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In Vivo Activity Against HIV and Favorable Toxicity
Profile of 2',3'-Dideoxyinosine

ROBERT YARCHOAN, HIROAKI MITSUYA, ROSE V. THOMAS, JAMES M. PLUDA,
NEIL R. HARTMAN, CARLO-FEDERICO PERNO, KATHY S. MARCZYK,
JEAN-PIERRE ALLAIN, DAVID G. JOHNS, SAMUEL BRODER

The purine analog 2',3'-dideoxyinosine (ddI), which has anti-retroviral activity in
vitro was administered for up to 42 weeks to 26 patients with acquired immunodefi-
ciency syndrome (AIDS) or severe AIDS-related complex (ARC). Ten of these
individuals were AZT-intolerant. Eight dose regimens were studied. The drug was
orally bioavailable and penetrated into the cerebrospinal fluid (CSF). Comparatively
little evidence of an effect against human immunodeficiency virus (HIV) was seen at
the lowest four doses. However, patients in the four highest dose groups (ddI at 1.6
milligrams per kilogram intravenously and then -3.2 milligrams per kilogram oraily
at least every 12 hours or higher) had increases in their circulating CD4+ T cells
(P < 0.0005), increased CD4/CD8 T cell ratios (P < 0.01), and, where evaluable,
more than an 80% decrease in serum HIV p24 antigen (P < 0.05). The patients also
had evidence of improved immunologic function, had reduced viremic symptomatol-
ogy, and gained a mean of 1.6 kilogram with these comparatively infrequent dosing
schedules (every 8 or 12 hours). The most notable adverse effects directly attributable
to ddI administration at the doses used in this study included increases in serum uric
acid (due to hypoxanthine release) and mild headaches and insomnia. These results
suggest that serious short-term toxicity at therapeutic doses is not an inherent feature
in the profile of agents with clinical anti-HIV activity. Further controlled studies to
define the safety and efficacy of this agent may be worth considering.

SEVERAL DRUGS HAVE NOW BEEN

shown to have clinical anti-retroviral
activity against HIV (1-4), and one of

these drugs, 3'-azido-2',3'-dideoxythymi-
dine (called zidovudine, or AZT), has been
demonstrated to reduce the morbidity and
mortality of patients with AIDS or AIDS-
related complex (2). Widespread use of
AZT, the only anti-retroviral drug currently
approved for the treatment of severe HIV
infection, is likely to be one factor above and
beyond prophylaxis against Pneumocystis car-

inii pneumonia that has contributed to the
increased survival of AIDS patients (both
gay men and intravenous drug users) diag-
nosed since the end of 1986 (5). However,
AZT and each of the other agents shown to
have activity against HIV in vivo may also
cause substantial toxicity in some patients
with severe HIV infection (1, 3, 4, 6). In
particular, 40 to 80% of AIDS patients do
not tolerate therapeutic doses ofAZT for 26
weeks because of bone marrow suppression
or other toxicities (6). Moreover, the im-

provements induced by AZT are only tran-
sient in many patients with advanced AIDS
(1, 2, 7), and Larder et al. have recently
reported that isolates of HIV from patients
receiving long-term AZT therapy may have
reduced sensitivity to this drug (8). For
these reasons, improved drugs and drug
combinations are needed for AIDS and its
related diseases.

2',3'-Dideoxyinosine (ddI) (Fig. 1) is a
purine dideoxynucleoside with potent activ-
ity against HIV in vitro in T cells (9) and
monocytes (10). It is closely related to 2',3'-
dideoxyadenosine (ddA), a compound first
synthesized by Robins and Robins in 1964
(11). [Indeed ddA is rapidly converted to
ddI by the ubiquitous enzyme adenosine
deaminase (12), so these drugs can for many
purposes be considered alternate forms.] In
human cells, ddl is metabolized to its active
moiety, 2',3'-dideoxyadenosine-5'-triphos-
phate (ddA-TP) (13). It is thought that
ddA-TP inhibits HIV DNA polymerase (re-
verse transcriptase) activity preferentially,
and thereby suppresses HIV infection by
blocking the synthesis of a DNA copy of the
viral genome. Its mechanism of action is
thought to be chain termination, competi-
tive inhibition of reverse transcriptase, or
both (14). However, while ddl is a potent
anti-retroviral agent, it is not a broad spec-
trum antiviral drug. Unlike the triphos-
phates of AZT or 2',3'-dideoxycytidine
(ddC), ddA-TP has a long half-life (over 12
hours) in cells exposed to ddI (15). Mitsuya
and Broder found that ddI has a relatively
high therapeutic index in vitro as compared
to other dideoxynucleosides (9), and it has
relatively little in vitro toxicity for human
marrow progenitor cells (16). These obser-
vations suggested that ddI was worth testing
in patients with HIV infection.
A total of 26 patients (25 male and 1

