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PREFACE

The chapters in this volume are revised and updated versions of lectures originally pre-
sented on September 23, 1988, at the first symposium of Advances in Chemotherapy of
AIDS held at the University of Alabama at'Birmingham. This symposium highlighted
the most recent advances in basic research in the development of novel chemotherapeu-
tic agents and pharmacologic approaches against acquired immunodeficiency syndrome
(AIDS). These manuscripts describe major classes of drugs currently being examined in
the treatment of AIDS.

We hope that this volume describing original research from several of the leading lab-
oratories will prove useful to those involved in AIDS research including the molecular
biologist, medical chemist, biochemist, pharmacologist, and clinician involved in the
care of A1DS patients.

We would like to express our appreciation to the following companies for their gen-
erous support: Adria Laboratories; Beckman Instruments; Bristol-Myers Company; Led-
erle Laboratories; Mead Johnson Pharmaceutical Division; Sandoz Pharmaceuticals
Corporation; Schering Corporation; Syntex Research; and The Upjohn Company.

ROBERT B. Diasio
JEAN-PIERRE SOMMADOSSI
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CHAPTER 1

DEVELOPMENT OF ANTIVIRAL AGENTS
FOR THERAPY OF AIDS

WiLLiaM H. PrRUSOFF,* TAI-SHUN LIN,* E. MICHAEL AUGUST,* AND MARIA ELENA MARONGIUT

*Department of Pharmacology and Comprehensive Cancer Center, Yale University School of Medicine, New
Haven, CT; tInstituto di Microbiologia, Universita Degli Studi di Cagliari, Cagliari, Italy

1. INTRODUCTION

The substances that have been approved by the Food and Drug Administration (FDA)
for therapy of viral infections in humans include eight synthetic compounds plus inter-
feron a. Idoxuridine, trifluridine, vidarabine, and acyclovir are approved for therapy of
various herpesvirus infections; amantadine for therapy of respiratory infections caused
by the influenza A virus, ribavirin for therapy of severe respiratory infections caused by
the respiratory syncytial virus; zidovudine for therapy of autoimmune deficiency syn-
drome caused by human immunodeficiency virus 1 (HIV-1), and most recently inter-
feron « for genital warts caused by the papilloma virus, and ganciclovir for therapy of
cytomegalovirus retinitis.

There are a numbgr of other very effective antiviral agents which could be clinically
useful not only for therapy of acquired immunodeficiency syndrome (AIDS) but also for
other viral infections if we could devise procedures for their preferential uptake into or
activation in the infected cell, or restrict their action to only the infected cell.

The need for effective drugs is critical. The World Health Organization (WHO) esti-
mates that over 5 million individuals may be infected with HIV-1 worldwide, and about
200,000 cases of AIDS have already occurred. In the United States alone, about 1 to 1.5
million are infected, and 88,000 cases of AIDS have been diagnosed and about 60% of
these patients have died. Obviously, there is a strong need for the development of agents
for therapy of AIDS, and this symposium was designed to explore some of the
approaches for this end.

The drug azidothymidine (zidovudine, or AZT) is not the ideal drug for therapy of
AIDS because of toxicities, primarily severe bone marrow depression. Although combi-
nation therapy is underway in an attempt to overcome this problem, there is a need for
less toxic antiviral drugs. Hundreds of compounds have already been evaluated for
potential activity against the HIV-1 virus. The National Institutes of Health (NIH) is
setting up a program to screen about 10,000 natural and synthetic substances per year
for anti-HIV-1 activity.

The development of antiviral agents for therapy of AIDS is being approached basically
by two strategies: the empirical and the rational strategy, as well as modifications of both.

2. THE EMPIRICAL APPROACH

The empirical approach has provided most-of the drugs in clinical use, and it would
be prudent to continue this strategy. This approach entails the identification of a lead
compound and subsequent repeated structure modification of the lead compound, and
evaluation of activity, to produce a continual improvement until optimization is
achieved. The lead compound may have been obtained by random screening (amanta-
dine) or by structural modification of a critical metabolite, such as the replacement of
the methyl moiety of thymidine with an iodine atom to produce idoxuridine (Prusoff,

1



2 W. H. PRUSOFFET AL.

1959). The structural modifications of the lead compound that are made are dependent
upon the chemists’ experience and intuition, as well as serendipity. The probability of
_producing an active compound today can be greatly improved by combining structure-
activity rejationships with computer graphic model building.

