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Robert Yarchoan, James M. Pluda, Carlo-Federico Perno, Hiroaki Mitsuya, and Samuel Broder

Py HE LAST SEVERAL YEARS have seen anti-retrovi-

ral therapy of acquired immunodeficiency disease
(AIDS) and related diseases move from a theorctical
possibility to cstablished clinical practice. One drug, 3'-
azido-2',3’-dideoxythymidine (AZT, zidovudine) has been
conclusively proven to prolong survival and to reduce
morbidity in patients with established AIDS, and a
number of other drugs are in various stages of develop-
ment.> In March 1987, AZT was approved in the United
States and a number of other countries for the treatment of
severe human immunedeficiency virus (HIV) infection. As
of the spring of 1990, AZT is still the only anti-retroviral
drug approved for the treatment of AIDS in the United
States. However, several other agents found to have activity
in early clinical trials are now being tested in large cfficacy
studies.'™™ Indeed, the question of whether anti-retroviral
therapy would be possible has been replaced by the
question of how to best prioritize testing of possible
therapeutic modalities.

The urgency of finding cffcetive therapics for AIDS,
coupled with inherent features of this disease, has created a
unique clinical research environment. On one hand, clinical
drug development in AIDS is being scrutinized by many
parties to determine how the process can be accelerated.
On the other hand, the complexity of the disease itself
requires attention to scientific principles and to controlled
trial methodology.” It is hoped that clinical studies can
move quickly while preserving accuracy and safety.

One notable feature setting dlinical research in AIDS
apart is the intensity with which it is being pursued. Many
experimental protocols are now available, and the majority
of AIDS patients will at least consider experimental treat-
ment at some time in the course of their illpess. In AIDS 25
perhaps in no other disease, the line between approved and
experimental therapy is difficult to draw, In this spirit, in
addition to discussing established therapies, we will in this
report summtatize some of the novel approaches o anti-
HIV therapy now under investigation. In addition, we wil]
discuss several hematologic issues in the anti-retroviral
therapy of HIV infection and identify certain target arcas
for future research.

Blood, Yol 78, No 4 [August 15}, 1951: 0P 859884

REVERSE TRANSCRIPTASE INHIBITORS

The rationale for anti-retroviral therapy for AIDS is
based on several premises™ (1) that HIV is the ctiologic
agent of AIDS; (2) that the development and maintenance
of the discase state requires the continued infection of new
cells by HIV; (3) that HIV brings about damage to the
immune system either directly or indirectly; (4) that a
significant proportion of infected cells are killed; and (5)
that the principal target organ(s) (eg, the immune system)
are able to reconstitute themselves or at least stabilize after
therapy. It is now almost universally accepted that HIV is
the etiologic agent of AIDS,™ and, indeed, the recent
finding of decreased CD4 counts or frank AIDS in a cohort
of recipients of HIV-infected blood has tragically added to
the fulfillment of Koch’s postulates for HIV as the etiologic
agent of this disease.™ As will be detailed below, the
demonstration of the clinical efficacy of AZT provided
evidence that these premises were substantially corrcct.
However, it is now apparent that they are oversimplifica-
tions. Macrophages, for example, may remain productively
infected with HIV for a long period without dying™ and, as
will be discussed below, there appear to be limitations on
the ability of the immune system to reconstitute itself in
patients with advanced AIDS. Advances in therapy may
depend in part on successfully addressing these issues.

HIV is one of the most complex retroviruses studied.
Thus, in addition to the gag (group antigen), pol (poly-
merase), and env (envelope proteins precursor} genes that
are common to all retroviruses, at least six additional viral
genes have been identified in HIV. A number of discrete
stages in viral replication have now been described, all of
which may be potential targets of therapy (Table 1).%74
Much of the early work in devising therapy against HIV has
focussed on inhibiting viral DNA polymerase (reverse
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Table 1. Steps in the HIV Replicative Cycle That May be Targets for Therapy
Step Possibie Intervention

Binding to target celf

Fusion to target cell
Entry and uncoating of RNA
ANA to DNA transcription by reverse transeriptase

Degradation of RNA by BNase
Migration to nucleus and intagration into host DNA
Transcription and translaton

flibosomal frameshifting
Cleavage of Gag and Pol polyprotaing
Protein modification

Viral packaging
Virgl budding

CD4 analogues

Antibodies to RV or receptor

Nonspecific inhibitors

Anti-gp41 antibodies or drugs that block fusion

Drugs to block this step of HIV replication may be found

Many active drugs (eq, AZT and other dideexynucteosides,
phosphonoformate, TIBG compaunds; act at this step

Specific inhibitors of HIV fiNase may be found

Agents that inhibit thess steps may be found

Inhibitors of Tator Rev activity

Anti-sense constructs {eg, against tat ar rev}

TAR decoys {which may bind Tat}

Ribozymes may destroy HIV mRNA

Inhibitors of frameshifting may be found

Inhibiters of HIV protease

Glycosylation inhibitors {eg, castanospermine}

Myristoylation inhibitors may be found

Antisense constructs against the packaging sequence

IFNs {may work at other steps as well}

Antibodies to viral relesse antigens

Agents that selectively kifl cells expressing HIV antigans
(eg, CD4-toxin fusion proteins}

transcriptase).* Once HIV enters a cell, this viral pol
product catalyzes the production of a single complementary
strand (first strand) DNA copy of the viral RNA genome,
and then catalyzes production of a second {positive strand)
DNA copy so that the genetic information exists in a
double-stranded DNA form (provirus).” Reverse tran-
scriptase activity is essential for HIV replication and can for
all practical purposes be considered a unique viral enzyme.
Moreover, there is evidence that if a DNA copy of uncoated
HIV RNA gesome is not made promptly, the RNA is
susceptible to degradation by cellular enzymes. The virus
also degrades genomic RNA {using RNase H) as part of the
process of reverse tramscription, Therefore, inhibition of
reverse transcriptase activity can potentially prevent (rather
than simply delay) infection of a cell by HIV.*

In the spring of 1985, scientists in our group made the
observation that certain dideoxynucleosides were potent
inhibitors of HIV replication in vitro,'® Dideoxynucleo-
sides differ from normal deoxynucleosides (the building
blocks of DNA) in that the hydroxy (-OH) group in the 3’
position of the sugar ring is replaced by hydrogen or
another group that cannot form phosphodiester linkages
(Fig 1). Once dideoxynucleosides enter cells, they are
activated (anabolically phosphorylated) to a 5'-triphos-
phate form by cellular enzymes (kinases) (Fig 2).% It is
believed that as S'-triphosphates, these compounds act at
the level of reverse transcriptase to inhibit HIV replication.
As will be discussed below, the enzymes responsibie for the
phosphorylation of dideoxynucleosides vary from com-
pound to compound, and this is a basis for the substantial
differences in activity and toxicity profiles of these drugs.
Thus, although they may have a common mechanism of
action, each must be considered as a separate agent with an
individual profile of activity and toxicity. There is no

reliable algorithm for predicting the activity and toxicity of
individual agents.

