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Antiretroviral treatment failure is associated with the emergence of resistant human immunodeficiency virus
type 1 (HIV-1) populations which often express altered replicative capacity (RC). The resistance and RC of
clinical HIV-1 strains, however, are generally assayed using activated peripheral blood mononuclear cells
(PBMC) or tumor cell lines. Because of their high proliferation rate and concurrent high deoxynucleoside
triphosphate (ANTP) content, both resistance and RC alterations might be misestimated in these cell systems.
We have evaluated the resistance of HIV-1 clones expressing a variety of RT resistance mutations in primary
human macrophages using a single cycle system. Our experiments indicate that d4T, ddl, and 3TC are more
potent in macrophages than in HeLa-derived P4 tumor cells. Mutant viruses bearing thymidine analogue
mutations (TAMs) or the K65R mutation had similar resistance levels in the two cell types. Strikingly, however,
the M184V mutant, although fully resistant to 3TC in P4 cells, maintained some susceptibility to 3TC in
macrophages from 8 of 11 donors. Using the same system, we found that the impact of resistance mutations
on HIV RC was minimal in activated PBMC and in P4 cells. In contrast, mutant viruses exhibited strongly
impaired RC relative to the wild type (WT) in macrophages, with the following RC order: WT > two TAMs >
four TAMs = M184V > K65R. In undifferentiated monocytes, WT virus replication could be detected in three
of six donors, but replication of all mutant viruses remained undetectable. Altogether, our results confirm that
nucleoside reverse transcriptase inhibitors (NRTIs) are powerful antiviral agents in differentiated macro-
phages, reveal that HIV resistance to some NRTIs may be less efficient in these cells, and indicate that
resistance-associated loss of RC is more pronounced in macrophages than in high-dNTP content cell systems.

Nucleoside analogues, also referred to as nucleoside reverse
transcriptase inhibitors (NRTIs) are one of the main drug
classes used in the treatment of human immunodeficiency virus
type 1 (HIV-1) infection. After phosphorylation into their ac-
tive triphosphate form by cellular kinases, these compounds,
which lack a 3’-hydroxyl group, inhibit reverse transcription
through termination of viral DNA synthesis. HIV-1 resistance
to NRTIs is achieved via two distinct and generally exclusive
mechanisms: (i) decreased incorporation of the triphosphory-
lated NRTI or (ii) excision of the triphosphorylated NRTI and
primer unblocking. Decreased NRTI incorporation is medi-
ated by mutations such as the M184V substitution, which in-
duces high-level resistance to B-L-2',3'-dideoxy-3’-thiacytidine
(3TC or lamivudine) (24, 35, 61, 64), as well as other mutations
such as K74V, K65R, or the Q151M complex. These mutations
promote resistance through impairment of the correct posi-
tioning of triphosphate NRTIs within the RT active site (19,
67). In contrast, thymidine analogue mutations (TAMs), such
as the M41L, the D67N, the K70R, the L210W, the T215F/Y,
and the K219Q substitutions, which are essentially selected for
in vivo by thymidine analogues (20, 37, 51, 57), induce resis-
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tance to most nucleoside analogues by favoring excision of the
incorporated NRTI from the terminated viral DNA strand.
This excision process occurs through transfer of the chain-
terminating residue to an ATP or pyrophosphate nucleotide
acceptor by HIV-1 RT. ATP-mediated removal of thymidine
analogues such as 3'-azido-3'-deoxythymidine (AZT or zidovu-
dine) or 2',3'-didehydro-2’,3’-dideoxythymidine (d4T or stavu-
dine), as well as of other NRTIs such as ddATP (the active
form of 2’,3'-dideoxyinosine [ddI or didanosine]) and 2',3'-
dideoxycytidine (ddC or zalcitabine), is increased in RTs carrying
TAMs (4043, 46, 48).

Antiviral activity of nucleoside analogues and viral resis-
tance to these compounds is highly dependent on the metab-
olism of nucleoside and nucleotides in HIV target cells. First,
the extent of dideoxynucleoside triphosphate (ddNTP)-medi-
ated chain termination has been found to be dependent upon
the state of cellular proliferation and upon both dNTP and
NRTI triphosphate pools, based on experiments with different
cell types or on in vitro reverse transcription assays (8, 11, 25).
Second, primer unblocking by TAMs is known to be affected by
intracellular dNTP concentrations. Indeed, in vitro, while
primer rescue of AZT-terminated DNA by TAM:s is highly
efficient regardless of dNTP concentrations, pyrophosphoroly-
sis of d4T is strongly inhibited by high concentrations of the
next complementary dNTP (50% inhibitory concentration
[ICs0] = 0.5 pM) (40-42). It is assumed that higher concen-
trations of dNTPs favor translocation of the chain-terminated
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primer within the HIV RT primer grip, thereby reducing the
chances that ATP or pyrophosphate react with the phosphodi-
ester bond that links the terminating NRTI to the upstream
nucleotide. Such differences in susceptibility to excision are
generally explained by the fact that, unlike d4T, AZT has a
large 3’ radical that precludes the formation and further trans-
location of a stable complex between the chain-terminated
primer-template and RT (ICs, for ANTP-mediated AZT exci-
sion of >100 wM) (41) and is therefore not affected by dANTP
concentrations.

In spite of the potential impact of cell division and DNA
turnover on antiviral activity of NRTIs and on HIV resistance
to these compounds, HIV-1 drug susceptibility is usually mea-
sured in mitogen-activated peripheral blood mononuclear cells
(PBMC) or in tumor cell lines. Similarly, the replicative capac-
ity (RC) of resistant viruses, which has been shown to be highly
affected by cellular concentrations of dNTPs, is also measured
in cells where DNA turnover and dNTP content are markedly
higher than in most primary human cells (3, 8, 25, 65). This is
particularly true in quiescent lymphocytes, in which dNTP con-
centrations are 6- to 20-fold lower than in activated lympho-
cytes (3, 8, 25), and in cells of the monocyte/macrophage lin-
eage, which also display low dNTP content and do not undergo
significant cell division cycles after differentiation (65). To-
gether with CD4™" T lymphocytes, monocytes/macrophages are
essential target cells for HIV-1 and are believed to play a
crucial role in HIV infection and pathogenesis. Cells of the
monocyte/macrophage lineage are thought to be involved in
spreading of the virus throughout the body because they are
widely distributed in all body tissues and compartments, in-
cluding the brain, where they constitute the majority of cells
infected by HIV-1 (32, 38, 39). Moreover, because of their long
half-life and relative resistance to the cytopathogenic effect of
the HIV, they may act as a viral reservoir that may play an
important part in transmission of HIV to CD4™ T lymphocytes
(1, 26, 28, 33, 38, 39, 49, 50, 62).

