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Using an indicator cell assay that directly quantifies viral replication, we show that human immunodefi-
ciency virus types 1 and 2 (HIV-1 and HIV-2, respectively) exhibit similar sensitivities to 3�-azido-3�-deoxy-
thymidine (zidovudine) as well as other nucleoside analog inhibitors of reverse transcriptase. These data
support the use of nucleoside analogs for antiviral therapy of HIV-2 infection.

Two distinct types of human immunodeficiency virus (HIV)
are recognized as the causative agents of AIDS. HIV-1 is
responsible for the global pandemic that currently involves
�40 million individuals (24). HIV-2 has achieved only a lim-
ited spread in the human population (1 million to 2 million
people presently infected) (24) but remains endemic in West
Africa and is also found in portions of southern Africa, India,
Brazil, and western Europe (21). Although HIV-2 is generally
less pathogenic than HIV-1, some HIV-2 patients exhibit rel-
atively high viral loads, low CD4 counts, and other clinical
signs of immunodeficiency disease (6, 13). These individuals
experience an increased risk of AIDS-associated mortality un-
less therapeutic suppression of HIV-2 replication is achieved
(11).

In contrast to the wealth of data available for HIV-1, there
is a scarcity of studies comparing the efficacies of different drug
regimens against HIV-2. HIV-2 is resistant to nonnucleoside
reverse transcriptase (RT) inhibitors as well as the fusion in-
hibitor T-20 (enfuvirtide) (27), and some strains also exhibit
reduced sensitivity to specific protease inhibitors (16, 20). With
respect to nucleoside analogs, studies of zidovudine (AZT)
susceptibility in HIV-2 have produced contradictory findings.
Some reports suggest that HIV-2 may be resistant to AZT in
cell cultures (18, 19) and that, relative to HIV-1 RT, HIV-2 RT
is less sensitive to AZT-5�-triphosphate (3). Other studies as-
sert that HIV-1 and HIV-2 are equally sensitive to the inhibitor
in vitro (5, 14, 27) and in cell-free assays (9, 26). From a clinical
perspective, the efficacy of AZT in HIV-2-infected patients is
uncertain due to its concurrent use with other nucleoside and
protease inhibitors (1, 25). The potential for intrinsic AZT
resistance in HIV-2 is of particular concern, since AZT is

widely used in western Africa and other resource-limited areas
where HIV-2 is endemic.

Here we revisit this important question by applying a well-
established method for quantifying drug sensitivity in vitro.
Previous comparisons of HIV-1 and HIV-2 utilized assays that
permit multiple cycles of viral replication and, in most cases,
used measurements of cytopathic effects to monitor viral
spread (5, 14, 18, 19, 27). The outcomes of these experiments
are potentially influenced by strain-to-strain differences in viral
replication rates, cytopathicities, and multiplicities of infection
and therefore may not accurately reflect intrinsic drug suscep-
tibility. To circumvent these potential confounders, we com-
pared the sensitivities of HIV-1 and HIV-2 to AZT and other
nucleoside analogs using a HeLa-CD4 indicator cell assay (4).
This approach quantifies the level of HIV infection in a single
cycle of replication and enables a head-to-head comparison of
HIV-1 and HIV-2 drug sensitivities in the same cell type. Our
analysis includes wild-type viruses derived from infectious mo-
lecular clones of HIV-1NL4-3 and HIV-2ROD (7, 23) as well as
isolates obtained from drug-naive patients.

Virus production and drug sensitivity assays. To obtain
virus stocks from the infectious molecular clones, purified
preparations of each wild-type or mutant plasmid were trans-
fected into 293T-17 cells (293tsA1609neo) (17) using our pre-
viously published protocol (22). Culture supernatants were
harvested 42 h after transfection, centrifuged at 1,500 � g to
remove residual cells, and stored in aliquots at �150°C. For the
patient-derived isolates, samples of each virus were obtained
through the National Institutes of Health AIDS Research and
Reference Reagent Program (http://www.aidsreagent.org/) and
were expanded in MT-2 lymphocyte cultures (15) for 6 to 8
days prior to phenotypic testing. Drug sensitivities were mea-
sured by quantifying the dose-dependent reduction of �-galacto-
sidase-positive (Lac�) foci in 48-well plates containing
microcultures of MAGIC-5A cells (CD4�/CCR5E� Hela cells
that express Lac under the control of an HIV-1 promoter; kindly
provided by Michael Emerman, Fred Hutchinson Cancer Re-
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search Center) (8). The MAGIC-5A cultures were infected at a
multiplicity of infection of 300 focus-forming units (FFU) per 5 �
104 cells and were fixed and stained 40 h after inoculation as
previously described to ensure that the majority of the Lac� foci
arose from a single cycle of viral replication (22).

