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Abstract

Hydroxyurea (HU) seems to be a unique agent helping current antiretroviral
regimens to control HIV replication. On the one hand, it increases the antiviral
activity of nucleoside analogues, and on the other hand, it reduces the number of
activated CD4 T lymphocytes needed for HIV replication. HU is easy to administer,
broadly distributed to different body compartments, relatively well tolerated, and its

activity does not select for resistant viruses. Clinical trials have demonstrated
substantial and sustained reductions in viral load in patients with primary and
chronic HIV infection receiving HU added to regimens containing didanosine.
Several studies are currently exploring the role of HU-containing regimens as part
of both salvage and simplification strategies. There is also a growing interest in the
properties of HU in preserving or eliciting HIV-specific T lymphocyte responses.
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Introduction

Hydroxyurea (HU) is a well-known cytostatic drug
which has been widely used for the treatment of
several neoplasms, mainly those derived from
bone-marrow cells'2. As HU reduces the produc-
tion of natural nucleotides inside the cells, the as-
sociation of this drug to nucleoside analogs has
been proven to enhance IV suppression®*+Parades
xically, the cytostatic effect’oflHU could be ancther
helpful tool for the treatment of HIV infection, as the
reduction of activated CDACIgMEhodytes> (imits
the spread of the virus throughout the immune sys-
tem58, These adjuvant properties, could make HU
specially suitable for thel treatment of HIV |disease
now that the amount of patients in need of salvage
regimens is growing. Other provocative-ifdieafions
of HU are as part of simplification strategies in pa+
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tients with severe toxicities or with significant quali-
ty of life impairment due to currently used regimens.
The immune-modulatory activity exerted by HU
could also be exploited for the preservation of HIV-
specific T-lymphocyte response when this drug is
added to regimens-prescribed during-primary. or
early infection. Furthermore, in chronically HIV-in-
fected patients following simple nucleoside combi-
nations including HUY ittmight be possible to elicit
an anti-HIV cellular response by virtue of the sus-
tainedrimpaunelogieak stimulus provided by a low
rate of virus-replication.

HU is also easy to administer, has good body
distributionfand avetativetylow cost. The efficacy
of the drugd is not affected by the development of
any.cellular resistance, and could help to over-
comethe appearance of mutations to various an-
tirretroviral drugs. Conversely, a significant in-
grease in the appearance of.anfirretroviral drug
texicitiesthas Begprdaseribed when HU is atlded to
the regimens.

The objective of this review is to offer a broad
perspective on the proven benefits and potential
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Table 1. Pharmacokinetic parameters of hydroxyurea administered orally at a dose of 500 mg BID.

Peak concentration (C__,)
Trough concentration (C_;)
Steady state concentrations
Drug clearance

Half-life (T

1/2)

0.135 +0.06 mmol/L
0.0085 + 0.003 mmol/L
0.045 +0.006 mmol/L
0.18 +0.005 L/h/kg
25 +05h

risks associated to the inclusion of HU in the drug
armament available for the treatment of HIV infection.

Pharmacokinetic properties

HU has excellent bioavailability, with a Tmax of
0.85 to 0.96 hours after oral ingestion. The volume
of distribution is equivalent to total body water,
which means that it is widely distributed. It also has
a very good penetration into the central nervous
system and lymphoid tissues, as HU enters the cell
by passive diffusion’”. HU is eliminated through the
kidneys and other non-renal mechanisms. Mean
pharmacokinetic parameters in patients who were
treated with HU (500 mg BID) are shown in Table 18.
The serum levels of HU obtained following this
dosage and administration schedule (0.01-0.13
mmol/L) are in the range of the concentration
shown to inhibit HIV replication in vitro (0.01-0.1
mmol/L).

Antiviral activity

HU is a selective inhibitor of intracellular ribonu-
cleotide reductase enzyme, which is responsible
for the production of the natural nucleotides re-
quired for the elongation of nascent DNA*?. This
activity explains that high doses of HU are able to
block the proliferation of rapid turn-over cells, as in
the case of certain neoplasms™'°. The role of HU
in the treatment of HIV infection takes advantage of
this same mechanism of action, although lower
doses than in oncologic patients are normally used.