Although most NRTIs, non-NRTIs, and protease inhibitors
have been shown to have potent antiviral activity in monocytes/
macrophages (2, 4, 7, 27, 52, 54), little is known about resis-
tance and resistance associated changes in viral RC in this
cellular compartment. To our knowledge, the resistance of
viruses carrying TAMs or other NRTI-associated resistance
mutations in the low dNTP cellular context of monocytes/
macrophages has not been addressed. However, the high
ddNTP/dNTP ratio in macrophages may have a direct impact
on the outcome of phenotypic assays in that it may affect not
only the antiviral activity of NRTIs on the wild-type (WT)
virus, as already reported by Aquaro et al. for some NRTIs (1,
2), but also resistance due to mutations that act through de-
creased incorporation (M184V and K65R). The low endoge-
nous dNTP content of these cells might unmask the loss of
processivity of viral RT due to resistance mutations (14) and
have an effect on the excision of incorporated NRTIs with a
small 3’ radical, such as d4T or ddI.

Here we studied resistance of HIV-1 mutant viruses harbor-
ing TAMs and other NRTI resistance mutations to AZT, d4T,
ddI, 3TC, and TDF in primary human monocyte-derived mac-
rophages (MDMs). Our results show that overall resistance
phenotypes of TAM-bearing viruses and of the K65R mutant
virus are similar in primary human MDMs and in a HeLa-
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derived tumor cell line. Interestingly, however, the M184V
mutant virus exhibited a markedly lower change in 3TC ICj,,
relative to the WT virus in MDMs from 8 of 11 donors than in
the HeLa-derived tumor cell line, due essentially to a higher
3TC-triphosphate (3TCTP)/dCTP ratio in MDMs. We also
compared the RCs of these mutant viruses in undifferentiated
monocytes, in MDMs, in phytohemagglutinin (PHA)-stimu-
lated PBMC, and in the HeLa-derived tumor cell line. We
report that the RC of most RT mutants is significantly lower in
MDMs than in stimulated PBMC or tumor cells.

MATERIALS AND METHODS

Nucleoside analogues. AZT, d4T, and ddI were purchased from Sigma. 3TC
was a generous gift from Glaxo Smith Kline, and TDF was kindly donated by
Gilead.

Cells. LTR-LacZ HeLa-derived CD4" P4 tumor cells (18) were cultured in
Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal
calf serum (FCS), 100 U of penicillin/ml, 100 wg of streptomycin/ml (all from
Gibco-BRL), and 500 pg of Geneticin/ml to select for the stably transfected
LTR-LacZ gene. PBMC were isolated from the buffy coats from healthy blood
donors by Ficoll-Hypaque density gradient centrifugation (Pharmacia Biotech),
washed twice in cold phosphate-buffered saline (PBS)-0.3 mM EDTA, and
washed once in cold PBS alone. PBMC were resuspended in RPMI medium
supplemented with 10% heat-inactivated FCS, 100 U of penicillin/ml, and 100 pg
of streptomycin/ml at a density of 10° cells/ml; stimulated with 1 U of PHA (J2L
Elitech)/ml for 72 h; and then cultured in RPMI medium containing 5 U of
recombinant human interleukin-2 (Roche)/ml (referred to as PHA-stimulated
PBMC).

Monocytes were isolated from PBMC by adherence to plastic for 1 h at 37°C
in RPMI medium enriched with 100 U of penicillin/ml, 100 g of streptomycin/
ml, nonessential amino acids, 50 pg of B-mercaptoethanol/ml, and HEPES (all
from Gibco-BRL) (hereafter referred to as MDM medium) and 2% heat-inac-
tivated human AB serum (ABS; Institut Jacques Boy, France); nonadherent cells
were washed off, and adherent cells were washed a further three times with PBS
and then cultured overnight in MDM medium containing 10% heat-inactivated
human ABS. The following morning, monocytes were harvested by incubation at
4°C for 1 h, vortexing, and gentle scraping. Cells were counted, seeded at a
concentration of 10° cells/well in 96-well plates in MDM medium enriched with
10% heat-inactivated human ABS, and allowed to differentiate into macrophages
for 6 to 8 days. MDM populations expressed >95.5% CD14, CD64, CD32, and
CD16, whereas CD2 and CD3 contaminants remained at <2.5%, as assessed by
flow cytometry.

Construction of plasmids. HIV infectious molecular clones were derived
from an NL4-3 backbone carrying a Luc (Firefly luciferase) reporter gene in
the place of nef and a stop codon in the env gene (NL4-3LUC" ANefAEnv, a
generous gift from T. Dragic, Albert Einstein College of Medicine, Bronx, NY).
Several resistance mutations were introduced into the RT sequence of the
NL4-3LUC*ANefAEnv plasmid. For viruses bearing two TAMs at positions
41 and 215 (M41L+T215Y), four TAMs at positions 41, 215, 67, and 210
(M41L+T215Y+D67N+L210W), or the M184V mutation, the Sall-Spel frag-
ment from previously described NL4-3XCS mutant vectors (14, 34) was ligated
into the Sall-Spel fragment of NL4-3LUC* ANefAEnv. NL4-3XCS is a variant of
NL4-3 that carries an Xbal site upstream of the protease coding region, a Clal
site at the junction between the protease and the RT, and a SnaBI site at the
junction between the RT and the RNase H coding sequences. The K65R muta-
tion was inserted by site-directed mutagenesis of a pBluescript II SK plasmid
(Stratagene) carrying the Clal-EcoRI fragment of HIV-1 NL4-3 (pSK-RTS plas-
mid). The K65R mutation was introduced by using the following primers: sense,
5'-CCATTTAGTACTGTCTTTTTCTCTTTATGGCAAATACTGG-3'; and anti-
sense, 5'-CCAGTATTTGCCATAAAGAGAAAAAGACAGTACTAAATGG-3'.
The correct introduction of the mutation was verified by direct sequencing. The
Clal-SnaBI fragment was cloned into NL4-3XCS, and the Sall-Spel fragment of
the NL4-3XCS-K65R plasmid was cloned back into the Sall-Spel sites of pNL4-
3LUC" ANefAEnv. The intermediate cloning step into NL4-3XCS was necessary
because pNL4-3LUC* ANefAEnv bears two Clal restriction sites: one at position
2562 (within the RT) and one within the Luc gene.