female) with HIV infection, aged 23 to 51,
were entered into an initial clinical trial of
ddI (17). Ten patients had AIDS and 16 had
ARC (18). All had antibodies to HIV and
less than 300 CD4+ T cells per cubic milli-
meter (median 60; range 6 to 266). Ten of
the patients were AZT-intolerant by virtue
of having developed nausea, malaise, ane-
mia, or headaches (19). All but one patient
had received no AZT or anti-HIV therapy
during the preceding 4 weeks. Prophylaxis
for Pneumocystis carinii pneumonia was per-
mitted during this study (20). Patients were
given ddI intravenously for 14 days at doses

R. Yarchoan, H. Mitsuya, R. V. Thomas, J. M. Pluda,
C.-F. Pemo, K. Marczyk, S. Broder, Clinical Oncology
Program, National Cancer Institute, Bethesda, MD
20892.
N. R. Hartman and D. G. Johns, Developmental Thera-
peutics Program, National Cancer Institute, Bethesda,
MD 20892.
J.-P. Allain, Abbott Laboratories, North Chicago, IL
60064.
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Fig. 1. Structure of 2',3'-dideoxyinosine (ddI).

ranging from 0.2 mg/kg every 12 hours
(dose A) to 3.2 mg/kg every 8 hours (dose
H) (Fig. 2). Patients then received ddI
orally at twice the intravenous dose (but at
the same dosing schedule). As ddl is acid
labile (forming 2',3'-dideoxyribose plus hy-
poxanthine, a precursor of uric acid), oral
doses were administered on an empty stom-
ach after ingestion of antacids. Failure to
take this into account would render the drug
inactive by the oral route.
The peak ddI concentration (21) after

intravenous administration of ddI over 90
min was roughly proportional to the admin-
istered dose and ranged from 0.5 FLM in
patients receiving 0.2 mg/kg to 10 FtM in
patients receiving 3.2 mg/kg. The average
plasma half-life was 35 min. The oral bio-
availability of liquid ddI in fasting patients
to whom drug was administered 2 min after
ingesting 30 cm3 of antacids (for example,
magnesium hydroxide) averaged 35%. Fi-
nally, the CSF/plasma ratio averaged 0.19 at
1 hour after the completion of an intrave-
nous infusion of ddL.

All but three patients completed the first
10 weeks ofdosing as planned (22). Overall,
there was no clear trend in the CD4+ T cells
in the patients on the lowest dose (A), and
in patients receiving the next three doses (B
to D), there were comparatively small or

transient increases (Fig. 2). However, start-

ing with dose group E (ddI at 1.6 mg/kg
intravenously every 12 hours), every patient
had an increase in his or her circulating
CD4+ cells during the first 6 weeks on ddI
(Fig. 2); the mean number ofCD4+ cells in
these patients (receiving doses E, F, G, or

H) increased from 144 ± 25 cells per cubic
millimeter (mean ± SEM) at entry to
222 ± 37 cells per cubic millimeter at week
6 (P < 0.0005 (23). The mean CD4+ cells
in these patients remained essentially un-

changed between weeks 6 and 10, and when
most recently measured (at up to week 28)
was still substantially higher (221 ± 43 cells
per cubic millimeter) than at entry.
Along with the increase in CD4+ T cells,

patients in dose groups E to H had an

increase in their CD4/CD8 T cell ra-

tios from 0.17 x/. 1.26 (geometric mean

x/÷. SEM) at entry to 0.23 x/- 1.28 at

week 6 (P < 0.01) (16); an increase in their
total lymphocytes from 1248 ± 74 cells per
cubic millimeter at entry to 1566 ± 115
cells per cubic millimeter at week 6
(P < 0.0005); and an increase in their
CD8+ T cells from 666 ± 80 cells per cubic
millimeter at entry to 823 ± 114 at week 6
(P < 0.05). These results are consistent
with the restoration of T cell immune com-
ponents after administration of ddI at con-
centrations sufficient to attain an anti-retro-
viral effect (9). The increase in both CD4+ and
CD8+ T cells is noteworthy. In addition, the
patients had evidence of an increase in their
immune fimction. Seventeen patients were an-
ergic befbre therapy (1), and five of these
patients (four in dose groups E to H) devel-
oped a delayed-type cutaneous hypersensitivity
response to at least one test anigen when
retested after 6 weeks oftherapy. In addition, of
the nine patients tested in dose groups E to H,
five had a 23 x increase in their proliferative
response to pokeweed mitogen, two had a
.3x increased proliferation to tetanus tox-
oid, and two had a 23x increase in their
proliferation to diphtheria toxoid (24).
As a measure of the effect of ddI on the

