
Toll-Like Receptor 2 Ligation Enhances
HIV-1 Replication in Activated CCR6�

CD4� T Cells by Increasing Virus Entry
and Establishing a More Permissive
Environment to Infection

Jean-François Bolduc,a Michel Ouellet,a Laurent Hany,a Michel J. Tremblaya,b

Axe des Maladies Infectieuses et Immunitaires, Centre de Recherche du Centre Hospitalier Universitaire de
Québec-Université Laval, Québec, Canadaa; Département de Microbiologie-Infectiologie et Immunologie,
Faculté de Médecine, Université Laval, Québec, Canadab

ABSTRACT In this study, we investigated the effect of Toll-like receptor 2 (TLR2) li-
gation on the permissiveness of activated CD4� T cells to HIV-1 infection by focus-
ing our experiments on the relative susceptibility of cell subsets based on their ex-
pression of CCR6. Purified primary human CD4� T cells were first subjected to a
CD3/CD28 costimulation before treatment with the TLR2 agonist Pam3CSK4. Finally,
cells were inoculated with R5-tropic HIV-1 particles that permit us to study the effect
of TLR2 triggering on virus production at both population and single-cell levels. We
report here that HIV-1 replication is augmented in CD3/CD28-costimulated CCR6�

CD4� T cells upon engagement of the cell surface TLR2. Additional studies indicate
that a higher virus entry and polymerization of the cortical actin are seen in this cell
subset following TLR2 stimulation. A TLR2-mediated increase in the level of phos-
phorylated NF-�B p65 subunit was also detected in CD3/CD28-costimulated CCR6�

CD4� T cells. We propose that, upon antigenic presentation, an engagement of
TLR2 acts specifically on CCR6� CD4� T cells by promoting virus entry in an intracel-
lular milieu more favorable for productive HIV-1 infection.

IMPORTANCE Following primary infection, HIV-1 induces an immunological and
structural disruption of the gut mucosa, leading to bacterial translocation and re-
lease of microbial components in the bloodstream. These pathogen-derived constit-
uents include several agonists of Toll-like receptors that may affect gut-homing
CD4� T cells, such as those expressing the chemokine receptor CCR6, which are
highly permissive to HIV-1 infection. We demonstrate that TLR2 ligation in CD3/
CD28-costimulated CCR6� CD4� T cells leads to enhanced virus production. Our re-
sults highlight the potential impact of bacterial translocation on the overall permis-
siveness of CCR6� CD4� T cells to productive HIV-1 infection.
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Human immunodeficiency virus type 1 (HIV-1) infection triggers innate and adaptive
immune responses that are suspected to play a role in the progression of the

disease toward AIDS. Following infection, HIV-1 stimulates innate immunity via recog-
nition of pathogen-associated molecular patterns such as genomic single-stranded RNA
by pathogen recognition receptors, including endosomal Toll-like receptor 7 (TLR7) and
TLR8, on innate immune cells. Engagement of such endosomal TLRs promotes secretion
of several antiviral and immunomodulatory cytokines, such as alpha interferon (IFN-�),
IFN-�, tumor necrosis factor (TNF), IFN-�-inducible protein 10 (IP-10), interleukin-10
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(IL-10), and IL-18, which are involved in shaping the immune response following acute
HIV-1 infection (1–4).

Immunological and structural alterations in the gut-associated lymphoid tissues
(GALT) are seen and likely caused by direct and indirect effects of HIV-1 replication and
the ensuing immune response (5, 6). Increased intraepithelial calcium concentrations (6,
7) and reduced sodium glucose cotransport (6) were suggested as factors implicated in
abnormal epithelial cell differentiation and organization. Ineffective glucose uptake
mediated by the HIV-1 protein Tat (8) and microtubule disruption induced by the viral
protein gp120 (7) are also thought to play a dominant role in the high level of
enterocyte apoptosis observed in HIV-1-infected individuals (5, 9). When associated
with villous atrophy (10), this intestinal barrier disorganization causes disruption of
epithelial tight junctions, resulting in the entry of microbial products into the blood-
stream (a phenomenon also known as microbial translocation) (5, 11–15).

