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High concentrations of Maraviroc
do not alter immunological

and metabolic parameters of CD4 T
cells

Erick De La Torre Tarazona'*"*, Caroline Passaes?3, Santiago Moreno*5,
Asier Saez-Cirion3 & José Alcami*>

Maraviroc (MVC) is an antiretroviral drug capable of binding to CCR5 receptors and block HIV entry
into target cells. Moreover, MVC can activate NF-kB pathway and induce viral transcription in HIV-
infected cells, being proposed as a latency reversal agent (LRA) in HIV cure strategies. However, the
evaluation of immunological and metabolic parameters induced by MVC concentrations capable of
inducing HIV transcription have not been explored in depth. We cultured isolated CD4 T cells in the
absence or presence of MVC, and evaluated the frequency of CD4 T cell subpopulations and activation
markers levels by flow cytometry, and the oxidative and glycolytic metabolic rates of CD4 T cells
using a Seahorse Analyzer. Our results indicate that a high concentration of MVC did not increase

the levels of activation markers, as well as glycolytic or oxidative metabolic rates in CD4T cells.
Furthermore, MVC did not induce significant changes in the frequency and activation levels of memory
cell subpopulations. Our data support a safety profile of MVC as a promising LRA candidate since it
does not induce alterations of the immunological and metabolic parameters that could affect the
functionality of these immune cells.
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The administration of antiretroviral therapy (ART) effectively suppresses HIV replication, reduces plasma viral
load, and delays clinical disease progression'. Nevertheless, it is important to note that ART is unable to cure
the infection. The need for lifelong ART arises due to viral persistence in HIV latent reservoirs that remain
inaccessible to current treatments and undetectable by the immune system?>. This lifelong HIV latent reservoir
is quickly established in vivo after infection and primarily consists of memory resting CD4 T cells harboring
the viral genome integrated into their DNA*°. Additionally, the latent HIV reservoir may quickly rebound and
appear viremia when ART is discontinued®.

Current efforts aimed at finding an HIV cure are primarily focused on eradicating or significantly reducing
the viral reservoir. In this context, the "shock and kill" strategy has been proposed, which involves the administra-
tion of pharmacological compounds known as latency-reversing agents (LRA) to activate viral gene expression
and reverse HIV latency”®. Several compounds have demonstrated the capacity to reactivate the HIV latent
reservoir, such as histone deacetylase (HDAC) inhibitors (such as vorinostat, romidepsin, Panobinostat), PKC
agonists (such as prostratin, deoxyphorbols, bryostatin), Toll-like receptor (TLR) agonists, among others, in
both ex vivo’? and in vivo studies'*~?2. However, significant challenges arise following LRA exposure, as ex vivo
assays have shown a wide variation in HIV reactivation responses'®!!. Additionally, each LRA can modulate the
expression of HIV latent reservoirs differently among distinct CD4+ T cell subpopulations*?,

Although various clinical trials have demonstrated the capacity of LRAs to reactivate latent HIV expression
in vivo, their administration has often failed to significantly reduce the HIV reservoir size in most of these
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studies!'®!6-202>, Moreover, the CD8-mediated cytotoxic response is crucial to eliminate HIV infected cells when
LRAs are administered'?. However, some of these LRAs are employed in cancer treatment and may exhibit
toxicity in T cells when were administered at concentrations that activate latent HIV expression®. For instance,
romidepsin and bryostatin-1 can affect the cytotoxic immune response of primary HIV-1 specific CD8+ T cells,
diminishing their capacity to eliminate autologous resting HIV- infected CD4+ T cells*’. Therefore, it is essential
to explore alternative drugs capable of efficiently reactivating HIV latency without toxicity and with a high level
of safety to preserve the immunological parameters in patients.