As HU is able to decrease the intracellular dATP
pool, this drug has been shown to enhance the anti-
retroviral activity of adenosine analogues, mainly di-
danosine (ddl), but also adefovir dipivoxil (PMEA)
and tenofovir disoproxil fumarate (PMPA)3411-13,
Smaller-benefits could be obtained with-the asso-
ciation of HU to other nucleoside analogues, as the
reduction of paired dNTP levels is le ffective
than in the case o ﬂTlga:Bfnéﬁ?ti
bitors' 415, At least in vitro, HU seems to enhance
also thymidine

linhj U

process, the relative disadvantage of the drug in
the presence of resistance substitutions is compen-
sated by the reduction in the chances for dATP to
be incorporated* 18,

The addition of HU to a ddl containing regimen
does not prevent the development of genotypic re-
sistance to this nucleoside analogue'®. However, in
the presence of HU the appearance of ddl related
codon mutations could be overcome, and the
amount of virus rebound attenuated'”'®. This phe-
nomenon has been confirmed by our group in cli-
nical practice. In three patients being treated with
HU-ddI for more than 12 months the viral load re-
mained always below 5,000 cop/mL, despite the
presence of ddl resistance codon substitutions
(TeaD, K70R, M184V, L74V). Furthermore, no new
mutations where detected with respect to the base-
line genotype in those subjects presenting virus re-
bound over 5,000 cop/mL under HU-ddI. Palmer et
al. have shown that the in vitro antiviral effect of ddl
against multidrug resistant isolates was 18 to 22-
fold higher when HU was added to the culture’. In
vivo, De Antoni et al. found that the association of
HU to ddl provides better immunological outcome
than ddl alone. This benefit was obtained despite
half of the patients receiving HU-dd| presenting mu-
tations conferring ddl resistance®.

Immunological activity

The inhibition of ribonucleotide reductase en-
zyme exerted by HU also has immunological impli-
cations. As DNA synthesis is impaired, those cells
with high turn over tend to be arrested at a quies-
cent stage, somewhere between G1 and S phases®.
This phenomenon explains HU cytotoxic effect, and
the frequent appearance of bone marrow toxicities?".
Paradoxically, the immune activation observed
during HIV-infection, in-which the productionof cy-
tokines??® and the increased number of activated
T lymphocytes play a major role®*%6, helps to sus-
Qliégénnméy%replioaﬂon. It is known

that HIV is able to infect both latent and activated

(omivuaine, ST) antviral i OD) Hotebura! B {ERLHS pIBMLLA ! iscive vrons would o

the intracellular phosphorylation of these drugs'"6.
Genotipic resistanquf[r?q
a dynamic process in which the appearance of cer-

cur. In this context, the reduction in the number of
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GrEy hypothesis, in which the lower the num-
ber of cells available for HIV to replicate, the easier

e yiral load would be contrelled?. Several pilot
$tto i is h esis [inclinical
Q i? imhs asgoclation| of HIU plus
ddl is able to provide long-term control in virus
replication®>-%2, Also, in an observational study, Bar-
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rreiro et al. have recently reported that in a group
of 30 patients switched to HU-ddI after being with
undetectable viremia for more than 6 months under
a Pl-containing regimen, the viral load was sus-
tained below 5,000 cop/mL for more than 12
months in half of them3,

Among the several immunological dysfunctions
observed during HIV infection, CD8 T lymphocytes
over-activation is known to occur particularly early,
the degree of which predicts a poorer clinical prog-
nosis®. The uncontrolled cytotoxic effect exerted
by these cells plays a central role in the destruction
of readily infected antigen-presenting cells, such as
CD4 T lymphocytes or macrophages, being respon-
sible for the subsequent depletion of this subpopu-
lations®3+%7. In this context, HU cytostatic effect
over CD8 T lymphocytes may help to preserve CD4
T lymphocytes, specially those having been in con-
tact with HIV antigens®. There have been several
reports of patients being treated during primary in-
fection with HAART regimens including HU, who
were able to discontinue all antirretroviral drugs
several months later. The preservation of CD4 T
lymphocytes with a memory response to HIV anti-
gens provided by the early introduction of HU
seems to be implicated in this observation®4!. Other
studies have shown that the addition of HU to the
regimen chosen for the treatment of primary HIV in-
fection helps to normalize some immune parame-
ters and functions. The loss of naive CD4 T lym-
phocytes was reduced, naive CD8 T lymphocytes
recovered more efficiently, and most subjects
demonstrated a vigorous HIV-specific T helper res-
ponse*,

The combination of HU plus ddl has been reported
to help to restore HIV-specific immune responses
also in chronically infected patients. Lori et al. have
communicated that in 12 HIV+ patients treated with
HU-ddl for more than two years, the number of
naive CD4 and CD8 T lymphocytes became similar
to that of uninfected subjects®. Also, strong HIV-spe-
cific lymphoproliferative responses were detected
in half of these patients, which has not been
achieved with currently used regimens*%, It is easy
to understand that the sustained low rate of virus
replication allowed by HU-dd! treatment could help
to both elicit and preserve the immune response
against HIV antigens. We and others have observed

a progressive reduction,n the amount of ctable
viremia under HU-ddl, iNo@t uth fgﬁté&@u

ment of HIV-specific immune responses30 314647

pr:ctljuca?rttjglgd %%ﬁa{dﬁlmghiwﬁﬁgﬁagéwaﬁr @m%ﬁ@m

added to intermittent HAART reglmens in structured

ultrasensitive undetectable viremia after more than
12 months under HU-ddI. To date, two months after
HU-ddI discontinuation, no virus rebound has been
registered.