Simultaneously, induction of innate immune responses in the wake of HIV-1 repli-
cation induces differentiation of naive CD4� T cells into effector subsets (16), which are
the preferential targets of HIV-1. Infection of these cells contributes to production of
newly formed infectious viral particles until their eventual depletion by apoptosis. This
distinctive aspect of untreated HIV-1 infection is especially robust inside the GALT,
where a significant fraction of effector CCR6� CD4� T cells reside (17). This cell subset
includes Th17-polarized cells (18–20), which have been shown to be highly permissive
to productive HIV-1 infection (17, 21–26). Importantly, these cells migrate into Peyer’s
patches of the distal small intestine via the homing chemokine receptor CCR6 by the
action of CCL20, the single chemokine ligand for CCR6 (27–29). High surface expression
of the HIV-1 coreceptor CCR5 (21, 22, 30), increased NF-�B DNA-binding activity (31),
downregulated expression of RNase A superfamily members (26), and a higher expres-
sion of Lck, ZAP-70, MAP3K4, and PTPN13 (31) are thought to render gut-protective
CCR6� CD4� T cells more susceptible to HIV-1 infection and promote their apoptosis-
mediated elimination.

A lower frequency of fully functional intestinal CD13� myelomonocytic cells (23,
32–34) and a poor neutrophil recruitment, due to the massive depletion or the
impaired recruitment of CCR6� CD4� T cells following virus infection, contribute to a
drastic reduction of antimicrobial peptide production, leading to an ineffective control
of translocated commensal bacteria and fungi in the lamina propria (6, 35, 36). Large
quantities of microorganisms may thus survive at extraintestinal sites where microbial
components such as peptidoglycan, lipoteichoic acid, lipopolysaccharide, flagellin,
ribosomal RNA, and unmethylated CpG-containing DNA are usually absent (37). Liga-
tion of nucleotide-binding oligomerization domains 1 and 2 (NOD1 and NOD2) (38, 39)
as well as TLR2, TLR4, TLR5, TLR6, and TLR9 (40–50) by these microbial products induces
potent proinflammatory responses that have been proposed to mediate chronic im-
mune activation and disease progression in the context of HIV-1 infection (11–13,
51–53).

Based on 16S rRNA sequence data, several studies have revealed that the human gut
microbiota is varied within and between individual hosts, and its composition could
influence how it activates the immune system upon translocation (54, 55). Lozupone
and colleagues proposed that, despite a marked variation across healthy adults in the
same population, Firmicutes (composed of Gram-positive bacteria) and Bacteroidetes
(composed of Gram-negative bacteria) phyla dominate the composition of the gut
microbiota (56). This group and others have also suggested that HIV-1 infection alters
the gut microbiota of North American individuals in which Prevotella, a bacterial genus
of the Bacteroidetes phylum, is significantly enriched (52, 57–59). Dillon and coworkers,
for their part, have proposed that translocation of Prevotella species to mucosal tissues
is significantly increased in HIV-1-infected subjects compared to uninfected individuals
(5, 52). Despite the heterogeneity in the composition of the gut microbiota, this high
abundance of the Prevotella genus and its enhanced capacity to translocate to extraint-
estinal sites thus suggest the predominance of Gram-negative bacteria in GALT of
HIV-1-infected persons.
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The translocated Gram-negative bacteria activate the immune system via the rec-
ognition of their wall components by many host cellular receptors. Among them, TLR2,
which recognizes a great diversity of Gram-negative and -positive bacterium-derived
compounds (47, 60–64), is known to induce the acquisition of an effector-like pheno-
type in both naive and memory CD4� T cells, leading to an increase of their suscep-
tibility to HIV-1 infection. Our group previously reported that TLR2 ligation in quiescent
CD4� T cells renders such cells susceptible to HIV-1 infection (47).

Given that the TLR2-dependent signaling pathway enhances HIV-1 replication by
various means (44, 47, 49), and since CCR6-expressing CD4� T cells are now considered
preferential targets for the virus (17, 21, 31), we hypothesized that TLR2 ligation can
affect HIV-1 replication in CCR6� CD4� T cells. We found that TLR2 engagement
increases HIV-1 production in CD3/CD28-costimulated CCR6� CD4� T cells by allowing
greater virus entry through remodelling of the cortical actin and creating a more
favorable environment for virus gene expression.

