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ABSTRACT Maraviroc is a CCR5 antagonist used in the treatment of HIV-1 infection.
We and others have suggested that maraviroc could reactivate latent HIV-1. To test
the latency-reversing potential of maraviroc and the mechanisms involved, we per-
formed a phase II, single-center, open-label study in which maraviroc was adminis-
tered for 10 days to 20 HIV-1-infected individuals on suppressive antiretroviral ther-
apy (EudraCT registration no. 2012-003215-66). All patients completed full maraviroc
dosing and follow-up. The primary endpoint was to study whether maraviroc may
reactivate HIV-1 latency, eliciting signaling pathways involved in the viral reactiva-
tion. An increase in HIV-1 transcription in resting CD4� T cells, estimated by levels of
HIV-1 unspliced RNA, was observed. Moreover, activation of the NF-�B transcription
factor was observed in these cells. To elucidate the mechanism of NF-�B activation
by maraviroc, we have evaluated in HeLa P4 C5 cells, which stably express CCR5,
whether maraviroc could be acting as a partial CCR5 agonist, with no other mecha-
nisms or pathways involved. Our results show that maraviroc can induce NF-�B ac-
tivity and that NF-�B targets gene expression by CCR5 binding, since the use of
TAK779, a CCR5 inhibitor, blocked NF-�B activation and functionality. Taking the re-
sults together, we show that maraviroc may have a role in the activation of latent
virus transcription through the activation of NF-�B as a result of binding CCR5. Our
results strongly support a novel use of maraviroc as a potential latency reversal
agent in HIV-1-infected patients.

IMPORTANCE HIV-1 persistence in a small pool of long-lived latently infected rest-
ing CD4� T cells is a major barrier to viral eradication in HIV-1-infected patients on
antiretroviral therapy. A potential strategy to cure HIV-1-infection is the use of
latency-reversing agents to eliminate the reservoirs established in resting CD4� T
cells. As no drug has been shown to be completely effective so far, the search for
new drugs and combinations remains a priority for HIV cure. We examined the abil-
ity of maraviroc, a CCR5 antagonist used as an antiretroviral drug, to activate latent
HIV-1 in infected individuals on antiretroviral therapy. The study showed that mara-
viroc can activate NF-�B and, subsequently, induce latent HIV-1-transcription in rest-
ing CD4� T cells from HIV-1-infected individuals on suppressive antiretroviral ther-
apy. Additional interventions will be needed to eliminate latent HIV-1 infection. Our
results suggest that maraviroc may be a new latency-reversing agent to interfere
with HIV-1 persistence during antiretroviral therapy.
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The persistence of quiescent HIV-1 infection within a small population of long-lived
CD4� T cells is currently the major barrier for the eradication or the functional cure

of HIV-1. Reversal of proviral latency without global T-cell activation is being pursued
as a curative strategy for HIV-1 infection, with the hope that infected cells in which the
virus is reactivated will subsequently be eliminated by viral cytopathic effects or by
virus-specific cytolytic T lymphocytes (CTLs). Several drug families with different mech-
anisms of action have been proposed as being potentially useful for this purpose, and
in particular, histone deacetylase (HDAC) inhibitors have been the subject of intensive
research (1–3). Carefully designed clinical trials have shown the capacity of some of
these latency-reversing agents (LRAs) to reactivate latent HIV-1 in vivo (4–7), but no LRA
is likely to drive the elimination of the latent reservoir in vivo when administered
individually (8). It has been argued that the potency of individual LRAs may be too low
and that the combination of several drugs may be needed to achieve clinically
meaningful results (9). However, potential toxicities and drug-drug interactions may
limit the chances of combining these agents.

Maraviroc (MVC) is a potent antiretroviral agent approved for the treatment of HIV-1
infection that blocks interaction between the virus and the CCR5 coreceptor, a crucial
step in the HIV-1 life cycle (10). Previous clinical trials have demonstrated the safety,
tolerability, and efficacy of maraviroc in both treatment-naive and treatment-
experienced patients (11, 12).

Given the safety and tolerability of the drug, we performed an open-label phase II
clinical trial to evaluate the effect of 48 weeks of administration of maraviroc on the cellular
HIV-1 reservoir in patients receiving antiretroviral therapy (ART) (ClinicalTrials.gov regis-
tration no. NCT01365065) (13). The rationale of the trial was that ART intensification
with an entry inhibitor would help in reducing the HIV-1 latent reservoir in resting
CD4� T cells by suppressing the residual replication of HIV-1. Maraviroc was added to
the suppressive ART administered to the patients. We found that intensification with
maraviroc was associated with a trend to a decrease in the size of the latent HIV-1
reservoir in resting CD4� T cells, with a transient increase in the residual viremia and
in the episomal two-long-terminal-repeat (2LTR) DNA circles. The effect on the cell
reservoir persisted for 24 weeks after discontinuation of maraviroc (14). These obser-
vations raised the hypothesis that maraviroc could increase transcriptional activation of
the latent virus. To our knowledge, a residual agonistic effect of maraviroc on CCR5 in
resting CD4� T cells latently infected with HIV-1 had not been described (10).