On the other hand, Maraviroc (MVC) is an inhibitor of HIV entry that has received approval for the treatment
of patients infected with R5-tropic HIV?. MVC inhibits the binding of chemokines CCL3, CCL4, and CCL5 to
CCRS5, resulting in a potent inhibition of CCR5 transduction signaling without receptor internalization®. The
drug binds to CCR5 and alters receptor conformation leading to inhibition of gp120 viral envelope binding to
CCR5 thereby preventing its entry into the host cell**-*2 In addition to its antiviral activity, MVC is able to signal
through CCR5 and induce viral transcription in HIV-infected cells, with similar or greater potency than other
LRAs employed in clinical trials, including the potent PKC agonist bryostatin-1%3-**. Moreover, MVC activates
the NF-kB pathway and subsequently induces the transcription of latent HIV in resting CD4+ T cells from HIV-
1-infected individuals on suppressive ART***. The well-established tolerability and safety profile of MVC make it
a strong candidate for consideration as a latency reversal agent (LRA) in the "shock and kill" strategy, either alone
or in combination with other LRA. Importantly, at MVC concentrations capable of activating HIV transcription,
no alteration of the immune cytotoxic response of CD8 T cells has been observed**. However, there is limited
data regarding the effect of high concentrations of MVC on CD4 T cells, which are the primary cellular target
for HIV infection and crucial modulators of the immune response against viral infections.

The objective of our study was to assess the impact of MVC on immunological and metabolic markers of CD4
T cells, an aspect that has not been previously explored. In this study, we present new data that support the safety
of MVC as an LRA candidate for use in strategies aimed at achieving a functional cure for HIV.

Results

Lack of significant impact of MVC on activation marker levels in CD4 T cells

We examined the influence of MVC on the levels of activation markers in CD4 T cells. Our observations reveal
that in vitro MVC did not elicit significant alterations in the levels of activation markers, including CD69, Ki76,
PD-1, HLA-DR, and CD25, when compared to untreated cells, unlike the treatment with anti-CD3 antibodies
as positive control that elevates the levels of these analyzed activation markers (Fig. 1). Also, analyzing the CD4
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Figure 1. Levels of activation markers in CD4 T cells. Purified CD4 cells were cultured in the absence

(untreated) or presence of MVC (5 uM), or anti-CD3 (positive control), during 4 days. T cell activation markers
(CD69, HLA-DR, PD-1, Ki67 and CD25) were determined by flow cytometry. Results are shown as percentage
of expression of activation markers in CD4 T cells. Values were summarized as median and interquartile range.
The statistical analysis among the conditions was performed with the Friedman test. No significant differences
between untreated and MVC-treated CD4 T cells were observed.
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T cells expressing HLA-DR and CD69 simultaneously, we observed a similar pattern as observed in individual
analysis of these activation markers. Also, Ki67 is considered as a proliferation marker, indicating that MVC did
not significantly alter the proliferation of CD4 T cells, as has been previously reported**.

Metabolic parameters of CD4 T cells were not modified in response to MVC stimulation
Finally, we explored the metabolic parameters of CD4 T cells subsequent to MVC stimulation. Our observations
demonstrate that MVC did not induce any alterations in the levels of either glycolytic (including basal glycolysis,
glycolytic capacity, maximal glycolytic capacity, and glycolytic reserve) or oxidative (including basal respiration,
ATP production, maximal respiration capacity, and spare capacity) metabolic rates in comparison to untreated
CD4 T cells. This is in sharp contrast with changes produced in anti-CD3 antibodies stimulated cells, which
exhibited a considerable increase in several of both glycolytic and oxidative parameters (Fig. 2).

MVC did not modify the proportion and activation levels of different CD4 memory subsets
We further investigated the impact of MVC on the distribution of CD4 T cell subpopulations. Our findings
indicate that MVC did not lead to any noteworthy changes in the frequency of these cell subsets (Fig. 3). Specifi-
cally, MVC exhibited no significant effects on the frequency of memory CD4 T cells, including central memory,
transitional memory, and effector memory cells. Only a minor reduction in the frequency of naive cells was
observed (p=0.01).

In keeping with the results on the total pool of CD4+ T cells, we noted that MVC did not modify the CD25
levels compared to untreated cells across all CD4 T cell subpopulations, unlike anti-CD3 antibodies which
strongly increased the CD25 levels in all these cell subsets (p <0.05) (Fig. 4).