As 5'-triphosphates, dideoxynucleosides are believed o
inhibit the replication of HIV by at least two mecha-
1isms.*** The first mechanism is through a process called
chain termination. Once they are added on the 3’-end of 2
growing chain of viral DNA, no further nucleotides can be
added (because of the 3'-modification), no excisional repair
mechanism is available to the virus, and HIV replication is
halted. The second mechanism is by acting as competitive
inhibitors of the endogenous nucleoside-5 "-triphosphates.
Viral reverse transcriptase is approximately 200 times more
sensitive to these compounds than is cellular DNA poly-
merase a, and this is probably one basis for their selective
anti-HIV activity. However, DNA polymerases B and v are
somewhat sensitive to these drugs,®® and this may be a
basis for certain toxicities. ™™ In particular, the myositis that
is observed after long-term AZT therapy is associated with
evidence.of mitochondrial damage, presumably from inhibj-
tion of DNA polymerase v.*

The antiretroviral activity of dideoxynucleosides (includ-
ing AZT) is not restricted to HIV. Indeed, these com-
pounds have potent activity against a broad spectrum of
human and animal retroviruses, including HIV type 2,
human T-cell lymphotropic virus type-1, animal-lentivi-
ruses, and murine retroviruges, 7 provided that they are
adequately phosphorylated in the target cell. However,
there is profound species to species (and cell type to cell
type) variation in regard to the anabolic phosphorylation of
these drugs. Some congeners also appear to have activity in
animal models of hepatitis B virus, which, although it is a
DNA virus, replicates through an RNA intermediate using
& reverse transcriptase-like DNA polymerase.® Based on
this observation, Hoofnagle ¢t al in the National Institute of
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Diabetes and Digestive and Kidney Diseases, Bethesda,
MD, in collaboration with our group, are now conducting a
trial of dideosyinosine in patients with hepatitis B infection.

Clinical Activity of AZT

AZT was synthesized by Horwitz et al in the early 1960s,”
and in 1974, Ostertag et al in Germany first reported on its
activity against a murine retrovirus. % Thus, the discovery
of AZT may be properly ascribed to these workers. Its
ability to inhibit HIV replication was first observed by
Mitsuya et al in February 1985." A phase I study conducted
at the National Cancer Institute (NCI) and Duke Univer-
sity was initiated 5 months later.® This trial demonstrated
that AZT was well tolerated in short-term therapy and had
clinical activity against HIV.? In particular, patients with
AIDS or AIDS-related complex (ARC) were observed to
have increases in their CD4 cells, reversal of cutaneous
anergy, increased energy and appetite, and weight gain.
Subsequently, in a randomized phase I trial organized by
Burroughs Wellcome Co Research (Triangle Park, NC) in
12 medical centers around the United States, AZT (at a
dose of 1,500 mg/d) was shown to increase survival and
reduce the incidence of opportunistic infections in AIDS
patients who had had Prewmnocystis carinii pneumonia or
who bad severe ARC; after 6 months, only one patient
receiving AZT had died, compared with 19 patients receiv-
ing placebo®! At this time, all the patients originally
randomized to the placebo arm were offered AZT. In an
extension of this study, it was observed that the patients
receiving AZT continued to do comparatively well. At 12
months, 84.5% of the patients originally randomized to
receive AZT were alive.? This result is substantially better
than the 60.9% survival at 9 months observed with the
patients originally randomized to placebo.’ The death rate
in the placebo arm would have almost certainly been higher
if the patients had not been switched to AZT after 6
months. Thus, although the trial was only randomized for 6
months, a beneficial effect of AZT could be observed for at
Ieast 1 year of therapy. As a result of this trial, AZT was
approved as a prescription drug in the United States for
HIV-infected patients who cither had had Preumocystis
carinii pneumonia or who were symptomatic and had less
than 200 CD4 cells/mm’. The original recommended dose
was 200 mg every 4 hours (1,200 mg/d). Subsequent research
has led to recommendations for a lower dose (vide infra).

AZT can penctrate into the cercbrospinal fuid, > and in
both the phase 1 and subsequent trials, it has been observed
to improve HIV-related dementia *“* In the absence of
therapy, HIV-induced dementia is generally a progressive
disorder, and one can argue that reversal of this process
may be used as a measure of drug efficacy even in the
absence of a control group. The effect of AZT on AIDS
dementia is most evident in children with HIV infection. In
such patieats, neurologic dysfunction is a particularly prom-
inent clinical feature, and the reversal induced with AZT by
continuous intravenocus infusion is sometimes striking.*
There is some evidence that continuous infusion of AZT is
superior to intermittent administration in children with
advanced HIV dementia, and the optimal dose and sched-
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ule of this drug will be an important jssue for further study,
Monocyte-derived cells (eg, microglial cells) are believed (o
be important targets for HIV infection in the central
nervous system,™ ™ and, in fact, high levels of unintegrated
HIV DNA (one measure of active viral replication) can be
found in the brains of patients with AIDS dementia.® It js
possible that the effects of AZT on HIV dementia are
refated to its ability to protect macrophage-like cells from
infection by HIV.**® However, the pathogenesis of HIV
dementia is still imperfectly understood. Thus, AZT may
theoretically affect other mediators of this process.

The clinical development of AZT was exceedingly rapid;
it was approved for clinical use in the United States about 2
years after the first in vitro observation of its activity against
HIV. A number of clinical trials have been conducted since
that time and these have refined our knowledge of its use.
One study, a multicenter trial organized by the AIDS
Clinical Trials Group (ACTG) of the National Institute of
Allergy and Infectious Diseases (NIAID), demonstrated
that a lower dose of AZT (100 mg every 4 hours after a
i-month initiation period of 200 mg every 4 hours) is as
effective as the originally tested dose in patients with AIDS,
butless toxic.* As aresult of this study and another that will
be described below, the recommended regimen for patients
with symptomatic disease and less than 500 CD4 cells/mum®
is now 200 mg of AZT orally every 4 hours for 1 month,
followed by 100 mg every 4 hours (eg, a maintenance dose
of 600 mg/d). However, it is unclear whether even lower
doses of AZT may be preferable. Both in the original phase
I study’ and in a recent pilot study of patients with
AlDS-related complex conducted by Colfier et al,? some
individuals were found to respond to a total dose of
approximately 300 mg of AZT per day ™ It is possible that
this will be found to be the optimal dose, at least in certain
patients. Whether such lower doses will be effective in
patients with HIV dementia, however, remains to be seen.

‘Two other recently completed studies have shown that
AZT may be useful in patients with earlier manifestations
of HIV infection. In one study, 500 mg/d of AZT reduced
the progression to AIDS or ARC over a 2-year period in a
group of asymptomatic patients with 200 to SO0 CD4
cells/mm’” In a refated study, 600 mg/d of AZT reduced
the progression to AIDS or ARC over the same time period
in mildly symptomatic patients with 200 to 500 CD4
cells/mar’* It should be stressed that the beneficial effect of
AZT in these studies was observed for at least 2 years, AZT
is now approved for such patients. However, it is not known
whether the overall survival of such patients will be en-
hanced by such early initiation of AZT therapy. Is it beiter
to treat all patients early (when their CD4 cell count
decreases below 500 cells/mm®} or to wait until the count
decreases below 200 cells/mm®? Two ongoing studies, a
cooperative European trial and a Veterans Administration
trial, are presently studying this issue.

