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Data from basic science and clinical studies suggest that hydroxyurea (hydrox-Abstract
ycarbamide)-based regimens are effective treatment options for patients with HIV
at various stages of disease. In vitro studies of HIV-infected lymphocytes have
shown that hydroxyurea: (i) inhibits viral DNA synthesis; (ii) synergistically
interacts with nucleoside reverse transcriptase inhibitors (NRTI); and (iii)
increases the antiviral activity of didanosine. Clinical studies have confirmed that
hydroxyurea in combination with didanosine produces potent and sustained viral
suppression in patients with HIV infection. However, some concerns have been
recently raised on the use of hydroxyurea in association with NRTI.
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Hydroxyurea can cause myelosuppression, skin toxicities, mild gastrointesti-
nal toxicity, and abnormalities of renal and liver functions. In addition, hydroxy-
urea may accentuate the toxic effects of nucleoside analogues. In fact, some
clinical data seem to indicate an increased risk of pancreatitis and neuropathy
when hydroxyurea is combined with didanosine and stavudine. Since hydroxy-
urea-related toxicity is dose dependent, a systematic study of hydroxyurea optimal
dosage and schedule was initiated to monitor patients for possible nucleoside
toxicity. In the Research Institute for Genetic and Human Therapy (RIGHT) 702
study it was shown that a low, well-tolerated hydroxyurea dose (600mg daily)
achieved better antiretroviral activity than higher doses, together with better
CD4+ cell count increase and fewer adverse effects.

In this paper the effects of hydroxyurea as salvage therapy for heavily pretreat-
ed patients with advanced HIV disease are presented. These studies have shown
that some patients with extensive pretreatment experience and advanced disease
can respond substantially to the addition of hydroxyurea. The addition of
hydroxyurea to didanosine does not prevent the emergence of resistance to
didanosine; nonetheless, the efficacy of this therapeutic regimen may not be
attenuated by the presence of didanosine-resistant HIV mutants.

Since CD4 T lymphocyte activation is essential for virus replication and CD8
T lymphocyte activation may contribute to pathogenesis, the combination of
hydroxyurea with other drugs may lead to the inhibition of HIV, by blocking the
‘cell activation-virus production-pathogenesis’ cycle. Clinical data indicate that
hydroxyurea may play a role in attenuation of viral rebound and immune reconsti-
tution by decreasing CD4 T cell proliferation, as well as preventing the exhaustion
of CD8 T cell populations that may result from excessive activation during HIV
infection.

While the combination of hydroxyurea with didanosine has provided hope,
future studies including those that evaluate optimal dosing and long-term toxicity
are needed to define the role for this agent in the treatment of HIV infection.

 The ultimate goal of therapy for HIV infection is Hydroxyurea (hydroxycarbamide) is a cytostatic
to eradicate the virus. To date, therapeutic agents agent that has been used to treat cancer for over 40
have not been able to accomplish this goal, even years and more recently has been approved for
though select regimens can induce rapid, substan- sickle-cell anaemia therapy.[4,5] Because of its abili-
tial, and sustained viral suppression in some pa- ty to deplete intracellular components essential for
tients. However, recent evidence suggests that even virus replication,[6] its synergistic antiviral activity
in patients with undetectable HIV, RNA plasma with some reverse transcriptase inhibitors,[7] and its
levels (<50 HIV-RNA copies/mL), latent reservoirs cytostatic properties, hydroxyurea has been pro-
of virus exist that may require at least 7–60 years of posed as a therapeutic option for HIV infection.[8]

therapy in order to completely eradicate the vi- Hydroxyurea utilises multiple mechanisms of action
rus.[1,2] Furthermore, current antiretroviral regimens to impede HIV replication, which have been thor-
are limited by such problems as drug resistance, oughly described in the review article by Lori.[9]

difficult-to-adhere-to regimens, and long-term com- Principally, hydroxyurea inhibits the cellular
plications.[3] For these reasons, the search for novel enzyme ribonucleotide reductase, thus blocking the
therapeutic options and approaches continues. transformation of ribonucleotides into deoxy-
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ribonucleotides, depleting the intracellular deoxy- hydroxyurea-containing highly active antiretroviral
therapy (HAART) should be closely monitored fornucleotide triphosphate (dNTP) pool, and arresting
possible nucleoside toxicity.the cell cycle in the G1/S phase.[6,10,11] In vitro stud-

ies on HIV-infected lymphocytes have shown that The goal of this review is to present the available
clinical data on the use of hydroxyurea for thehydroxyurea strongly inhibits viral DNA synthe-
treatment the HIV infection, in order to assist thesis.[6] Synergistic anti-HIV activity has been demon-
readers in comparing and balancing the toxicitystrated when hydroxyurea is combined with nucleo-
concerns and the positive antiviral effects of theside reverse transcriptase inhibitors (NRTIs).[7,12-14]

hydroxyurea-containing combinations.This augmentation in antiretroviral activity may be
explained by a favourable change in the proportion

1. Clinical Experienceof activated NRTI (dideoxynucleoside triphosphate,
ddNTP) to dNTP and an enhancement of NRTI

Clinical trials with hydroxyurea have usuallyphosphorylation.[15]

paired this agent with didanosine. The rationale for
The combination of an agent that inhibits a cellu- this combination is based on the substantial

lar enzyme (e.g. hydroxyurea) with an agent(s) that hydroxyurea-induced shift in the ratio of the didan-
inhibits a viral enzyme (e.g. RT inhibitor, protease osine metabolite dideoxyadenosine triphosphate
inhibitor) is the principal rationale for utilising (ddA-TP) to dATP and the resultant enhanced incor-
hydroxyurea-based combination regimens to treat poration of ddA-TP into the elongating DNA strand
HIV infection. This combination would be expected as well as in vitro evidence of the antiretroviral
to be highly potent, due to the invocation of syner- activity of this combination.[6,7,15] For the same
gistic antiviral activity. Furthermore, the inclusion reason, hydroxyurea also synergises with other
of an agent that inhibits a cellular enzyme might adenosine analogues, such as adefovir (9-[2-
impede drug resistance since such enzymes are not (phosphonylmethoxy) ethyl] adenine) and tenofovir
likely to mutate. The use of hydroxyurea in the (9-[2- (phosphonylmethoxy) propyl] ade-
treatment of HIV infection has other advantages nine).[6,7,15,18]

including a simple oral administration schedule, Hydroxyurea alone may have some antiretroviral
CNS penetration, and relatively low cost. Data are activity in antigen presenting cells, such as macro-
now available on the use of hydroxyurea-based phages and dendritic cells,[7,19] whereas protease
combinations in clinical practice. Clinical trials have inhibitors may be less effective in these cell
shown that hydroxyurea-containing regimens can types.[19,20] The combination of hydroxyurea with
effectively be utilised in patients with varying de- didanosine has been shown to inhibit HIV replica-
grees of treatment experience at different stages of tion in both quiescent and activated peripheral blood
infection. mononuclear cells (PBMC) in vitro.[7] The inhibi-

In spite of the fact that the toxicity profile of the tion of HIV in quiescent cells is of particular inter-
drug has been well defined during 40 years of clin- est, as these cells are thought to represent a latent
ical experience,[4] special attention should be given pool of replication-competent virus.[21-23]

to the combination of hydroxyurea with nucleoside Several pilot trials have been conducted to exam-
analogues, because of the risk of increasing the ine the clinical efficacy and safety of hydroxyurea
toxicity of the latter compounds, especially in heavi- alone or in combination with various NRTIs (table
ly pretreated patients. Recently, some concerns have I). Taken together, these studies have demonstrated
been raised on the use of hydroxyurea in association that hydroxyurea monotherapy was not effective in
with NRTI. Clinical data seem to indicate an in- decreasing viral load (VL), but that combinations of
creased risk of pancreatitis and neuropathy when hydroxyurea with didanosine induced substantial
hydroxyurea is combined with didanosine and sta- and durable reductions in HIV-RNA levels and were
vudine,[16,17] suggesting that patients receiving generally well tolerated. The encouraging results of
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Table I. Pilot clinical trials of hydroxyurea (hydroxycarbamide) for the treatment of HIV infection