Preparation of viral stocks. To produce pseudotyped viral stocks for infection
of primary cells (monocytes, MDMs, and PBMC), HEK 293T cells (6 X 10° cells
in T75 flasks) were cotransfected with 16 wg of the pNL4-3LUC*ANefAEnv-
derived mutant plasmids and 16 ng of a CMV-VSV-G expression vector by using
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the calcium phosphate precipitation method. For infection of P4 cells, viral
stocks were produced by cotransfecting 16 pg of the pNL4-3LUC " ANefAEnv-
derived vectors and only 0.2 pg of the CMV-VSV-G expression vector, in order
to avoid VSV-G-mediated cytotoxicity in these cells. Cells were washed 6 h
posttransfection and 10 ml of fresh medium were added. The viral supernatant
was harvested 24 h later and centrifuged, and aliquots were frozen at —80°C.

Resistance assays. For experiments with MDMs, all drug and virus dilutions,
as well as infection experiments, were carried out in MDM medium supple-
mented with 10% heat-inactivated FCS, in order to avoid human serum-induced
particle inhibition (31). For experiments with P4 cells, Dulbecco modified Eagle
medium enriched with 10% FCS was used.

In order to measure NRTI resistance of the various NL4-3LUC" ANefAEnv-
derived viruses in MDMs, 10° MDMs were pretreated with serial dilutions of
AZT (0.0001 to 10 pM), d4T (0.0001 to 10 pM), ddI (0.0001 to 100 wM), 3TC
(0.0001 to 100 wM), and TDF (0.0001 to 100 uM) for 16 h or for 4 h prior to
infection or exposed to the drug at the time of infection and infected with the
NL4-3LUC*ANefAEnv-derived viruses (80 ng of p24/ml). Drugs were main-
tained throughout the culture.

For resistance experiments in P4 cells, 10* cells were plated in 96-well plates
24 h before infection and treated with serial dilutions of AZT (0.0005 to 50 uM),
d4T (0.008 to 25 uM), ddI (0.0016 to 50 pM), 3TC (0.1 to 300 uM), and TDF
(0.0001 to 100 wM) for 16 h, for 4 h prior to infection, or exposed to the drugs
concomitantly to infection with 20 ng of p24/ml of the NL4-3LUC*ANefAEnv-
derived pseudotyped viruses. No drug-dependent cell toxicity could be detected
by using an MTT toxicity assay, even with 100 pg of AZT, d4T, ddI, or TDF or
with 300 pg of 3TC.

Input virus (as estimated by HIV p24 ELISA [Innogenetics]) was adjusted to the
number of cells in the well in order to have equivalent amounts of p24 per cell.

Infection was monitored by quantifying the luciferase activity in cellular lysates
72 h postinfection for MDMs and 40 h postinfection for P4 cells. The percent
infection in the presence of each NRTI with respect to infection in untreated
cells was calculated, and the means were plotted against the NRTI concentration
to calculate the ICs, for each drug by using Prism software. Resistance was
expressed as the fold change in ICsy, i.e., the ratio of the ICs, of the mutant clone
to the ICs;, of the WT virus.

RC assays. Viral RC was assayed in P4 tumor cells, PHA-stimulated PBMC,
monocytes, and MDMs. Cells were infected with serial dilutions of the NL4-
3LUC" ANefAEnv-derived viral clones carrying the previously described resis-
tance mutations. Viral input was normalized between the different cell types to
match the level of p24 used to infect 10° MDMs (i.e., if the highest virus
concentration used to infect 10° MDMs and 10° monocytes was 400 ng/ml, then
40 ng of p24/ml was used to infect 10* P4 cells and 160 ng of p24/ml was used to
infect 10° PBMC containing ca. 40% CD4" T lymphocytes). The RC was deter-
mined by calculating the slope of the curve plotting luciferase activity against p24
input in its linear portion. The relative RC of the mutant viruses was expressed
as a percentage of the WT.

Infection was monitored by quantifying the luciferase activity in cell lysates at
40 h postinfection in HeLa P4 cells and at 72 h postinfection in primary cells
(PHA-stimulated PBMC, monocytes, and MDMs).

Quantification of intracellular ANTP pools. A total of 5 X 10° MDM:s or 107
P4 cells were cultured in the absence of any drug or in the presence of 1, 0.1, 0.01,
or 0.001 pM AZT, d4T, ddI, or 3TC for 6 h or for 24 h. Cells were then washed
twice with 0.9% NaCl (pH 7.5), lysed with 500 wl of lysis buffer (0.05 M Tris-HCl
[pH 7.4]-70% ethanol solution), and frozen at —80°C. Cell extracts were ana-
lyzed by liquid chromatography coupled to mass spectroscopy to quantify en-
dogenous dNTP and NRTI-triphosphate concentrations in control and treated
MDMs and P4 cells (12, 13, 29). Mean endogenous dNTP concentrations/10°
cells were compared in both cell types (Fig. 1). In order to minimize differences
inherent to donor cells in MDMs, the NRTI-triphosphate/paired endogenous
dNTP concentration ratios were compared (see Fig. 5).

Statistical analyses. The ICs, values and fold changes in ICs, were compared
by using a one-way analysis of variance (ANOVA) test, unless otherwise speci-
fied. A P value of <0.05 was considered to be significant. When groups differed
significantly, a Bonferroni’s multiple-comparison post-test was performed to
make comparisons two by two. dNTP contents in MDMs and P4 cells were
compared by using an unpaired ¢ test.

RESULTS

Intracellular dNTP concentrations in MDMs. Primary hu-
man macrophages have been reported to have lower dNTP levels
than CD4 " T lymphocytes or tumor cells (23, 60). To confirm that
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FIG. 1. dNTP concentrations in MDMs and in HeLa P4 cells. En-
dogenous dNTPs were measured in MDM and in HeLa P4 tumor cells
by high-pressure liquid chromatography. The results reported here
represent the mean concentrations of seven independent experiments
for HeLa P4 cells and of 15 independent donors for MDMs. The data
are expressed as ANTP concentrations/10° cells. An asterisk indicates
that these values were significantly different in MDMs than in P4 cells
(P < 0.01).

this was indeed the case in the experimental system used here, we
measured dNTP concentrations in MDMs from 15 healthy blood
donors and in HeLa-derived P4 tumor cells by liquid chromatog-
raphy coupled to mass spectroscopy. As shown in Fig. 1, mean
dATP, dGTP, and dTTP concentrations were >100-fold lower in
MDMs than in P4 cells, and dCTP concentrations were 15-fold
lower in MDMs than in P4 cells. The differences in dATP, dGTP,
and dTTP contents were statistically significant (P = 0.002 for
dATP, P = 0.003 for dGTP, and P = 0.002 for dTTP). dCTP was
the most abundant and dGTP was the most scarce nucleotide in
the MDMs.