HIV viral load in vivo, we periodically
assessed serum HIV p24 antigenemia (7).

500 t
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The patients on the lower doses either had
no change (dose A) or had moderate or
transient decreases in this parameter (doses
B to D) (25). In contrast, each of the six
patients on doses E toH who had detectable
p24 antigen at entry had a decline after
administration of ddI (P < 0.05 at week 6)
(Fig. 3); in five of these patients, the serum
p24 antigen became undetectable and has
remained so for up to at least 28 weeks (Fig.
3) (25). No patient at any dose group who
was antigen-negative at entry became p24
antigenemic during therapy.

Fourteen of the patients reported in-
creased energy, reduced fatigue, or de-
creased sleep requirements upon being giv-
en ddI. The one patient who had HIV-
associated arthralgias reported improvement
in this symptom, five patients reported an
increase in appetite, and the patients overall
gained an average of 1.6 kg by week 10. Six
patients developed opportunistic infections
(20) and one started on dose A has died.
However, all but one ofthe infections devel-
oped in the 13 patients on the lower four
doses (all but one ofthese in patients in dose
groups A and B).

Overall, ddI was well tolerated for up to
42 weeks at the doses presented here. Most

O Dose E
* Dose F

0 6 10

O Dose G
* Dose H

i"/ 's

d'/ If %
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0 10--o
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Weeks on ddl

Fig. 2. Absolute numbers of circulating CD4+ T lymphocytes in patients receiving ddM. During the first
2 weeks, the patients received ddI intravenously over 90 min according to the following dose schedules:
dose A, 0.2 mg/kg every 12 hours; dose B, 0.4 mg/kg every 12 hours; dose C, 0.8 mg/kg every 12
hours; dose D, 0.8 mg/kg every 8 hours; dose E, 1.6 mg/kg every 12 hours; dose F, 1.6 mg/kg every 8
hours; dose G, 3.2 mg/kg every 12 hours; dose H, 3.2 mg/kg every 8 hours. After 2 weeks, the patients
were given ddI orally at twice the intravenous dose. The number ofCD4+ lymphocytes was periodically
determined by fluorescence-activated cell sorting. Each line represents the CD4+ lymphocytes in a
single patient. Where two pretreatment values were obtained within 2 weeks of starting therapy, these
values were averaged for the entry value. One patient in dose group F (patient 18) could not be
hospitalized for the course of intravenous therapy, and his results are for oral ddli only. The statistical
significance of the increases at week 6 as compared to baseline for the patients in dose groups E to H is
P < 0.0005. The equivalent significance calculated for all patients is also P < 0.0005. The increases in
the number ofCD4+ T cells were also statistically significant (both for all patients and those in groups E
to H) at the other time points examined (weeks 2 and 10).
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patients in the highest two dose
increases of 1 to 3 mg/dl in their
acid, which was almost certainly
catabolism (through a hypoxant
mediate) (13). These changes wer
cally significant in our study. W
served transient increases in serun
ides of uncertain clinical signific
teen of the patients, particularly
had previously developed cor
symptoms on AZT, complaine
headaches, restlessness, or insomn
These symptoms were not dose-i
usually subsided by week 5. Oth
adverse effects that may have b
either by ddI or alternatively,
underlying HIV infection includ
(two patients), neutropenia (tw
one ofwhom was also on a folate
increases in serum amylase (tw
one of whom had pancreatitis),
of preexisting hepatitis (one pa
sesthesia of the feet (two patier
transient morbilliform skin rash
tient). We did not observe a (