Several epidemiologic studies have shown that the sur-
vival of patients with AIDS has improved since the end of
1986 (the time that AZT began to be widely used). ™ A
number of factors have probably contributed to this trend,
including widespread prophylaxis and treatment of opportu-
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AZTS* Thus, AZT can, depending on circumstances,
either increase or decrease platelet counts. Indeed, AZT is
now viewed by many as a front-line therapy for AIDS-
refated thrombocytopenia, There are several mechanisms
by which HIV infection may cause thrembocytopenia,
including infection of megakaryocytes, anti-platelet antibod-
ies, nonspecific binding of irsmune complexes to platelets,
complement activation, and splenomegaly, ¥ and it is not
clear which of these are the most important in causing
disease. However, the rapid response of some patients to
AZT would suggest that HIV may play a direct role in this
process.

Bone marrow toxicity from AZT is more frequent in
patients with AIDS (rather than ARC), with pretreatment
anemia, with low CD4 counts, with neutropenia, or with
fever.** Low or low to normal serum vitamin B, levels may
also predispose to AZT-induced anemia. In the phase I
study of AZT, 45% of patients who had had Preumnocystis
carinii pneumonia required transfusions or a reduction of
dosage during the first 6 months of therapy. By contrast,
bone marrow toxicity is substantially less frequent in pa-
tients with 200 to S00 CD4 cells/mmr receiving lower doses
(500 to 600 mg/d) of AZT.#5 However, even at these doses,
bone marrow toxicity may develop in more than 30% of
patients with advanced HIV infection.® :

The pathogenesis of AZT-induced bone marrow suppres-
sion is not completely understood, It has been observed that
AZT-5"-monophosphate binds efficiently to thymidylate
kinase (the cnzyme that catalyzes the phosphorylation of
thymidinc-S'-monophmphate to thymidinc—S’—diphosphatc),
but comes off slowly (Fig 2).% It can thus theoretically tie up
this enzyme. This has been hypothesized to cause the
decreased levels of thymidine-5'-triphosphate (2 normal
DNA building block that competes with AZT-5'-triphos-
phate) observed in certain T-cell lines after exposure to

_very high concentrations of AZT {over 50 pmol/L).®
However, decreased levels of thymidine-53'-triphosphate
have not been found in other cell lines exposed to AZT or
with lower concentrations of AZT,™ and the potential
contribution of this process to either AZT-induced bone
IMarrow suppression or macrocytosis is unclear at this time.
It is noteworthy that macrocytosis is not observed with two
other dideoxynucleosides, 2,3 -dideoxycytidine (ddC} and
2'3"-dideoxyinosine (dd), both of which have undergone
extensive phase I testing "'

Recently, Brunetti et a have suggested a means by which
the specifics of AZT metabolism might be put to clinical
advantage outside the clinical setting of AIDS.” They
observed that the combination of AZT and S-fluorouracil
Wwas more cytotoxic to cells than either agent alone. This
cytotoxicity apparently occurs because 5-fluorouracil,
through its metabolite fluorodeoxyuridine monophosphate,
inhibits thymidylate synthase. This is a key enzyme in the de
nove synthesis of thymidinc-S’-manophcsphate, and its
inhibition causes cells to depend on the salvage pathway for
thymidine. This in tum apparently leads to increased
phosphorylation of AZT and increased incorporation of
AZT into cellular DNA? A simple mutation of thymidine
kinase would not be a strategy open to such tumor cells, as
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this would theoretically make them even more vulnerable to
depletion of thymidine pools. The combination of these
drugs might conceivably have use in colon cancer chemother-
apy. As an extension of this line of attack, it may be
worthwhile exploring the combination of AZT, 5-flucro-
uracil, and leucovorin calcium, Interestingly, Horwitz et a
initially synthesized AZT as a cancer chemotherapeutic
agent,” and this initial vision may still be realized.

Some patients receiving AZT experience nausea, head-
aches, or malaise. ™™ High doses are sometimes associ-
ated with anxiety or confusion, and rarc patients have
developed seizures (occasionally fatal) or a Wernicke’s type
encephalopathy. Hepatitis and Stevens J ohnson syndrome
have also been reported 10 be associated with AZT ther.
apy,” and some patients (particularly blacks) develop
bluish fingernail pigmentation. Myalgias are commonly
observed, and frank myositis can be a dose-limiting toxicity
for long-term AZT therapy.™ As noted above, AZT-
induced myositis appears to be related to mitochondrial
damage in muscle cells. This condition also has an inflam-
matory component. HIV infection itself cap cause an
inflammatory myositis, and these two conditions can be

ifficult to distinguish. The myositis caused by AZT will
generally respond to discontinuation of drug or dose
reduction, and this observation may be used 1o distinguish it
from HIV-induced myositis. AZT myositis sometimes also
responds to non-steroidal anti-inflammatory drugs.

Approximately 75% of an administered dose of AZT is
metabolized by hepatic glucuronidation to form 3'-azido-
2‘,3'»dideoxy-S’~glucuronylmymidine, an apparently inert
metabolite that is subsequently excreted in the urine.®
Most of the rest is excreted directly into the urine. The
enzyme or enzymes that catalyze this glucuronidation may
be inhibited by certain other medications, and these may
prolong the half-life of AZT and thus enhance toxicity. In
particular, probenecid has been found to inhibit both the
hepatic metabolism and renal excretion of AZT™™ overall,
the total body clearance is reduced by 65%. Other drugs
that undergo hepatic metabolism are now being investi-
gated for possible interactions with AZT, There was some
suggestive evidence from the phase 11 trial that patients
who received acetaminophen had increased AZT toxicity,”
and it was thought that this might have been due to a similar
interference with AZT glucuronidation. However, subse-
quent studies have shown that acetaminophen has no such
cffect on AZT metabolism.” Most likely, the apparent
increased toxicity seen in the phase IT trial was because
patients who received acetaminophen had symptomatic
HIV infection and were thus at higher underlying risk for
AZT toxicity.

Patients with advanced AIDS often have underlying bone
marrow suppression from HIV infection, opportunistic
infections (especially with Sytomegalovirus or Mycobacte-
rium avium-intraceliulare), or other drugs.” (Also, parvovi-
rus B19 has recently been reported 1o be a treatable cause
of severe chronic anemia in the setting of HIV infection.)”
It is not uncommon for patients with underlying bone
Marrow suppression to be completely intolerant of AZT or
to tolerate only very fow doses.® Patients with low serum
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vitamin B,, {or folic acid) levels may be at higher risk for
developing AZT toxicity,"* perhaps because deficiencies
of these vitamins result in decreased production of thymi-
dine-5'-monophosphate via de novo synthesis. It may there-
fore be prudent to measure serum vitamin By, and folic acid
levels in patients on AZT therapy and to institute vitamin
replacement therapy if the levels are low. However, such
therapy cannot reverse established toxicity,

Another strategy is the use of bone marrow-stimulatory
cytokines.” Erythropoietin (Epo), granulocyte-macrophage
colony-stimulating factor (GM-CSF}, and granulocyte-CSF
{G-CSF) have been studied in HIV-infected patients receiv-
ing AZT, and there is some evidence that these factors can
increase the numbers of the respective blood elements. ¥
Epo has been the most extensively evaluated cytokine in
this setting. Many AIDS patients have relatively low Epo
responses to AZT-induced anemia, and a controlled trial
has shown that exogenously administered Epo can reduce
the need for transfusions in anemic AZT recipients with
less than 500 TU/L of serum Epo.* Epo is now available for
this indication,

In an initial trial of GM-CSF in patients with HIV-
induced leukopenia, Groopman et al observed an increase
In neutrophils, cosinophils, and monocytes over a 6-month
period of time.” There was apparently no change in the
ability to culture HIV from peripheral blood cells obtained
from GM-CSF-treated patients.” However, subsequent in
vitro studies have shown that GM-CSF could enhance HIV
replication in monocyte/macrophages.®* A small trial con-
ducted by Pluda et al showed that HIV-infected patients
not receiving anti-retroviral therapy had increased serurm
HIV p24 antigen (a measure of viremia} during a 2-week
course of GM-CSF therapy (Fig 4).% This was not simply a
rebound from stopping AZT, as the patients either had
never received AZT or were off it for 4 weeks before
starting GM-CSF.® While only a few patients were studied,
these results suggest that patients receiving GM-CSF with-
out anti-retroviral therapy should at a minimum be moni-
tored closely for an increase in HIV replication.