Susceptibility of WT NL4-3 to NRTIs in MDMs. Although
numerous studies (2, 4, 27, 52, 54) have reported on the activity
of NRTIs in MDMs, we wanted to calibrate the activity of
these compounds in the single-cycle, luciferase-based, VSV-
pseudotype MDM infection assay system developed here. We
compared the antiviral activity of five NRTIs—AZT, d4T, ddI,
3TC, and TDF—in MDMs and in P4 cells by using a WT
NLA4-3-derived, VSV-G-pseudotyped virus bearing a Luc re-
porter gene in the place of Nef. In these experiments, MDMs
and P4 cells were precultured with the drugs for different time
periods prior to infection: a long pretreatment (16 h), a short
pretreatment (4 h), or no pretreatment, where cells were ex-
posed to the drug at the time of infection (0 h). In P4 cells, the
time of exposure of the cells to the drug prior to infection did
not affect the ICs, values for any of the drugs tested. There-
fore, further experiments with P4 cells in the present study
were all carried out with a 4-h pretreatment. The mean ICs,
values were 0.004 uM for AZT, 0.61 pM for d4T, 2.62 uM for
ddlI, 0.06 uM for 3TC, and 0.27 uM for TDF (Table 1).

In MDMs, ICs, values displayed important interdonor vari-
ability. The mean ICs, values measured in MDMs, however,
were comparable to those measured in P4 cells for AZT and
TDF, independently of the time of pretreatment (Fig. 2 and
Table 1). For d4T, ddI, and 3TC, the mean IC, values mea-
sured in MDMs were significantly lower than those measured
in P4 cells (Fig. 2 and Table 1). For d4T, the mean ICs, value in
MDMs was slightly lower in cells treated for 16 h before in-
fection (0.065 pM) than in cells treated for 4 h (0.171 nM) or
in cells treated at the time of infection (0.141 wM). With ddI,
the mean ICs, values varied from 1.699 pM in cells treated at
the time of infection to 0.074 wM in cells pretreated for 4 h and
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TABLE 1. ICs, values for five NRTIs in P4 cells and in MDMs infected with WT NL4-3-derived virus

Mean ICs, = SEM (no. of expts)? in:

NRTI P4 cells MDMs

(4-h pretreatment) No pretreatment 4-h pretreatment 16-h pretreatment
AZT 0.004 = 0.001 (3) 0.015 £ 0.052 (9) 0.007 = 0.005 (10) 0.003 = 0.001 (11)
d4T 0.61 = 0.11 (3) 0.14 = 0.05% (8) 0.17 £ 0.05% (5) 0.07 = 0.02% (6)
ddl 2.62 = 0.76 (4) 1.70 = 0.10% (5) 0.07 = 0.0307F (3) 0.36 = 0.147 (6)
3TC 0.06 = 0.038 (4) 0.015 £ 0.011* (4) 0.010 = 0.006% (9) 0.010 = 0.0047 (11)
TDF 0.27 = 0.10 (3) 0.33 = 0.12 (4) 0.23 = 0.06 (3) 0.40 = 0.20 (6)

“ The mean ICs, values were calculated from at least three independent experiments. The number of independent experiments is indicated in parentheses. *, P <
0.05; f, P < 0.01; %, P < 0.001 (comparison of ICs, values in MDMs and in P4 cells).

to 0.359 uM in MDMs pretreated for 16 h. For 3TC, the mean
ICs, was fivefold lower in MDMs than in P4 cells (Fig. 2 and
Table 1) in accordance with what has been previously de-
scribed in a study performed in PBMC (58). Taken together,
these data illustrate the impact of the cellular context on the
antiviral activity of some NRTIs such as d4T, ddl, and 3TC.
The data suggest that some NRTIs may be more potent RT
inhibitors in MDMs than in cells with high dNTP concentra-
tions, as previously reported (2, 4, 52, 54).

Resistance to NRTIs in MDMs. We next studied resistance
in MDMs of HIV-1 RT mutants carrying resistance mutations
representative of three main resistance pathways. TAMs,

AZT

which emerge in vivo as a result of insufficient HIV suppres-
sion by antiretroviral regimens that include AZT or d4T, are
known to confer different degrees of resistance to most nucle-
oside and nucleotide analogues. The viruses tested here car-
ried either two TAMs (M41L and T215Y) or four TAMs
(M41L+T215Y +L210W+D67N). Of note, although mutation
D67N is most often found in association with mutations T215F
and K219Q or K219E, it is also frequently associated with the
mutations present on viruses tested here. The typical 3TC
resistance mutation M184V was also used for experiments on
resistance to 3TC, and the K65R substitution was used for
experiments on resistance to TDF. As with WT NL4-3, pre-

A B d4t c DDI
] ¥ <0001 <0.001 <0.001 107 4q  <0.001 <0.01 <001
= = | -
5 1 5 1 —-iI— “ = E; 1 L A 0
2 ] v sA A . ]
o 01 T & o1 A T e 01 N
00t att vy 0011 * 001 *
Haw A A 5
0.001 A 'f"' .’0 0.0011 A 0.001 1
00001 * 00001 00001
P4 Oh 4 16h P4 Oh  4h  16h P4 Oh  4h  16h
MDM MDM MDM
D 3TC E TDF
107 <005 <0.01 <0.01 101
- 1 o , = P4 cells, 4h pretreatment
3 " g _:.. —p— Iy = 4 MDMs, no pretreatment
J SN v s :g 0t . . v MDMs, 4h pretreatment
001 Iy —:;,— ~ 001 * MDMs, 16h pretreatment
““
0001 4 v 3 0.001 - .
*
00001 0.0001
P4 Oh  4h  16h P4 Oh _4h  16h
MDM MDM