We hypothesize that maraviroc could promote HIV-1 transcription in resting CD4�

T cells by downstream activation of CCR5-mediated intracellular signaling pathways. To
test this hypothesis, we have conducted a clinical trial to explore whether maraviroc
could trigger this effect in suppressed HIV-1-infected patients, thus potentially helping
to accelerate the decay of the HIV-1 cell reservoir. Then, maraviroc could be used, in
addition to as an antiretroviral drug, as part of a combination regimen of LRAs.

RESULTS
Study design and participants. This was a phase II clinical trial to determine

whether treatment with maraviroc for a short period of time (10 days) in long-term-
treated HIV-1-infected patients with previously suppressed viral load leads to an
increase in the transcription of latent HIV-1 and to study the intracellular signaling
pathways by which the activation of the transcription of latent virus may occur. The
study was conducted at the University Hospital Ramón y Cajal in Madrid, Spain,
between October 2012 and January 2015.

The 20 HIV-1-infected patients who were included met all the following criteria: at
least 2 years of receiving ART with three drugs, HIV-1 RNA levels of �37 copies/ml for
at least 2 years, and a CD4� T-cell count of �350 cells/�l. We excluded HIV-1-infected
patients with recent use of immunomodulatory agents or valproic acid. The patients (19
male and 1 female) had a median age of 49 years (Table 1). The median baseline CD4�

T-cell count was 664 cells/�l, and the median duration of ART before study entry was
127 months. Most patients (16 out of 20) were receiving a nonnucleoside-based
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regimen and the remaining a protease inhibitor-based one. All patients had plasma
HIV-1 RNA levels of �37 copies/ml. Viral tropism determination based on proviral DNA
was R5 in 12 patients, non-R5 in 4 patients, and indeterminate in 4 patients. All enrolled
subjects completed the study as planned. Maraviroc was administered at dosages
usually used in clinical practice, adjusted for concomitant antiretroviral drugs. Overall,
maraviroc was well tolerated by all the patients, with no discontinuations during the
study.

Maraviroc induces an increase in viral transcription in resting CD4� T cells. To
assess the effects of maraviroc in the transcription of latent HIV-1, we evaluated the
changes in unspliced RNA (usRNA) expression in the 20 participants at baseline, on days
1, 3, and 10 of maraviroc intensification, and after the withdrawal of maraviroc at day
28 of the study. A nonsignificant increase in the median number of copies of usRNA per
resting CD4� T cell during the study was observed (Fig. 1A and B). The increase in the
expression of usRNA was detected as soon as at 24 h of maraviroc treatment (day 1) and
persisted throughout the duration of treatment (P � 0.0145 for the comparison
between baseline and during maraviroc treatment) and 18 days after the discontinu-
ation of the drug, although differences were not significant at this time point (P �

0.197) (Fig. 1C). The median fold change in usRNA from baseline to peak in resting
CD4� T cells was 8.1 (interquartile range [IQR], 2.7 to 24.4) (Fig. 1D).

Maraviroc activates NF-�B, but not AP-1 or NFAT, in resting CD4� T cells. HIV-1
transcription is dependent on the activation of transcription factors, mainly AP-1,
nuclear factor of activated T cells (NFAT), and NF-�B. We have determined the activities
of these three factors in resting CD4� T cells, using a DNA binding enzyme-linked
immunosorbent assay (ELISA)-based assay (TransAM kits; Active Motif). The activities of
the transcription factors were calculated as the fold change at each time point in
comparison to baseline, before the administration of maraviroc (Fig. 2A). We did not
establish a threshold at which the expression level of a transcription factor was
considered to be changed. For NF-�B, for example, we considered that there was NF-�B
induction when changes were associated with NF-�B target gene induction. These
changes were in all cases higher than 1.3.