Examples of a lead compound include idoxuridine (Prusoff, 1959) and AZT (Horwitz
et al., 1964), both of which were first synthesized to be anticancer compounds but were
found to have antiviral activity against herpecviruses (Herrmann, 1961; Kaufman, 1962)
and retroviruses (Ostertag et al., 1974; Mitsuya et al., 1985), respectively. Numerous
derivatives of idoxuridine have been synthesized: replacement of the iodine on carbon 5
of the pyrimidine moiety with a variety of substituents (—CF;; —C,H;; —CH=CHBr);
replacement of the uracil moiety with cytosine; replacement of the deoxyribose with
other sugars (arabinose, xylose, etc.), cyclopentane, or acyclic moieties; or replacement
of the 5’-hydroxyl with an amino function.

The finding that AZT is active against HIV-1, the virus responsible for AIDS (Mitsuya
et al., 1985; Yarchoan et al., 1986), has also stimulated the synthesis of numerous nucle-
oside derivatives as well as evaluation of nucleosides previously synthesized.

The hope is that the modifications made in a compound will result in improved bio-
logical and physical properties such as potency, selectivity, duration of action, bioavail-
ability, reduced toxicity, stability, and so forth. However, any modification of structure
will produce a variety of physical and chemical changes, such as size, shape, electronic
distribution, and metabolism (Baldwin, 1987). Any of these changes could markedly
affect the biological properties desired, either positively or negatively. For example, Lin
et al. (1987a,b; 1988) modified the structure of AZT by replacement of the methyl group
with various substituents, or the addition of 3-oxopropenyl on nitrogen 3 of the pyrim-
idine, or replacement of carbon 6 with a nitrogen atom, but a‘more active compound
was not produced; however, several compounds previously synthesized by Horwiiz and
colleagues (1964, 1967) such as 2’,3’-dideoxycytidin-2’-ene (d4C) and 3’-deoxythymidin-
2’-ene (d4T) were found to be potent inhibitors of HIV-1 (Lin et al., 1987b,c) with very
low levels of cytotoxicity (August et al., 1988).

Independently, several other laboratories have studied these compounds, and similar
antiviral activities as reported by Lin et al. (1987b,c) were also found for d4T (Balzarini
et al., 1987; Baba et al., 1987; Hamamoto et al., 1987) and for d4C (Hamamoto et al.,
1987; Balzarini et al., 1986; 1987). :

Our laboratory has worked closely with the scientists at Bristol-Myers Company for
development of d4T, and d4T is at present in phase 1 clinical trial for the following
reasons: :

1. It has potent antiviral activity against HIV-1. The concentration required to inhibit
viral replication by 50% is 0.0088 xM (Lin et al., 1987c).

2. It has very little cytotoxicity. The concentration required to inhibit uninfected H9
cells is 250 uM (August et al., 1988). ;

3. It is 100-fold less toxic than AZT to normal human granulocyte-macrophage progen-
itor cells, but has similar effects on erythroid progenitor cells (Mansuri et al., 1989).

4. d4T is almost completely absorbed on oral administration (Russell et al., 1989).

5. d4T crosses the blood-brain barrier at an antiviral concentration (Russell et al., 1989).

6. d4T, unlike AZT, does not form the glucuronide, but is excreted in the urine
unchanged (Russell et al., 1989).

7. Bristol-Myers scientists (personal communication) have found that:
a. d4T, in a comparative toxicity study with AZT, has a more favorable toxicity
profile; . '
b. d4T has less tendency to cause anemia.
¢. Toxicity studies in rats and monkeys are in progress.
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8. Phase 1 trials are in progress and prellmmary results are very encouraging relative to
efficacy and low toxicity.

3. THE RATIONAL APPROACH

The second approach for drug development is the rational approach, which is a greater
challenge, but is intellectually more satisfying. Rapid progress is being made in this direc-
tion, and hopefully the rational approach will soon be the productive way to go. This
approach requires a sophisticated knowledge of the target structure—be it an active site
of an enzyme, a receptor, or a macromolecule such as DNA, RNA, or a regulatory pro-
tein—as well as a knowledge of the biochemical pathways involved. Once the target to
be attacked is identified, the structural, spatial, and electronic requirements for a com-
pound to uniquely interact with the target receptor must be determined.

3.1. HIV-1 TARGETS

What are some of the targets that are unique to the AIDS virus, and hence appropriate
for development of a drug? Examination of the structure of HIV-1 as well as our present
understanding of the biochemistry of how it replicates will identify potential targets for
drug design.

Two molecules of viral: RNA genome plus reverse transcriptase are surrounded by a
shell composed of p24 proteins, and then by an outer shell of p18 proteins which lies just
beneath the lipid bilayer. Glycoprotein, gp120, lies on the outside of the bilipid mem-
brane, and it is hooked into the interior by the glycoprotein gp41.