Pilot clinical trial Significant finding

Biron et al.[29] HU + ddI reduced VL by 3 months in 12 patients (down to undetectable levels in seven patients).
Median increase of CD4+ cell count was +244 cell/mm3

Clotet et al.[30] HU + ddI was well tolerated and reduced VL mainly in patients who were naive to ddI

Simonelli et al.[31] HU monotherapy did not provide therapeutic benefit in 16 heavily pretreated HIV infected patients

Montaner et al.[32] Addition of HU to ddI substantially decreased VL in 11 patients receiving HU 1000 mg/daily

Foli et al.[33] HU + ddI (six subjects) was a more potent and less toxic combination than HU + zidovudine
(six subjects)

Simonelli et al.[34] No therapeutic advantage of HU + ddI (six subjects) vs ddI monotherapy (eight subjects) was
observed in zidovudine pretreated patients

Foli et al.[35] Therapeutic advantage of HU + ddI vs ddI monotherapy was observed both in zidovudine pretreated
(19 subjects) and in naive patients (18 subjects)

ddI = didanosine; HU = hydroxyurea; VL = viral load.

some of the pilot clinical trials with hydroxyurea- ly didanosine had a 0.78 log10 decrease (p = 0.0005).
based combinations have led to the design and im- Viral rebound (defined as an increase of at least
plementation of randomised, controlled trials. These 3-fold over the trough value in two consecutive
larger studies include the Research Institute for Ge- tests) was observed in 8 of 19 patients in the didan-
netic and Human Therapy (RIGHT) 411,[24] the osine monotherapy group and none in the combina-
AIDS Clinical Trials Group (ACTG) 307,[25] the tion group. Furthermore, at week 24, 18.4% of the
Swiss HIV Cohort Study,[26] the Bristol-Myers patients in the didanosine plus hydroxyurea group
Squibb (BMS) 055 study,[27] and the ACTG 5025 had a VL below the detection limit (200 HIV-RNA
(table II).[28] copies/mL) while only 5.3% of patients in the didan-

osine alone group had a VL below this limit. After
1.1 Research Institute for Genetic and discontinuation of the monotherapy arm, continued
Human Therapy 411 Trial treatment in the combination group resulted in an

average 1.21 log10 reduction in plasma viraemia
RIGHT 411 (table II) was the first randomised, from baseline to week 40. Although CD4+ cell

controlled study to compare the use of didanosine count differences between treatment groups were
monotherapy and the combination of hydroxyurea not statistically significant, they increased more in
and didanosine.[24] In this trial, 57 patients with a the didanosine monotherapy arm (+83 CD4+ cells/
CD4+ cell count of 250 to 500 cells/mm3 were mm3) than in the hydroxyurea-didanosine arm (+54
randomised to receive didanosine 200mg twice CD4+ cells/mm3).
daily alone or didanosine 200mg twice daily plus
hydroxyurea 500mg twice daily. In the didanosine 1.2 AIDS Clinical Trials Group 307
group, 19 patients with median VL 50 767 HIV-
RNA copies/mL (SD ± 71 404) and median CD4+ ACTG 307 (table II) was a placebo-controlled
cell count 368 cells/mm3 (SD ± 75) were enrolled, clinical trial designed to randomise patients into
and in the didanosine plus hydroxyurea group 38 multiple treatment arms.[25] Patients were assigned
patients with median VL 94 028 HIV-RNA copies/ to treatment with either of the following treatment
mL (SD ± 98 333), and median CD4+ cell count 350 regimens: (i) didanosine 200mg twice daily and
cells/mm3 (SD ± 78) were enrolled. After 24 weeks, hydroxyurea placebo; (ii) didanosine placebo and
plasma viraemia in the combination group de- hydroxyurea 1000mg once daily; (iii) didanosine
creased significantly, more than in the didanosine 200mg twice daily and hydroxyurea 1000mg once
monotherapy group. Patients receiving didanosine daily; (iv) didanosine placebo and hydroxyurea
and hydroxyurea had an average 1.32 log10 decrease 1500mg once daily; or (v) didanosine 200mg twice
from baseline viraemia, while patients receiving on- daily and hydroxyurea 1500mg once daily. Those
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patients randomised to didanosine placebo had 1.3 The Swiss HIV Cohort Study
didanosine added to hydroxyurea after 4 weeks of

The Swiss HIV Cohort Study (table II) includedhydroxyurea monotherapy. Patients receiving
144 HIV-infected patients with a mean VL of 4.53didanosine alone had hydroxyurea (1000 or 1500mg
log10 copies/mL and a mean CD4+ cell count of 370once daily) added after 12 weeks of therapy. A total
cells/mm3.[26] Seventy-two patients were random-

of 131 patients were enrolled. A preliminary ana-
ised to receive hydroxyurea 500mg twice daily plus

lysis pooled patients into didanosine monotherapy, didanosine 200mg twice daily plus stavudine 40mg
and didanosine plus hydroxyurea groups. After 8 twice daily, while the remaining 72 patients re-
weeks, mean VL reduction in patients treated with ceived didanosine 200mg twice daily plus stavudine
didanosine monotherapy was about half that observ- 40mg twice daily plus hydroxyurea placebo. Seven-
ed in patients treated with didanosine plus hydroxy- ty-five percent of patients were antiretroviral naive
urea (–0.83 log10 copies/mL vs –1.57 log10 copies/ at baseline. After 12 weeks, the intent-to-treat based
mL; p = 0.01). At week 24, mean VL reduction in analysis showed that the VL decreased 2.3 log10 in
patients initially treated with hydroxyurea monothe- the hydroxyurea-treated group compared with only
rapy was –1.05 log10 copies/mL, with didanosine 1.7 log10 in the placebo group (p = 0.001). The
monotherapy –0.79 log10 copies/mL, and with hydroxyurea-treated group had a CD4+ increase of
didanosine + hydroxyurea –1.22 log10 copies/mL. 28 cells/mm3 compared with 107 cells/mm3 in the

Table II. Randomised, controlled clinical trials designed to assess the efficacy and safety of hydroxyurea (hydroxycarbamide)-containing
regimens for the treatment of HIV infection 

Study Number of Treatment regimens Significant trial findings
participants

RIGHT 411[24] 57 First 24 weeks: ddI 200mg twice daily or ddI 200mg HU-containing arm more effective. Blunted
twice daily + HU 500mg twice daily increase of CD4+ cell count in the HU-containing
After 24 weeks: ddI 200mg twice daily + HU arm. HU compensates for ddI resistance
500mg twice daily (ddI monotherapy arm interrupted)

ACTG 307[25] 131 First 12 weeks: ddI 200mg twice daily + HU placebo HU-containing arms more effective. 1000mg every
or ddI placebo + HU 1000mg once daily or ddl day as effective as 1500mg every day and better
200mg twice daily + HU 1000mg once daily or ddl tolerated
placebo + HU 1500mg once daily or ddI 200mg
twice daily + HU 1500mg once daily

The Swiss 144 First 12 weeks: ddI 200mg twice daily + d4T 40mg Both HU-containing arms more effective than ddI +
HIV Cohort twice daily + HU placebo or ddI 200mg twice daily d4T arm. Patients who delayed HU therapy until 12
Study[26] + d4T 40mg twice daily + HU 1000mg twice daily weeks achieved similar virologic response as those

12–24 weeks: ddI 200mg twice daily + d4T 40mg who initiated HU immediately, yet achieved a
twice daily + delayed HU or ddI 200mg twice greater CD4+ cell count response
daily + d4T 40mg twice daily + HU 100mg
twice daily or ddI + d4T 40mg twice daily

The BMS 055 177 Treatment-naive patients were randomised to: The triple combination of ddI + d4T + HU was
Study[27] ddI + ZDV + d4T placebo or ddI + d4T + ZDV superior with regard to virologic response and

placebo or ddI + HU + d4T placebo or ddI + comparable in CD4+ cell count increase among all
HU + d4Ta treatment arms. The double combination of HU +

ddI was as effective as the dual nucleoside
analogues combination

The ACTG 202 Patients treated with IDV/ZDV/3TC for at least The addition of HU to potent, suppressive therapy
5025 6 months and suppressed viral replication were did not enhance the efficacy and was associated
Study[28] randomised to: ZDV 300mg twice daily; 3TC 150mg with excess toxicity

twice daily; IDV 800mg q8h; d4T 40mg twice daily;
ddI 400mg once daily; HU 600mg twice daily

a Dosages not stated.