HU alone may have some antiretroviral activity in
macrophages and dendritic cells**, and the com-
bination of HU plus ddl has been shown to inhibit
HIV replication in both quiescent and activated pe-
ripheral blood mononuclear cells in vitro*. The inhi-
bition of HIV in quiescent cells is of particular inte-
rest, as these cells are thought to represent a latent
pool of replication-competent virus?+28,

Clinical experience

First observational studies clearly established the
inefficacy of HU alone in reducing HIV viral load®.
However, the addition of HU to ddl monotherapy
was shown to produce a significant and prolonged
virus suppression, both in naive and ZDV pre-treated
patients'®28:47.5152  These preliminary encouraging
results invited the design of controlled and rando-
mized trials to better validate the utility of HU as
part of antiretroviral regimens.

In the RIGHT 411 study, 57 patients were ran-
domized to receive ddl (200 mg BID) alone or ddl
plus HU (500 mg BID)'®. The decrease in viral load
was significantly higher in the HU-ddl arm than in
the ddl monotherapy arm at 24 weeks (-1.32 logs
versus -0.78 logs). Those patients continuing under
HU-ddI obtained up to -1.21 logs reduction in plas-
ma viremia from baseline at 40 weeks. A higher in-
crease in the CD4+ cell count was observed in the
ddl monotherapy arm (+83 CD4+ cells/uL) than in
the HU-ddI arm (+54 CD4+ cells/uL).

In ACTG 307 a total of 131 patients were ran-
domized to ddl (200 mg BID), HU (1,000 mg QD),
HU (1,500 mg QD), ddI-HU (1,000 mg QD) and
ddl-HU (1,500 mg QD)%3. In those patients recei-
ving HU monotherapy, ddl was added 4 weeks lat-
er, and patients on ddl monotherapy had HU (1,000
mg or 1,500 mg) added 12 weeks after randomiza-
tion. The combination of HU plus ddl provided a 2-
fold reduction in viral load compared with that ob-
tained under ddl monotherapy at 8 weeks (-1.57
logs versus -0.83 logs). At week 24, mean viral load
reductionin—patients initially - treated - with-HU
monotherapy was -1.05 Iogs with ddl monotherapy

rvas -0.79 Iogs and th ddl HU was -1.22 logs.
b T dy randomized 144 pa-
tients, one half rece|vmg HU (500 mg BID) plus ddl
T (40 mg BID) and the other
reductton in V|ral load at 12
weeks was significantly higher with the addition of

treatment mterruphon\/\ﬁ?ﬂh@@&{g@ a (ﬁgrnb@qr \/\)-]rlp’[fg:gme;g)@ lepsidg [gombination (-2.3 logs
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showed a progressive prolongation in e to  achievjn undetectable viremia was 2-fold higher in
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virus rebound as cycles of treatment
were pertormed48 As in previous STI studies, pro-

rﬁtalnlng arms (54 versus 28% for < 200
coples/mL limit of detection, and 19 versus 8% for
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20 and 200 copies/mL rose to 63 and 79%, respec-
tively, and a mean viral load reduction of 2.6 logs
was attained. The increase in CD4+ cells at 12
weeks was poorer in patients receiving HU (+36
CD4+ cells/ulL versus +123 CD4+ cells/uL).

The BMS 055 study was a randomized, double-
blind, placebo-controlled trial that included 177 pa-
tients in four different treatment groups: ddl plus
ZDV, ddI plus d4T, ddl plus HU, and ddl plus d4T
plus HU%3, In an intent-to-treat analysis, 80% of pa-
tients in the triple drug combination achieved viral
load < 400 copies/mL at 24 weeks, which constitu-
ted a 2 logs mean viral load reduction. Interesting-
ly, the proportion of patients with viral load below
400 copies/mL at 24 weeks in the HU-ddI group
was comparable to that observed under dual nu-
cleoside combinations (HU-ddl: 43%, ddl-d4T.
53%, and ddI-ZDV: 36%). Similarly to previous stu-
dies, absolute CD4 count improvements were lower in
the HU-containing groups compared to the others.