Additional studies by Perno et al in our group showed
that the anti-HIV activity of AZT was enhanced in periph-
eral blood monocyte/macrophages exposed to GM-CSF.¥
A similar effect is observed in the U937 monocytoid cell
line. % Metabolic studies suggest that this effect oceurs
both because the entry of AZT is enhanced in the presence
of GM-CSF and also because its phosphorylation to §'-
triphosphate is increased.” Several trials of AZT used in
conjunction with GM-CSF are now underway. Interest-
ingly, the anti-HIV activity of other thymidine or uridine
anti-HIV agents in monocyte/macrophages is also in-
creased by GM-CSF, while that of other nucleoside ana-
logues (such as 23" -dideoxycytidine or 2,3’ -dideoxyino-
sine) is not (Fig 5).% Another cytokine, macrophage~CSF
(M-CSF), also increases HIV replication in monocyte/
macrophages.®"* However, preliminary studies suggest
that, unifke GM-CSF, this agent does not poteatiate the
anti-HIV activity of AZT." These results serve as a re-
minder that unexpected interactions among active agents
mmay occur and each combination of agents must be studied
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Fig 4. Serum HIV p24 antigen In six patients with AIDS or severe
ARC rucelving 2 mg/kg/d of GM-CSF for 2 weeks In the absence of
anti-HIV therapy. Data from Plude et al.®

in its own right. Finally, G-CSF, a cytokine that does not
affect HIV replication in monocyte/macrophages in vitro,%®
hasbeen found in a pilot study to ameliorate granulocytope-
nia in AIDS patients receiving AZT or other hematotoxic
therapy.” It is not clear at this point what the ultimate value
of these agents will be in the treatment of AIDS and
controlled trials will be needed to sort these issues out,
Other dideoxynucleosides, such as ddC or ddl, which have
little hematologic toxicity,"™” may be found to offer an
aliernative therapeutic strategy in certain patients with
AZT-induced bone marrow toxicity (vide infra}.

AZT Resistance

In many patients, particularly those with established
AIDS, the increase in CD4 cells upen initiating AZT
therapy is only trapsient.’ In addition, some patients have
late increases in serum HIV p24 antigen after an initial
decrease.” The late decreases in CD4 ceffs may in part be a
result of AZT toxicity, as they occur even earlier in patients
on very high doses” However, HIV isolates from the
majority of patients on long-term AZT therapy have a
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Fig 5. In vitro antl-HIV activity of AZT, D4T, ddC, and ddl in
peripheral blood monocytes exposed to a monocytotropic strain of
HIV in the presence or absence of GM-CSF. {®) No GM-CSF. {0}
GM-CSF 100 U/mL. {Modified and reprinted whh permission,”}

decreased sensitivity to AZT,*” and this probably contrib-
utes to an apparent late decline in efficacy. As recently
reported by Richman et al, AZT resistance develops more
rapidly in patients with advanced AIDS than those with
carlier HIV infection.” This group also did not find an
effect of AZT dosage on the development of resistance.
Thus, while the potential development of resistance is a
theoretical concern in the treatment of early HIV disease
with low doses of AZT, it is possible that drug resistance
occurs only comparatively slowly in this setting,

The biochemical mechanism for AZT resistance is pres-
ently under investigation. HIV replication is notably error
prone,” and specific point mutations have been identified in
the pol gene of certain AZT-resistant strains of HIV
(particularly Asp” — Asn, Lys™ — Arg, Thr™® — Phe or
Tyr, and Lys™ — Glu).” These changes are believed to be
a basis for resistance. The mutations would likely affect the
charge or « helix content of the probable catalytic site on
the reverse transcriptase. Surprisingly, the reverse tran-
scriptase from resistant strains has an unchanged suscepti-
bility to inhibition by AZT-5'-triphosphate™>; in particu-
lar, there were no changes in the 50% inhibitory dose
{IDy,), the relevant Michaclis constant {(K_), or the inhibi-
tion constant (K. Additional studies will be needed to
explain this paradox. One must keep open the possibility
that an unidentified metabolite of AZT contributes to its
effect at the level of reverse transcriptase.

Such point mutations might also provide a useful tool for
screening for AZT resistance.'® However, only a limited
number of resistant strains have been sequenced at this
time, and it will be useful to gather more sequence data to
determine whether other mutations may also confer a
resistant phenotype. Also, it has not been formally shown
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that the development of resistance is the cause of a
decreased response to AZT. While we believe this is likely,
additional studics will be needed to determine the clinical
significance of this laboratory observation.

Interestingly, HIV strains that are resistant to AZT
generally preserve their sensitivity to a number of other
dideoxynucleosides, such as ddC or ddi, although excep-
tions certainly occur. ™" However, there does appear to be
cross-reactive resistance to dideoxynucleosides with an
azido group in the 3'-position such as 3'-azido-2',3’-
dideoxyuridine (azidouridine).™” Thus, patients whose
HIV becomes resistant to AZT may theoretically still
respond to therapy with one of these other non-cross-
reacting dideoxynuclessides. Studies are now underway to
determine if combination regimens with different dideoxy-
nucleosides can delay the development of resistance. This
strategy will be discussed in greater detail below.

Clinical Studies with ddC

The second dideoxynucicoside to undergo clinical testing
was ddC. In vitro studies by Mitsuya and Broder had shown
that this compound is about 10 times more potent than
AZT on a molar basis.* Additional studies showed that
ddC had relatively less toxicity for bone marrow progeuitor
cells than AZT. " A phase I study of ddC conducted at the
NCI showed that it was well absorbed by the oral route and
penetrated into the cerebrospinal fluid (although not as
well as AZT)."%1% I addition, in this and in another study
conducted by Merigan et al'! in the ACTG, it was observed
that nearly all paticnts recciving ddC had declines in their
serum HIV p24 antigen and most had initial increases in
their CD4 cells.**" Thus, the phase I studies suggested that
ddC had activity against HIV,