3TC = lamivudine; ACTG = AIDS Clinical Trials Group; BMS = Bristol-Myers Squibb; d4T = stavudine; ddI = didanosine; HU = hydroxyurea;
IDV = indinavir; q8h = every 8 hours; RIGHT = Research Institute for Genetic and Human Therapy; ZDV = zidovudine.
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placebo group (p = 0.001); however, the CD4+/ by the Swiss investigators.[27] This was a random-
CD8+ ratio increased similarly in both groups, in- ised, double-blind, placebo-controlled trial that in-
creasing from 0.5 to 0.9 in the placebo group and cluded four treatment groups: (i) didanosine plus
from 0.7 to 1.1 in the hydroxyurea group. During the zidovudine plus stavudine-placebo; (ii) didanosine
first 12 weeks on treatment, three patients in the plus stavudine plus zidovudine-placebo; (iii) didan-
placebo group and seven in the hydroxyurea group osine plus stavudine plus hydroxyurea; and (iv)
discontinued treatment. Nonresponders in the place- didanosine plus hydroxyurea plus stavudine-place-
bo group (49 patients) either added hydroxyurea to bo. Patients were treatment-naive with a median
their current regimen (31 patients) during the open- baseline CD4+ count of approximately 350 cells/
label phase (‘delayed hydroxyurea’ group) or were mm3 and a median baseline VL of approximately
discontinued from the study (18 patients). All non- 4.5 log10 copies/mL.
responders in the hydroxyurea-treated group (26 A preliminary, intent-to-treat analysis of 177 pa-
patients) were discontinued from the study. In the tients treated for 24 weeks demonstrated that the
patient group analysed at week 24 on an on-treat- triple combination of didanosine + stavudine +
ment basis, the mean VL reduction was 2.6 log10 in hydroxyurea reduced VL by approximately 2 log10.
the 34 patients who continuously received hydroxy- This reduction was significantly greater than that
urea plus didanosine plus stavudine. This value was observed in all other treatment groups. Almost 80%
not significantly different from the 12-week reduc- of patients in the triple combination group main-
tion of 2.8 log10 copies/mL. Twenty-seven of these tained a VL <400 copies/mL at week 24 (figure 1a).
34 patients (79%) maintained a VL <200 copies/mL, Another important finding of this study was that the
and 17 (63%) had values <20 copies/mL. During combination of hydroxyurea and didanosine inhib-
this period, five patients discontinued treatment. In ited HIV at a rate comparable to the other two dual-
the delayed hydroxyurea treatment group, the addi- nucleoside regimens. Approximately 53% of the
tion of hydroxyurea to didanosine plus stavudine patients receiving didanosine plus stavudine, 43%
between weeks 12 and 24 resulted in a significant receiving didanosine plus hydroxyurea, and 36%
mean reduction in VL from 1.1 log10 copies/mL to receiving didanosine plus zidovudine maintained a
1.9 log10 copies/mL (p < 0.0001). Patients in this VL <400 copies/mL at week 24 (figure 1a). Similar
group also experienced a reduction in the increase in to the previous studies, absolute CD4+ cell count
CD4+ cell counts from baseline, resulting in a mean improvements were lower in the hydroxyurea-con-
increase of 123 cells/mm3 at week 12, and a mean taining groups compared with the non-hydroxyurea-
increase of 86 cells/mm3 at week 24. The difference containing groups. However, all of the treatment
in mean CD4+ cell count increase between weeks 12 groups experienced a comparable increase in the
and 24 was not statistically significant. The minimal percentage of CD4+ cells compared with baseline
increase in CD4+ cells in the hydroxyurea plus (figure1b).
didanosine plus stavudine treatment group observed
at week 12 (36 cells/mm3) was maintained through 1.5 AIDS Clinical Trials Group 5025
week 24 (31 cells/mm3). These data suggest that
delaying the use of hydroxyurea may provide a The ACTG 5025 study (table II) was an ‘intensi-
useful strategy for improving CD4+ cell count. Fur- fication study’ designed to determine whether viral
ther clinical evidence is required, however, to con- suppression is increased when subjects are switched
firm this hypothesis. from a regimen of indinavir 800mg every 8 hours,

zidovudine 300mg twice daily and lamivudine
150mg twice daily to a regimen containing indinavir1.4 The Bristol-Myers Squibb 055 Study
800mg every 8 hours, didanosine 400mg once daily,

The multinational, BMS 055 study results (table stavudine 40mg twice daily and hydroxyurea 600mg
II) have generally confirmed the findings reported twice daily.[28] Primary endpoints were loss of viral
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Hydroxyurea in HIV Treatment 611

group compared with the indinavir, zidovudine and
lamivudine group.

The antiviral activity of the combination of efavi-
renz, stavudine, didanosine with or without
hydroxyurea were evaluated in the 3D study. This
was an international, multicentre, randomised, pla-
cebo-controlled trial.[36] This study enrolled 100
HIV-infected, treatment naive patients (VL 46 005
copies/mL, CD4+ cell count 371 cells/mm3, at base-
line), and 49 HIV-infected treatment experienced
patients (VL 6882 copies/mL, CD4+ cell count 337
cells/mm3, at baseline). The data at week 24 avail-
able on 91 of 149 patients showed that 90% of the
naive and 95% of the experienced patients had a VL
<500 copies/mL. CD4+ cell count increased to 48
and 27 cells/mm3, respectively. In 42 patients a
grade 3/4 toxicity was reported. In conclusion, these
two combinations seem to be highly effective in
controlling viral replication. However, further anal-
yses of the data obtained from the two groups are
needed in order to clarify the antiviral activity and
the toxicity profile of hydroxyurea.

2. Safety Profile

2.1 Adverse Effects of Hydroxyurea
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Fig. 1. Preliminary, intention-to-treat analysis of the Bristol-Myers
Squibb (BMS) 055 trial.[27] (a) Rates of undetectable viraemia after
HU/ddI, HU/ddI/d4T and dual nucleoside analogues. (b) Treatment
with HU-based combinations for 24 weeks resulted in an increase
of in the percentage of CD4+ cells compared with baseline. d4T =
stavudine; ddI = didanosine; HU = hydroxyurea (hydroxy-
carbamide); VL = viral load; ZDV = zidovudine. 

2.1.1 Bone Marrow Suppression
suppression (HIV-RNA >200 copies/mL) and drug The principal adverse effect of hydroxyurea is
toxicity. Inclusion criteria were indinavir, zidovu- bone marrow suppression leading to neutropenia,
dine, and lamivudine for >6 months, HIV-RNA anaemia, and thrombocytopenia.[4] For this reason,
<200 copies/mL, CD4+ cell count >200 cells/mm3, the use of hydroxyurea with other agents that are

also suppressive to the bone marrow, such as zido-no prior exposure to didanosine plus stavudine, and
vudine, results in an increased risk of haematologi-no prior exposure to a protease inhibitor other than
cal toxicity.[33] In patients with HIV infection, theindinavir. Patients pre-exposed to indinavir, zidovu-
incidence of neutropenia is lower than that observeddine and lamivudine were randomised to: (i) contin-
in persons treated with hydroxyurea for leukae-ue the same regimen; (ii) switch to indinavir, didan-
mia,[37,38] reflecting the lower dosage used for HIV

osine, and stavudine; or (iii) switch to indinavir,
infection. The risk of neutropenia appears to be

didanosine, stavudine, and hydroxyurea. The study greater in persons with an absolute neutrophil count
did not reveal differences in the virologic endpoints; (ANC) of <1700 cells/mm3. For example, in a study
however, the study was terminated since an interim with the triple combination of didanosine plus stavu-
analysis showed a higher percentage of treatment dine plus hydroxyurea in nucleoside-experienced
failure (defined as confirmed VL >200 copies/mL or patients, four patients who began treatment with an
treatment-limiting toxicity) in the hydroxyurea ANC <1700 cells/mm3 experienced grade 3 neutro-
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penia (e.g. <700 cells/mm3).[39] Neutropenia re- the possibility that this drug might accentuate the
solved in these four patients upon therapy discontin- toxic effects of other agents.
uation. At week 24, analysis of the Swiss Cohort