TABLE 1 Baseline characteristics of study participants

Patient ID Age (yr) Gendera

HIV-1 RNA
(copies/ml)

Baseline CD4� T cells
(cells/mm3) Viral tropism

ART duration
(mo) Regimenb

MTS 1 58 M �37 390 R5 118 TDF/FTC/EFV
MTS 2 52 M �37 908 R5 76 ABC/3TC/EFV
MTS 3 50 M �37 792 Indeterminate 53 TDF/FTC/EFV
MTS 4 35 F �37 641 R5 36 TDF/FTC/EFV
MTS 5 67 M �37 380 Non-R5 138 TDF/FTC/EFV
MTS 6 51 M �37 394 R5 156 TDF/FTC/EFV
MTS 7 58 M �37 1,147 Indeterminate 169 ABC/3TC/ATV
MTS 8 72 M �37 794 Non-R5 181 ABC/3TC/ATVr
MTS 9 29 M �37 526 Indeterminate 51 TDF/FTC/EFV
MTS 10 52 M �37 907 R5 106 TDF/FTC/EFV
MTS 11 44 M �37 788 R5 95 ABC/3TC/ATV
MTS 12 41 M �37 686 R5 206 ABC/3TC/NVP
MTS 13 54 M �37 517 R5 137 TDF/FTC/EFV
MTS 14 52 M �37 461 R5 92 TDF/FTC/RPV
MTS 15 42 M �37 400 R5 23 TDF/FTC/RPV
MTS 16 34 M �37 888 R5 23 TDF/FTC/RPV
MTS 17 43 M �37 399 Indeterminate 210 TDF/3TC/ATVr
MTS 18 49 M �37 741 R5 221 ABC/3TC/EFV
MTS 19 44 M �37 740 Non-R5 194 TDF/FTC/RPV
MTS 20 50 M �37 456 Non-R5 170 TDF/FTC/EFV

Median (IQR) 49 (42.5–51) �37 664 (414.6–794.2) 127.5 (58.7–181)
aM, male; F, female.
b3TC, lamivudine; ABC, abacavir; ATV, atazanavir; ATVr, ritonavir-boosted atazanavir; EFV, efavirenz; FTC, emtricitabine; NVP, nevirapine; RPV, rilpivirine; TDF, tenofovir
disoproxil fumarate.
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AP-1 transcription factor activity was measured with the TransAM AP-1 kit (c-Jun
detection) in resting CD4� T cells from maraviroc-treated patients. Our results indicated
AP-1 activation at one of the study visits in four of the 12 patients with CCR5 tropism
and in one of four patients with indeterminate tropism (Fig. 2B; Table 2). However, no
maintained and consistent activation of AP-1 in resting CD4� T cells from all maraviroc-
treated patients was observed. In fact, the median AP-1 activation was significantly
lower at some time points than at baseline (Fig. 2A and B).

NFAT transcription factor activity was also measured in resting CD4� T cells from
maraviroc-treated patients by using the TransAM NFATc1 kit. In this case, activation of
NFAT was detected at at least one of the study visits in three of the patients with
CCR5-tropic virus, in one of the patients with non-R5-tropic virus, and in two of the four
patients with indeterminate tropism (Fig. 2A and C; Table 2). Again, no maintained and
consistent activation of NFAT in resting CD4� T cells from all-maraviroc treated patients
was observed, and a significant decrease in the median NFAT activation was observed
at most time points.

Importantly a clear trend of increasing activation of the NF-�B transcription factor
(TransAM NF-�B p65 kit) in resting CD4� T cells from maraviroc-treated patients was
observed. Differences from baseline were determined at day 3 (Wilcoxon matched-pairs
signed-rank test; P � 0.0363), with borderline statistical significance determined at day

FIG 1 Maraviroc promotes HIV-1 latency reversal in resting CD4� T cells. HIV-1 latency reversal was estimated by the number of copies per million of HIV-1
usRNA in resting CD4� T cells from all patients as determined by nested qRT-PCR. (A) Individual changes in usRNA levels are shown for each study participant.
(B) Expression of the number of copies of usRNA per million resting CD4� T cells per day of the study. Significant changes between time points were determined
using the Wilcoxon signed-rank test. Central lines indicate the median. (C) Expression of usRNA before, during, and after 10-day intensification of maraviroc in
resting CD4� T cells of the patients. Samples were stratified into the following groups: baseline (Pre-MVC); day 1, day 3, day 10 (On MVC); and day 28 (Post-MVC).
Comparisons of expression of usRNA among the premaraviroc, on-maraviroc, and off-maraviroc time periods were also performed using the Wilcoxon
signed-rank test. (D) Fold change in usRNA following maraviroc treatment in resting CD4� T cells compared to baseline. The maximum fold change in usRNA
during the study (dark gray bar) and the change at day 28 (light gray bar) are shown for resting CD4� T cells, and the median (IQR) change is shown for all
participants. The solid line indicates 1-fold change. MVC, maraviroc.
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10 (P � 0.0885). Using linear mixed models, we found no significant differences in
overall changes during treatment. Remarkably, this activation was observed during the
administration of maraviroc and after the drug was discontinued. NF-�B activation was
detected in resting CD4� T cells from treated patients at any of the study visits in 16
of the total population of 20 patients evaluated, in 10 of the 12 patients with
CCR5-tropic virus, in all patients with non-R5-tropic virus, and in two of the four
patients with indeterminate tropism (Fig. 2A and D; Table 2).