FIG. 2. ICs, values for five NRTIs in P4 cells and in MDMs infected with WT NL4-3. HeLa P4 cells (10* cells in 96-well microtiter plates) were
pretreated with different drugs for 4 h and then infected with 8 ng of WT NL4-3AenvANef-Luc*/VSV-G virus p24/ml. MDMs (10° cells in 96-well
microtiter plates) were pretreated with the same NRTIs at the time of infection (0 h) or for 4 or 16 h prior to infection with 80 ng/ml p24 of WT
NL4-3AenvANef-Luc™/VSV-G-pseudotyped virus. Infection was monitored by quantifying the luciferase activity 40 h postinfection in P4 cells and
72 h postinfection in MDMs. The experiments presented here were performed with MDMs from at least three different independent donors tested
in independent experiments and represent the means of quadruplicate cultures for each donor. Each point represents the mean of quadruplicate
cultures of cells from a single donor. Graphs report the ICs, values measured for AZT (A), d4T (B), ddI (C), 3TC (D), and TDF (E). The
differences in mean ICs, measured for each drug in HeLa P4 tumor cells and in MDMs pretreated with the NRTIs for different times were
compared by using a one-way ANOVA test, followed by a Bonferroni’s multiple-comparison post-test comparing the p4 1Cs, to each of the ICy,s
measured in MDMs for each pretreatment length when differences between groups were significant. When significant, the P values are reported

on the graph.
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FIG. 3. Fold changes in ICs, for five NRTIs in P4 cells and in MDMs

infected with NL4-3-derived RT mutant viruses. P4 cells (10* cells in

96-well microtiter plates) were exposed to different drugs for 4 h and then infected with 8 ng/ml p24 of the WT or mutant NL4-3AenvANef-
Luc™/VSV-G-pseudotyped viruses. MDMs (10° cells in 96-well microtiter plates) were exposed to the same drugs at the time of infection (0 h) or
for 4 or 16 h prior to infection with 80 ng/ml p24 of the WT or mutant NL4-3AenvANef-Luc/VSV-G-pseudotyped viruses. Infection was
monitored by quantifying the luciferase activity at 40 h postinfection in P4 cells and at 72 h postinfection in MDMs. The experiments presented

here were performed with MDMs from at least four different independent

donors tested in independent experiments and represent the means of

quadruplicate wells for each donor. Each point represents the mean of quadruplicate cultures of cells from a single donor. Graphs report the fold
change in ICs, for viruses harboring mutations with respect to WT NL4-3 for AZT (A), d4T (B), ddI (C), 3TC (D), and TDF (E). The differences
in mean fold changes in ICs, measured for each drug in P4 cells and in MDMs pretreated with the NRTIs for different times were compared by

a one-way ANOVA test.

liminary analyses revealed that the time of pretreatment did
not affect the ICs, of the NRTIs in P4 cells infected with
mutant viruses. Therefore, in all P4 experiments, cells were
pretreated with the NRTI for 4 h before infection. In MDMs,
however, resistance assays were performed with different pre-
treatment times. Again, important interdonor variability was
observed with MDMs, probably due to intrinsic differences
between donors regarding the state of differentiation and ac-
tivation of MDMs. In most cases, this variability decreased
with longer preexposure of the cells to the drug before infec-
tion.

Overall, resistance profiles and fold changes in ICs, for
nucleoside analogues were similar in P4 cells and in MDMs
infected with the two-TAM (M41L+T215Y) and four-TAM
(M41L+T215Y+D67N+L210W) mutants. TAM-mediated
resistance to AZT was comparable in both cell types: for the
two-TAM virus, the fold change in ICs, ranged from 8- to
54-fold in MDMs and was 43-fold in P4 cells; for the four-
TAM virus, the fold change in ICy, ranged from 64- to 150-fold
in MDMs and was 164-fold in P4 cells (Fig. 3A and Table 2).
For d4T and ddI, TAM-mediated resistance in MDMs was
very low, with fold changes in ICs, ranging from 1.65- to
7.13-fold for d4T and from 1.5- to 8.9-fold for ddI with both
TAM-bearing mutant viruses, depending on the time of pre-

treatment (Fig. 3 and Table 2). Although resistance of the
four-TAM virus to d4T seemed to slightly increase with a 16-h
pretreatment prior to infection (Fig. 3 and Table 2), probably
due to the phosphorylation kinetics of this drug in MDMs, the
fold changes in ICs, in the two cell types were not significantly
different. Likewise, the fold change in ICs, for ddI was slightly
higher in MDMs (ranging from 7.3- to 8.9-fold) than in P4 cells
(1.3-fold) for the two-TAM virus, but the difference between
these figures did not reach statistical significance. The mean
fold changes in ICy, for TDF in MDMs infected with the K65R
mutant virus were slightly modified by the time of pretreat-
ment, ranging from 12.3-fold when MDMs were exposed to the
drug at the time of infection to 3.1-fold in cells pretreated for
16 h (Fig. 3 and Table 2). As with the clones carrying TAMs,
these values were similar to the mean fold change in ICs,
measured in P4 cells infected with the K65R mutant (4.6 pM)
(Fig. 3 and Table 2). Taken together, our data show that
viruses bearing TAMs or the K65R substitution expressed sim-
ilar levels of resistance to AZT, d4T, ddI, and TDF in P4 cells
and primary human macrophages.

In contrast to TAM- or K65R-mediated resistance to AZT,
ddI, d4T, and TDF, the pattern of resistance to 3TC promoted
by the M184V mutant appeared to differ in MDMs and in P4
cells. In P4 cells infected with the M184V mutant, the 3TC



VoL. 81, 2007

HIV RESISTANCE IN MACROPHAGES

4545

TABLE 2. Fold changes in ICs, values for five NRTIs in P4 cells and in MDMs infected with mutant NL4-3-derived viruses carrying two
TAMs, four TAMs, or the M184V or K65R substitution

Mutations or

Fold change = SEM (no. of expts)*

NRTI substitution P4 cells MDMs
(4-h pretreatment) No pretreatment 4-h pretreatment 16-h pretreatment
AZT Two TAMs 43.48 = 21.07 (3) 8.43 £53(8) 17.91 = 8.11 (5) 54.62 =243 (7)
Four TAMs 164.02 = 66.15 (3) 134.05 = 85.3 (5) 150.80 = 77 (7) 64.97 = 18.17 (9)
d4T Two TAMs 1.50 = 0.26 (3) 2.79 = 1.80 (6) 1.65 = 0.5 (4) 713 =53 (4)
Four TAMs 2.89 = 1.01 (3) 2.84 £ 1.13 (6) 6.25 £ 1.31(5) 6.81 £ 2.46 (5)
ddI Two TAMs 1.29 = 0.49 (3) 8.22 £5.36 (7) 8.97 £ 7.62 (4) 731 £5.12(4)
Four TAMs 1.28 = 0.50 (3) 1.5 = 0.56 (4) 279 £ 1.57 (4) 5.78 = 4.65 (4)
3TC Two TAMs 1.54 = 0.55 (3) 9.04 = 3.32 (6) 13.10 = 3.60 (9) 16.90 = 15.12 (10)
Four TAMs 4.96 = 2.36 (3) 5.06 = 1.55(3) 11.86 = 3.9 (8) 13.79 = 6.651 (10)
M184V >10,000 (3) >10,000 (4) >10,000 (9) 2,989 + 1,789 (11)
TDF K65R 4.63 =095 (3) 12.36 = 4.58 (4) 742 +3.51(2) 3.09 = 1.02 (4)

“The mean fold changes in ICs, relative to the reference virus NL4-3 were calculated from at least three independent experiments. The number of independent

experiments is indicated in parentheses.