Susceptibility to AZT. Wild-type HIV-1NL4-3 and wild-type
HIV-2ROD yielded similar dose-response profiles when tested
against AZT (Fig. 1A), resulting in mean 50% effective concen-
trations (EC50s) that were comparable for these two strains (Fig.
1B and Table 1). To confirm that HIV-2ROD was representative
of other HIV-2 isolates, we replaced the RT-encoding region of
pROD9 (codons 14 to 542) with the corresponding region from

an independently derived molecular clone of HIV-2UC2 (2). The
resulting recombinant strain [HIV-2ROD(UC2RT)] did not signifi-
cantly differ from wild-type HIV-2ROD and wild-type HIV-1NL4-3

with regard to AZT sensitivity (EC50 of 0.071 � 0.03 �M) (Fig.
1B). In addition, all wild-type HIV-2 strains from drug-naive
patients were statistically equivalent to HIV-1NL4-3 except for
HIV-2CDC310319, which was slightly hypersusceptible to AZT
(Fig. 1B). These outcomes were not attributable to an inability to
detect AZT resistance, since the mean EC50 for a multidrug-
resistant A62V V75I F77L F116Y Q151M variant (the
Q151M�4 variant) of HIV-1NL4-3 (10) was 43-fold higher than
that of the wild type (Fig. 1 and Table 1). Taken together, these

FIG. 1. AZT sensitivities of wild-type HIV-1 and HIV-2. (A) Representative data from a single dose-response experiment using strains derived
from infectious molecular clones. Wild-type HIV-1NL4-3 (filled squares) and wild-type HIV-2ROD (filled circles) were produced from the full-length
plasmids pR9	Apa (23) and pROD9 (7), respectively. The Q151M�4 variant of HIV-1NL4-3 (open triangles) was produced from a mutated version
of pR9	Apa that encoded the Q151M A62V V75I F77L F116Y complex of mutations in RT (23). Data points are the percentages of Lac� foci
in AZT-treated MAGIC-5A cultures relative to those in solvent-only controls. Each point represents the mean of results from three cultures that
were maintained in parallel. The curves were generated using a sigmoidal regression equation (GraphPad Prism 4 software). (B) Summary of the
wild-type HIV-1 and HIV-2 isolates, as labeled below the abscissa. Bars represent the EC50s of AZT for inhibiting the formation of Lac� foci in
MAGIC-5A cells and are the means � the standard deviations from three or more independent dose-response experiments. Wild-type HIV-1NL4-3,
wild-type HIV-2ROD, and the Q151M�4 variant of HIV-1NL4-3 were produced from molecular clones as described above. HIV-2ROD(UC2RT) was
produced from a molecular clone of HIV-2ROD in which the RT-encoding region was replaced with the equivalent region of HIV-2UC2 (see the
text for details). The remaining strains were originally isolated from drug-naive patients and were obtained through the National Institutes of
Health AIDS Research and Reference Reagent Program (www.aidsreagent.org). †, significantly less than the value for HIV-1NL4-3; �, significantly
greater than the values for all wild-type strains (P 
 0.05; analysis of variance of log[EC50] values by use of Tukey’s multiple-comparison test). The
remaining wild-type HIV-1 and HIV-2 isolates were statistically equivalent (P � 0.05).

TABLE 1. Susceptibilities of HIV-1NL4-3 and HIV-2ROD to nucleoside analogs

Straina
EC50 (�M)b

AZT ddI d4T PMPA 3TC FTC ABC

HIV-1NL4-3 (wt) 0.16 � 0.07 (1) 4.7 � 2.9 (1) 5.5 � 1.6 (1) 7.2 � 2.0 (1) 0.88 � 0.29 (1) 0.27 � 0.11 (1) 7.6 � 3.0 (1)
HIV-1NL4-3 Q151M�4

variantc
7.0 � 3.4 (43) 45 � 17 (10) 79 � 42 (14) 26 � 11 (4) 3.7 � 3.0 (4) 0.79 � 0.10 (3) 40 � 24 (5)

HIV-2ROD (wt) 0.12 � 0.06 (1) 8.0 � 5.5 (2) 7.1 � 3.7 (1) 7.2 � 3.8 (1) 2.0 � 1.2 (2) 0.50 � 0.14 (2) 7.2 � 2.1 (1)

a Viruses produced with full-length plasmid clones of HIV-1NL4-3 (pR9	Apa) (23) or HIV-2ROD (pROD9) (7). Infectivities of wild-type (wt) HIV-1NL4-3 and the
Q151M�4 variant of HIV-1NL4-3 were 6,300 � 2,000 and 4,500 � 2,000 FFU/ng HIV-1 capsid p24, respectively (means � standard errors of the means). The infectivity
of wild-type HIV-2ROD was 15 � 9 FFU/ng HIV-2 capsid p26.

