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Hydroxyurea and Didanosine Long-Term Treatment Prevents
HIV Breakthrough and Normalizes Immune Parameters
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ABSTRACT

Hydroxyurea and didanosine treatment suppressed HIV replication for more than 2 years, in the absence of
viral breakthrough, in chronically infected patients. The profile of viral load reduction was unusual for a two-
drug combination, since a continuous gradual decrease in viremia persisted despite residual viral replication.
The increase in CD4% T cell counts was not robust. However, unlike those of patients treated by other ther-
apies, CD4" T lymphocytes were functionally competent against HIV, mediating a vigorous HIV-specific helper
T cell response in half of these patients. In addition, the percentages of naive CD4" and CD8" T lymphocytes
were not different from those in uninfected individuals. These results demonstrate that prolonged antiretro-
viral therapy with a simple, well-tolerated combination of two affordable drugs can lead to sustained control

of HIV, normalization of immune parameters, and specific anti-HIV immune response.

INTRODUCTION

RADICATION OF HIV appears an unrealistic goal because of
Ethe early establishment!-? and long persistence >* of provi-
ral latent reservoirs. Therefore, if any antiretroviral treatment
is initiated, it must be a chronic treatment. Treatment of HIV
infection is currently based on highly active antiretroviral ther-
apies (HAARTS), which are combinations of drugs that de-
crease plasma viremia to undetectable levels. Since these drugs
tend to generate resistance, maximal viral suppression is re-
quired to avoid the onset of drug-resistant mutants and to en-
sure long-term efficacy. Unfortunately, complicated dosing
schedules and high cost make access to and compliance with
HAART regimens difficult for most patients. Therefore, viral
escape occurs in many cases, leaving individuals with multi-
ple- and/or cross-resistant variants of HIV. Associated toxicity
further limits the long-term use of these regimens.

Drugs that do not induce viral escape are an attractive alter-
native to HAART. Hydroxyurea inhibits HIV in vitro®>~" and in

vivo.8~10 Tt inhibits a cellular protein, ribonucleotide reductase,
and since cellular proteins are not prone to mutations, resistance
to hydroxyurea is not expected.'! We have shown that hy-
droxyurea reestablishes sensitivity to didanosine in HIV strains
carrying genotype changes that confer resistance to didano-
sine.”"!2 Thus, combination of these two drugs might represent
an alternative approach to long-term control of HIV infection.

MATERIALS AND METHODS

Patients

The 12 patients described in this study belonged to a previ-
ously described cohort of 57 asymptom atic patients (CD4™" cell
counts between 250 and 500 cells/ul) previously enrolled in a
controlled clinical trial that showed that hydroxyurea potenti-
ates the antiviral activity of didanosine.® The didanosine
monotherapy arm (19 patients) was interrupted after 24 weeks,
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owing to the superior outcome of the combination therapy.® At
week 40, no sign of rebound was observed in the 38 patients
treated with hydroxyurea and didanosine.® Since 35 of 38 pa-
tients still had detectable plasma viremia (>500 copies/ml) and
new drugs (such as protease inhibitors) capable of potent virus
inhibition to undetectable levels had become available, 26 pa-
tients chose to initiate other therapies, and therefore were lost
to follow-up. Twelve patients continued with the hydroxyurea
(500 mg twice daily) and didanosine regimen (patients weigh-
ing <50 kg were given 100 mg twice daily; patients weighing
50-75 kg were given 200 mg twice daily; and patients weigh-
ing >75 kg were given 300 mg twice daily) for an average of
122 weeks. The availability of alternative treatments, and not
a worse outcome, was the reason for changing treatment. In
fact, at week 40, the group of patients who chose to continue
taking the hydroxyurea plus didanosine double combination
was not significantly different from the group of patients who
changed to other therapies, with respect to viral load at week
40 (p = 0.11), decrease in viral load from baseline to week 40
(p = 0.41), CD4" cell counts at week 40 (p = 0.14), and
change in CD4" cell counts from baseline to week 40 (p =
0.38).

Nine normal uninfected individuals and a control group of
12 untreated patients were selected to be matched to the group
of 12 treated patients for the analysis of the immunological pa-
rameters.

Surrogate markers

Plasma viremia at baseline and at week 40 was determined
by using a commercially available reverse transcriptase-poly -
merase chain reaction (RT-PCR) kit with a detection limit of
400 HIV RNA copies/ml of plasma (Roche Diagnostic Sys-
tems, Branchburg, NJ). At week 122, because plasma viremia
was undetectable by standard PCR in 11 of 12 patients, viral
load was measured by supersensitive PCR according to
Bagnarelli et al.'3 (detection limit, 50 copies/ml). CD4" and
CD8" cell counts were performed according to standard pro-
tocols.