2.2.1 Oxidative Phosphorylation Disordersstudy, grade 1 neutropenia occurred in a significant-
Nucleoside analogues are known to be toxic toly (p = 0.04) greater portion of the hydroxyurea-

cellular mitochondria.[43] The oxidative phosphoryl-treated patients; there was no difference with regard
ation disorders consequential to the cumulativeto grades 2 or 3 neutropenia between the hydroxy-
damage inflicted on the mitochondrial enzyme gam-urea and non-hydroxyurea-treated groups. However,
ma-polymerase by nucleoside analogues could bea significantly greater proportion of patients in the
increased by hydroxyurea via the same mechanismhydroxyurea-treated group also experienced more
by which this drug accentuates the activity of nucle-fatigue (p = 0.02).[26] The preliminary analysis of
oside analogues on the viral reverse transcriptase.ACTG 307 demonstrated that a 1500mg daily dos-
Oxidative phosphorylation disorders reflect aage induced significantly more haematological tox-
shortage of mitochondrial ATP synthesis. The pyr-icity, principally neutropenia, compared with a
uvate/lactate equilibrium shift in the direction of1000mg daily dosage.[25] Bone marrow toxicity in-
lactate can lead to functional impairment of theduced by hydroxyurea has been described in the past
Krebs cycle. When the mitochondrial energy-gener-as quickly reversible upon drug suspension.[4] A
ating capacity falls below the threshold of an organrecent report, however, showed two cases of pro-
(energy-demanding needs of the organ will be morelonged myelosuppression after the drug was with-
susceptible), sudden cellular failure may occur.drawn.[40]

Table III illustrates the clinical manifestations of
oxidative phosphorylation disorders, some of which2.1.2 Other Adverse Effects
have been associated with the use of nucleosideOther rare complications, most commonly asso-
analogues.ciated with the prolonged use of hydroxyurea, in-

clude skin toxicities such as alopecia, hyperpig-
2.2.2 Peripheral Neuropathy

mentation, erythema, and leg ulcers.[4,32,41]

Concerns have been raised regarding the poten-
Hydroxyurea use has also been associated with mild

tial for increased peripheral neuropathy when
gastrointestinal toxicity. Nausea, vomiting, diar-

hydroxyurea is co-administered with both didan-
rhoea, anorexia have been reported frequently; how-

osine and stavudine. In the BMS 055 study, peri-
ever, they rarely required cessation of therapy.[4]

Transient abnormalities in renal functions (eleva-
tions of serum urea nitrogen and creatinine, protein-
uria, and an active urine sediment) have been ob-
served; however, renal failure and severe prolonged
kidney dysfunctions have not been reported.[4] Sig-
nificant elevation of liver enzymes (ALT, AST)
with rare episodes of clinical jaundice have been
observed.[4] It is important to stress that hydroxyurea
is considered a teratogenic agent,[4] and therefore,
should not be used during pregnancy.[42]

2.2 Adverse Effects with Use of Hydroxyurea
in Combination with Other Agents

Besides the known adverse events caused by
hydroxyurea, particular emphasis must be paid to

Table III. Clinical manifestations of oxidative phosphorylation
disorders

Disorder Manifestations

Neurological Peripheral neuropathy, encephalopathy,
dementia, seizures, stroke

Myopathy Hypotonia, muscle weakness, exercise
intolerance

Cardiac Cardiomyopathy, conduction disorders

Endocrine Diabetes mellitus

Gastrointestinal Colonic pseudo-obstruction, exocrine pancreas
dysfunction, pancreatitis, hepatomegaly,
steatosis, liver failure, lactic acidosis

Nephrological Nonselective proximal tubular dysfunction with
acidaemia, phosphaturia and glucosuria,
glomerulopathy

Haematological Anaemia, thrombocytopenia, pancytopenia

Psychiatric Depression

General Multiple systemic lipomas, fatigue
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pheral neurological symptoms were reported in 15% Study,[26] and BMS 055[27] trials. Moreover, pancre-
(7 of 46) of patients treated with didanosine plus atic and hepatic enzyme values were not different
stavudine plus hydroxyurea compared with 9% (4 of between the hydroxyurea-containing and non-con-
43) of patients treated with didanosine plus taining regimens.
hydroxyurea, 11% (5 of 44) of patients treated with 2.2.4 Lactic Acidosis
zidovudine plus didanosine, and 7% (3 of 44) of Lactic acidosis is now recognised as a complica-
patients treated with didanosine plus stavudine.[40]

tion of NRTI therapy. In 70 patients receiving anti-
In the Swiss Cohort study, patients randomised to retroviral therapy, lactic acid and anion gap levels
receive hydroxyurea showed a higher incidence of were routinely measured within 60 days after their
peripheral neurological symptoms.[24,25] Although office visit.[45] In this cohort, 27 patients were also
this difference was not statistically significant (p = taking hydroxyurea, four of whom experienced both
0.09), we have the impression that neurological levels above the normal range. Three patients were
symptoms were increased by the combination of treated with stavudine, didanosine and lamivudine
hydroxyurea and didanosine plus stavudine. This (two with hydroxyurea), the fourth was treated with
tendency was not observed when hydroxyurea was stavudine, lamivudine, nelfinavir, and saquinavir. It
combined with didanosine without stavudine.[24,25]

is unclear whether hydroxyurea increases the risk of
In addition, a recent publication by Moore et al.[17]

hyperlactinaemia because the two subjects exper-
has shown that in 1116 patients the relative risk of iencing hyperlactinaemia also received stavudine, a
developing neuropathy in HIV-infected patients drug known to induce high levels of lactic acid.[46]

treated with didanosine was increased by the addi- New clinical studies on the combination of hydroxy-
tion of stavudine alone, and was further increased by urea with NRTI should consider monitoring the
the addition of hydroxyurea to this combination.[17]

amount of lactic acid in the serum and/or changes on
No data are available on the combination of the mitochondrial DNA, parameters which might
hydroxyurea and stavudine without didanosine. predict the level of mitochondrial dysfunction.

2.2.3 Hepatic and Pancreatic Adverse Effects 2.3 Rationale for Hydroxyurea Toxicity
Increased hepatic and pancreatic toxicities have

The unusual findings of the ACTG A5025been correlated with the use of hydroxyurea. In a
study[28] deserve close attention, and yet still lack ansmall study, two patients pre-exposed to antiretrovi-
explanation. Differences exist between this studyral drugs experienced hepatitis when their multidrug
and previous ones (table IV):regimens were switched to new regimens including
• patients were heavily pre-exposed to antiretrovi-hydroxyurea and other drugs such as nelfinavir,

ral therapy;stavudine, didanosine, ritonavir and saquinavir.[44]

In the ACTG 5025 trial the arm containing hydroxy- • four drugs (including a protease inhibitor), in-
urea (n = 68 patients) was eventually discontinued, stead of three (hydroxyurea, didanosine, and sta-
due to a higher failure rate.[28] This was mainly due vudine), were used. The combination of these
to increased toxicity, which included three deaths. In two events might have generated ‘cumulative
all of these events, pancreatitis was part of the toxicity,’ a phenomenon related to the length of
syndrome. Overall, four episodes of pancreatitis exposure to drugs and number of drugs used;
were reported in the hydroxyurea containing arm • in ACTG 5025 didanosine was administered at
versus three episodes in the didanosine, stavudine, 400mg daily, instead of the 200mg twice daily
indinavir arm. used in previous trials.[24-27] This difference

In striking contrast, no episodes of hepatitis, pan- might be relevant, since didanosine-induced pan-
creatitis, and/or lactic acidosis were observed in creatitis is dose dependent.[47-50] Modifying the
over 500 patients enrolled in the above-mentioned schedule of the drug could change its bioavaila-
RIGHT 411,[24] ACTG 307,[25] Swiss Cohort bility profile, even if the total daily dose does not
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Table IV. Main differences between the AIDS Clinical Trials Group (ACTG) 5025[28] and Research Institute for Genetic and Human Therapy
(RIGHT) 411,[24] ACTG 307,[25] Swiss HIV Cohort Study,[26] Bristol-Myers Squibb (BMS) 055[27] studies

ACTG 5025 RIGHT 411, ACTG 307, Swiss Cohort, BMS 055

IDV/ ddI/d4T/HU HU/ddI or HU/ddI/d4T

Pretreated patient (IDV + ZDV + 3TC) Naive or not heavily pretreated patients (mainly NRTI)

Viral load <200 copies/mL Viral load mean: 4.5 log

HU: 600mg twice daily HU: mainly 500mg twice dailya

ddI: 400mg daily ddI: 200mg twice daily

Peripheral neuropathy Peripheral neuropathy (only with d4T)

Pancreatitis No pancreatitis

a 500mg daily in one arm of ACTG 307.