1Cs, could never be calculated, since the inhibition measured
at the highest 3TC concentration never exceeded 50% (Fig. 4).
In MDMs from the majority of donors, however, the ICs, for
3TC could be readily measured in spite of the M184V muta-
tion. In MDMs, this effect appeared to be strongly influenced
by the batch of MDMs studied and by the time of pretreatment
with 3TC. Two examples of the impact of pretreatment times

on 3TC inhibition curves in MDMSs are shown on Fig. 4. When
MDMs were exposed to 3TC at the time of infection or 4 h
before infection, the ICs, could be measured in 2 of 4 and in 3
of 10 experiments, respectively, and ranged from 9 to 120 pM.
When MDMs from the same donors underwent a 16-h 3TC
pretreatment, M184V-mediated resistance decreased, and the
1Cs, could be measured in cells from 8 of 11 donors. In these

P4 cells MDM
A 4 hours pretreatment
donor 1 donor 2
- g ‘ g g‘
g . E g
| i |
¢ % 8 % .98 3 W a A48 1 2 D 4 4 2840 12
3TC (logshM) 3TC (logshM) 3TC (logsohM)
B 16 hours pretreatment —— Wild-type
. 2-TAMs
—e— M184V

infection (RLUOsec)
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0 4 3 2
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3TC (log,hM)
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A X T a8 1 3
3TC (log kM)

401 2 a

FIG. 4. Example of 3TC dose-response curves for WT, two-TAM (2-TAM), and M 184V viruses. P4 cells and MDMs were pretreated with serial
dilutions of 3TC for 4 h (A) or 16 h (B) and then infected with WT NL4-3AenvANef-Luc*/VSV-G (black) or with the two-TAM mutant (red) or
with the M184V mutant (green). Infection was quantified by measuring the luciferase activity in cell lysates at 40 h postinfection for P4 cells and
at 72 h postinfection for MDMs. Two representative experiments of the six in which 3TC maintained some antiviral activity despite the M184V
mutation are shown here. The data represent the means of quadruplicate wells. Altogether, 11 independent experiments were performed with

MDMs from different donors.
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FIG. 5. Triphosphate NRTIs in P4 cells and in MDMs. P4 cells (107) and MDMs (5 X 10°) were exposed to serial dilutions (ranging from 0.001
to 1 pM) of AZT, d4T, ddl, and 3TC for 6 or 24 h. The cells were washed, and NRTI-triphosphates, as well as the corresponding dNTP were
quantified in each cell lysate by high-pressure liquid chromatography. The NRTI-triphosphate/corresponding dNTP ratios cells were calculated in
10° P4 cells treated for 6 h (A) or 24 h (B) and in MDMs treated for 6 h (C) or 24 h (D). The NRTI-triphosphate/dNTP ratios are represented
as single shape and color symbols on the graph: for P4 cells, each symbol represents an independent experiment; for MDMs, each symbol
represents the NRTI-triphosphate/dNTP ratio for cells from a single donor.

conditions, values for 3TC in MDMs infected with the M184V
mutant ranged from 0.15 to 207 uM, with a mean of 39 pM.
The difference in ICs, values measured in P4 cells and in
16-h-pretreated MDMs was statistically significant (P < 0.05).
This result strongly suggests that in MDMs 3TC may retain
some residual antiviral activity in spite of the M184V mutation.
Likely because of the lower ICs, of 3TC on WT virus in
MDMs, however, no significant differences were seen between
MDMs and P4 cells and between MDMs pretreated by 3TC for
different times when we considered the fold changes in ICs,,
relative to WT NL4-3.

Quantification of triphosphorylated nucleoside analogues
in MDMs. In order to shed some light on the resistance pro-
files of viruses carrying resistance mutations in MDMs and in
particular to determine whether residual 3TC activity in spite
of the M184V substitution in MDMs could be related to dif-
ferences in the metabolism of 3TCTP or of dCTP in these cells,
triphosphorylated nucleoside analogues were quantified by lig-
uid chromatography coupled to mass spectroscopy in both
MDMs and P4 cells treated for 6 h (Fig. 5A and C) or 24 h
(Fig. 5B and D) with concentrations of drugs that spanned
across the range of measured I1Cs values for the WT virus. The
results were expressed as the ratio of the NRTI triphosphate to
that of its natural endogenous counterpart (ddNTP/dNTP ra-
tio). With the exception of AZT in P4 cells, the AZTTP/dTTP,
d4T-TP:dTTP and ddATP:dATP ratios were either undetect-
able or inferior to 1 in both MDMs and P4 cells over the whole
range of tested drug concentrations (Fig. 5). The absolute
values for AZTTP, d4TTP and ddATP in primary human mac-

rophages were also either indiscernible or barely detectable,
even at 0.1 and 1 pM input drug concentrations, which are
much higher than those that proved to have potent antiviral
activity (Table 1). The ddATP/dATP ratio was the lowest in
both cell types. In marked contrast, 3TCTP/dCTP ratios were
the highest of all ddNTP/dNTP ratios in MDMs, in spite of the
fact that endogenous dCTP concentrations were higher than
the other dNTPs (Fig. 1). In MDMs, the 3TCTP/dCTP ratio
was already =1 when cells were exposed to concentrations of
3TC as low as 0.01 uM for 24 h (Fig. 5D), a concentration 10-
to 100-fold lower than for the other NRTIs. Of note, the
3TCTP/dCTP ratio was comparable to the other ddNTP/dNTP
ratios in P4 cells (Fig. 5A and C). In MDMs from four different
donors, the 3TCTP/dCTP ratios ranged from 4.4 to 33.3 with a
mean of 15.3, contrasting with a ratio ranging 2.6 to 3.6 with a
mean of 3.1 in P4 cells for cells exposed to 1 wM input 3TC for
24 h (Fig. 5D). Given the limited amounts of MDMs that could
be obtained from each individual donor and the large cell
numbers required for the measurement of ddNTP and dNTP
concentrations, quantification of triphosphorylated nucleoside
analogues and phenotypic resistance assays could not be con-
ducted in parallel using MDMs from the same batches. Con-
sequently, correlations between the 3TCTP/dCTP ratios and
1C;, values for 3TC in MDMs infected with the M184V mutant
virus could not be formally established. Nonetheless, these
results indicate that the potent antiviral activity of 3TC in
macrophages might be due to a particularly favorable metab-
olism of 3TC triphosphate in MDMs, leading to higher
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FIG. 6. RCs of viruses carrying NRTI-associated resistance mutations in P4 cells, PBMC, MDMs, and monocytes. P4 tumor cells, PHA-
stimulated PBMC, monocytes, and MDMs were infected with serial dilutions of the WT (black) or of viruses bearing two-TAM:s (red), four-TAMs
(blue), or the M184V (green) or K65R (purple) substitutions. Infection was monitored by measuring the luciferase activity in cell lysates. Luciferase
activity was plotted against p24 input, and the slope of the resulting curve in its linear portion was considered to quantify RC. The relative RC was
defined to be the RC of the mutant virus as a percentage of that of the WT. Relative RCs of mutant viruses in HeLa P4 cells, in MDMs, and in
PHA-stimulated PBMC are shown. The significance of the differences in relative RCs in the three cell types was compared by using a one-way
ANOVA test, followed, when groups were significantly different, by a Bonferroni’s multiple-comparison post-test. The corresponding P values are

indicated.