Altogether, these results indicate that maraviroc treatment induces NF-�B activity in
maraviroc-treated patients but does not promote activation of the AP-1 or NFAT
pathway. To assess the contribution of NF-�B activity to usRNA expression during MVC
treatment, we evaluated the effects of the interaction between NF-�B and time on
usRNA levels using mixed-effects modelling, and this association was not significant
(P � 0.499).

Maraviroc increases expression of NF-�B target genes. In order to confirm that
the above-reported NF-�B activation is functional and leads to transcription of NF-�B
target genes in resting CD4� T cells from patients, we performed quantitative real-time
PCR (qRT-PCR) of four NF-�B-dependent genes (encoding gamma interferon [IFN-�],
interleukin-6 [IL-6], IL-10, and tumor necrosis factor alpha [TNF-�]) (Fig. 3A to D). In the
four studied genes, we detected an induction of expression at 24 h after initiating
maraviroc treatment.

FIG 2 Maraviroc induces NF-�B, but not AP-1 or NFAT, in resting CD4� T cells. AP-1, NFAT, and NF-�B activities in resting CD4� T cells were estimated by a
DNA binding assay coupled with ELISA (Active Motif). (A) Fold change in transcription factor activity in resting CD4� T cells following maraviroc treatment
compared to baseline. Results are shown as geometric means, with error bars denoting 95% confidence intervals. (B to D) Fold changes in AP-1 (B), NFAT (C),
and NF-�B (D) are shown for each participant (*, P � 0.05; **, P � 0.01). Blue lines represent patients infected with R5-tropic virus, red lines those infected with
non-R5-tropic virus, and green lines those with indeterminate tropism; the solid black line indicates the median value. MVC, maraviroc.

TABLE 2 Numbers of patients with activation of transcription factors according to viral
tropism

Transcription factor

No. of patients with activation and with tropism:

R5 (n � 12) Non-R5 (n � 4) Indeterminate (n � 4) Total (n � 20)

AP-1 4 1 5
NFAT 3 1 2 6
NF-�B 10 4 2 16
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Activation of NF-�B and subsequent transcription of latent HIV-1 is mediated
by maraviroc binding to CCR5. In order to elucidate whether the NF-�B activation is
dependent on maraviroc binding to CCR5 or an alternative pathway, we used an in vitro
model of stable CCR5 overexpression in HeLa cells. HeLa P4 C5 cells were exposed to
maraviroc treatment for 2, 6, 12, and 24 h, at different concentrations (5, 10, and 20
�M). Nontreated HeLa P4 C5 cells and treated wild-type HeLa cells (null for CCR5
expression) were used as controls.

NF-�B activity was observed after 2 and 6 h of maraviroc treatment at all the
concentrations tested in HeLa P4 C5 cells (Fig. 4). We did not detect activation of NF-�B
at 12 and 24 h at any of the concentrations used in this study. The greatest increase in
NF-�B activity was observed in HeLa P4 C5 cells at 2 h of maraviroc treatment, with the
maximum activity at 5 �M maraviroc. This NF-�B activation was CCR5 dependent, since
activation was not observed in wild-type HeLa cells at any of the concentrations and
times tested or in HeLa P4 C5 cells when TAK-779, a CCR5 inhibitor, was also present
in the tissue culture medium (Fig. 4). As expected, phorbol 12-myristate 13-acetate
(PMA) treatment of HeLa cells led to NF-�B activation.

In order to demonstrate that this NF-�B activation drives transcription, we deter-
mined the effect of maraviroc on NF-�B target gene expression in HeLa P4 C5 cells

FIG 3 Maraviroc induces expression of the NF-�B target genes for IFN-� (A), IL-6 (B), IL-10 (C), and TNF-� (D) in resting CD4� T cells. Significant changes between
time points were determined using the Wilcoxon signed-rank test. Central lines indicate the median at each time point, and results are expressed as the fold
change in mRNA expression compared to the baseline (without maraviroc). MVC, maraviroc.
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(Fig. 5). At low concentrations of maraviroc (5 �M), we observed a remarkable upregu-
lation of target genes. This upregulation was detected after 2 h of maraviroc treatment
and reached levels similar to those found under PMA treatment. However, when
TAK-779 was present in the medium, the upregulation was abolished.