3TC = lamivudine; d4T = stavudine; ddI = didanosine; HU = hydroxyurea (hydroxycarbamide); IDV = indinavir; NRTI = nucleoside reverse
transcriptase inhibitor; ZDV = zidovudine

change. In fact, we analysed the in vitro mito- 3. Hydroxyurea Dosing and
Administration in HIV Infectionchondrial toxicity of the combination didanosine

plus hydroxyurea in a pancreatic cell line.[51] In
this study, didanosine concentrations (1.5 and 10 The optimal dosage of hydroxyurea for the treat-

ment of HIV infection had not been established atμmol/L) were chosen to reflect the Cmax of the
the time the trials mentioned so far were carried out;drug with the 400mg daily and 200mg twice daily
only scattered information was available. A study byregimens (6.5 ± 3.3 μmol/L and 3.4 ± 1.9 μmol/
Montaner et al. had demonstrated that a 1000 mg/L, respectively). Hydroxyurea concentrations
day dosage of hydroxyurea in two divided dosesused represented those attainable in vivo (10, 50
added to didanosine was more effective than a 500and 100 μmol/L). Hydroxyurea alone did not
mg/day in terms of VL reduction.[32] The prelim-affect mitochondrial functionality. At low didan-
inary analysis of ACTG 307 had shown that a 1500osine concentrations (1 and 5 μmol/L), there was
mg/day significantly induced haematological toxici-negligible mitochondrial toxicity. However, at a
ty, principally neutropenia, compared with a 1000higher concentration (10 μmol/L) there was a
mg/day, without a proportional increase in effi-moderate toxic effect. The combination of
cacy.[25] In the same study the addition of hydroxy-hydroxyurea to 1 μmol/L didanosine did not af-
urea 1000 mg/day to didanosine significantly re-fect the mitochondrial functionality. The combi-
duced plasma VL,[25] despite the short half-life ofnation of 5 μmol/L didanosine plus hydroxyurea
the drug. This was consistent with the in vitro dem-induced moderate mitochondrial dysfunction
onstration that HIV continues to be inhibited after

which depended on the hydroxyurea concentra-
the drug is eliminated from the supernatant of

tion. In vivo the high Cmax of the once daily
human macrophages,[7] and such a residual effect

regimen didanosine along with the peak hydroxy-
may allow for successful twice daily or potentially

urea concentration might facilitate the onset of once daily administration of hydroxyurea.
pancreatitis;

A study by Foli et al. has shown that the enhance-
• in ACTG A5025 hydroxyurea was administered ment of mitochondrial toxicity by hydroxyurea is a

at a dosage of 1200 mg/day (600mg twice daily), dose-dependent phenomenon.[51] In this study the in
different from the dosage used in most other vitro effects of didanosine and hydroxyurea, alone
trials. Based on these considerations we decided and in combination, were analysed on mitochondrial
to explore the possibility that lower hydroxyurea functionality of pancreatic and hepatic human cells,
doses may be associated with fewer adverse ef- by using a sensitive flow cytometric assay that al-
fects. A systematic study for hydroxyurea opti- lows for the analysis of the mitochondrial membrane
mal dosage and schedule was initiated. potential at the single cell level. Pancreatic and
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hepatic human cell lines were exposed to several daily doses for the primary endpoint (plasma HIV-
RNA levels <400 copies/mL at week 24 of therapyconcentrations of hydroxyurea and didanosine,
and no dose adjustment before week 24, the percent-alone or in combination, for as long as 28 days.
ages being 76, 51, and 60% for the 600mg group,Mitochondrial functionality was evaluated every 7
800–900mg group, and 1200mg group, respective-days by staining cells with the fluorescent probe
ly) and for all of the other efficacy endpoints. TheJC-1; simultaneously, cell viability was assessed in
twice-daily dosing interval schedule was the best ofparallel by cell counting. In the pancreatic cell line,
the three dosing intervals for most efficacy end-didanosine alone induced a dose-dependent mito-
points. A pair-wise comparison between 600mg andchondrial toxicity at concentrations attainable in
800–900mg total daily dose groups revealed statisti-vivo, while none of the concentrations of hydroxy-
cally significant differences for the proportion ofurea attainable in vivo had direct effects on mito-
patients with VL <400 copies/mL at week 24 (pri-chondria. Addition of hydroxyurea increased mito-
mary endpoint) [p = 0.027], and week 48 (p = 0.03).chondrial toxicity at high concentration of didan-
The area under the curve (AUC) at week 24 (p =osine in a dose-dependent manner. Only minor
0.016) and week 48 (p = 0.001) were also lower ineffects of the drugs, either alone or in combination,
the 600mg groups. The twice-daily dose intervalwere observed in hepatic cell line mitochondria.
groups were superior to the once daily group for all

RIGHT 702 was an open-label, 52-week, virologic endpoints; however, for the CD4+ cell
hydroxyurea dose-regimen study of 115 HIV-infect- counts there was a tendency favouring the once
ed patients, randomised to one of nine treatment daily dose. The most efficacious combination of
arms in a 3 × 3 factorial design, to compare safety total daily dose and dose interval for the primary
and efficacy of hydroxyurea administered at three endpoint was 300mg twice daily (p = 0.017). The
daily doses (600, 800–900, or 1200 mg/day) and at total daily dose groups and the dosing interval
three dosing intervals (once daily, twice daily, or groups were not statistically different with respect to
three times daily) in combination with didanosine adverse events; however, one case of lethal pancrea-
and stavudine.[52] Mean log10 transformed baseline titis occurred in the 1200mg hydroxyurea group.
plasma HIV RNA levels ranged from 4.36 for the Furthermore, there was a tendency for the lowest
800–900mg group to 4.58 for the 600mg group, and dose (600mg daily) to be associated with fewer
from 4.36 for the three-times-daily group to 4.54 for adverse effects and a better CD4+ cell count in-
the daily group. The power of the study was based crease. In conclusion, these surprising results show-
on adverse event rates, rather than the primary effi- ed that a low, well-tolerated hydroxyurea dose
cacy endpoint (the proportion of patients with plas- (600mg daily) has better antiretroviral activity than
ma HIV-RNA levels <400 copies/mL at week 24 of higher doses, together with better CD4+ cell count
therapy and no dose intensification before week 24). increase and fewer adverse effects.
Patients were randomised to one of nine treatment
arms, which were arranged in a 3 × 3 factorial

4. Salvage Therapy for Advanceddesign, evaluating total daily dose and daily sched-
HIV Infectionule. The total daily doses were either ‘very low’

(600 mg/day) ‘low’ (800–900 mg/day), or ‘medium’
(1200 mg/day). The daily schedules were either Hydroxyurea has been studied as salvage therapy
once daily, twice daily, or three times daily. Thirteen for heavily-pretreated patients with advanced HIV
patients per treatment regimen resulted in 39 pa- disease.[53-57] These studies have shown that some
tients in each total daily dose group and in each patients with extensive pretreatment experience and
dosing interval group. Analysis was performed on advanced disease can respond substantially to the
an intention-to-treat basis. When multiple groups addition of hydroxyurea, although there is concern
were analysed, 600mg was the best of the three total that toxicity may be more severe compared with
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patients with less-advanced disease, similar to what urea patients’ regimen. After 28 weeks on therapy
the mean VL drop was 0.7 log10 along with a meanhas been observed with other drug combinations.
CD4+ cell count drop of 34 cells/mm3. The drop inIn a study of patients who had been exposed to a
VL in the subjects with previous didanosine experi-median of seven antiretroviral agents for 45 months,
ence was similar to that observed in patients with no

