where possible, to lower or remove regulatory
barriers for using telecommunication resources
during disasters.

5. Lessons from international environmental efforts suggest
that international law must play a major role in setting
international standards for implementation domestically
and creating the political, technical and financial conditions
necessary to integrate international and national law.

KEY QUESTIONS ABOUT ANTIBIOTIC
POLICIES AND ANTIMICROBIAL
STEWARDSHIP

WHAT IS THE MOST COST-EFFECTIVE
METHOD FOR IMPLEMENTING
POLICIES?

It is probably unrealistic to expect a definitive answer to this
question because of the influence of context as well as the
knowledge, attitudes and beliefs of both the professionals who
are the targets for change and the patients that they serve.®®
However, even a partial answer to the question requires more
basic information about the cost of development, testing and
implementation of antibiotic policies and other interventions
(see Table 11.2). In particular, it would be very helpful to
have more information about the added value of audit and
feedback for implementation of antibiotic policies (see Table
11.3). Only 10% of studies in ambulatory or hospital care
used this, yet the quality improvement literature suggests that
measurement and feedback are integral to the implementa-
tion of change.>®



KEY QUESTIONS ABOUT ANTIBIOTIC POLICIES AND ANTIMICROBIAL STEWARDSHIP

WHEN SHOULD RESTRICTIVE

STRATEGIES BE USED TO IMPLEMENT
ANTIBIOTIC POLICIES?

Restrictive strategies are perceived as dictatorial or punitive
and are likely to be less appealing to clinicians.®” It is gener-
ally acknowledged that practice guidelines achieve their great-
est good by expanding medical knowledge, which may not
be achieved by punitive measures.’® In hospitals the evidence
suggests that restrictive interventions have greater short-term
effects but that persuasive interventions may have greater long-
term effects. More data would be helpful but we believe that the
available evidence already suggests that a case should be made
for urgency in order to justify restrictive antibiotic policies.

WHAT BALANCING MEASURES SHOULD

BE USED TO EVALUATE ANTIBIOTIC
POLICIES?

Now that the evidence base on beneficial effects of anti-
biotic policies is growing, the research and policy agenda
needs to pay more attention to reassuring the public and
professionals about unintended consequences of antibiotic
policies. The few studies that include balancing measures
clearly show that unintended consequences can happen (see
Figure 11.3B).
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Introduction to Section 2

The number and variety of antimicrobial agents has expanded
inexorably since the appearance of the first edition of this book
nearly 50 years ago and organization of the information on individual
agents in a way that helps the reader to make sense of the profu-
sion is a continuing challenge. Once again we have tried to present
the information in a uniform, accessible and succinct manner. The
authorship reflects the most recent revision based, in most cases, on
pre-existing text written by different hands for the various editions of
the book that have appeared over the years.

As always, the aim has been to be as inclusive and up to date as
possible and we have sought to include all but the most obscure
compounds that are available worldwide. Compounds used exclu-
sively in veterinary medicine are mentioned by name if appropriate,
but are not otherwise dealt with.

The amount of detail provided for older or less important drugs
has been reduced to a short summary of their most important prop-
erties. For the rest we have tried to present the most important infor-
mation in a standard and logical manner, tabulating such information
as could be easily accommodated in this form. For large groups of
agents, such as the penicillins, cephalosporins, macrolides, amino-
glycosides and quinolones, the individual drug monographs are pre-
ceded by a general account of the group and its classification.

For the individual monographs, the following conventions have
been adopted:

Drug names: The recommended International Non-proprietary
Name (rINN) is used throughout, with the United States Adopted
Name (USAN) and any other commonly used alternative name given
at the beginning of each monograph. An exception has been made
for methicillin (rINN: meticillin), since this antibiotic is no longer gen-
erally available and the original spelling is commonly used in the con-
text of ‘methicillin-resistant Staphylococcus aureus'.

Structures: Simple two-dimensional structures of the most impor-
tant compounds are given, together with the molecular weights and
those of appropriate salts.