MVC maintains the highest anti-HIV activity in memory CD4 T Cells

Additionally, we assessed the antiviral effect of MVC in these experimental conditions that evaluated the immu-
nologic and metabolic parameters on different CD4 T cell subsets. For the infectivity assay, we used a replication
competent, multiple round infection, R5-tropic Bal HIV strain. We observed that MVC retains a potent antiviral
activity when it was administered before the infection in total CD4 cells (> 70% of inhibition) (p <0.05). Also, we
noted a more efficient inhibition of the HIV infection in memory phenotype CD4 T cells, achieving the highest
viral inhibition in transitional and effector memory cell subpopulations (>80%) (Fig. 5).

Discussion

Previous clinical trials have demonstrated the safety, tolerability, and efficacy of MVC in both ART-naive and
ART-experienced people with HIV*#°. Due to the well-established tolerability and safety profile, MVC has been
proposed as a LRA candidate in the context of the "shock and kill" strategy aimed to cure HIV. In our study,

Basal Respiration ATP production Maximal Respiration Capacity Spare Capacity
10 P=0.0338 10 p=00537 6 p=0.0861 6 p=0135
8 8
o 4 4
g 6 6
3 4 4
2 2 2
2 2
0 0 0 0
> > © > » © > » © > » ©
@ Q' N & Q' N @ Q N A& QO N
Q&@o F o‘\p A\ o\&o 3 &\,0 S Q&@Q ; <\\'\,(: A\ &&9 3 o‘\'o By
Basal glycolisis Glycolitic Capacity Maximal Glycolitic Capacity Glycolitic Reserve
8 poons 8 e 8 p=00223 8 p=00100
v © 6 6 6
3
ooa 4 4 4
e
2 2 2 2
0 0 0 0
& & ‘g\o & &> © & & © & & ‘s\o
& & & & S & S &
K\ ? N\ ? 3 > O L
Figure 2. Metabolic parameters of CD4 T cells. Purified CD4 cells were cultured in absence (untreated) or
presence of MVC (5 uM), or anti-CD3 (positive control), during 4 days. Metabolic parameters, OCR (oxygen
consumption rate) and ECAR (extracellular acidification rate), were measured with a Seahorse XF analyzer.
Results are shown as fold change of untreated condition. No differences were found between untreated and
MVC conditions in each metabolic parameter. Data are representative of at least three independent experiments.
Values were summarized as median and interquartile range. The statistical analysis among the conditions was
performed with the ANOVA test. No significant differences between untreated and MVC-treated CD4 T cells
were observed.
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Figure 3. Frequency of CD4 T cells subpopulations. Purified CD4 cells were cultured in absence (untreated) or
presence of MVC (5 uM) during 4 days. CD4+ T-cell subpopulations [naive (CD3+, CD4+, CD45RA+, CCR7+,
CD27+), central memory (CD3+, CD4+, CD45RA—, CCR7+, CD27+), transitional memory (CD3+, CD4+,
CD45RA-, CCR7-, CD27+) or effector memory (CD3+, CD4+, CD45RA—, CCR7-, CD27-)] were estimated
by flow cytometry. Values were summarized as median and interquartile range. The statistical analysis among
the conditions was performed with the Wilcoxon test.

we employed a high MVC concentration (5 uM), which has been demonstrated to induce HIV transcription in
absence of cell toxicity in similar experimental conditions?**-%.

Regarding the antiviral activity of MVC, it is noteworthy that the inhibitory concentration required to block
HIV entry ranges from 0.5 to 13.4 nM, depending of the specific viral strain utilized in the assays®. Our results
corroborate the high antiviral activity of MVC, but also indicate that pre-treatment with this drug alone dis-
played a potent antiviral activity, maintaining a more efficient inhibition of HIV infection on transitional and
effector memory cells (Fig. 5). This is consistent with the fact that these CD4 subsets exhibit higher HIV infec-
tion levels, as has been previously reported*!. This is relevant because the HIV reservoir primarily comprises
various populations of memory CD4 T cells, including central, transitional, and effector memory cells**. The
dual effect displayed by MVC is of paramount interest because on one hand it is able to reactivate the expression
of integrated HIV, acting as an LRA, and on the other hand would block the reinfection of new targets acting
as a potent antiviral. In the context of the shock and kill strategy, MVC administration as an LRA would retain
its antiviral efficacy that becomes evident when administered before infection, counteracting productive HIV
infection in memory CD4 T cells without promoting an increase in infection levels. However, we only have evalu-
ated one R5-tropic HIV strain in our experimental conditions, which could represent a limitation of this work.