b EC50s were obtained with MAGIC-5A cells as previously described (22). The values shown in bold are significantly different from values for wild-type HIV-1NL4-3
(P 
 0.05; analysis of variance of log�EC50
 values by use of Tukey’s multiple-comparison test). The numbers in parentheses indicate n-fold changes in the EC50s relative
to that for wild-type HIV-1NL4-3. EC50s are the means � the standard deviations from four or more independent experiments. ddI, didanosine; d4T, stavudine; PMPA,
tenofovir; ABC, abacavir.

c Multinucleoside-resistant mutant (10).
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data show that HIV-1 and HIV-2 are similarly sensitive to AZT in
the MAGIC-5A indicator cell assay.

Susceptibility to other nucleoside analogs. In addition to
AZT, wild-type HIV-1NL4-3 and HIV-2ROD showed comparable
sensitivities to 2�,3�-didehydro-3�-deoxythymidine (stavudine [d4T]),
(R)-9-(2-phosphonylmethoxypropyl)adenine (tenofovir [PMPA]),
and (1S,4R)-4-[2-amino-6-(cyclopropylamino)-9H-purin-9-yl]-2-
cyclopentene-1-methanol (abacavir [ABC]) (Table 1). Although
the mean EC50 for (�)-�-2�,3�-dideoxy-5-fluoro-3�-thiacytidine
(emtricitabine [FTC]) was statistically greater for HIV-2ROD

than for HIV-1NL4-3 by a factor of 2, this difference was at the
threshold of reliable detection in our assay, as the twofold
differences in the sensitivities of these strains to 2�,3�-dideoxyi-
nosine (didanosine [ddI]) and (�)-�-2�,3�-dideoxy-3�-thiacyti-
dine (lamivudine [3TC]) were not statistically significant. In
contrast to the wild type, the Q151M�4 variant of HIV-1NL4-3

was 3- to 43-fold more resistant to each of the inhibitors (Table 1),
and an M184V variant of HIV-1NL4-3 exhibited �100-fold-higher
resistance to both FTC and 3TC (data not shown). Thus, wild-
type HIV-2ROD did not substantially differ from wild-type HIV-
1NL4-3 in its sensitivity to any of the nucleoside analogs tested.

During the course of our study, we noticed that several
HIV-2 isolates were able to induce extensive cell-to-cell fusion
in MT-2 cultures, leading to complete lysis of the cells within 3
to 4 days after the initial appearance of syncitia (data not
shown). In contrast, the MT-2 cultures infected with HIV-1
contained far fewer syncitia at comparable time points and
multiplicities of infection. This difference in cytopathicity may
explain why HIV-2 occasionally appears to be resistant to AZT
in assays that measure virus-mediated cell killing (18, 19).
Rapid syncytium formation by HIV-2 can potentially destroy
cultures that are maintained at low drug concentrations,
thereby saturating the assay and falsely inflating the resultant
EC50. In contrast, assays that constrain viral infections to a
single cycle are unaffected by strain-to-strain differences in
replication capacity and cytopathic potential (12) and there-
fore provide a more accurate comparison of the drug sensitiv-
ities of divergent HIV isolates.

Implications for HIV-2 antiviral therapy. In summary, our
analysis demonstrates that HIV-1 and HIV-2 exhibit compa-
rable susceptibilities to AZT and other nucleoside analogs in
culture. These findings are consistent with the similar sensitiv-
ities of HIV-1 and HIV-2 RT to chain-terminating nucleoside-
5�-triphosphate inhibitors (9, 26). Although the efficiency of
AZT-5�-monophosphate incorporation may be slightly lower
for HIV-2 RT under certain conditions, this difference is ap-
parently offset by a diminished level of primer-unblocking ac-
tivity relative to that of the HIV-1 enzyme (3). As a result,
HIV-1 and HIV-2 exhibit comparable sensitivities to AZT
during viral replication (Fig. 1 and Table 1). Our analysis also
agrees with clinical studies showing that specific combinations
of nucleoside analogs and protease inhibitors can suppress
viral loads in HIV-2-infected individuals (1, 25). Taken to-
gether, these findings support initiatives to provide a broad
array of nucleoside analog inhibitors to HIV-2 patients in
western Africa and other developing regions.
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