Antimicrobial activity: For antibacterial agents, minimum inhibi-
tory concentration (MIC) values for the most common Gram-positive
and Gram-negative pathogens are tabulated with members of the
same drug group appearing in the same Table. Since published MIC

values differ, sometimes quite widely, depending on the methodol-
ogy used and the source of the micro-organisms tested, those given
are representative ones, usually based on fully susceptible strains.
Activity against other relevant pathogens is described in the text.
Nomenclature of micro-organisms follows current recommendations
(e.g. all clinically important salmonellae are described as Salmonella
enterica serotypes rather than individual species).

Acquired resistance: Common mechanisms of acquired resistance
and its general prevalence are described.

Pharmacokinetics: Basic pharmacokinetic parameters are tabulated:
oral absorption (if relevant); maximum plasma concentration (C__) for
common dosage forms; plasma half-life; volume of distribution (usu-
ally in liters or, preferably, L/kg); and plasma protein binding. Values
given normally refer to data from healthy adult volunteers and may be
altered in disease or at the extremes of age. Unless otherwise stated,
the plasma half-life is the B-phase value; when the terminal half-life dif-
fers substantially, this is described in the accompanying text. A more
extensive account of absorption, distribution, metabolism and excre-
tion characteristics is added for the more important compounds.

Interactions: Some important interactions are described, but a
more extensive account is provided in Section 1 (Ch. 6).

Toxicity and side effects: The most important adverse reactions are
given. For compounds for which class effects are prominent, this
information is to be found in the section on general properties of the
class earlier in the chapter.

Clinical use: The most common uses are listed. Information on the
mode of use in different clinical settings is dealt with in appropriate
chapters of Section 3.

Preparations and dosage: Common proprietary names are given,
but others may be used in individual markets, especially for older
compounds with many generic forms. Dosages are commonly
accepted regimens for adults and children. Since recommended dos-
age regimens sometimes vary in different countries, the information
may differ from that found in local formularies.

Further information: No in-text references are provided, but appro-
priate up-to-date sources of information are listed. Extensive mono-
graphs on many anti-infective drugs can be found in Therapeutic Drugs,
2nd edn (Dollery, C. ed.), Churchill Livingstone, Edinburgh, 1999.



Aminoglycosides
and aminocyclitols

Andrew M. Lovering and David S. Reeves

The aminoglycoside antibiotics comprise a large group of
naturally occurring or semisynthetic polycationic compounds.
The therapeutically important members of the group have amino
sugars glycosidically linked to aminocyclitols — cyclic alcohols
that are also substituted with amino functions. Most are bacte-
ricidal agents and share the same general range of antibacte-
rial activity, pharmacokinetic behavior, a tendency to damage
one or both branches of the eighth nerve, and a propensity to
cause renal damage. The degree and nature of toxicity varies
among compounds, and for some it is so great as to preclude
systemic use.

Streptomycin was the first aminoglycoside, identified in 1944
by Waksman'’s group as a natural product of a soil bacterium,
Streptomyces griseus. This was followed by the discovery of neo-
mycin by the same group in 1949 and of kanamycin by Umezawa
and his colleaguesin 1957. Gentamicin, the most important amin-
oglycoside in use today, was first reported in 1963. Thereafter
there followed an era in which research on new aminoglyco-
sides concentrated on the chemical modification of known com-
pounds, largely in response to developing resistance.

CLASSIFICATION

In most aminoglycosides in regular clinical use, the amino-
cyclitol moiety is 2-deoxystreptamine; these compounds
can be subdivided into the neomycin group, in which
there are carbohydrate substitutions at positions 4 and 5
of 2-deoxystreptamine, and the kanamycin and gentamicin
groups, in which the aminocyclitol is 4,6-disubstituted. In
streptomycin the aminocyclitol ring is another derivative of
streptamine, streptidine. Several less important compounds
exhibit other structural variations on the aminoglycoside—
aminocyclitol theme.