Furthermore, our results indicate no differences in activation, differentiation or proliferation of CD4 T cells
upon MVC exposure (Figs. 1, 3 and 4). These observations align with previous reports indicating that MVC can
be administered in vivo without inducing T cell activation or cellular toxicity. For instance, a gene expression
analysis of NF-kB-dependent pro-inflammatory cytokines (gamma interferon, IL-6, IL-10, and tumor necrosis
factor-alpha) did not reveal significant differences in the induction of their expression following MVC adminis-
tration in HIV-infected patients®. Another study examined the transcriptomic profile of CD4+ T lymphocytes
from MVC-treated patients and found non-significant changes in TNF gene expression*.. Actually, exposure to
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Figure 4. Levels of CD25 activation marker in CD4 T cell subpopulations. Purified CD4 cells were cultured
in the absence (untreated) or presence of MVC (5 pM), or anti-CD3 (positive control), during 4 days. CD25
expression in CD4 T cells subpopulations [naive (CD3+, CD4+, CD45RA+, CCR7+, CD27+), central memory
(CD3+, CD4+, CD45RA—, CCR7+, CD27+), transitional memory (CD3+, CD4+, CD45RA—, CCR7-,
CD27+) or effector memory (CD3+, CD4+, CD45RA—, CCR7—, CD27-)]. CD25 expression on CD4 T cell
subpopulations were determined by flow cytometry. Results are shown as percentage of expression of CD25 in
each subpopulation. Values were summarized as median and interquartile range. The statistical analysis among
the conditions was performed with the Friedman test. No significant differences between untreated and MVC-
treated CD4 T cells were observed.

MVC can decrease the expression of some activation expression markers on T lymphocytes®. In the context of
LRA, our results are particularly interesting because several HIV latency-reversing agents have shown to increase
the levels of activation markers in CD4 T cells. For instance, prostratin, HDAC inhibitors, and bryostatin can
elevate CD69 expression in CD4 T cells**". Additionally, prostratin can increase CD25 and HLA-DR expres-
sion levels in naive and central memory CD4 T cells*’. Similarly, a clinical trial observed a significant increase
in HLA-DR, CD69 or PD-1 expression in CD4+ T cells after romidepsin administration. The largest increase of
HLA-DR levels was observed in effector memory and highly differentiated effector CD4 cells*:.

On the other hand, immunometabolism may play an important role in HIV infection. It has been described
that the glucose transporter 1 (GLUT1) expression is necessary for the post-entry steps of HIV-1 replication in
CD4+ T cells, and the metabolism of nucleotides is critical for HIV-1 reverse transcription**. Also, a previous
report indicates that increased glycolytic and oxidative rates in CD4 T cells are associated with higher levels of
susceptibility to HIV infection*!. In the context of HIV latency reversing, a prior study reported that treatment
with tideglusib (an AKT/mTOR activator capable of inducing HIV reactivation) had a minimal effect on basal
CD4 T cell glycolysis®. Moreover, a transcriptome analysis has revealed that bryostatin may activate some path-
ways such as pyrimidine metabolism, purine metabolism and p53 signaling, which would be related to its ability
to reactivate HIV latency®. To our knowledge, we report for the first time that a drug (approved for clinical use)
capable of reactivating HIV latency, such as MVC, does not induce an increase in glycolytic or oxidative metabolic
rates (Fig. 2). Our observations are relevant because suggests that MVC would not heighten HIV susceptibility
of CD4 uninfected cells or alter the functionality of immune cells involved in HIV infection.
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Figure 5. HIV infection levels in CD4 T cells. Purified CD4 cells were cultured in the absence (untreated)

or presence of MVC (5 uM) during 4 days. CD4+ T-cell subpopulations were defined as naive (CD3+, CD4+,
CD45RA+, CCR7+, CD27+), central memory (CD3+, CD4+, CD45RA—, CCR7+, CD27+), transitional
memory (CD3+, CD4+, CD45RA—, CCR7-, CD27+) or effector memory (CD3+, CD4+, CD45RA—, CCR7-,
CD27-). Productive HIV-1 infection was performed in CD4+ T cells with HIV-1 BaL strain (R5 tropic) during
72 h in IL-2-containing medium. Percentage of infected CD4 T cell subsets were estimated by flow cytometry as
the percentage of p24-expressing CD4+ T cells. Results are shown as fold-change of infected cells. Values were
summarized as median and interquartile range. The statistical analysis among the conditions was performed
with the Wilcoxon test.