In the ACTG 5025 study, patients receiving IDV,
ZDV, and 3TC were randomized to continue the
same regimen or to change the nucleoside back-
bone to ddl and d4T, with or without HU%. No viro-
logical or immunological differences were found, al-
though the HU containing arm was burdened with a
higher incidence of toxicities, including two deaths
caused by pancreatitis.

HU has also been included in studies exploring
strategies for the treatment of early stage HIV-infec-
tion. For instance, 24 patients received HU-dd| and
one PI during the first weeks after seroconversion®.
Plasma viremia became undetectable in all patients
within 16 weeks and remained undetectable for up
to 21 months of treatment. In situ hybridization re-
vealed no HIV RNA in lymph node specimens from
6 out of 7 subjects and no HIV DNA in 2 out of 6 pa-
tients. Another 16 subjects with primary HIV infection
and 20 patients with relatively early HIV infection re-
ceived HU-ddI, d4T and NFV56. With this regimen,
undetectable viral load was achieved and sus-
tained in 95% of patients with early infection and
88% of patients with primary infection. During the
follow up the percentage of CD4+ cells increased,
and little modification in the absolute CD4 count
was observed. In another study comparing stan-
dard HAART with- HU-ddl and 1DV, although similar
virological and immunological outcome was ob-

in the HU-containing ar

The combination of HU-ddlI has also been tested
as a maintenance regimen af@
tense virus suppression under a PI -containing re-
gimen®. Sixty HIV |nteoteg atie hder HAART,
with undetectable viral\Vlo bﬁ)@Ué E UOdfr
more than 6 months, were randomly aSS|ghed to

be resumed as soon as viral load rose over 5,000

verse events. During this period of {ime, a mean

served, the number of Cmij Cﬁg Idfcﬁ‘ﬁsfﬁf@t‘b ub

alriged d iGI

continue with the current regimen or to ch
plus ddl. In the later group HAART wagqvf mg{t

copies/ months half of the patients I6be. We
s Teran P | BHCaHD
and 14 |sc nti his

loss of 200 CD4+ cells was observed, despite no
change in the percentage of this population of lym-
phocytes being observed.

Finally, HU has been studied as part of salvage
regimens for heavily pretreated patients®-%'. In one
study, a total of 38 heavily pretreated patients re-
ceived a salvage regimen including HU. One month
later 45% of them attained viral load below 500
copies/mL?. Another study including 49 patients
who were treated with a Mega-HAART regimen in-
cluding HU showed a significant reduction in viral
load (-1.7 logs) and remarkable increase in the
CD4+ cells count (+95 CD4+ cells/uL) after 6
months®?.

Side effects

Due to HU cytostatic activity, the main toxicity en-
countered in clinical practice is bone marrow sup-
pression, which could lead to neutropenia, anemia
and/or thrombocytopenia’. This myelosuppressive
effect could be enhanced if HU is associated to
other hematotoxic drugs, such as ZDV or cothrimo-
xazole'®. However, the incidence of these adverse
events is much lower in HIV infected subjects than
in oncologic patients, who receive higher doses of
the drug®%4. In this regard it was established in the
ACTG 307 study that the optimal dose of HU for
the treatment of HIV infection was 1,000 mg daily®.
Although two cases of prolonged myelosuppres-
sion after HU discontinuation have been communi-
cated®, this adverse effect is often easily reversible
upon drug discontinuation’.

Other rare complications include alopecia, hy-
perpigmentation, erythema, leg ulcers, nausea,
vomiting, diarrhea, anorexia, transient and mild ab-
normalities of renal function, and elevations of liver
enzymes'?862. HU should not be used during preg-
nancy as it has teratogenic activity®.

Following the same mechanism by which HU fa-
cilitates the inhibition of the reverse transcriptase
(see above), this drug could enhance the mito-
chondrial toxicity inflicted by nucleoside analogs by
virtue of y-DNA polymerase inhibition®”. A recent
study has found a higher incidence of peripheral
neuropathy when HU was added to d4T and/or ddl
containing.-regimens®. Moreover,.increased.hepa-
tic and pancreatic toxicities have been correlated
with the yse of HU%:89,

r ltG&rnportant1a A b@ pancreatic toxicity can

mamfest several months after therapy starts. There-
E]es close monltorm of lipase and/or amylase va-

Qﬂl@@ﬁ rough medical evaluation of
potehtlal symptoms of pancreatitis (abdominal
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