Altogether, these results strongly suggest that the NF-�B activation and activity
reported here are dependent on maraviroc binding to CCR5. Moreover, the robust
results observed at a low concentration and short time strongly suggest that the
maraviroc effect on NF-�B activity reported here is highly specific and very efficient.

DISCUSSION

We show here that the administration of maraviroc for 10 days induces significant
viral reactivation in HIV-1-infected patients receiving suppressive antiretroviral therapy.
The observed increase in usRNA appears to be mediated by increased activity of NF-�B
after the binding of maraviroc to CCR5. Thus, maraviroc not only inhibits HIV-1 by
blocking the interaction between the virus and the coreceptor but also may act as an
LRA through a residual agonistic effect on CCR5.

During the development of maraviroc, no association with intracellular signaling
pathways was found, although the evaluation was limited to the activation state of the
CCR5 signaling pathway mediated by calcium mobilization, and neither was there
interference in the receptors of other chemokines (CCR1, -2, -2b, -3, -4, -7, and -8 and
CXCR1 and -2) or of the IL-2, IL-8, and IL-4 cytokines. In addition, maraviroc did not
induce the internalization of CCR5, thus behaving as an inhibitor (functional antagonist
or inverse agonist) of the receptor. The affinity of the drug was not significantly affected
by increases in chemokine concentrations, which is also consistent with allosteric
inhibition (10). Combined, the data provided confirmed the binding specificity and
antagonistic action of maraviroc but did not exclude the potential of the drug to trigger
the activation of other CCR5 signaling pathways mediated by transcription factors. We
present evidence that supports that maraviroc consistently induced HIV-1-replication in
latently infected CD4� T cells in most patients receiving the drug in a clinical trial. The
effect was observed mainly during the administration of the drug but persisted after its

FIG 4 Maraviroc induces NF-�B activity in CCR5-overexpressing HeLa P4 C5 cells. The cells were treated
with 5 �M, 10 �M, and 20 �M maraviroc for 2, 6, 12, and 24 h. NF-�B p65 activity was significantly higher
in HeLa P4 C5 cells at 2 h with 5 �M maraviroc. PMA was used as a positive control. NF-�B activity was not
observed in HeLa wild-type cells at any of the concentrations and times or in HeLa P4 C5 cells treated with
TAK-779, a CCR5 inhibitor, for 2 h with maraviroc (5 �M). Mean values were calculated from triplicates of
a representative experiment. MVC, maraviroc; PMA, phorbol 12-myristate 13-acetate.
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cessation. The persistence of the transcription of latent HIV-1 after discontinuing the
drug has been observed in clinical trials with other LRAs, including HDAC inhibitors and
disulfiram (4–7, 15).

Interestingly, the effect of maraviroc on HIV-1 transcription was independent of viral
tropism. It was observed in patients infected with viruses with either R5, non-R5, or
indeterminate tropism. This was not unexpected. In ex vivo studies performed to
measure the stimulation of the intracellular signaling pathways mediated by the gp120
viral surface glycoprotein, it was found that the majority of cellular signaling events
occur independently of tropism but with different intensities (16). They also indicated
a differential pattern in the triggered signaling, for example, on the induction of
different transcription factors. In this sense, we have found that the increased tran-
scription observed with the administration of maraviroc is mediated mainly by an
increase of NF-�B activity but not of that of NFAT or AP-1. The activation of these
transcription factors, particularly NF-�B, was observed to be independent of the virus
tropism, indicating that even when maraviroc could not be used to treat HIV-1 infection
due to non-R5 viral tropism, it could be given to all the patients to lead the activation
of transcription factors.

An NF-�B DNA binding element is essential in the regulation of HIV-1 LTR induction,
thus making NF-�B the major transcription factor involved in the initiation of HIV-1
replication (17–19). NFAT, another transcription factor able to bind the HIV-1 promoter,

FIG 5 Maraviroc induces NF-�B target genes for IFN-�, IL-6 and TNF-� in HeLa P4 C5 cells. Representative results of qRT-PCR experiments for relative expression
of NF-�B target genes in HeLa P4 C5 cells upon maraviroc treatment are shown. MVC, maraviroc.
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is crucial for the initiation of LTR transcription during the T-cell activation process (20),
although in the absence of NF-�B. Moreover, AP-1 also modulates HIV-1 transcription,
but it appears to be dependent on NF-�B and more related to the elongation process.
Several authors have suggested that both NFAT and AP-1 play a role in HIV-1 tran-
scription but always in cooperation with activated NF-�B (21, 22). NF-�B transcriptional
activity in resting CD4� T cells from patients treated with maraviroc has been demon-
strated in our study. The functionality of activated NF-�B was confirmed by the
increased expression of NF-�B target genes. It is worth noting the robustness of the
NF-�B activity reported here, especially taking into account that it is observed after
the oral administration, metabolism, and incorporation by CD4� T cells of a drug. To
our knowledge, no previous clinical studies showing such a potent molecular effect in
NF-�B activity after the oral administration of any NF-�B agonist have been reported.