2-Deoxystreptamine-containing
aminoglycosides

Gentamicin Kanamycin Neomycin Other

group group group aminoglycosides/
aminocyclitols

Gentamicin Amikacin Neomycin Astromicin

Isepamicin Arbekacin Paromomycin  Spectinomycin

Micronomicin  Dibekacin Streptomycin

Netilmicin Kanamycin

Sisomicin Tobramycin

The nomenclature of the aminoglycoside structure is illus-
trated by that of kanamycin B:

2-Deoxystreptamine

Aminosugar

Aminosugar

The carbon atoms in the 2-deoxystreptamine ring are labeled
1 to 6; those in the amino sugar substituted at position 4 are
labeled 1’ to 6" and those in the 6-position amino sugar 1”7
to 6”.

Some natural aminoglycosides consist of mixtures of
closely related compounds. For example, there are four prin-
cipal gentamicins, three kanamycins and two neomycins,
often with interbatch variability in the ratio of these within
pharmaceutical preparations. Moreover, there are close rela-
tionships between some of the differently named compounds.
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For example, tobramycin is 3’-deoxykanamycin B and the
substitution of an amino for a hydroxyl group in paromomy-
cin I gives neomycin B. The chemical differences are particu-
larly important in determining sensitivity of the compounds to
inactivation by bacterial aminoglycoside-modifying enzymes.

I —
ANTIMICROBIAL ACTIVITY

The activity of the more important aminoglycosides against
common pathogens is summarized in Table 12.1. They are
active to different degrees against Staphylococcus aureus,
coagulase-negative staphylococci and Corynebacterium spp.,
but the activity against many other Gram-positive bacteria,
including streptococci, is generally limited. However, they
interact synergistically with antibiotics such as penicillin
against streptococci, enterococci and some other organisms,
and this combination is used as first-line therapy in entero-
coccal endocarditis (p. 591).

As a group, they are widely active against the Entero-
bacteriaceae and other aerobic Gram-negative bacilli including,
for some compounds, Pseudomonas aeruginosa. Several, including
streptomycin, are active against Mycobactertum tuberculosis and
some other mycobacteria. Aminoglycosides require a threshold
membrane potential to cross the bacterial cell membrane and,
as this is diminished under anaerobic conditions, aminoglyco-
sides are not active against anaerobic bacteria.

They are generally bactericidal in concentrations close to
the minimum inhibitory concentration (MIC) and the rate of
killing increases directly with the concentration, up to about

10 times the MIC value. Activity is increased by low Mg?*
and Ca?* concentrations and diminished under anaerobic or
hypercapnic conditions.

AMINOGLYCOSIDE TRANSPORT

Diffusion of such highly polar cationic compounds across the

bacterial cell membrane is very limited and intracellular accu-

mulation of the drugs is brought about by active transport,
which occurs in three phases:

» Initial energy-independent binding of the compounds
to the exterior of the cell, which is inhibited by Ca?* and
Mg?* ions.

* Energy-dependent phase I (so called because it is
abolished by molecules that inhibit energy metabolism),
in which the aminoglycosides are driven across the
cytoplasmic membrane by the negative electrical potential
difference across the membrane.

» A faster, energy-dependent phase II, which starts after
aminoglycosides have bound to ribosomes and seems to be
an effect, rather than a cause, of their action on the cell.

Uptake is adversely affected by low pH and reduced oxygen
tension as they affect the membrane potential. Consequently,
activity of the drugs in vitro is reduced in acid media or anaer-
obic conditions and by the presence of divalent cations; the
susceptibility of Ps. aeruginosa is particularly sensitive to the
cation concentration. Because of the effects of pH on activ-
ity, it is hard to be sure that the relatively high MICs seen
for organisms that require carbon dioxide truly reflect their
degree of resistance.