related pattem to any of these, a
believe that we achieved dose-limL
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Fig. 3. Serum HIV p24 antigen, mea
antigen-capture assay (20), in patiec
groups E to H. All patients in these 1
had detectable p24 antigen at some p
therapy are shown (no patient in gi
detectable p24). In patients who had
one determination during the 2 wee
entry, the mean ofthese determinatior
the week 0 value. The statistical signifi
decreases in serum HIV p24 antiger
compared to week 0 in these six p
P < 0.05. The decreases compared
were also statistically significant at
other time points examined (weeks 2, 4
The one patient in dose group F (pa
whom p24 did not become undetectab
be hospitalized for the course of intrav
py and the results for this patient are foi
only. Also, this patient was taking ddI
and may have had lower bioavailabilit)

groups had ity at the four doses (E to H) at which we
serum uric observed consistent clinical activity. This
from ddI represents a defined threefold dose range for

hine inter- activity without substantial toxicity. In par-
^e not clini- ticular, we did not observe macrocytic ane-
re also ob- mia (the hallmark toxicity of AZT).
n triglycer- The results of this pilot study demonstrate
ance. Thir- that ddl can induce an increase in circulating
those who CD4+ T cells and total lymphocytes, a de-
nstitutional crease in serum p24 antigen, and improve-
d of mild ment in immunologic function when admin-
nia on ddI. istered to patients with AIDS or severe
related and ARC. The occurrence of these changes even
er sporadic with twice daily dosing is most likely caused
een caused by the long intracellular half-life ofthe active
from the moiety ofthis compound, ddA-TP (15). The

Led seizures results of this study suggest that further
o patients, research on the biochemical pharmacology
inhibitor), of appropriate purine dideoxynucleosides
o patients, may be useful in designing drugs with a
recurrence favorable therapeutic index.
tient), dy- While the present Phase I study cannot be
its), and a taken to demonstrate an effect on morbidity
i (one pa- or mortality per se, the experience with
clear dose- other anti-HIV agents suggests that in-
tnd do not creases in the number of CD4+ T cells and
iiting toxic- declines in serum p24 antigen as observed in

the current report are predictive of pro-
longed survival and reduced incidence of
opportunistic infections. Patients with less

o Dose G than 200 CD4+ cells per cubic millimeter
*Dose H

are at particular risk of developing opportu-
nistic infections (26), and the average in-
crease observed in this study (from <150
CD4+ cells to >200 CD4+ cells) might be
expected to confer reduced risk of such
infections. Also, in a related pilot study
focused on patients with AIDS dementia,
we have recently observed improvement in
HIV-associated cognitive dysfunction in
two patients receiving ddI (27).
Although patients have received ddI only

for 42 weeks and we did observe increases in
uric acid and occasional other adverse effects
that theoretically may be related to the drug,

4 8 the results overall suggest that ddl can in-
duce clinical improvement at doses that

isured by an cause minimal short-term toxicity. [Also,
nts in dose five additional patients who previously had
groups who received ddA, a precursor form of ddI, in
oint during the National Cancer Institute were subse-
roup E had quently switched to ddI, and these five
:ks prioreto patients have now tolerated ddA or ddI for
is is taken as more than 1 year (25)]. In particular, we did
icance ofthe not observe macrocytic bone marrow sup-
n at week 6 pression, the dose-limiting toxicity ofAZT.
uatients was Thus, the results of this study may contra-to baseline .' ...
each of the dict the notion that a clinical anti-retroviral
t, 8, and 10). effect can be attained only in the face of
Ltient 18) in substantial toxicity. Nevertheless, we stress
le could not that the results here refer only to short-term
,enous ther-a administration ofup to 19 mg/kg/day of ddl
[with meals to a limited number of patients. One of the

purposes of Phase I studies is to determine

the maximum tolerated dose (dose-limiting
toxicity) of a drug, and it would be quite
unusual if a toxic dose could not be defined
with this agent with fiuther increases or very
long term use (28). Indeed, we are still
continuing our dose escalations, and at sub-
stantially higher doses than those reported
here (or that we would recommend for
larger trials of efficacy), have observed dy-
sesthesia of the feet in two patients. Wheth-
er this or a sporadic pancreatic defect will
prove to be the dose-limiting toxicity ofddI
will require further studies.
Some AZT-resistant isolates ofHIV from