In contrast, significant AP-1 or NFAT transcriptional activity was not detected in
resting CD4� T cells. The activation of AP-1 was evaluated by measuring the levels of
phosphorylated c-Jun, one of its major components. The levels of c-Jun are low or
absent in resting CD4� T cells (23–28). Therefore, it is conceivable that AP-1 activation
by maraviroc cannot easily occur. However, we have not evaluated c-fos/JunD het-
erodimers, so a residual AP-1 activity cannot be discounted. In vivo studies of CCR5
activation by gp120 showed that NFATc1, an NFAT protein expressed in resting CD4�

T cells, leads to replication of HIV-1 (38). Our results demonstrate that maraviroc cannot
consistently induce NFAT activation, although slight activation of NFAT was detected
after withdrawal of maraviroc. Cicala et al. have previously shown that minimal or no
NFAT activation is observed when CD4� T cells are treated with MIP-1� or SDF-1,
natural ligands of the HIV-1 receptors CCR5 and CXCR4, respectively (29). Failure to
detect a pattern of activation of this transcription factor is in agreement with the
absence of residual partial agonistic activity by mobilization of calcium, discarded when
antiretroviral activity of maraviroc was evaluated, since NFAT is involved in the mobi-
lization of calcium (10).

We have also evaluated the mechanisms underlying the maraviroc-associated acti-
vation of NF-�B with subsequent transcription of latent HIV-1. It could be hypothesized
that maraviroc could promote an increase in the circulating levels of the natural CCR5
ligands (RANTES, MIP-1�, and MIP-1�), which would lead to activation of T cells, as well
as monocytes and neutrophils, through binding to other coreceptors, such as CCR3,
CCR4, and CCR1. Indeed, an increase in some of these cytokines has been shown in
patients treated with maraviroc (30, 31). Alternatively, maraviroc could increase NF-�B
activity just through the binding to CCR5 and the subsequent downstream signaling.
Our results support this latter hypothesis. Maraviroc induced NF-�B activation in cells
which expressed CCR5 but no other receptor and in the absence of other cytokines. In
addition, maraviroc appears to be highly efficient for NF-�B activation in this cell model,
since this activation is observed at low drug concentrations and short treatment times
compared with those in previous reports (32). Moreover, this activation appears specific
since it was abolished in the presence of the CCR5 antagonist TAK-779. These in vitro
experimental approaches strongly support that maraviroc has an agonistic effect on
CCR5, leading to NF-�B activation and HIV-1 transcription.

The small sample size is a significant limitation of the present study, as it does not
allow for rigorous analysis of data and generalization of results. A statistical analysis was
not feasible based on the small sample size for Fig. 4 and 5, thus limiting the strength
of the conclusions. In summary, our study shows for the first time that a safe and
already available antiretroviral agent can activate latent HIV-1 and could be used for
cure efforts. Maraviroc increases the transcription of HIV-1 in resting CD4� T cells
through the activation of NF-�B by downstream signaling after binding to CCR5. Given
its well-known safety and tolerability, maraviroc should be further evaluated in com-
bination with other LRAs that could efficiently induce virus production and ultimately
lead to the elimination of latent HIV-1 infection in resting CD4� T cells.
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MATERIALS AND METHODS
Patients. Study patients were sampled from a clinical trial of 10 days of maraviroc intensification in

20 HIV-1-infected adults on suppressive ART (MARAVITRANS, EudraCT registration no. 2012-003215-66).
The patient dosage of maraviroc was 150 mg, 300 mg, or 600 mg twice daily, according to the current
ART. Maraviroc was provided by Pfizer Inc. This is a phase II, single-center, open-label clinical trial
conducted at Ramón y Cajal University Hospital (Madrid, Spain) between October 2012 and January 2015.
The main objective was to determine if treatment with maraviroc during a short period of time added
to the current ART in patients with previously suppressed HIV-1 RNA leads to an increase in transcription
of latent virus and to study the intracellular signaling pathways by which the activation of the
transcription of latent virus may occur. The 20 patients met all of the following inclusion criteria: an
undetectable plasma viral load (pVL) determined by ultrasensitive techniques (�37 copies HIV-1 RNA/ml)
for at least 2 years, serologically documented HIV-1 infection, at least 2 years receiving triple ART, and
a CD4� T lymphocyte count above 350 cells/mm3. We excluded patients with recent use of immuno-
modulatory agents or with potential reversing activity of HIV-1 latency or valproic acid.