3TCTP/dCTP ratios and permitting partial activity of 3TC in
these cells even in the presence of the M184V substitution.

RC of RT mutants in MDMs. Previous reports (9, 10, 14, 45)
have revealed that the RC of viruses carrying the M184V
resistance mutation or TAMs is impaired in conditions of low
dNTP concentrations. We thus performed RC assays in differ-
ent primary cell systems, using the same mutant viruses de-
scribed above. The RC, as measured in a single cycle of rep-
lication, was evaluated in P4 cells, PHA-stimulated PBMC,
undifferentiated monocytes, and differentiated MDMs. We ob-
served that RCs of mutant viruses were similar to that of the
WT virus in P4 cells and in PHA-stimulated PBMC (Fig. 6). In
MDMs, however, the RCs of all mutant viruses were strongly
impaired compared to WT (Fig. 6). Despite quantitative dif-
ferences in loss of RC, a similar trend was observed in MDMs
from all donors. Mean relative RC (RC of the mutant ex-
pressed as a percentage of WT virus RC) were 49.6% for the
virus carrying two TAMs, 34.6% for the virus carrying four
TAMs, 34.4% for the M184V mutant, and 14.3% for the K65R
mutant (Fig. 6). These figures were significantly different from
those measured in P4 tumor cells (P < 0.05 for the two-TAM
virus and for the M184V mutant and P < 0.001 for the K65R
mutant) and in PHA-stimulated PBMC (P < 0.01 for all vi-
ruses) as assessed using a one-way ANOVA test followed by a
Bonferroni’s paired post-test. The relative RCs did not differ
between P4 cells and PHA-stimulated PBMC.

This phenomenon was even more striking in undifferenti-
ated monocytes. When undifferentiated monocytes were in-
fected with the same pseudotyped mutant clones, no infection
could be detected in three of six experiments performed with
cells from six different donors. In the remaining three experi-
ments, only replication of the WT virus could be detected (Fig.
6). Replication of the WT virus was between 200- and 1,500-
fold lower in monocytes than in the corresponding differenti-
ated MDMs at the highest virus input tested (400 ng/ml in
monocytes and MDMs). As for mutant clones, replication was
never detected in monocytes (Fig. 6).

Overall, our results indicate that resistance mutations might
not affect RC in actively dividing cells such as P4 tumor cells or

PHA-stimulated PBMC. In cells with low DNA turnover and
low dNTP concentrations, however, such as MDMs and even
moreso monocytes, resistance mutations may have a strong
impact on viral RC, reflecting that in these cells the mutation-
induced loss of processivity of the viral RT is amplified by low
dNTP pools.

DISCUSSION

Although often referred to as a model of HIV-1 replication
in a low-dNTP context, primary human macrophages have not
been studied to date for their capacity to influence HIV resis-
tance to nucleoside analogues and RC. HIV resistance pheno-
type and fitness are usually measured in transformed cell lines
or in PHA-stimulated PBMC, i.e., in cells characterized by
high DNA turnover and high dNTP content. These cells, how-
ever, are very different from cellular targets for HIV-1 in vivo.
The study presented here was designed to examine (i) the
specific antiviral activity of nucleoside analogues in MDMs
compared to tumor cells, using WT HIV-1; (ii) the phenotypic
effect of known NRTI-resistance mutations in MDMs com-
pared to tumor cells; and (iii) the impact of these mutations on
HIV-1 RC in MDMs compared to stimulated PBMC and to
tumor cell lines.

We report here that the specific antiviral activity of nucleo-
side analogues can markedly differ in tumor cells and in mac-
rophages, according to the nucleoside analogue studied. With
WT HIV-1, d4T, ddI, and 3TC were clearly more active in
MDMSs than in P4 cells, whereas AZT and TDF had similar
antiviral potencies in both cell types. These results differ
slightly from those of previous reports, which found that all
nucleoside analogues tested, including AZT, ddC, and ddlI,
were more potent in MDMs than in PBMC, owing to higher
intracellular ddNTP/dNTP ratios in MDMs (2, 4, 52, 53). Al-
though we could not directly explain why AZT did not display
higher antiviral activity in MDMSs, we hypothesize that this
difference could relate to the different experimental system
used here. Although most previous studies relied on produc-
tive infection of MDMs over several days of propagation, we
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used a single-cycle infection system. We believe that this ex-
perimental approach may be more reliable for a quantitative
assessment of drug susceptibility, in view of a more synchro-
nous infection, a wider dynamic range of infectivity output
values permitted by the luciferase system, and a more accurate
control of drug concentrations in the cultures over a short
period of incubation. In addition, the present study did not
directly examine whether the differences in ICy, observed for
some nucleoside analogues are a consequence of lower HIV
RC in MDMs. Although this remains a possibility, we believe
that it would not be consistent with the fact that differences in
IC;, were seen with some analogues but not with others.

In contrast to studies examining the intrinsic antiviral activ-
ity of nucleoside analogues on wild-type HIV-1, there had been
no previous reports on HIV resistance to nucleoside analogues
in MDMs. Using HIV-1 clones expressing a variety of RT
resistance mutations, the present study provides two principal
findings. First, we observed that resistance to nucleoside ana-
logues conferred by TAMs did not significantly differ in MDMs
and in HeLa-derived tumor cells. This observation is particu-
larly noteworthy regarding resistance to drugs such as d4T, for
which it has been proposed that resistance could markedly
differ according to the cellular ANTP content. In vitro, after
termination of DNA synthesis by d4TTP, but not by AZTTP,
the rate of primer unblocking mediated by TAMs has been
indeed found to be strongly modulated by the concentration of
the next dNTP (40, 41). This phenomenon is explained by a
dNTP-mediated increase in translocation of the d4T-termi-
nated primer in the RT primer grip, contrasting with the slow
and dNTP-independent rate of translocation of the AZT-ter-
minated primer. Correspondingly, using phenotypic assays
based on cell systems with a high dNTP content, TAMs pro-
mote high-level resistance to AZT but only minimal resistance
to d4T, ddl, 3TC, and tenofovir, in spite of manifest treatment
failure in vivo. It has therefore been assumed, but not demon-
strated, that the apparent inability of phenotypic assays to
measure significant resistance to d4T or ddI was related to the
high proliferation rate of the cells used in such systems, in
which efficient TAM-mediated resistance would be blunted by
high dNTP concentrations. Our data, however, do not support
this hypothesis: using primary human macrophages with a
dNTP content 100-fold lower than tumor cells, the d4T and
ddI ICsys measured for viruses carrying TAMs remain much
lower than the ICy, measured for AZT.