Another challenge in the context of HIV cure is the persistence and maintenance of the HIV reservoir in
lymphatic tissues, where antiretroviral drug concentrations are lower compared to the blood, thus failing to
achieve complete inhibition of HIV replication®. Interestingly, MVC present some additional characteristics
that could be beneficial in the context of HIV latency reversion as suggested in previous works from our group
and others. For instance, (a) MVC may be administered at higher doses than conventional in HIV infected
patients, according to clinical guidelines, and (b) MVC can reach higher concentrations in lymphoid tissues
in comparison to other antiretroviral drugs®*. Therefore, taking these data and our results into consideration,
further studies could be performed to evaluate the effect of high doses of MVC on virus replication and the size
of the HIV reservoir in lymphoid tissues.

Also, it has been reported that MVC may induce beneficial immunological changes in HIV-1 infection,
inducing a good recovery of immune cells such as CD4+ and/or CD8+ lymphocytes from people with HIV>>3,
In this context, our data suggest that administration of higher concentrations of MVC could also help to coun-
teract residual chronic immune activation/inflammation that persists throughout the HIV disease, which can
accelerate non-AIDS-related events and CD4+ T cell depletion”’. Additionally, considering previous data on
the potential benefits of MVC, we believe that MVC administration in CD4 T cells from chronic HIV patients
would not alter the levels of activation markers, similar to what was observed in our results in CD4 T cells from
HIV seronegative individuals.

In summary, we have observed that a high concentration of MVC, which is able to induce HIV transcription
according to previous reports, does not have a detrimental effect on immunological parameters of CD4 T cells
and retains its potent antiviral activity against HIV. Also, MVC offers advantages over other HIV latency reversal
compounds as it exhibits a dual effect, as an LRA activating HIV expression and as a potent antiviral blocking
HIV entry, all without altering activation and metabolic parameters of CD4 T cells. Therefore, our findings
provide new evidence to support MVC as a promising LRA for therapeutic interventions aimed at achieving
functional HIV cure.

Methodology

Cells and culture

Blood samples were obtained from seronegative donors through the French blood bank (Etablissement Fran-
cais du Sang) in the context of a collaboration agreement with the Institut Pasteur (C CPSL UNT; number 15/
EFS/023). All study participants provided informed consent.

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood samples using centrifugation
through a Ficoll-Hypaque gradient. Also, the same isolates of PBMCs were used for all the experiments. CD4+
T-cells were purified to a purity level exceeding 90% from freshly isolated PBMCs using negative selection with
antibody-coated magnetic beads (EasySep Human CD4+ T-cell Enrichment Kit) within a Robosep instrument
(Stem Cell Technology). Purified CD4+ cells were cultured at a concentration of 10° cells/mL in RPMI 1640
medium containing GlutaMAX, 10% fetal calf serum (FCS), penicillin (10 IU/mL), and streptomycin (10 pg/
mL). These cells were cultured in the presence or absence of MVC (5 uM) for a duration of 4 days at 37 °Cina
humidified atmosphere with 5% CO,. MVC 5 uM has previously shown to induce significant viral reactivation
in HIV-infected cells*>*.

Evaluation of T cell activation markers
For the analysis of activation markers, CD4+ T-cells were subjected to incubation with the LIVE/DEAD Fix-
able Aqua Dead Cell Stain Kit (Life Technologies), and subsequently with CD3-eFLuor450 (eBiosciences),
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CD4-AF700 (eBiosciences), CD69-PE-Cy7 (Becton Dickinson), HLA-DR-FITC (Becton Dickinson), PD-1-PE
(eBiosciences), and Ki76-eFluor660 (eBiosciences) antibodies to evaluate the expression of these T-cell activa-
tion markers. The Ki67 marker was initially labeled intracellularly. Cells were incubated with the antibodies for
a duration of 25 min, followed by thorough washing with phosphate buffered saline (PBS) 1X containing 1%
FCS and subsequent fixation in paraformaldehyde (PFA) 4% paraformaldehyde (PFA). The samples were then
prepared for flow cytometry analysis utilizing an LSRII device (BD Biosciences).