Ethics statement. The clinical trial was performed according to the principles of the Declaration of
Helsinki and the Good Clinical Practice Guidelines and was approved by the AEMPS (Spanish Agency for
Medications and Health Products) and by the Ethics Committee of the University Hospital Ramón y Cajal
(ceic.hrc@salud.madrid.org). All patients were adults and provided written informed consent for partic-
ipation, sample collection, and laboratory determinations prior to initiation of study procedures.

Specimen collection. Blood samples from patients were drawn at baseline (premaraviroc control
data), after 1, 3, and 10 days on maraviroc, and 18 days after maraviroc withdrawal. A total of 100 ml of
whole blood with EDTA (BD Vacutainer; Becton Dickinson, Franklin Lakes, NJ, USA) was drawn to obtain
plasma and isolate peripheral blood mononuclear cells (PBMCs).

Proviral DNA coreceptor tropism testing. Viral tropism in HIV-1 was estimated based on V3
sequences obtained from proviral DNA from PBMCs collected from individuals. The V3 region was
amplified using a nested PCR method reported elsewhere (33). Tropism assignments (R5 or non-R5) were
made with the geno2pheno algorithm (34) with a false-positive rate (FPR) of 10% (non-R5, �10%) the
recommended cutoff when triplicate tropism determinations are employed (35).

Isolation of resting CD4� T cells. PBMCs from patient blood samples were isolated using Ficoll-
Hypaque density gradient (Comercial Rafer S.L., Zaragoza, Spain). CD4� T cells were isolated from PBMCs
by negative selection using MACS MS columns (Miltenyi Biotech, Friedrich, Germany). To purify resting
CD4� T cells, cells were further enriched through negative depletion of cells expressing CD25 or HLA-DR
(CD25 MicroBeads [Miltenyi Biotec] or Anti-HLA-DR MicroBeads [Miltenyi Biotec]). Resting CD4� T cells
were typically greater than 98% pure.

Nuclear extract preparation and AP-1, NFAT, and NF-�B transcription factor activity assays.
Nuclear extracts were obtained from resting CD4�-T cells at each time point of the clinical trial using
TransAM AP-1 Family, TransAM NFATc1, and TransAM NF-�B p65 Family kits (Active Motif, Carlsbad, CA,
USA) according to the manufacturer’s instructions. A similar protocol was used for NF-�B activity studies
in HeLa P4 C5 and HeLa cells. Briefly, the transcription factor contained in nuclear extracts (2 �g) binds
specifically to the immobilized oligonucleotides in a 96-well plate and is detected using an antibody
against either p65 (NF-�B), c-Jun (AP-1), or NFATc1 (NFAT). The wild-type consensus oligonucleotides of
each transcription factor were used as a competitor for NF-�B, AP-1, or NFAT binding in order to monitor
the specificity of the assay. Conversely, the mutated consensus oligonucleotides should have no effect
on transcription factor binding and served as negatives control. Each sample was assayed in triplicate.
The coefficient of variation (CV) of these assays was �20%.

RNA preparation. RNA from resting CD4� T cells was extracted by using the RNeasy minikit (Qiagen,
Hilden, Germany) and converted into cDNAs using the SuperScript III first-strand synthesis system
(Invitrogen, Karlsruhe, Germany). In all assays, a control without reverse transcriptase (RT) was used. If
there was any amplification from the no-RT control, i.e., evidence of DNA contamination, a second stored
sample was reextracted. If contaminating DNA persisted, the reading was excluded. Repeat extraction
was required for only 3 of the total samples analyzed for this study.

qRT-PCR for NF-�B target genes. We measured the mRNA expression levels of four NF-�B-related
genes by quantitative real-time PCR (qRT-PCR) using the LightCycler 480 real-time PCR system (Roche
Applied Science, Penzberg, Germany) according to the manufacturer’s instructions along with the
Universal Probe Library (Roche) probes and specific primers for IFN-�, IL-6, IL-10, and TNF-�. Gene
expression was normalized using the �-actin gene as a housekeeping gene. All PCRs were performed in
triplicates. Relative gene expression was calculated with the 2�ΔΔCT method (36). We considered that
there was target gene induction when a 1.5-fold or greater change was shown.