Flow cytometry

For external staining, peripheral blood mononuclear cells
(PBMCs; 2-10 X 10°/tube), freshly isolated by Ficoll-Hypaque
density centrifugation from heparinized blood, were suspended
in 0.1 ml of fluorescence-acti vated cell sorting (FACS) buffer
(phosphate-buffer ed saline [PBS] with 20% fetal calf serum
[FCS]) before adding 4 ml of 1:5 dilution of CD28—fluorescein
isothiocyanate (FITC) (monoclonal antibody [MAb] CD28.2;
Immunotech, Westbrook, ME) and 4 ml of CD8-Cy5 (MAb
B9.11; Immunotech); 4 ml of CD45RA-FITC (MAb ALB11;
Immunotech), 4 ml of a 1:10 dilution of CD62L—phycoerythrin
(PE) (MAb SCFI28T17G6; Coulter, Hialeah, FL), and 4 ml of
either CD8-Cy5 or CD4-Cy5 (MAb 13B8.2; Immunotech); 4
ml of HLA-DR-FITC (MAb 357; Immunotech), 4 ml of
CD38-PE (MAD T16; Immunotech), and 4 ml of CD8-CyS5; or
4 ml of IgG-FITC, -PE, and —Cy5 isotype-matched controls
(Immunotech). After incubation for 15 min at room tempera-
ture, cells were washed and fixed in 2% formaldehyde in PBS.
Flow cytometry analysis was performed on a tightly gated lym-
phocyte population, using a FACscalibur (Becton Dickinson,
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San Jose, CA). Gates were defined by requiring that fewer than
10% of the isotype control antibody-stained cells were positive.

Helper T cell analysis

Proliferation assays were performed by resuspending
PBMCs in RPMI 1640 medium containing 10% human AB
serum, HEPES buffer, rL-glutamine, and penicillin—strepto-
mycin. Cells (1 X 103 cells/well) were cultured in six replicate
wells of 96-well U-bottom plates in the presence of HIV re-
combinant p24 protein at a final concentration of 5 mg/ml. Six
days later, the cells were pulsed with [*H]thymidine at 1.0
mCi/well, and uptake was measured 6 hr later with a scintilla-
tion counter (Topcount; Packard Instruments, Meriden, CT).
The HIV p24 protein (Protein Science, Meriden, CT) used is a
recombinant protein derived from the gag gene of HIV (NY-5
strain); it is produced in a baculovirus expression system and
demonstrated 90 to 95% purity. A mixture of baculovirus pro-
teins was used as a control antigen at a concentration of 1.5
mg/ml, which is equal to the baculovirus antigen concentration
in the recombinant p24 protein. The stimulation index was cal-
culated by taking the mean counts per minute (cpm) of incor-
porated [*H]thymidine from cells stimulated with p24 and di-
viding this value by the mean counts per minute from cells
stimulated with baculovirus control proteins.

Statistical methods

Analysis of variance was performed by Scheffe test analy-
sis. Groups were matched by using the Mann—Whitney non-
parametric U test. In addition, to match the viral load values
before interruption of treatment, comparison of detectable ver-
sus undetectable virus load values in each group was also per-
formed by using the Fisher exact test.

RESULTS

Twelve patients were treated with hydroxyurea and didano-
sine for an average of 122 weeks (range, 102—-154) (Table 1).
When these patients began treatment, their average baseline
plasma viremia was 51,795 (SD of 66,869) RNA copies/ml of
plasma (Fig. 1). At week 40 the average plasma viremia was
1847 (SD of 2181) RNA copies/ml of plasma. At week 122 the
average viremia further decreased to 186 (SD of 284) RNA
copies/ml of plasma. Mean plasma viral RNA decreased by 1.14
log;o at week 40 and by 2.2 log;, at week 122. A continuous
decrease in viremia despite residual viral replication is a novel
feature of this two-drug combination. Maximal viral suppres-
sion was not required for long-term control of HIV by these
drugs.