These studies also indicated that the toxicity profile of
ddC was very different from that of AZT. The dose-limiting
toxicity of ddC was found to be a reversible painful
peripheral neuropathy in a glove-stocking distribution.
This was seen in most patients who received 0.09 mg/kg/d of
ddC for 14 weeks or longer. More scvere cases of the
neuropathy were associated with decreased vibratory sensa-
tion or a decreased amplitede on nerve conduction stud-
ies."™ Netve biopsy in one patient showed axonal degenera-
tion (R. Yarchoan,” M. Dalakes, S. Broder, unpublished
observation, January 1988). The neuropathy was clinically
similar to the HIV-associated neuropathy often seen in
patients with advanced AIDS."™ However, patients with
HIV-induced neuropathy generally have more hypesthesia
than pain, and they have a relatively more proncunced
decrease in their vibratory sensation than patients with ddC
neuropathy. Finally, patients with ddC neuropathy gener-
ally had a gradual decrease in their symptoms starting
several weeks after the drug was withdrawn. Other toxici-
ties, generally seen with higher doses of ddC (0.18 mg/kg/d
or greater) included stomatitis, transicnt cutaneous erup-
tions (ranging from macular to papular to pseudovescicu-
lar) (Fig 6}, fevers, and edema.™"® Gccasional patients at
the highest doses tested (up to 0.75 ma/kg/d) developed
thrombocytopenia or leukopenia. Bone marrow biopsies
from patients at very high doses were generally normocellu-
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lar. In some, vacuolization of erythroblasts was observed,
the significance of which is unclear at this time. Finally, rare
patients receiving ddC have been observed to develop
hearing loss from VIII nerve damage or postural hypoten-
sion from autonomic netropathy.'”’

The toxicities described above were generally observed in
patients who received at least 0.09 mg/kg/d of ddC. How-
ever, there is preliminary evidence that a lower dose 0.03
mgfkg/d) can maintain an anti-viral effect in most patients
with little or no short-term toxicity,"™ While the declines
in HIV p24 antigen and increases in CD4 cells occurred
relatively slowly on this dose, they appeared to be sustained
for 6 months or longer in many patients. A randomized
phase I1 trial using this dose schedule is now underway. In
addition, ddC is being made available in the United States
for certain patients who cannot tolerate AZT under the
mechanism of an “open Jabel protocol.” Finally, as will be
discussed in more detail below, several studies are now
exploring the combined use of ddC with AZT.

Clinical Studies With ddI (Didanosine)

Both AZT and ddC are pyrimidines. The next dideoxynu-
cleosides to be studied in clinical trials were the related
drugs 2',3"-dideoxyadenosine ( ddA) and ddl. These com-
pounds are closely related, and, in fact, ddA is rapidly
converted to ddl by the ubiquitous enzyme adenosine
deaminase,™® so the two can be considered alternate
forms of the same drug for many purposes. Either com-
pound is phosphorylated in human cells to forra ddA-5'-
triphosphate (ddA-TP), which is believed to inhibit HIV
replication at the level of reverse transcriptase.*” The
initial phosphorylation step of dd is interesting in that it is
catalyzed by 5'-nucleotidase with inosine-5’-monophos-
phate as the phosphate donor (Fig 2)." Both ddA and ddI
had several features that made them candidates for clinical
testing. Both had favorable iz vitro therapeutic indices in T
celis.” Their anti-HIV activity was nat inhibited by either
2'-deoxyadenine or 2'-deoxyinosine.? They both had anti-
HIV activity in monocyte/macrophages.# They had little
in vitro toxicity for bone marrow progenitor cells, Mt
Finally, once metabolized to a TP, they remained in cells
for a long time (half-life greater than 12 hours}.'"? This
result is in contrast to AZT or ddC, whose triphosphates
have half-lives of 3 hours or less, ™ and it suggested that an
anti-HIV effect might be attained with relatively infrequent
dosing of ddA or ddl. )

Under acid conditions such as are found in the stomach,
ddA and ddl are cleaved into 2"3"-dideoxyribose and the
free base. Adenine, the free base of ddA, is subsequently
metabolized to 2,8-dihydroxyadenine, which is insoluble
and can cause renal failure.’” By contrast, hypoxanthine,
the free base of ddl, is catalyzed to uric acid, a physiologic
waste product. Thus, ddI seemed the more attractive
candidate for oral dosing. However, it was still necessary to
address the problem of acid instability, and this is done by
administering ddf with buffers.

We started a small intravenous phase I trial of ddA in
February 1988.* In July 1988, permission was obtained to
administer ddl, and we refocused our efforts on this
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analog.™"" The phase I trial of ddI involved patients with
AIDS or poor-prognosis ARC who had had 4 or less
months of prior AZT therapy. Two other studies of ddl
were started soon afterward, one at the University of
Rochester and New York University and a second ar
Boston University."" The NCI study found that ddl was
well absorbed by the oral route if administered with
antacids (mean bioavailability, 40%) and that it pencirated
into the cerebrospinal Huid. *" I all the trials, it was
observed that patients who received 200 mg/d or more of
ddl orally frequently had increases in their CD4* lympho-
cytes, their total lymphocytes, their CD4:CDg ratio, and the
absolute number of CDS cells.'>

The results from the phase I trials also indicated that
some patients had sustained responses to dd]. ™18 pgr
example, in the NCI phase I trial, 11 of the first 58 patients
(19%} were still receiving ddl and still had an increase of
220 CD4 cells/mm’ over baseline values 1 year after entry
mnto the study (Fig 7) (R. Yarchoan, J. Pluda, K. Wyvill, S.
Broder, unpublished observation, June 1990). This group
included both patients who were initially entered at very
low doses as well as patients who developed toxicity upon
recelving very high doses of ddl (vide infra), and it is
possible that more consistent responses would have been
obtained if all patients had taken what is now felt to be an
optimal dose range. The 28 patients who remained on ddl
for 1 year overall had an increase of 31 + 14 CD4 cells/mm’
(mean x SEM}) as compared with baseline (P < .05). Also,
many patients receiving ddl had increases in their neutro-
phil counts, platelet counts, and hemoglobin.”

The CD4 increases were most consistently observed in
patients who had previously received AZT for 4 months or
less, but they were also seen in some patients who had
received long-term AZT therapy before entry into the trial
(Fig 8)."% This effect was not simply because the patients
with prior long-term AZT therapy had lower starting CD4
counts; indeed, in patients who had previously received less
than 4 months of AZT, there was no correlation between
the starting CD4 count and the percent CD4 cell increase
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Fig 7. Course of an AIDS patlent who previously had esophages!
candidiasis upon starting ddi therapy. This patient had 2 sustalned
increase In CD4 cells and decrease In p24 sntigen during trestment
with 9.6 mg/kg/d of dd! divided Into three dally doses,
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Fig 8. CD4 increases {oxpressed as a ratio) during the first 10
weeks of ddi thevapy related to the length of prior AZT therapy. As can
ba seen, the greatest increases were generally observed in patients
who had previously received 4 months or less of therapy {Yarchoan,
Pluda, Wyvill, and Broder, unpublished observation, September 1990).

with ddI therapy (R. Yarchoan, D. Venzon, J. Pluda, S.
Broder, unpublished observation, September 1990). Most
patients rcceiving ddl, irrespective of prior long-term AZT
therapy, also had a decrease in their circulating HIV p24
antigen.”" The cause of the discrepancy between the
serum p24 response and CD4 cell increase in some patients
extensively pretreated with AZT is unknown and requires
further research. Many of the paticnis receiving ddl re-
ported increased energy and increased appetite, and they
gained an average of 1.5 kg. Finally, certain patients in the
NCI study receiving high doses of ddl were observed to
have improvement in HIV dementia. '

These phase I studies, as well as a more recent study
conducted in adults at the New England Deaconess Hospi-
tal, also showed that ddl was well tolerated by most patients
at doses of up to 750 mg/d, even over a loug period of
administration.”**" Hematologic toxicity was rarely ob-
served, even in patients who had previously been intolerant
of AZT.%**¥ Because of this favorable activity/toxicity
profile, ddI has been moved into phase 1111 testing. Three
randomized multicenter studies were initiated in October
1989; two comparing ddI with AZT and a third comparing
three doses of ddl in patients who are intolerant of AZT. In
addition, ddl, at doses of 334 to 750 mg/d, has been made
available in the United States to patients with severe HIV
infection who cither cannot tolerate AZT or who have
progressive disease despite AZT therapy under the regula-
tory mechanisms of a “treatment IND” and “open label
protocol,” respectively. As of this writing, more than 17,000
adult patients have received ddL In our current studies, we
generally avoid exceeding a dose of 500 mg/d, and even
lower doses are probably appropriate during combination
studies.