Table 12.1 Median MICs (mg/L) of aminoglycosides for common pathogenic bacteria
Bacterium Gentamicin Netilmicin Tobramycin Amikacin Kanamycin Neomycin Streptomycin Spectinomycin
Staphylococcus aureus 0.25 0.25 0.25 1 1 0.5 4 64
Coagulase-negative 0.03 0.03 0.03 0.25 0.5 0.06 2 32
staphylococci
Streptococcus pyogenes 4 4 16 32 32 16 8 32
Str. pneumoniae 4 8 16 64 64 128 32 8
Enterococcus faecalis 16 8 16 128 64 32 128 64
Neisseria meningitidis 16 16 16 32 32 4 8
N. gonorrhoeae 4 4 4 16 16 16 8 16
Haemophilus influenzae 0.5 0.5 1 1 1 2 2 4
Escherichia coli 05 0.5 1 2 4 1 8 8
Klebsiella pneumoniae 0.5 0.5 0.5 2 2 1 4 16
Bacteroides fragilis R R R R R R R R
Mycobacterium tuberculosis R R 1 8 0.5 0.5
M. avium 4 8 4 2

R, resistant; no useful activity at clinically achievable concentrations.




I ——
ACQUIRED RESISTANCE

Resistance in many organisms originally susceptible to the
older compounds, such as streptomycin and kanamycin, is
now widespread. Resistance to the more clinically impor-
tant agents such as gentamicin has also increased, but there
are marked differences even within countries depending on
antibiotic use policies. Resistance rates for gentamicin in
North America and Europe have so far generally remained
low. However, many strains with plasmid-encoded extended-
spectrum B-lactamases (p. 228-231) and other resistances are
also aminoglycoside resistant, so outbreaks of infection with
such strains may result in an increase in aminoglycoside resis-
tance rates.
Bacterial resistance to the aminoglycosides is usually medi-
ated through one, or more, of the three main mechanisms:
* Alteration in the ribosomal binding of the drug
* Reduced uptake
+ Inactivation by specific aminoglycoside-modifying
enzymes.

RIBOSOMAL RESISTANCE

Strains of bacteria with ribosomes that have a diminished
affinity for streptomycin may emerge during therapy with
streptomycin and the MIC is often in excess of 1000 mg/L.
Such resistance results from alteration of a single ribosomal
protein or rRNA, usually in the rpsL gene, and occurs at a
natural mutational rate of 107 per generation in Escherichia
coli. In contrast, ribosomal resistance to other clinically useful
amino-glycosides is not encountered during therapy, as resis-
tance usually requires mutations at two or three ribosomal
binding sites. Ribosomal alterations confer high-level resis-
tance to the aminoglycoside against which they were selected
(and closely related ones), but not other aminoglycosides.
Such resistance is not transferable to other bacteria.

REDUCED UPTAKE

Resistance resulting from a diminished ability to accumu-
late aminoglycosides occurs as a result of changes in energy
metabolism or outer membrane structure, and may be clin-
ically significant. Such resistance is caused by selection of
chromosomal mutations at several loci during exposure to the
drug and may lead to cross-resistance to other aminoglyco-
sides, including those resistant to aminoglycoside-modifying
enzymes. Reversion to wild type occurs rapidly in coliforms
in the absence of selective pressure. The isolates often show
altered ability to couple oxidative phosphorylation to elec-
tron transport and the level of resistance conferred is gen-
erally modest; they are frequently slow growing and are of
reduced pathogenicity. However, in Pseudomonas isolates the
changes are relatively stable and generally due to changes in

ACQUIRED RESISTANCE

the MexXY multidrug efflux system. Such isolates are rela-
tively common and are frequently found in isolates from cys-
tic fibrosis patients.

AMINOGLYCOSIDE-MODIFYING

ENZYMES

Production of modifying enzymes usually confers a high
degree of resistance and is the most common mechanism
of resistance. The enzymes are usually plasmid encoded and
the resistance conferred is frequently transferable. As with
B-lactamase production, the organisms owe their survival to
the inactivation of the agent to which they remain intrinsically
susceptible and a large number of enzymes have been identi-
fied from different bacterial species.