The lack of a robust increase in CD4* T lymphocytes is char-
acteristic of hydroxyurea-con taining combinations®!4 and
might be attributed to the cytostatic effects of this drug.!' Dur-
ing the 122 weeks of follow-up of hydroxyurea and didanosine
treatment, the average CD4" cell count increased by 30
cells/mm?, from 376 + 72 to 406 + 118 cells/mm?>. Consistent
with mathematical models'> and with the results of the ACTG
343 study,'® the lack of increase in CD4" T lymphocytes may
partly explain the absence of HIV rebound observed in our
study. In addition, since cell division is essential for viral repli-
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TABLE 1. PATIENT CHARACTERISTICS
Baseline Last value
Patient Weeks® CD4 CD8 Ratio PCRY CD4 CDS8 Ratio ss-PCR*
1 117 351 NA NA 51,000 256 330 0.8 265
2 154 397 437 0.9 8,553 253 209 1.2 65
3 104 288 794 0.4 173,166 392 336 1.2 97
4 113 277 343 0.8 1,468 414 504 0.8 <50
5 121 385 NA NA 21,854 562 783 0.7 <50
6 105 376 811 0.5 13,475 640 874 0.7 270
7 110 431 NA NA 55,521 424 309 1.4 244
8 102 490 1,308 0.4 199,256 308 986 0.3 915
9 123 493 580 0.9 693 443 424 1.0 <50
10 123 308 736 0.4 66,245 314 551 0.6 60
11 141 320 743 0.4 29,708 491 685 0.7 119
12 149 399 1.033 04 — 602 375 I11 05 <30
Average: 122 376 754 0.56 51,795 406 559 0.83 1864
SD: 18 72 294 0.23 66,869 118 248 0.31 2844
Abbreviation: NA, Not available.
*Weeks of treatment.
PPCR, Amplicor PCR; limit of detection, 400 copies/ml.
¢ss-PCR, supersensitive PCR; limit of detection, 50 copies/ml.
dCalculated assuming that <50 = 49.
cation, the cytostatic effects of hydroxyurea could account for trials wusing hydroxyurea in combination with didano-

the impairment of HIV replication. However, since cytostatic
effects were also exerted on CD8" T Ilymphocytes, the
CD4/CDS8 ratio significantly increased by 0.27, from 0.56 =
0.23 to 0.83 = 0.31 (p = 0.039) (Table 1).

No relevant episodes of toxicity attributable to the drugs used
in this study occurred during the average 122 weeks of ther-
apy. This low level of toxicity is consistent with the scarcity of
side effects registered in pilot as well as randomized controlled

sine.>!*17:18 Long-term use of hydroxyurea has also proved to
be safe in patients with oncologic and/or hematologic dis-
eases.'! Some of these patients have been treated with this drug
for decades.!!

A fundamental question was whether this therapy had ben-
eficial effects on immune parameters and immune function. Af-
ter an average 122 weeks of treatment, the 12 patients receiv-
ing hydroxyurea and didanosine were matched with a control
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FIG. 1. Progressive decrease in plasma viremia in 12 patients treated with hydroxyurea and didanosine.
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group of 12 chronically infected patients who declined to ac-
cept treatment. Treated and untreated patients were matched on
the basis of the baseline CD4" cell count (average = SD,376 +
72 and 401 £ 131, respectively, p = 0.686), and plasma
viremia (51,795 + 66,869 and 51,212 * 83,308, respectively,
p = 0.525).

It has been shown that the proportion of naive T lympho-
cytes decreases during the course of untreated HIV infec-
tion.!?2% Drugs that increase the number of naive T lympho-
cytes may create conditions favorable to de novo T cell
development, a likely requirement for immune recovery. De
novo thymic or extrathymic T cell generation does not involve
high levels of cell expansion. Therefore, resting thymocytes are
not expected to be inhibited by cytostatic drugs. We found that,
after 122 weeks of therapy with hydroxyurea and didanosine,
the average percentages of naive CD8" and CD4" T lympho-
cytes, measured by the expression of CD62L and CD45RA,
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were similar (p = 0.25 and p = 0.99, respectively) to the val-
ues of normal uninfected donors and significantly different (p =
0.00053 and p = 0.001, respectively) from those of HIV-in-
fected untreated individuals (Fig. 2A).

An elevated percentage of activated CD8* T lymphocytes
expressing CD38 and HLA-DR indicates a poor prognosis in
HIV infection.?!?? Lymphocytes lacking the CD28 surface
marker are terminally differentiated effector cells that fail to
proliferate in response to mitogen.?3 Reversing the loss of CD28
antigen and increasing numbers of activated cells are expected
to have a beneficial impact on prognosis.?! The percentage of
activated CD8*CD38*DR™ T lymphocytes in patients treated
with hydroxyurea plus didanosine was higher than in normal
individuals (p = 0.008), but lower than in untreated individu-
als (p = 0.0046), whereas the percentage of CD8*CD28" cells
was lower than in normal individuals (p = 0.042) and higher
(» = 0.0015) than in untreated patients (Fig. 2B), consistent