Evaluation of CD4 T cell subpopulations

To assess the distribution and evaluate CD25 expression within CD4 T cell subpopulations, CD4+ T-cells under-
went incubation with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Life Technologies), as well as a panel
of specific antibodies including CD3-eFLuor450 (eBiosciences), CD4-AF700 (eBiosciences), CD45RA-PE-Cy7
(Becton Dickinson), CCR7-PE-ECD (BioLegend), CD27-PE (Becton Dickinson), and CD25-APC (eBiosciences).
These antibodies were incubated with the cells and for a duration of 25 min. Subsequently, the cells were thor-
oughly washed in PBS containing 1% FCS and then fixed in PFA 4% for flow cytometric analysis utilizing an
LSRII device (BD Biosciences).

Within the CD4+ T-cell population, distinct subsets, including naive (Tn; CD3+, CD4+, CD45RA+, CCR7+,
CD27+), central memory (Tcm; CD3+, CD4+, CD45RA—-, CCR7+, CD27+), transitional memory (Ttm; CD3+,
CD4+, CD45RA—, CCR7—, CD27+), and effector memory (Tem; CD3+, CD4+, CD45RA—, CCR7—, CD27-),
were estimated through flow cytometry analysis. Additionally, CD25 expression levels were evaluated within
each of these subpopulations.

Evaluation of metabolic fluxes

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured utilizing a Sea-
horse XF96 metabolic analyzer, in strict accordance with the manufacturer’s recommended procedure. Briefly,
CD4+ T-cells were seeded at a concentration of 3 x 10° cells per well onto XF96 plates (Seahorse Bioscience)
that had been pre-coated with 0.5 mg/ml Cell Tack (Corning). Following this, Seahorse XF culture media was
promptly added to each well, and the cells were incubated for a duration of 50 min within a CO,-free incuba-
tor set at a temperature of 37 °C. Subsequently, the plate was loaded into the Seahorse analyzer. The cells were
monitored in the Seahorse analyzer upon sequential addition of (1) XFmedia, (2) oligomycin (2.5 uM), (3) FCCP
(0.9 uM), and (4) rotenone (1 uM) and antimycin A (1 uM) to facilitate the assessment of metabolic parameters.

Infectivity assay

The productive HIV-1 infection in vitro was studied in CD4+ T cells (10° cells/mL) with HIV-1 BaL strain (R5
tropic) (10 ng p24/mL). Infections were performed in 96-U-well plates during 72 h in IL-2-containing medium.
Cells were labeled with intracellular p24/K57-FITC (Coulter). Then, cells were incubated with LIVE/DEAD
Fixable Aqua Dead Cell Stain Kit (Life Technologies) and CD3-eFLuor450 (eBioscience), CD4-alexaFluor700
(BD Biosciences), CD45RA-ECD (Beckman Coulter), CCR7-PE-Cy7 (BioLegend) and CD27-APC (Miltenyi)
antibodies to determine infection levels in each CD4+ T-cell subset. Cells were incubated with the antibodies
for 25 min and then washed in PBS plus 2% FCS and fixed in PFA 4%. Percentage of infected CD4 T cell subsets
(defined in a previous section) were estimated by flow cytometry (BD LSRII, BD bioscience) as the percentage
of p24-expressing CD4+ T cells.

Data analysis and statistics

The data collected through flow cytometry were analyzed using FlowJo software. To draw comparisons among
the experimental conditions, statistical analysis was conducted using the Wilcoxon test to compare two condi-
tions, and ANOVA or the Friedman test to compare more than two conditions, depending on the results of the
Shapiro-Wilk normality test. Data analysis and visualization were facilitated by GraphPad Prism 8.0 software.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.
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