There now an interest in moving new AIDS drugs into
children as early in the developmental process as possible.
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In a trial of ddl in children with symptomatic HIV discase
conducted by Butler et al, an anti-HIV effect was observed
at doses that were tolerated in most patients.” In particu-
lar, a number of children had improvement in HIV-induced
dementia. The absorption of ora} ddf was found to be more
variable than in adults, and these investigators were able to
relate the anti-HIV effects (including reversal of demeuntia)
and toxicities to the area-under-curve (AUC) of plasma ddl
levels ¢

The main purpose of a phase I trial is to define the
dose-limiting toxicity of a drug, and to this end, doses of dd}
higher than 750 mg/d were initially studied. At doses up to
3,500 mg/d, ddI was found to cause peripheral neuropathy,
sporadic acute pancreatitis, and sporadic hepatitis, 211544
Some patients also developed headaches, insomnia, or
clinically silent increases in serum amylase, triglycerides,
and uric acid. As noted above, the increases in uric acid are
most likely a direct result of dd! catabolism through
hypoxanthine. Also some patients receiving a preparation
of ddl mixed with a citrate/phosphate/sucrose vehicle
(buffer/sweetener) have developed diarrhea, apparently
from the vehicle rather than the drug itself. V

The peripheral neuropathy from ddl is clinically similar
to that of ddC, but is usually less severe. We have found that
if the ddl is stopped when the pain or tingling in the feet
becomes mild to moderate in intensity and Jasts for several
hours, the neuropathy will generally subside over the next
several weeks. Patients can sometimes then be restarted at
a lower dose without the neuropathy recurring, However,
the most serious toxicity from ddl is acute pancreatitis. The
mechanism for this toxicity is not known. Of the initial 58
patients enrolled in the NCI phase I study, three developed
frank pancreatitis and two others had clinically ambiguous
or mild cases."® Each case of frank pancreatitis occurred
during the first 6 months of therapy, and this may conceiv-
ably be a high-risk period for this complication. In each
case, the pancreatitis resolved rapidly after ddI was stopped.
In the two instances where we challenged patients with a
lower dose of ddl, pancreatitis did not recur. (However, we
do not recommend rechallenging patients who have had a
ddl-related episode of acute pancreatitis, except in an
experimental protocol.) This is different from the experi-
ence with 6-mercaptopurine, another purine analog. 6-Mer-
captopurine (or its alternate form azathioprine) can cause
pancreatitis in up to 6% of patients with inflammatory
bowel disease, and the pancreatitis will predictably reoccur
if the patients are subsequently rechallenged with even very
low doses.'”

The development of pancreatitis {and the other toxici-
ties) in the patients receiving ddl is dose related, and doses
of 750 mg/d or lower are well tolerated in most patients,
This toxicity is uncommonly observed in patients receiving
750 mg/d or less. Two of the three patients who developed
pancreatitis in the initial phase I study had a history of
substantial alcoho! ingestion, and this may have been a
contributory factor. Also, one of the patients had an
elevation of his triglyceride level {cventually reaching over
1,000 mg/dL) starting several weeks before the develop-
ment of pancreatitis, and this may have been a premonitory
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sign of impending toxicity. In patients who develop high
triglycerides while taking ddl, it may be worthwhile to
temporarily hold the drug until the triglycerides become
lower. We are also exploring whether stopping the ddl for 1
week in patients with serum araylase levels of 1.5 times the
upper limit of normal can prevent the development of
pancreatitis. Such transient asymptomatic elevations of
serum amylase should not be scored as pancreatitis per
se.'™ Interestingly, we have found that some ddl recipients
with elevated serum amylases had predominantly salivary
amylase, and in certain instances this may be associated
with complaints of xcrostomia. The significance of this
finding is unclear. It is possible that fractionation of the
circulating amylase into salivary and pancreatic compo-
nents might help guide physicians in the management of
ddI toxicity.

Up to 40% of HIV-infected patients have been reported
to have pancreatic abnormalities in the absence of ddl
therapy™ and a number of factors may contribute. /#4313
HIV infection itself can be associated with pancreatic
abnormalities.” Also, opportuuistic infections such as cy-
tomegalovirus infection or mycobacterial infection can
cause pancreatitis in patients with AIDS. A number of
drugs used in AIDS, including pentamidine, sulfonamides,
cimetidine, and ranitidine, can cause pancreatitis,'”® and
such drugs should probably be avoided if possible in
patients receiving ddl. In particular, until we know more
about such drug interactions, ddl should probably be
temporarnly held in patients who receive intravenous pent-
amidine or sulfonamide-containing regimens for the treat-
ment of Preumocystis carinii pneumonia. Alcohol should be
absolutely avoided for the same reason, and recent exten-
sive alcohol ingestion should probably be considered a
relative contraindication to ddl therapy. A prior history of
pancreatitis from any cause should be considered virtually
an absolute contraindication, until the results of further
studies arc available.

No patients died from ddI-related toxicities in the initial
phase [ studies, ™" However, pancreatitis can be a fatal
complication; during the first 6 months of the expanded
access program, 6 of 6,000 patients receiving the drug died
following an episode of acute pancreatitis. It will be
important to fearn how the toxicities of ddf can best be
prevented and managed. At the present time, it appears
that the most important determinant of ddI toxicity is dose
intensity,”® and it will be important to learn the lowest dose
that still maintains effective anti-HIV activity. The situation
may in some ways be compared with the development of
fludarabine phosphate, an anti-cancer purine analog, "
In initial phase I and phase II trials, severe (and sometimes
fatal) delayed neurotoxicity developed in some patients
who received 96 mg/m/d for 5 to 7 days. However, the
finding that this complication rarely occurred in patients
receiving doses of less than 80 mg/m*/d was important in its
subsequent development as a clinically useful drug for the
treatment of chronic lymphocytic leukemia and certain
other lymphoprofiferative disorders. Thus, finding the de-
marcating line for the safe admiaistration of an agent is
crucial in any drug development effort. In the case of ddl,
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avoiding its use in certain high-risk patients may aiso be
important in reducing the incidence of pancreatitis, How-
ever, the potential for drug toxicities reminds us of the
uscfulness of controlled trial methodology to assess the
relative benefits and risks of drugs in serious or fatal
conditions such as AIDS or cancer.