17 of 38 patients (45%) who had completed 1 month
prior didanosine exposure. Also, the subjects receiv-

of therapy that included hydroxyurea achieved a VL
ing an additional new antiretroviral had a com-

of <500 copies/mL.[32] Youle and colleagues report-
parable reduction in VL compared with the patients

ed that patients whose disease failed to respond to
who did not. The authors suggest that this study

protease inhibitor-containing therapy exhibited
seems to indicate a limited efficacy of the didan-

marked initial responses in HIV-RNA levels and osine plus hydroxyurea combination in salvage ther-
CD4+ cell count when treated with multidrug regi- apy. Grunke et al. had successfully used hydroxy-
mens (e.g. five to seven drugs) with a backbone of urea as part of salvage therapy when the drug was
efavirenz, hydroxyurea, didanosine, ritonavir, and used in combinations containing several new and
indinavir.[41] This study included 49 patients who, at non-cross-resistant antiviral drugs.[57]

the time of treatment switch, had been taking prote- Recently, the effects of hydroxyurea addition to a
ase inhibitor-containing regimens for more than 6 quadruple combination of reverse transcriptase in-
months, had a median baseline VL of 5.81 log10 hibitors in 69 patients not responding to PI-based
copies/mL and a CD4+ cell count of 97 cells/mm3. HAART has been reported.[58] These patients were
After a median follow-up of 12 weeks, there were randomised to receive stavudine, didanosine, efavi-
significant reductions in HIV RNA (median –1.7 renz and abacavir, or the identical regimen plus
log10 copies/mL per 6-month period; p = 0.021) and hydroxyurea, or plus interleukin (IL)-2. After 48
increases in CD4+ cell count (median +95 cells/ weeks on therapy the proportion of patients reaching
mm3 per 6-month period; p = 0.003) compared with a plasma level <50 HIV-RNA copies/mL was signif-
baseline. Of the 15 patients who had been treated for icantly higher in the hydroxyurea-containing groups
at least 24 weeks at the time of this report, nine compared with the group not receiving hydroxyurea.
(60%) had HIV RNA levels <400 copies/mL. In a Patients receiving the four RTI plus plus hydroxy-
study presented by Miles et al., 17 HIV-infected urea experienced a drop in CD4+ cell counts, while
patients with clinical and genotypic resistance to in the patients treated with the four drug regimen
stavudine and lamivudine were treated for at least 4 alone or plus hydroxyurea and IL-2 the CD4+ cell
weeks with the combination stavudine, lamivudine count increased substantially. Overall the adverse
and hydroxyurea.[55] Before starting hydroxyurea events were more frequent in the hydroxyurea-treat-
treatment, median VL was 5.6 log10, all patients ed groups.
carried the 184V mutation, and most of them carried
also the 75 mutation. After 4 weeks on therapy the

5. Evidence for Diminished Resistance tomedian drop in VL was 1.7 log10, suggesting a
Nucleoside Reversepotent antiretroviral role for hydroxyurea. In addi-
Transcriptase Inhibitorstion, 23 patients receiving didanosine plus hydroxy-

urea in combination with an antiretroviral after viro-
logic failure were studied in a retrospective study.[56] Tissue culture work has shown that the presence
Before starting didanosine plus hydroxyurea treat- of hydroxyurea can slow the development of resis-
ment patients’ median VL was 4.6 log10, and med- tance to didanosine (Wainberg et al., unpublished
ian CD4+ cell count was 270 cells/mm3. In this observation). However, the addition of hydroxyurea
population 52% of the patients had been previously to didanosine does not prevent the emergence of
exposed to didanosine. A new antiretroviral agent resistance to didanosine;[24] nonetheless, the efficacy
was added to 83% of the didanosine plus hydroxy- of this therapeutic regimen may not be attenuated by
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the presence of didanosine-resistant HIV mu- mutations (e.g. codons 74 and 184). Nonetheless,
tants.[13,24] VL was reduced to a significantly greater extent in

the hydroxyurea plus didanosine group (mean 93%The combination of hydroxyurea plus didanosine
below baseline) compared with didanosine mono-appears to overcome resistance to didanosine, possi-
therapy (mean 53% below baseline) after 24 weeksbly due to the depletion of cellular dATP, which
of therapy (AUC, U test of Mann-Whitney; p =may favour the incorporation of the active metabo-
0.0005). None of the 38 patients who receivedlite of didanosine (ddA-TP) into the replicating HIV
hydroxyurea plus didanosine experienced viral re-DNA strand.[7,13,24] The favourable ratio of ddNTP
bound (e.g. an increase of at least 3-fold over theto dNTP (particularly dATP) that is induced by the
trough value for at least two consecutive tests) com-presence of hydroxyurea permits continued pheno-
pared with eight of 19 patients (42%) in the didan-typic sensitivity by genetically resistant viral iso-
osine monotherapy group. An in vitro evaluation oflates with mutations at codons 74 and 184. In the
HXB2D clones with K65R or L74V mutationspresence of a resistant HIV mutant, the nucleoside
showed that 50 μmol/L of hydroxyurea reduced theanalogue may not compete efficiently with endoge-
concentration required to inhibit 50% (IC50) ofnous nucleotides (i.e. dATP) for incorporation into
didanosine to levels comparable to those needed tothe nascent DNA chain. However, if the concentra-
suppress the wild type clone in the absence oftion of the competitor is reduced, or the concentra-
hydroxyurea. The concentration of hydroxyureation of the phosphorylated form of the nucleoside
used (50 μmol/L) is readily achievable in vivo.analogue is sufficiently increased, such as occurs

when hydroxyurea is added,[7,10] the relative efficacy Palmer et al.[13] and Wainberg et al.[18] have con-
of the nucleoside analogue may be augmented with- firmed these data with didanosine and also demon-
out modification of the viral reverse transcriptase. strated similar activity by combining hydroxyurea
This represents a novel approach to overcoming with two novel adenosine analogues, adefovir and
resistance. tenofovir, in a variety of clinical isolates that dis-

played resistance to these compounds (table V). ForThis phenomenon was first described in the
example, the addition of hydroxyurea 50 μmol/L toRIGHT 411 trial.[24,59] Viral RNA sequencing was
didanosine resulted in an 18-fold reduction in theconducted using plasma samples from 11 patients in
IC50 for a multidrug resistant (MDR) isolate con-the hydroxyurea plus didanosine group and eight
taining six reverse transcriptase (RT) mutations (e.g.patients in the didanosine monotherapy group. Two
41L, 67N, 184V, 210W, 215Y, 219N) and a 22-foldof eight didanosine-treated patients (25%) displayed
reduction in the IC50 for a multinucleoside-resistantmutations known to induce resistance to didanosine
isolate containing four RT mutations (e.g. 75I, 77L,(e.g. codons 65 and 74), and 6 of 11 in the hydroxy-

urea plus didanosine group (55%) displayed such 116Y, 151M).

Table V. Inhibition of HIV mutants resistant to nucleoside analogues by hydroxyurea[13]

RT mutation in Fold change in IC50

HIV isolate ddl adefovir tenofovir

HU– HU+ HU– HU+ HU– HU+

Reference isolate – >8 – ↓8 – ↓>26

65 ↑5.8 ↓>46 ↑4.2 ↓130 ↑3.7 ↓60

74 ↑3.0 ↓>24 ↑1.3 ↓13 ↑1.3 ↓ >34

75, 77, 116, 151 ↑95 ↓22 ↑2.8 ↓5.0 ↑4.9 ↓32

HU = hydroxyurea (hydroxycarbamide); IC50 = concentration that produces 50% inhibition; 65 = reverse transcriptase (RT) mutation
conferring resistance to didanosine (ddI); 74 = RT mutation conferring resistance to ddI, adefovir and tenofovir; 75, 77, 116, 151 = RT
mutations conferring multidrug resistance; ↑ = increase; ↓ = decrease.
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6. Role in Immune System Reconstitution gens;[74] higher CD3-zeta expression in CD4 (p =
0.004) and CD8 cells (p = 0.002); and higher levels