Second, we observed that resistance to 3TC mediated by the
M184V mutation was, with a number of MDM donors, re-
markably lower than what is usually measured for this muta-
tion in tumor cell-based assays (30, 36, 59). When MDMs were
exposed to 3TC shortly before infection with the M184V mu-
tant, the ICy, value of 3TC could be measured in a limited
number of MDM batches. When MDMs were treated for 16 h
before infection, however, the ICs, values were often markedly
lower than those measured in both P4 cells and MDMs pre-
treated for a short period (Fig. 3D and 4). This finding is in line
with those of Quan et al. in cell-free RT assays and in PBMC
(58) and with those of Aquaro et al. (5), who found that the
emergence of 3TC resistance in culture through acquisition of
the M184V mutation is significantly slower and more difficult
in MDMs than in other cell types. Although this latter finding
could be related to an intrinsic lower rate of viral replication in
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MDMs, it may pertain to the fact that in these cells the selec-
tive advantage conferred by the M184V mutation, even in the
presence of 3TC, is smaller than in other cell types. Consistent
with our resistance results, measurement of intracellular
3TCTP and dCTP content in MDMs revealed that the 3TCTP/
dCTP ratios were markedly higher than for other nucleoside
analogues and also markedly higher in macrophages than in
tumor cells (Fig. 5). Resistance to 3TC induced by the M184V
substitution is the consequence of reduced incorporation of
the analogue in the nascent chain of viral DNA. Indeed, this
mechanism of resistance, which involves a direct competition
between the analogue and its natural endogenous counterpart,
is more likely to be affected by increases in the 3TCTP/dCTP
ratio than would be resistance mediated by primer unblocking.
In view of these results, we hypothesize that in vivo, where HIV
primary target cells are far less actively dividing than mitogen-
stimulated PBMC or tumor cells, 3TC may retain some resid-
ual antiviral activity in spite of the M184V mutation. Although
few trials were specifically designed to test the hypothesis of a
clinical benefit drawn from selectively maintaining the M184V
substitution through continued use of 3TC despite the emer-
gence of the mutation, several clinical observations support
this hypothesis (47, 56). Interruption of nucleoside analogues,
including 3TC, in patients with multiple drug resistance and
stable plasma viral load results in a significant increase in
viremia (21). In the same type of patients, treatment mainte-
nance with 3TC alone results in a better virological and clinical
outcome than complete treatment interruption (17), again sug-
gesting that some residual benefit is retained in the prescrip-
tion of 3TC in spite of genotypic resistance to this drug.
Most resistance mutations in HIV-1 have been found to be
associated with some loss in RC. Because reduction in RT
function resulting from such mutations could be partially com-
pensated for by high concentrations of dNTPs, we have com-
pared the RCs of different RT mutants in MDMs, in mitogen-
stimulated PBMC, and in HeLa-derived P4 cells. We observed
that all mutants displayed reduced RCs relative to WT virus in
MDMs, whereas no significant differences were seen in P4 cells
or in mitogen-stimulated PBMC. The relative RCs in MDMs
were as follows: two TAMs > four TAMs = M184V > K65R
(Fig. 6). Viruses bearing the K65R mutation were clearly more
strongly impaired in their RCs than previously described in
other cell systems, with a mean RC of 14.3% of the WT. Thus,
using cells with a remarkably low dNTP content, mutations
that did not appear to reduce HIV-1 RC in cells with high
DNA turnover were found to have a strong impact on viral RC.
This phenomenon confirms the findings of a number of differ-
ent previous studies, which documented the effect of a low-
dNTP environment on reduced HIV replication or reduced
RT processivity, mostly in the context of the M184V mutation
(9, 10, 14, 15, 45, 55, 63, 66). Although an early study by
Caliendo et al. (16) documented that a four-TAM mutant
displayed increased processivity in vitro under limited dANTP
levels, our results confirm recent findings by Bouchonnet et al.
(14) that reduced efficiency of DNA synthesis by mutant RT in
the presence of low dNTP concentrations, which may involve
enzymatic properties other than enzyme processivity, is not
restricted to the M184V mutation. In particular, the impact of
many combinations of TAMs on HIV RC is seen both here in
MDMs and in the low-dNTP-content cells after treatment with
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hydroxyurea (14). It could also explain reduced RCs in PBMC,
in which the dNTP content is generally below that seen in
tumor cells. Of note, as previously reported by some authors
(22, 44, 67) but contradicted by others (6), our results empha-
size that among the different mutation profiles studied, the
replicative impact of mutation K65R may be stronger than that
of other RT mutations, provided that it is studied in cells with
a low-dNTP environment.

In patients failing antiretroviral therapy, plasma viral load
often appears to stabilize to levels below pretherapy levels,
whereas CD4 counts also stabilize to levels above pretherapy
counts, despite viral genotypes and phenotypes indicating com-
plete resistance to the current therapeutic regimen. Such a
profile has been attributed either to decreased viral RC or to
residual activity of the drugs. Using MDMs as a surrogate
model for HIV replication in primary cells, which we hypoth-
esize to be more relevant to HIV replication in vivo than cell
systems commonly used to monitor resistance phenotype and
RC, we found that both mechanisms could be involved in the
clinical profiles described above. The low dNTP content in
MDMs enhances the replicative defect of HIV variants carry-
ing RT mutations. In parallel, the high ddNTP/dNTP ratio,
particularly striking in MDMs in the case of 3TC, explains
partly why some nucleoside analogues appear to retain resid-
ual activity in vivo. Although differentiated macrophages are
clearly not the main source of replicating virus in HI'V-infected
individuals, our results strongly reemphasize the fact that cul-
ture systems based on artificially stimulated primary cells or on
tumor cell lines may, in some instances, be poorly reflective of
the actual expression of HIV resistance to nucleoside ana-
logues and of resistance-associated loss of RC in vivo.
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