B CD8+CD28+

CD8+CD38+DR+

% of CD8+CD28+ lymphocytes
% of activated CD8 lymphocytes
™nN
o

= k=]
e ©
5 +
z 2

I

Untreated

Normal

HU + ddl
Untreated |

12 3 4 5 6 7 8 9101112A B C DE F
1 - 12: Hydroxyurea + didanosine

A ~ F: Untreated controls

Immunophenot ypic and functional markers of T lymphocytes of chronically HIV-infected patients after an average 122

weeks of treatment with hydroxyurea and didanosine, compared with normal uninfected individuals and a matched control group
of untreated patients. (A) Percentage of naive CD8" T lymphocytes (CD8"CD62L*"CD45RA™, left) and naive CD4" T lym-
phocytes (CD4*CD62L* CD45RA™", right). (B) Percentage of CD8*CD28" T lymphocytes (left) and activated CD8* T lym-
phocytes (CD8"CD38*DR™, right). Bars represent standard deviations. Normal, Nine uninfected individuals; HU + ddI, 12 HIV-
infected patients treated with hydroxyurea and didanosine for an average of 122 weeks; untreated, 12 HIV-infected asymptomatic
patients (matched control group) not treated with antiretroviral drugs. (C) Columns 1-12: HIV-specific helper T cell prolifera-
tive responses (p24 stimulation index) in the 12 hydroxyurea + didanosine-treate d patients. Columns A-F: Untreated controls,

six patients from the untreated matched control group.
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with strongly reduced but still residual viral replication. Al-
though increases in naive T lymphocytes and decreases in ac-
tivated CD8" T Ilymphocytes have been described after
HAART,?* we found similar results while using only two drugs.

HIV-specific helper T cell responses are associated with con-
trol of viremia.?3 HIV-specific CD4" T lymphocyte-prol ifera-
tive responses are typically absent in persons with progressive
infection. 226 Unfortunately, these responses have not been re-
stored by HAART during the chronic phase of infection.24:27-28
In contrast, chronically infected patients treated with hydrox-
yurea and didanosine had a vigorous CD4*% T lymphocyte-pro -
liferative response to HIV p24 (Fig. 2C). It is possible that this
response was elicited because of the incomplete block of HIV
replication in our patients and the consequent constant expo-
sure of HIV antigen to the immune system, whereas current
HAART regimens may lower viremia to levels so low that the
immune system is “off guard” to HIV, “leaving the patient naive
to the virus, like an uninfected individual, rather than one pre-
pared to control HIV infection.”?® Six of 12 of these patients
had a stimulation index above 9, whereas none of the asymp-
tomatic, chronically infected drug-naive patients had a p24
stimulation index above 3.5 (Fig. 2C). The presence of an HIV-
specific immune response in chronically infected patients had
been described only in long-term nonprogressors, 2326 who con-
trol HIV in the absence of therapy.

DISCUSSION

These findings indicate that long-term treatment with hy-
droxyurea and didanosine has novel characteristics: progressive
reduction of viremia, absence of viral breakthrough in the pres-
ence of detectable virus, and induction of an HIV-specific im-
mune response.

The progressive reduction of viremia in the presence of de-
tectable active viral replication is unusual for a two-drug combi-
nation and might be explained by the peculiar characteristics of
the drugs. Hydroxyurea inhibits the cellular enzyme ribonu-
cleotide reductase. Cellular proteins are not prone to mutations.
No resistance of ribonucleotide reductase to hydroxyurea has
been observed in 40 years of clinical use.!' Hydroxyurea-based
treatments might therefore be associated with a better resistance
profile. A confirmation of this hypothesis came from the assess-
ment of the emergence of didanosine resistance in patients re-
ceiving didanosine monotherapy or the hydroxyurea—didanosine
combination'? during the RIGHT 411 study.® Although the two-
drug combination was more effective in reducing plasma viremia
than didanosine monotherapy, resistance to didanosine at week
24 was more pronounced in the combination therapy arm. This
paradox was explained by assessing the sensitivity of these mu-
tants to didanosine in the presence of hydroxyurea. Although
genotypically resistant, the mutants retained a phenotypic sensi-
tivity to didanosine in the presence of hydroxyurea. The finding
that phenotypic sensitivity of the didanosine-resistant mutants is
retained in the presence of hydroxyurea appears to be explained
by the favoring of incorporation of didanosine triphosphate by
resistant reverse transcriptase in the setting of the low levels of
dATP resulting from hydroxyurea treatment. The data have been
confirmed and extended to the combination of hydroxyurea and
PMEA or PMPA 3% These results might have clinical applica-
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tions in both maintaining antiviral response to initial treatment
for prolonged periods (as described here) and in reestablishing
response once resistance has emerged.

The induction of an HIV-specific immune response in the
hydroxyurea— didanosine-treated patients might have also con-
tributed to the long-term control of HIV. We have described?!
how early treatment with hydroxyurea, didanosine, and a pro-
tease inhibitor was associated with a vigorous anti-HIV-spe-
cific immune response capable of controlling HIV after treat-
ment discontinuation.

The combination of hydroxyurea and didanosine is simple
to take, inexpensive, well tolerated, and accessible to the ma-
jority of people living with HIV.
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