Orher Reverse Transcriptase Inhibitors

In addition to the above agents, a number of other
dideoxynucleosides and closely related compounds have
been identified as potent in vitro inhibitors of HIV replica-
tion,P#315IB1 and several are now either in clinical trial
or have trials planned for the near future. Two of the
dideoxynucleosides, 2',3"-didehydro-2',3’-dideoxythymi-
dine (d4T) and 3'-azido-2',3'-dideoxyuridine (azidouri-
dine, AzdU, CS-87) entered phase I testing in 1980153
The first, d4T, is about as active as AZT in vitro on a molar
basis.”*" However, unlike AZT, it appears to not inhibit
the activity of thymidylate kinase. Preliminary results from
the phase I trials suggested that an anti-HIV effect was
observed and that anemia, peripheral neuropathy, and
hepatitis were the dose-limiting toxicities.”"™ AzdU is less
active than AZT on a molar basis, but is reported to have a
better in vitro therapeutic index.™ Also, as noted above,
strains of HIV that become resistant to AZT have cross-
reactive resistance to AzdU.” Preliminary results from the
phase X trials have so far shown very little toxicity; it is too
early at this point to draw conclusions about its aclivity.
Both of these nucleosides merit further study.

Certain dideoxynucleoside analogues may be of interest
because of specific features. For example, a 2'-fluoro
analogue of ddA with anti-HIV activity is relatively stable
under acid conditions™; this may make it orally bioavail-
able without the need for buffering. In addition to dideoxy-
nucleosides with an intact sugar ring, several acyclic com-
pounds have recently been identified as having anti-HIV
activity."** Such compounds may yield new knowledge
regarding structure and activity, and may be of value in
developing novel anti-HIV agents. Finally, several haloge-
nated dideotynucieoside prodrugs, which may yield in-
creased penetration across the blood brain barrier, have
recently been identified.” The hope, of course, is that such
agents will be superior to the existing drugs.

Finally, we should mention several other compounds that
act at the level of reverse transcriptase. Phasphonoformate,
a pyrophosphate analogue originally developed for its
anti-herpes activity, was found to also have activity against
HIV."™™* This agent is now being studied for both its
anti-HIV and anti-herpes effect in patients with cytomega-
lovirus retinitis. More recently, several tetrahydro-
imidazo[4,5,Lik][1,4]-benzodiazepin-2(1H)-one and thione
(TIBOj derivatives, which share structural characteristics
with the benzodiazepines, have been reporied to have
potent anti-HIV-1 activity in vitro with very little cellular
toxicity.'* These compounds appear to work by an allosteric
inhibition mechanism. Surprisingly, they have very little
activity against HIV-2 in vitro. This is in contrast to the
dideoxynucleosides, which have activity against a broad
range of human and animal retroviruses, provided that they
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can be phosphorylated by the relevant target cells ®* Phase
I'studies of the TIBO derivatives are now in progress.

OTHER TARGETS FOR ANTI-HIV THERAPY

So far, we have focussed on agents that block reverse
trapscriptase. However, as we have seen above, there are a
number of other steps that may be targets for therapy
(Table 13> Indeed, HIV is perhaps the most complex
retrovirus studied to date. Such complexity may aid the
virus in infecting immune cells. However, at the same time
it also offers a wide variety of target points for attack.

Early Replicative Steps as Targets for Therapy

The first step in the life cycle of HIV is its binding to the
surface of a target cell, usually by attachment of the HIV
gp120 env glycoprotein to CD4. CD4 is an exceedingly
interesting molecule. It belongs to the g superfamily,'®
whose members generally function in variqus recognition
processes, CD4 is found on the surface of certain T
lymphocytes (CD4™ T cells), particularly those that recog-
nize antigens associated with class 1T major histocompatibil-
ity (MHC) moities (primarly helper T cells). CD4 is also
found on other cells such as monocyte-macrophages and
some Epstein-Barr virus (EBV)-infected B lymphocytes.
Clapham et al have recently found evidence that certain
tumor cell lines lacking demonstrable CD4 can nonetheless
still be infected with HIV, suggesting that alternate recep-
tors for HIV infection may exist.'” However, the signifi-
cance of this observation requires further research.

There are a number of approaches that might be used to
inhibit the binding of gp120 to CD4. For example, antibod-
ies to relevant domains on gp120 or CD4 can block binding
to cells by HIV. However, HIV-infected patients usually
have only low titers of neutralizing anti-gp120 antibodies.
There has recently been an interest in studying whether the
administration of anti-HIV antibodies (passive immuniza-
tion) will benefit patients with AIDS or ARC.* A theoreti-
cal issuc is that very low concentrations of ant-HIV
antibodies can sometimes enhance HIV infection.** Sev-
eral groups have found evidence that both the Fe receptor
and the CD4 receptor are involved in this process.™ ™ It js
possible that binding of the HIV-anti-gp120 antibody
complex to the Fe receptor brings the virus into proximity to
CD4 on the cell surface. However, there is not universal
agreement on this matter. Two groups have reported that
vnder certain condition (eg, cytomegalovirus-infected fibro-
blasts) antibody-mediated HIV infection may occur by a
CD4-independent mechanism,™ ™ and further studies will
be needed to assess these issues. In any case, anti-HIV-
induced enhancement generally occurs at much lower
concentrations of aati-HIV antibody than would be ob-
tained by passive immunization,

It ias been shown by several groups that soiubk: forms of
CD4 produced by recombinant DNA technology (called
recombinant soluble CD4 or rCD4) can inhibit the infec-
tion of T cells by laboratory strains of HIV at concentra-
tions of 1 t0 5 pg/mL.*** Soluble CD4 also can inhibit
infection of monocytes/macrophages.”™ ™% A potential
advantage is that it does not cause bone marrow toxicity.
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However, it has a relatively short serum half-life and this
poses a drawback.” Three phase [ trials of rCD4 have been
conducted. ™ Two trials showed no signs of anti-viral
activity,’™* while a third showed a slight decrease in serum
HIV p24 antigen.® To address the problem of short
half-life, researchers are exploring altered forms of rCD4,
One approach has been the creation of a CD4-Ig (1CD4- Ig)
“chimera” or hybrid protein.”****+% This is also known as an
“immunoadhesin”. Such hybrid proteins, which have simi-
far anti-HIV activity to soluble CD4, have a substantially
longer serum half-life."™ Also, through the function of its Ig
moiety, CD4-lIg chimeras may help kill cells infected with
HIV by antibody-dependent cellular cytotoxicity. Finally,
there is evidence from primate models that rCD4-IgG can
cross the placenta.™ Phase I studies of rCD4-IgG are now
underway at the NCI and several other medical centers.