The replication of HIV-1 is initiated by its adsorption to a susceptible cell by interac-
tion with aspecific cell-surface receptor termed CD4. After adsorption to the cell surface,
the virus penetrates either by fusion with the cell surface or by endocytosis. Either way
the viral lipid bilayer and core proteins are removed with release of the two molecules of
RNA, which are bound to several molecules of the reverse transcriptase. The reverse
transcriptase transcribes the viral RNA to form a complementary DNA, which hybrid-
izes with the RNA. The RNA of the RNA-DNA hybrid is enzymically degraded and the
DNA is replicated, forming a DNA duplex which circularizes and is integrated into the
cellular DNA. The proviral DNA may remain in a latent state for an unknown period
of time, and when the proviral DNA is activated, RNA is transcribed from the DNA,
forming genomic RNA and mRNA, and the mRNA is translated into enzymatic and
structural proteins. A complicated series of events are involved that include intragene
regulation &s well as polyprotein processing which involves proteolytic cleavage, glyco-
sylation, and myristylation. The stage is now set for assembly in the host cell cytoplasm
and release of the virion by budding through the host cell membrane, where a bilipid
envelope is acquired. *

Thus the possible targets include:

1. Adsorption '
2. Penetration—fusion or endocytosis

3. Uncoating

4. Reverse transcription:

a. RNA — RNA ~ DNA
b. Degradation of RNA‘in the RNA-DNA hybrid (RNase H)
¢. DNA — linear double stranded DNA (dsDNA) — circular dsDNA

5. Integration of viral dsDNA into host cell genome
6. Transcription of proviral DNA into mRNA and RNA genome -
7. Replication of proviral DNA
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8. Translation of viral mRNA into protein and its regulation
9. Cleavage of polyprotein by protease

10. Processing of protein

a. Glycosylation

b. Myristylation
11. Assembly of the formed macromolecules into a virion
12. Release of virion by budding

There are at least eight genes in the HIV-1 genome, and each makes products that are
potential targets. These products include regulatory proteins; enzymes such as reverse
transcriptase, endonuclease, RNase H, and protease; structural protems and proteins of
unknown function.

Hundreds of compounds have already been examined for anti-HIV activity. Most
compounds have little or no activity or are too toxic, and some look promising and are
in various stages of development. It would not be feasible to list all the various com-
pounds that have been evaluated, and hence I will mention only a few and their targets.

Adsorption of the virus to a susceptible cell has been interfered with by use of (1) a
monoclonal antibody to bind with the cellular CD4 receptor, (2) soluble CD4 antigen to
bind the viral gp120, (3) peptide T, an octapeptide, to block the CD4 receptor, (4) dex-
tran sulfate to block binding of the virus to the cell surface or to prevent fusion-depen-
dent events, and (5) AL-721 to extract sterols from viral or cellular membranes, thereby
increasing fluidity which may prevent adsorption or penetration.

Reverse transcriptase is a popular target, either for inhibition by compounds such as
suramin, HPA-23, phosphonoformate, or ansamycin; or for preferential terminal incor-
poration of nucleoside analogs into HIV-1 DNA as exemplified by 2’ 3’-d1deoxynucleo-
side analogs (AZT, d2C, d4C and d4T).

Viral proteins are another target for inhibition. These targets include the viral encoded
enzymes responsible for polyprotein cleavage (protease inhibitors) and processing of gly-
coproteins (castanospermine), function of regulatory proteins, myristylation of protein,
translation of HIV-1 mRNA (antisense ohgodeokynbonucleotldes) and so forth. Anti-
sense oligomers can inhibit not only viral translation but also viral transefiption.

‘ J
3.2. APPLICATIONS OF RATIONAL DRUG DESIGN

Today we have the potential to:determine not only the three-dimensional atomic
structure of target sites such as receptors, or viruses, or macromolecules but also how
antiviral agents or drugs interact with these targets by use of x-ray crystallography and
nuclear magnetic resonance (NMR). Knowledge of how the atoms are arranged, when
combined with molecular modeling and interactive computer graphics, has the potential
to afford the rational design of specific drugs. X-ray crystallography and computer mod-
eling have been used very effectively to understand the mechanism of action of several
compounds which prevent uncoating of the rhinovirus (T. J. Smith et al., 1986; Ross-
mann et al., 1987). For example, the rhinovirus was crystallized and allowed to interact
with the drug and then subjected to x-ray crystallography, and a computer-graphic pic-
ture was made of how the Sterling-Winthrop compound binds into a hydrophobic pocket
beneath the canyon floor of the virus (Colonno et al., 1988). The insertion of the com-
pound into the hydrophobic pocket produces a large conformational change in three
stretches of the viral VP-1 polypeptide chain, and the consequence is that the protein
shell is less flexible and thereby inhibits disassembly of the virus (Badger et al., 1988).