Virus-specific immune responses, such as those of naive (CD45RA+CD62L+) CD4 (p = 0.02) and
by CD8 cytotoxic and CD4 T helper lymphocytes, CD8 (p = 0.01) cells. Furthermore, patients treated
are critical for effective control of infection.[60-65] with hydroxyurea plus didanosine plus indinavir
The clinical course of HIV infection is typified by a also had lower levels of CD8 T lymphocyte activa-
progressive loss of these important components of tion (HLA-DR+CD38+; p = 0.004), which has been
the immune system.[60-65] Despite a blunt in increase suggested as a marker of poor prognosis.[75] While
of CD4+ cell count,[24,26,27,32] the results of studies of not significantly different, hydroxyurea plus didan-
hydroxyurea-based combinations suggest that these osine plus indinavir-treated patients had higher
regimens may attenuate the loss of immune system levels of CD28+ expression on CD8 T lymphocytes,
components or permit immune reconstitution, both a co-stimulatory molecule essential for lymphocyte
during acute and chronic infection.[66-68]

proliferation. A similar increase of the CD28+ ex-
In an interim assessment of 12 chronically infect- pression on CD8 T lymphocytes has been recently

ed patients treated for an average of 122 weeks with observed in patients treated with non-hydroxyurea
hydroxyurea plus didanosine. These patients be- containing HAART.[76,77]

longed to a larger cohort of 57 HIV-1 infected
In another study,[68] patients were treated during

patients described elsewhere.[22] At the end of the
acute HIV infection, i.e. prior to complete Western

study (week 40), 12 patients of the hydroxyurea plus
blot seroconversion, with the combination of

didanosine group elected to continue this therapy;
hydroxyurea, didanosine and indinavir. This treat-even though new drugs (such as protease inhibitors)
ment was associated with the normalisation of somehad become available. In this group of patients,
immune parameters and functions. No loss of naiveaverage baseline viraemia was 51 795 (SD =
CD4 T lymphocytes was observed, and a recovery66 869) and CD4+ cell count average was 376 cells/
of naive CD8 T lymphocytes proportion up to 35%mm3 (SD = 72). After 122 weeks of therapy the
occurred within a few weeks. A vigorous HIV-mean level of naive CD4 T cells (54.1%) and naive
specific CD4 T helper response (stimulation indexCD8 T cells (39.8%) were significantly higher than
>9) was observed in seven of eight patients treatedin untreated patients (23.8% with p = 0.00003 and
before complete Western blot seroconversion, and9.8% with p = 0.000002, respectively) and were
only in one out of five control patients treated aftersimilar to uninfected, healthy subjects.[67] In addi-
seroconversion. Furthermore, a limited size of thetion, vigorous HIV-specific CD4 T helper re-
latent viral reservoir (ranging between <0.02 and 0.5sponses, measured as described elsewhere,[60] were
infectious units per million cells analysed) was doc-detected in 6 of 12 patients (50%). This is in striking
umented in quiescent peripheral blood lymphocytescontrast with the lack of anti-HIV T helper re-
after treatment initiation before complete Westernsponses observed in chronically infected patients
blot seroconversion.after HAART treatment;[69-71] none of these six pa-

Recently, Ogorman et al. presented preliminarytients could be classified as long-term non-progres-
immunological data on the 3D study in which thesors according to current definitions[72,73] in that they
effects of the combination of efavirenz, stavudine,had high VL and low CD4+ cell counts at baseline.
didanosine with and without hydroxyurea on theImmunophenotypic markers and function were
CD4 and CD8 T cell subsets were evaluated.[78] Inevaluated in a group of eight hydroxyurea plus
this sub-study, 41 treatment-naive patients (21 in thedidanosine plus indinavir-treated patients with early
hydroxyurea group, and 20 in the non-hydroxyureaHIV infection (median, 9.5 months since infec-
group) were enrolled. After 48 weeks of treatment intion).[67] Compared with an untreated control group,
the hydroxyurea group a non-significant decrease inpatients treated for a median of 4.5 months had

higher proliferative responses to allo and flu anti- the number of CD4 T cells was noticed, along with a
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significant increase in naive CD4 T cells. The abso-
lute number of the CD8 T cells did not change
significantly in both the hydroxyurea and non-
hydroxyurea group, while the number of CD8 naive
T-cells increased only in the non-hydroxyurea
group. There was a significant decrease in the CD4
and the CD8, CD38+ T cells in both hydroxyurea
and non-hydroxyurea groups. The increase of CD4
naive T cells without a parallel increase in total CD4
T cell counts might indicate a selective loss of
memory CD4 cells, and suggest that hydroxyurea
can preserve the naive T cell subset, which repre-
sents the reservoir for immune response.

The paradox of immune restoration by hydroxy-
urea, despite a blunted CD4+ cell count increase
might be explained by the cytostatic properties of
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Fig. 2. Durability of the reduction in HIV-RNA in the follow-up of the
RIGHT 411 trial.[24] Treatment with hydroxyurea (hydroxy-
carbamide) plus didanosine for a mean of 122 weeks resulted in
continued reductions of plasma HIV-1 ribonucleic acid (RNA) levels
over time.

this drug. Indeed, by exerting its cytostatic effect on
CD4 and CD8 T lymphocytes,[79] hydroxyurea may which this occurs may not be as rapid as has been
reduce HIV replication by decreasing CD4 T cell shown with other potent antiretroviral regimens.[83]

proliferation as well as prevent the exhaustion of However, the end result remains durable viral sup-
CD8 T cell populations that may occur as a result of pression.
excessive activation in the context of HIV infec-

Also, during this study period, there was a mod-tion.[9,75,80,81] Cell activation is essential for HIV
erate increase in the mean CD4+ cell count whichinfection. Since CD4 T lymphocyte activation al-
increased from 376 cells/mm3 at baseline (rangelows for virus replication and CD8 T lymphocyte
277–493) to 406 cells/mm3 after a mean of 122activation may contribute to pathogenesis, the com-
weeks of treatment. However, the mean CD4/CD8bination of hydroxyurea with other drugs may lead
cell ratio significantly increased from 0.56 at base-to the inhibition of HIV, by blocking the ‘cell activa-
line (range 0.4–0.9) to 0.83 (range 0.5–1.4).tion-virus-production-pathogenesis’ cycle.

Some of the patients were followed up for longer.
All patients were offered the option to interrupt7. Evidence for Attenuated
treatment, nine agreed to interrupt therapy and wereViral Rebound
compared with seven patients receiving HAART

The durability of the reduction in HIV-RNA was during an 8-week treatment interruption. Both
documented by the follow-up of the RIGHT 411 groups had similar baseline VL, CD4+ cell count,
trial.[24] As stated above (see section 6) 12 patients and length of treatment. Treatment was resumed if
following 40 weeks of didanosine plus hydroxyurea viral rebound >10 000 copies/mL (virological fail-
treatment, agreed to continue this therapeutic regi- ure) or CD4+ cell count decreased below 200 cells/
men.[82] At mean 122 weeks of treatment, the mean mm3 (immunological failure) occurred in two con-
HIV-RNA levels decreased from 51 795 copies/mL secutive measurements. Therapy in none of the 12
(range 602–199 256) to mean 186 copies/mL (range patients who remained on dual therapy failed. Viral
<50–915). Between week 40 and 122, plasma rebound was spontaneously contained, and CD4+
viraemia continued to decrease, achieving an addi- cell count remained stable. In four of seven patients
tional log10 reduction by week 122 (figure 2). These in the HAART group HIV was not controlled by
data suggest that significant and durable viral sup- week 6 and these patients had to restart therapy due
pression may occur over time, and that the rate at to either viraemia rebound or CD4+ cell count de-
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crease (figure 3). Before therapy interruption, the 12 cells/mm3; VL 676 copies/mL); the other patient
had initiated therapy 12 months postinfection (pre-patients who remained on dual therapy had a vigor-
treatment CD4+ cell count 874 cells/mm3; VL 1120ous HIV-specific T cell immune response (median
copies/mL). One year after therapy discontinuation,CD4VIR 1.2%), while the HAART-treated patients
there was no detectable HIV-RNA in plasma ordid not (median CD4VIR 0.2%). CD4VIR repre-
lymph nodes,[84] although integrated proviral DNAsents the percentage of HIV-specific CD4 subpopu-
was found in lymph node mononuclear cells in bothlation expressing interferon (IFN)-γ within the total
patients, and in the PBMC of one patient, at a rate ofCD4 population (CD3+, CD4+, IFN+). This differ-
4 copies/106 cells.[85] The authors suggested that theence was statistically significant (p =.002). This
proviral DNA was incompetent for transcriptionstudy showed that HIV can be controlled during
since no infectious virus was obtained upon culturehydroxyurea-containing therapy interruption in pa-
of lymph node mononuclear cells and peripheraltients with established infection, and that control of
purified CD4 T cells. It is important to consider theviral replication correlates with vigorous anti-HIV-
possibility that these two patients may have beenspecific immune response.
long-term non-progressors who would have exhibit-