patients on long-term AZT therapy have
been found to preserve their sensitivity to
other dideoxynucleosides such as ddC and
ddI in vitro (8, 29). In this regard, it will be
of interest to determine whether patients
with AZT-resistant strains of HIV respond
to ddI in vivo or whether combination
regimens utilizing two or more such drugs
may reduce or delay the development of
resistance. Also, as some AZT-intolerant
patients can take ddI without difficulty, this
subset of patients might be suitable for
future studies ofddM. Additional trials ofddI
in patients with severe HIV infection are
now under way in several medical centers
(30). Ultimately, large-scale controlled stud-
ies either comparing ddI (perhaps doses E
or F) with AZT or comparing different
doses ofddl in certain patients will probably
be needed to determine its effect on survival
in patients with AIDS or ARC, its long-
term toxicity, and its particular role in the
treatment of patients who cannot tolerate or
who have developed viral resistance to AZT.
Until these further studies are conducted,
conclusions about the long-term safety and
efficacy of this agent, and its appropriate
role in the therapy of AIDS in comparison
to other treatments, must be deferred.
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Brain Region and Gene Specificity of Neuropeptide
Gene Expression in Cultured Astrocytes

HISAHARU SHINODA, ANN M. MARINI, CRISTINA COSI,
JOAN P. SCHWARTZ*

Astrocytes have many neuronal characteristics, such as neurotransmitter receptors, ion
channels, and neurotransmitter uptake systems. Cultured astrocytes were shown to
express certain neuropeptide genes, with specificity for both the gene expressed and the
brain region from which the cells were prepared. Somatostatin messenger RNA and
peptides were detected only in cerbellar astrocytes, whereas proenkephalin messenger
RNA and enkephalin peptides were present in astrocytes of cortex, cerebellum, and
striatum. Cholecystokinin was not expressed in any of the cells. These results support
the hypothesis that peptides synthesized in astrocytes may play a role in the develop-
ment of the central nervous system.

ASTROCYTES CARRY OUT VARIOUS
functions originally thought to be
neuronal in nature; these include

maintenance of ionic balance, uptake and
metabolism of certain transmitters such as
excitatory amino acids, and the synthesis
and secretion of a number of trophic agents.
In addition, astrocytes contain functional
neurotransmitter receptors and ion channels
(1). We present evidence that neuropeptide
genes not only are expressed in astrocytes
but are expressed in gene- and brain region-
specific ways. Furthermore, the proen-
kephalin gene is regulated by cyclic adeno-
sine monophosphate (cAMP) in astrocytes
just as it is in neurons. Thus astrocytes are
capable of yet another set of neuronal func-
tions.

Astrocytes were prepared from the cortex,
cerebellum, and striatum of 3-day-old rat
pups by a modification of the McCarthy-
DeVellis technique (2). Cultures were 95 to
98% astrocytes (positive for glial fibrillary
acidic protein by immunohistochemistry),
with less than 1% contamination by microg-
lia [antibody to Mac-I (3)] or oligodendro-
cytes [antibody to galactocerebroside (4)].
Analyses of mRNA and peptides were car-
ried out 3 to 4 weeks after the cultures were
prepared. RNA was isolated and analyzed

Clinical Neuroscience Branch, National Institute of Neu-
rological Disorders and Stroke, National Institutes of
Health, Bethesda, MD 20892.

*To whom correspondence should be addressed.

by RNA blot or slot blot as previously
described (5). Methionine enkephalin (met-
enkephalin) and somatostatin were extracted
and analyzed by specific radioimmunoassays
(RLAs) (6).
RNA blot analysis of total or polyadenyl-

ated [poly(A)+] RNA extracted from corti-
cal, cerbellar, and striatal astrocytes demon-
strated that somatostatin mRNA is present
in cerebellar astrocytes but undetectable in
the other two cultures (Fig. 1). Proenkepha-
lin mRNA is present in approximately equal
amounts in astrocytes from all three regions,
in agreement with previous results (7). Both
of these mRNAs are the size expected for
the authentic brain mRNA; that is, 670
bases for somatostatin (8) and 1.4 kb for
proenkephalin (9). In contrast, cholecystoki-
nin mRNA could not be detected in either
cortical or cerebellar astrocyte cultures, al-
though it is readily detected in cortex of rat
brain. Table 1 expresses the results of several
RNA blots quantitatively.
These data demonstrated that astrocytes

prepared from neonatal rat brain could ex-
press neuropeptide genes with a specificity
for both the gene expressed and the brain
region from which the astrocytes were de-
rived. We then asked whether only the
mRNA was synthesized or whether astro-
cytes could in fact translate the mRNA into
precursor and process the precursor to the
free bioactive peptides produced by neu-
rons. Because proenkephalin gene transcrip-
tion is stimulated by cAMP, via receptors

28 JULY I989 REPORTS 4I15