This finding may be considered to be a “lead,” since now the potential is available to
modify structure in order to enhance the interaction between virus and drug. The reverse
situation is more difficult, that is, to design a drug based on knowledge of the structure
of the macromolecule whose function you wish to inhibit—whether it be an enzyme or
a regulatory protein or something else.
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There are two major problems. One is to obtain large amounts of protein, and the
second is to prepare single crystals of the protein that are large enough so that the three-
dimensional structure can be elucidated by x-ray diffraction. This is not a trivial task;
however, large amounts of protein can be obtained by genetic enginegring utilizing, for
example, bacteria in which the appropriate gene has been inserted. A novel approach to
obtain large crystals is to take advantage of space research. Under conditions of micro-
gravity in space, single crystals of 8-galactosidase and lysozyme were formed which were
27 and 1000 times larger, respectively, than those obtained under conditions of normal
gravity (Littke and John, 1984).

However, even though a drug is designed based on the x-ray structure of the macro-
molecule, this does not ensure its clinical utility. There are problems of absorption, dis-
tribution, metabolism, excretion, and unpredictable toxicities. But this is true of any new
compound, whether obtained by the empirical or the rational approach.

Rational design of antiviral drugs may be based on our understanding of gene structure
and function. Some success has already been achieved in the synthesis of antisense oli-
godeoxyribonucleotides, whose base pairs are complementary to critical regions of the
viral genome or mRNA and following specific hybridization block their expression
(Green et al., 1986; Loose-Mitchell, 1988; Stein and Cohen, 1988). :

Zameenik and Stephenson (1978) found a single-stranded 13-base oligodeoxyribonu-
cleotide, complementary to a region of the terminally redundant sequences of Rous sar-
coma virus, that inhibits viral production. More recently Zamecnik and colleagues
(1986) found that the replication and expression of HIV-1 is also inhibited by an anti-
sense oligonucleotide, presumably by hybridization competition.

However, there are several problems in the use of antisense oligonucleotides; (1) rapid
degradation by nucleases in plasma and cells; (2) a need for transport into cells; (3) a
need for high concentrations for the inhibition to occur; (4) the presence of tight binding
proteins at the target site; and (5) a need for oral delivery. These challenges have been
approached by several groups. Enzymatic degradation of oligodeoxyribonucleotides has
been decreased by converting the phosphodiester linkage into nonionic links such as
phosphotriester or alkylphosphonates (Miller et al., 1979, 1981; Miller and Ts’o, 1987),
phosphorothioates (Matsukura et al., 1987), or nonphosphorous moities such as amides,
carbonates, carbamate, or siloxane (Cormier and Ogilvie, 1988). Thus an oligodeoxyri-
boside methyl phosphonate that is complementary to a section of HSV-1 mRNA, and
has a chain length of 8 nucleotidyl units, produced a two-log reduction in virus yield (C.
C. Smith-et al., 1986). Furthermore, the methyl phosphonates, being less polar, are trans-
ported more readily into cells.

Another approach to circumvent the problems of transport of the oligomer into the
cell as well as the stability of the formed hybrid involves the conjugation of acridine
derivatives, via a pentamethylene tether, to either the 3’ or the 5’ end of the oligonucle-
otide (Helene et al., 1985). Thus, binding specificity toward the complementary sequence
is retained, while the intercalating acridine provides additional binding energy to stabilize
the hybrid complex (Thuong et al., 1987). In addition, the acridine decreases suscepti-
bility of the oligomer to exonuclease degradation, and also facilitates cellular uptake.
Furthermore, because of the increased binding stability, the size of the oligonucleotide
can be shortened (Asseline et al., 1984a, Helene et al., 1985). Thus inhibition of exo-
nuclease degradation was achieved by the addition of the terminal acridine, and protec-
tion from endonuclease was achieved by modification of the phosphodiester linkage
(Asseline et al., 1984a,b; Miller et al., 1979).

Transport of oligonucleotides into the cell has been increased by attachment of the
oligomer to a positively charged. polymer, such as poly-L-lysine [poly(LLys)]. Lemaitre
and collcagues (1987) conjugated a 13- to 15-base oligonucleotide which was comple-
mentary to a region of the vesicular stomatitis virus genome to poly(LLys), and they
found antiviral activity at a concentration of 0.1 uM.