Evidence suggesting that hydroxyurea-based reg-
ed these characteristics whether or not they received

imens attenuate viral rebound when therapy is dis-
hydroxyurea-based therapy.

continued has already been presented. In the study
A Spanish group analysed the association oforiginally reported by Biron et al.,[29] 12 antiretrovi-

hydroxyurea as an immune-system modulator, withral-naive patients experienced reductions in VL fol-
HAART.[86] Twenty chronically infected patientslowing treatment with hydroxyurea and didan-
were randomised into two groups receiving stavu-osine.[29] After 1 year of treatment and the addition
dine plus didanosine plus indinavir plus hydroxy-of other patients to the study, 10 of 20 patients had
urea (hydroxyurea group), with baseline CD4+ cellundetectable VL.[84] Eight of these patients had a
count 695 cells/mm3, VL 46 000 copies/mL, or sta-lymph node biopsy at day 360, and seven of these
vudine plus didanosine plus indinavir (ART group),patients had no evidence of infectious virus in the
with baseline CD4+ cell count 710 cells/mm3, VLlymph nodes. Two patients agreed to stop treat-
45 000 copies/mL. Patients underwent five consecu-ment.[85] One patient had initiated therapy 3 months
tive cycles of structured treatment interruption,postinfection (pre-treatment CD4+ cell count 1452
which involved 2-month treatment periods, in the
first treatment-interruption period, HAART was
reinitiated whenever viraemia was >200 copies/mL
(median duration 3 weeks). Interruptions 2, 3, and 4
were fixed-schedule interruptions lasting 2 weeks
each. The fifth interruption was continued as long as
the set point was reached. Hydroxyurea was discon-
tinued during the first three interruption periods
along with all other drugs, but continued during the
last two cycles despite interruption of other drugs.
Immune responses were evaluated by analysing
cytotoxic T lymphocyte activity and lymphocyte
proliferation and were found to increase in both
groups after the first three interruption periods. In-
terestingly, viral control (VL below 5000 copies/
mL) in the absence of drug therapy began to emerge
in the hydroxyurea group when hydroxyurea was
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1. Zhang L, Ramratnam B, Tenner-Racz K, et al.  Quantifyingof the study, T lymphocyte proliferative responses

residual HIV-1 replication in patients receiving combination
were analysed in 11 of 20 patients. One of six antiretroviral therapy. N Engl J Med 1999; 340 (21): 1605-13

2. Finzi D, Blankson J, Siliciano JD, et al.  Latent infection ofpatients in the ART group and all patients in the
CD4+ T cells provides a mechanism for lifelong persistence ofhydroxyurea group had CD4 T lymphocyte prolifer-
HIV-1, even in patients on effective combination therapy. Nat

ative responses specific to the HIV protein p24. Med 1999; 5 (5): 512-7
3. Carr A, Samaras K, Thorisdottir A, et al.  Diagnosis, prediction,

and natural course of HIV-1 protease-inhibitor-associated li-8. Conclusions podystrophy, hyperlipidaemia, and diabetes mellitus: a cohort
study. Lancet 1999; 353 (9170): 2093-9

4. Donehower RC. An overview of the clinical experience withHydroxyurea is a unique agent that augments the
hydroxyurea. Semin Oncol 1992; 19 (3 Suppl. 9): 11-9activity of nucleoside analogues and offers an effec-

5. Charache S, Terrin ML, Moore RD, et al.  Effect of hydroxyurea
tive alternative for treatment of patients with HIV on the frequency of painful crises in sickle cell anemia. Investi-

gators of the Multicenter Study of Hydroxyurea in Sickle Cellinfection. Targeting a cellular rather than a viral
Anemia. N Engl J Med 1995; 332 (20): 1317-22enzyme may permit long-term use of this agent 6. Gao WY, Cara A, Gallo RC, et al.  Low levels of deoxynucleo-

without the induction of resistance or cross-resis- tides in peripheral blood lymphocytes: a strategy to inhibit
human immunodeficiency virus type 1 replication. Proc Natltance to other agents. Hydroxyurea has been mainly
Acad Sci U S A 1993; 90 (19): 8925-8

tested as part of multiple-drug regimens always also 7. Lori F, Malykh A, Cara A, et al.  Hydroxyurea as an inhibitor of
human immunodeficiency virus-type 1 replication. Sciencecontaining didanosine, because of the proven syner-
1994; 266 (5186): 801-5gistic antiviral effects of the two drugs. Several

8. Lori F, Gallo RC. Hydroxyurea and AIDS: an old drug finds a
randomised, controlled studies have produced con- new application? AIDS Res Hum Retroviruses 1995; 11 (10):

1149-51sistent results showing that hydroxyurea-based regi-
9. Lori F. Hydroxyurea and HIV: 5 years later: from antiviral tomens induced substantial and sustained reduction in immune-modulating effects. AIDS 1999; 13 (12): 1433-42

VL in HIV infected patients. However, high doses 10. Gao WY, Johns DG, Mitsuya H. Anti-human immuno-
deficiency virus type 1 activity of hydroxyurea in combinationhydroxyurea might be associated with serious ad-
with 2′,3′-dideoxynucleosides. Mol Pharmacol 1994; 46 (4):

verse events. Using low doses hydroxyurea is a 767-72
11. Johns DG, Gao WY. Selective depletion of DNA precursors: anpromising alternative. Future research of hydroxy-

evolving strategy for potentiation of dideoxynucleoside ac-urea-based regimens is needed to establish the ap-
tivity against human immunodeficiency virus. Biochem Phar-

propriate dosage and administration schedule, eval- macol 1998; 55 (10): 1551-6
12. Malley SD, Grange JM, Hamedi-Sangsari F, et al.  Synergisticuate the potential for intermittent therapy, and deter-

anti-human immunodeficiency virus type 1 effect of hydroxa-mine the efficacy and safety in combination with mate compounds with 2′,3′-dideoxyinosine in infected resting
other agents, and in paediatric patients. Further re- human lymphocytes. Proc Natl Acad Sci U S A 1994; 91 (23):

11017-21search is also warranted to assess the role of
13. Palmer S, Shafer RW, Merigan TC. Hydroxyurea enhances the

hydroxyurea-based regimens toward attenuation of activities of didanosine, 9-[2- (phosphonylmethoxy) ethy-
l]adenine, and 9-[2- (phosphonylmethoxy)propyl] adenineloss of immune function or to induce immune recon-
against drug-susceptible and drug-resistant human immuno-stitution. deficiency virus isolates. Antimicrob Agents Chemother 1999;
43 (8): 2046-50

14. Lori F, Lisziewicz J. Hydroxyurea: mechaninsms of HIV-1Acknowledgements
inhibition. Antivir Ther 1998; 3 Suppl. 4: 25-33

15. Gao WY, Johns DG, Chokekuchai S, et al.  Disparate actions of
We are very grateful to Ian Frank, Bernard Hirschel, hydroxyurea in potentiation of purine and pyrimidine 2′,3′-

Olivier Rutschmann, Sergio Lupo, Jorge Palazzi, Diane Hav- dideoxynucleoside activities against replication of human
lir, and Douglas Richman for their discussion and for review- immunodeficiency virus. Proc Natl Acad Sci U S A 1995; 92

(18): 8333-7ing parts of the manuscript. We also thank Sylva Petrocchi
16. Moore RD, Keruly JC, Chaisson RE. Incidence of pancreatitisand Laurene Kelly for editorial assistance.

in HIV-infected patients receiving nucleoside reverse trans-
criptase inhibitor drugs. AIDS 2001; 15 (5): 617-20The work was supported in part by Istituto Superiore di

17. Moore RD, Wong WM, Keruly JC, et al.  Incidence of neuro-
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