Recently, data has emerged to suggest that higher concen-
trations of rCD4 or rCD4-I1gG might be required than
originally considered. Gomatos et al and Daar et al have
reported that certain monocytotropic or fresh isolates of
HIV are relatively insensitive to inhibition by rCD4,'%
most likely because such strains have a lower affinity for
CD4 than the T cell-tropic laboratory strains originally
studied. Also, anti-gp120 antibodies have been reported to
block rCD4-gp120 binding" and could thus potentially
interfere with the activity of these analogs. It is hoped that
the ongoing studies of rCD4-1gG will provide some informa-
tion on whether this approach has use in patients,

Ancther approach being explored is the linkage of CD4
with potent cellular toxins such as ricin or Pseudomonas
endotoxin.”™” Such hybrid proteins can selectively bind to
HIV-infected cells expressing a gp120 on their surface, and
because of the attached toxin then kill the cells. Thus, their
main uscfulness would perhaps be in destroying certain
cells (such as macrophages) that are resistant to the
cytopathic effects of HIV. Such constructs would probably
best be combined with an anti-retroviral drug such as AZT.
Clinical studies are expected in the near future. A variation
of this approach is the delivery of therapeutic agents to cells
that are prime targets for HIV infection. Zarling et al, for
example, have recently reported on the selective targeting
of pokeweed antiviral protein to CD4" T cells using
monoclonal antibodies.™

In addition to these CD4-based agents, certain sulfated
polysaccharides can block HIV replication in vitro, at least
in part by inhibiting viral binding to the cell surface. The
prototype compound for this type of viral inhibition is
dextran sulfate (molecular weight, 7,000 to 8,000).™
Other similar compounds shown to have such activity
include the anticoagulants heparin and pentosan polysul-
fate.™™7 In a phase I tral of oral dextran sulfate in
patients with AIDS or ARC conducted by Abrams et al, the
drug was found to be well tolerated.”™ However, no evi-
dence of anti-HIV activity was observed. It has since been
shown that dextran sulfate is poorly absorbed by the oral
route,”™* and trials to study intravenous administration of
this drug are underway. Sulfated polysaccharides may also
be worth investigating for activity against Kaposi’s sareoma.
There is evidence that a number of growth factors, includ-
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ing basic fibroblast growth factor, are involved in the
cascade of events that leads to Kaposi’s sarcoma {vide
infra)."™ Pentosan polysulfate has been found to inkibit
basic fibroblast factor-induced growth of certain tumor celt
lines," and it is possible that it might inhibit the growth of
Kapost’s sarcoma. A phase I trial to explore the use of
pentosan polysulfate is now underway at the NCI,

After binding, the virion fuses with the cells (this is
mediated by gp41 Env glycoprotein), ™™ The viral contents
then enter the cell and the outer proteins are removed to
expose the viral RNA (as a ribonucleoprotein complex) and
reverse transeriptase, Itis at this point that reverse transcrip-
tion occurs to form the provirus. Agents that specifically
inhibit reverse trapscriptase have been described above. In
addition, as an essential part of this process, the pol-
encoded protein ribonuclease H (RNase H) degrades the
viral RNA strand of the RNA-DNA duplex hybrid in an
orderly process. Any approach that interfered with RNase
H activity would be expected to block viral replication. We
are rapidly learning about the structure and function of
RNase.™¥ Recently, the HIV-1 RNase H has been crystal-
lized and its structure determined. This is the first step in
the rational design of inhibitors of this viral enzyme.

Double-stranded viral DNA can enter the nucleus and,
through the function of viral integrase (also believed tobe a

’ pol gene product), become integrated into the DNA of the
host cell. Again, it is possible that specific inhibitors of HIV
integrase function may be identified in the furure. '

Late Replicative Steps as Targers for Therapy

The viral DNA may remain as a latent provirus for some
time without being activated, However, at some point,
perhaps upon immunologic stimulation of the infected cell,
the viral DNA is transcribed to RNA and viral polyproteins
are translated from this RNA. This process uses the
replicative machinery of the host cell.? However, several
HIV-encoded proteins (such as Tat or Rev) are necessary
for this process to occur efficiently, and several groups are
searching for specific inhibitors to these compounds. The
Tat protein is a particularly interesting target for therapy.
Tat protein serves to enhance the expression of viral genes;
for this to occur, a specific nucleotide sequence {(designated
TAR), within the 5" long terminal repeat (LTR) must be
present at the level of mRNA. The TAR region serves as a
binding site for the Tat protein. As will be discusied below,
there is recent evidence that Tat protein released from
infected cells may be taken up by other cells and activate
TAR sequences.™ There is also evidence that released Tat
protein may play a role in the pathogenesis of Kaposi's
sarcoma.”™ "™ Tat may bind to certain integrin receptors on
cell surfaces’™; however, the significance of this finding will
require further study,

One possible approach to interfere with Tat function is to
identify inhibitors of Tat-TAR binding. As another ap-
proach, Sullenger et al have recently reported that HIV
replication can be blocked by the introduction of TAR
sequences (TAR decoys) into cells using a tRNA (pol 111}
trauscription system and retroviral gene transfer.™ A cell
making large quantitics of TAR decoys would, in effect, be
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genetically resistant to HIV replication. Gene transfer is
already a reality,” and such an approach could conceivably
be tried in humans with HIV infection in the not tog distant
future,

Ax approach npow being studied for inhibiting this step of
viral replication is the use of “antisense” segments of
modified DNA (eg, phosphorothioate oligodeoxynucle-
otides).”™* These are strands of DNA, modified 5o as to
prevent degradation by cellular nucleases or to improve cell
entry, with sequences complementary to that of the HIV
RNA. It is believed that these constructs will bind to either
genomic RNA or mRNA. They could cause a hybridization
arrest at the level of ribosomes and thereby prevent viral
proteins from being formed. Alternatively, they may make
the viral RNA susceptible to degradation by RNaseH. Such
constructs have been found to inhibit the production of
HIV proteins in chronically infected HO cells, %% Phospho-
rothioate oligodeoxynucleosides may also inhibit HIV repli-
cation in a sequence-nonspecific manner, perhaps by inter-
fering with HIV binding.™ However, there are several
problems in considering their clinical use. One problem is
that relatively high concentrations (generally 5 to 25 umol/L)
are required to achieve suppression of infected cell Jines in
vitro, and even at these concentrations, the suppression is
usually incomplete. Another is that there may be strain-to-
strain differences in the response to these constructs,
possibly because of varying expression of the target se-
quences or because of sequence differences in the target
region (Kageyama and Mitsuya, unpublished results, De-
cember 1990). There may also be target cell differences in
the response to these constructs. Finally, there are some
technical (and financial) hurdles in scaling up for large
quantity production of such agents for experimental ther-
apy. These issues will have to be resolved before it would be
appropriate to undertake clinical trials.

After viral polyproteins are formed, they must undergo a
variety of modifications, including cleavage into smaller
proteins, myrdistylation, and glycosylation.” A number of
laboratorics are studying these as targets for therapy. A
particular focus of interest for many groups is the viral
aspartyl protease, a pol gene product® The Gag and Pol
proteins are originally translated as a large polyprotein
{Gag-Pol fusion polyprotein) that must then be cleaved by
viral protease for proper viral function and assembly to
occur, This 99 amino acid viral enzyme, which exists as a
dimer, has been purified and its three-dimensional struc-
ture determined by X-ray crystallography, ™ This has
permitted the rational design of inhibitors that are specific
for HIV.*™** At least one such inhibitor has now entered
clinical trial. This promises to be a fruitful area for research
in the near future.

As noted above, viral proteins have sugar residues added
to form glycoproteins. As a part of this process, specific
terminal sugars are then trimmed off by trimming glucosi-
dases. Castanospermine, an inhibitor of certain trimming
glucosidases, and analogues of this compound can inhibit
HiV-induced syncytium formation and the production of
infectious virions from chronically infocted cells. 77 Ag 4
final step in the replicative cycle, viral components assem-
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