The precise mechanism for inhibition of viral replication by ohgonucleotldes how-
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ever, may be more complex than inhibition of transcription or translation. Matsukura
~ and colleagues (1987) found that phosphorothioate analogs of oligodeoxyribonucleotides
are potent inhibitors of the AIDS virus at a concentration of 0.5 uM, comparable to that
of dideoxycytidine. They found significant inhibition of purified HIV reverse transcrip-
tase. Therefore, these compunds may have multiple sites of inhibition, which may vary
with the specific composition and length.

 3.3. AFFINITY CLEAVING

An interesting “rational approach” with great potential is termed affinity cleaving and
involves the use of a complementary oligomer to carry a moiety which can destroy a
specific region of the DNA genome. Information about gene sequences which would be
required for this approach is rapidly being accumulated and is being stored in comput-
erized data banks. We now have the instrumentation to synthesize specific complemen-
tary oligodeoxyribonucleotides based on the knowledge of gene sequences. There are
many advantages in attacking the DNA genome rather than the mRNA. Specifically, it
is desirable to attack the AIDS virus when it exists as the provirus incorporated into
~ cellular DNA. If you destroy the proviral DNA, you prevent formation of a critical
mRNA, but if you inactivate the mRNA by hybridization, the provxral DNA can make
more mRNA, which will have to be continually inactivated.

The concept of using a complementary oligodeoxyribonucleotide which carries a spe-
cial reagent for modification of a desired region of the nucleic acid polymer was first
discussed as by Belikova et al. (1967) and by Grineva and Karpova (1973) and is now
being pursued by Moser and Dervan (1987) and Miller and Ts’o (1987). The latter two
groups also make use of an oligodeoxyribonucleotide complementary to a specific
sequence of dsDNA, which is conjugated with a DNA-cleaving moiety in order to
destroy a specific gene. The oligodeoxyribonucleotide conjugate can react with dsDNA,
forming a triple helix at a specific DNA sequence. The cleaving function is ethylenedi-
aminetetracetic acid (EDTA) with chelated ferrous ion (Fe II). Under appropriate redox
conditions, Fe’* generates highly reactive hydroxyl radicals from oxygen, and the
hydroxyl radical (HO ), being short-lived, oxidizes only those deoxyribose groups that
are close to where it is bound in the DNA. The consequence is cleavage on both strands
of DNA.

The objective of this approach is a rational chemotherapeutic approach for inactiva-
tion of specific genes. Can this approach be used to attack the AIDS virus when it is
integrated into the cellular DNA? Of perhaps equal importance is whether this technique
of DNA cleavage is applicable to the destruction of the latent herpesvirus, thereby pre-
venting recurrences of genital herpes, or destruction of the latent varicella virus, thereby
preventing the recurrence or even occurrence of shingles, or destruction of a specific
oncogene were it to be involved in the progression of cancer. Can other cleaving moieties
be identified which are not dependent on redox potential?

A very important pharmacologic problem is delivery of the oligomer in vivo. Conju-
gation of oligonucleotides to poly(LLys) appears to increase cellular transport (Lemaitre
et al., 1987), but can such a conjugate be administered orally? An interesting study which
may be applicable to the delivery of oligonucleotides concerns the oral delivery of drugs
which are normally degraded before they can be absorbed from the gastrointestinal tract.
Peptide agents are potentially very important antiviral drugs, not only for interaction
with receptors to prevent attachment of the virus to the cell, or viral transport into the
cell, or viral uncoating, but also to inhibit viral proteases as well as to prevent the func-
tion of viral regulatory proteins. When given orally, peptide drugs are inactivated by
enzymes in the stomach and small intestine, but recent studies have involved giving the
peptide coated with a polymer cross-linked with azoaromatic groups. Although protected
from digestion in the stomach and small intestine, the diazo bonds are reduced by the
microflora normally present in the large intestine. The cross-links are broker and the
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drug released and absorbed: (R—CH,—N=N—CH,—R — 2R—CH,—NH,). It was
reported that when vasopressin or insulin was so administered to rats orally, the expected
biological responses of antidiuresis and hypoglycemia, respectively, were indeed pro-
duced (Saffron et al., 1986).

4. DISCUSSION

In summary, several strategies for antiviral drug design and delivery have been dis-
cussed. No doubt there are other modifications of the empirical and rational approaches
to drug design. The antiviral compounds under development appear at best to interfere
with the progression of AIDS as well as its transmission. Since such a drug would not
produce a cure and would require continuous intake, it would of necessity have to be
nontoxic. However, the latency problem is still a concern. DNA cleaving as a solution is
attractive, but as of today it is highly theoretical and problematic. However, it does offer
hope of a cure.
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