There are three classes of aminoglycoside-modifying
enzyme, which differ in the nature of the sites modified:
* N-acetyltransferases (AAC) modify amino groups
* O-phosphotransferases (APH) modify hydroxyl groups
* O-nucleotidyltransferases (ANT) modify hydroxyl groups.
The sites of attack of these enzymes on gentamicin are shown
below:

AAC(S)
l AACG)
NH
/ 2 /
HyC H,N
0
0 NH,
__» NH; HO o_ OH
AAC(2)
APH(2") "
ANT(2") HO® N
CH,

Gentamicin Cla

The position of the group attacked and the ring that carries
it are indicated by the number of the enzyme: thus AAC(3)
is the acetyltransferase that modifies the amino group in the
3-position on the aminocyclitol ring while ANT(2”) modi-
fies the hydroxyl group at the 2”-position on an aminosugar.
If two enzymes act at the same position on the molecule, but
differ in the aminoglycosides modified, they are distinguished
by roman numerals. For example, AAC(3)-I confers resistance
to gentamicin alone, whereas AAC(3)-II confers resistance to
tobramycin and netilmicin as well as to gentamicin and so on
(Table 12.2). Many aminoglycoside-modifying enzymes that
are apparently identical in terms of resistance profile have
different amino acid sequences. Lower case letters after the
roman numeral are used to designate the different subgroups:
thus, AAC(6")-Ia and AAC(6')-Ib are two unique proteins
conferring identical resistance profiles. Finally, lower case ital-
icized letters are used to indicate the gene responsible, so that
the gene coding for the AAC(6")-Ia enzyme is aac(6’)Ia.
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Table 12.2 Range of activity of enzymes that modify 2-deoxystreptamine-containing aminoglycosides

Enzyme Kanamycin A Neomycin Amikacin Tobramycin Gentamicin Netilmicin Sisomicin
APH(3")-1, 11, IV, VII + + - 0 0 0 0
APHE)-III & VI + + + 0 0 0 0
APH(3")-V - + - 0 0 0 0
APH(2") + 0 - + + - 0
ANT(4") + + + + 0 0 0
ANT(2”) + 0 - + + - 0
AAC3)-1 & VI - - - - + - -
AAC(3)-II + - - + + + -
AAC(3)-III + + - + + - -
AAC(3)-IV + + - + + + +
AAC(2) 0 + 0 + + + 0
AACE)- + + + + Variable® + 0
AAC(6)-Il + - - + + + 0

“Gentamicin C,_, C, and sisomicin +, gentamicin C, +/~.

+, Modified; +, poorly modified; -, not modified; 0, substituent necessary for modification absent.

Resistance to aminoglycosides results from the interplay
between the rate of drug inactivation by the modifying enzyme
and the rate of drug transport. Thus the resistance phenotype
of a particular isolate depends on the enzyme Kkinetics, best
defined by the ratio of IV to K_ for a given substrate, and
the rate of drug uptake. Consequently, enzymes that poorly
inactivate some aminoglycosides, and fail to confer resistance
to them, may confer clinically relevant resistance when associ-
ated with a change in cell permeability.

The discovery that AAC(6")-Ib-cr can acetylate fluoroquino-
lones with a piperazinyl moiety (e.g. ciprofloxacin; see Ch. 26)
and confer resistance to them has led to the identification of
further bifunctional enzymes and is helping to shed light upon
the ecological origins of this large family of enzymes, over 50
different types of which are currently known.

\@{

Most aminoglycoside-modifying enzymes are encoded by
transposable elements in resistant bacteria; however, some are

DISTRIBUTION OF MODIFYING
ENZYMES

chromosomally determined with the presence of the gene, if
not its expression in terms of resistance profile, characteristic
of the species. The most notable examples are:

* aac(2’)-la; characteristic of Providencia stuartii

* aac(6')-Ic; characteristic of Serratia marcescens

* aac(6)-Ii; present in all Enterococcus faecium strains.

The expression of these genes appears to be tightly regulated.
Thus, although the chromosomal aac(6’)-Ic gene is found in

all Ser. marcescens strains, most are aminoglycoside susceptible
with little or no aac(6’)-Ic mRNA detectable.

Certain enzymes may be found in a restricted host range,
but most are widely distrib