Seminested real-time PCR for usRNA quantitation. For seminested real-time PCR for usRNA, the
eluted cellular RNA was directly subjected to two rounds of PCR amplification as previously described
(37). The primer pair used in the first PCR, MH535 (5=-AACTAGGGAACCCACTGCTTAAG-3=) and SL20
(5=-TCTCCTTCTAGCCTCCGCTAGTC-3=), amplifies a region within the HIV-1 gag gene. The first round of
the PCR was performed on a conventional thermal cycler as follows: 95°C for 10 min, followed by 15
cycles of 94°C for 20 s, 55°C for 40 s, and 72°C for 40 s. The product of the first PCR was subsequently
used as a template in the second, seminested, real-time PCR amplification, performed on the LightCycler
480 using SYBR green detection. Real-time PCR settings were as follows: 95°C for 10 min, followed by 45
cycles of 94°C for 20 s and 55°C for 40 s. The seminested real-time PCR of the usRNA assay was performed
with the primers SL19 (5=-TCTCTAGCAGTGGCGCCCGAACA-3=) and SL20 and was conducted in triplicate
for each experimental condition tested. The intra-assay CV was 17.39%. As external standards, synthetic
runoff RNA transcripts corresponding to the HIV-1 gag region were used. The RNA standards were kindly
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provided by Sharon R. Lewin (Department of Infectious Diseases, Alfred Hospital and Monash University,
Melbourne, Australia). Serial dilutions of standards between 1 copy and 4.4 � 1011 input copies were
made. The amplicon sizes were 286 bp for the first PCR and 160 bp for the second (real-time) PCR. PCR
results are expressed as usRNA copies per 106 resting CD4� T cells.

Viral load measurements. Plasma HIV-1 RNA was measured using kPCR (Versant HIV-1 RNA v1.0
assay; Siemens Healthcare, Erlangen, Germany) in the Microbiology Service of the Ramón y Cajal
University Hospital.

Cell cultures and treatments. HeLa cells (ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) with 10% (vol/vol) heat-inactivated fetal calf serum (FCS) (Gibco) and 100
units/ml penicillin-streptomycin (Sigma-Aldrich) and were incubated at 37°C with CO2. CD4- and CCR5-
expressing HeLa P4 C5 cells were cultured at 37°C under CO2 in DMEM supplemented with 10% (vol/vol)
FCS, 100 units/ml penicillin (Sigma-Aldrich), 100 �g/ml streptomycin (Sigma-Aldrich), 1 mg/ml G418
(Sigma-Aldrich), and 300 �g/ml hygromycin B (Sigma-Aldrich). For maraviroc treatment, all seeded cells
were treated with different concentrations of maraviroc (5, 10, and 20 �M) (Sigma-Aldrich) added to the
cultured cells, and cells were harvested at different time points (2, 6, 12 and 24 h). These concentrations
were chosen considering the in vitro 90% inhibitory concentration (IC90) of MVC to inhibit CCR5-tropic
viral entry and maraviroc plasma concentrations in treated patients. As controls, we used TAK-779 (1 �M),
a CCR5 antagonist, and PMA (12.5 ng/ml and 4 h) (Sigma-Aldrich), also added to the culture medium. All
experiments were performed in triplicate wells for each condition and repeated at least twice. For Fig.
4 and 5, we presented the mean value at each time point from triplicates of a representative experiment.

Statistical analysis. Qualitative variables were reported as a frequency distribution, whereas quan-
titative variables were described as medians and interquartile ranges (IQRs) and represented as individual
points in rainbow plots. Interaction terms (time-versus-treatment arm) were created to assess whether
these changes over time differed significantly. We used linear mixed models with a random effect for
each patient to allow for correlations caused by repeated observations to assess whether longitudinal
changes in continuous outcome measures were overall significantly different from baseline. An interac-
tion term was created to assess whether changes in intracellular HIV RNA over time depended signifi-
cantly on NF-�B activation during maraviroc treatment. A robust variance estimator was used, given the
limited sample size and the deviation from normal. We used the Wilcoxon signed-rank matched-pairs test
to evaluate differences in numerical outcomes between specific time points. We used multilevel
mixed-effects logistic regression to assess whether longitudinal changes in categorical outcome mea-
sures differed over time. Continuous variables were log transformed when necessary to satisfy model
assumptions. GraphPad Prism 5.0 (GraphPad, San Diego, CA) and Stata 15 (StataCorp LP, College Station,
TX) were used for statistical analyses and figure preparation. Data are expressed as mean � standard
error of the mean (SEM) unless mentioned otherwise. Comparisons of copies and fold change in usRNA
and of fold change in NF-�B between baseline and subsequent time points across all patients and
between groups used a nonparametric Wilcoxon signed-rank test. P values of �0.05 were considered
statistically significant.
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