RESULTS
HIV-1 replication is increased in CD3/CD28-costimulated CD4� T cells by a TLR2

agonist. It has been shown previously that TLR2 engagement enhances susceptibility
of quiescent CD4� T cells to productive HIV-1 infection (47). To define further the
contribution of TLR2-mediated signal transduction events in HIV-1 biology, kinetic
infection studies were carried out in purified primary human CD4� T cells that were first
stimulated with anti-CD3 and anti-CD28 MAbs to partially mimic physiological antigen
presentation before exposure to the TLR2 ligand Pam3CSK4. Our initial series of
investigations was performed with fully infectious R5-tropic NL4.3 Balenv viruses, and
HIV-1 replication was documented by measuring the p24 content in cell-free superna-
tants. Results shown in Fig. 1A indicate that TLR2 engagement augments virus pro-
duction in CD3/CD28-costimulated CD4� T cells. To monitor the effect of TLR2 trig-
gering at the single-cell level, infection studies were also performed with a fully
competent R5-using reporter virus called NL4.3 BAL-IRES-HSA, which contains all nine
viral genes in addition to a gene coding for the murine reporter molecule HSA (65).
Again, productive HIV-1 infection, as monitored by estimating the percentages of
HSA-expressing cells, was increased in the presence of the TLR2 agonist Pam3CSK4 (Fig.
1B). Altogether, these results suggest that TLR2 ligation combined with CD3/CD28
costimulation increases HIV-1 replication in primary human CD4� T cells.

FIG 1 TLR2 triggering enhances HIV-1 replication in CD3/CD28-costimulated CD4� T cells. Purified primary human CD4� T cells
were subjected to CD3/CD28 costimulation either in the absence or presence of the TLR2 agonist Pam3CSK4. (A) Cells were
incubated with NL4.3 Balenv, and virus production was estimated at the indicated time points by measuring the p24 content
in cell-free supernatants. (B) Cells were inoculated with NL4.3 Bal-IRES-HSA reporter virus, and the percentages of cells
productively infected with HIV-1 (i.e., HSA�) were evaluated by flow cytometry. Data shown in panel A represent the means
� standard deviations (SD) of duplicates for a representative donor out of four. Each symbol shown in panel B represents a
different donor, with the horizontal line depicting the means for all donors tested. Statistical analyses were made using ratio
paired t test and one-way ANOVA, followed by a Dunnett’s multiple-comparison test. Asterisks denote statistically significant
data (**, P � 0.01).
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Cell proliferation and activation profiles are not affected by TLR2 ligation. The
process of CD4� T cell activation is regulated by the relative expression and activity of
some specific transcription factors, which are translocated into the nucleus to promote
genes involved in the normal immune response (66) and sometimes also in HIV-1 gene
expression (e.g., via NF-�B activation). Cell proliferation may also be implicated in viral
dissemination by increasing the number of HIV-1-infected cells (67). Thus, cell prolif-
eration was evaluated by use of a dilution assay that is based on the fluorescent cell
staining dye carboxyfluorescein succinimidyl ester (CFSE). We also studied the cell
activation status by measuring surface expression of some activation markers by flow
cytometry (i.e., CD25, CD69, and CD154). As expected, cell proliferation was induced in
a significant manner upon CD3/CD28 costimulation (Fig. 2A). However, proliferation of
CD4� T cells was not increased further by the presence of the TLR2 ligand. Similarly,
surface expression of the activation-associated receptors CD25, CD69, and CD154 was
significantly augmented by CD3/CD28 costimulation compared to untreated CD4� T
cells, but expression levels remained identical upon treatment with Pam3CSK4 (Fig. 2B).
Hence, the effect of Pam3CSK4 combined with CD3/CD28 costimulation on the sus-
ceptibility of primary human CD4� T cells to productive HIV-1 infection is not related
to an effect on cell proliferation and/or activation.

TLR2 ligation increases susceptibility to HIV-1 infection of CD4� T cells ex-
pressing the CCL20 receptor CCR6 without affecting cell distribution. It has been
shown that memory CD4� T cells carrying the chemokine receptor CCR6 were more
susceptible to virus infection due in part to their high expression of CCR5, which leads
to a greater permissiveness to replication of R5-tropic HIV-1 variants (17, 21, 31).
Consequently, the effect of the combination of TLR2 ligation and CD3/CD28 costimu-
lation on the distribution and intrinsic susceptibility to productive virus infection of the
HIV-1-targeted cell populations was analyzed, with a special emphasis being placed on
the cell surface marker CCR6. These studies were rendered possible with the use of the
HSA-encoding reporter virus. As shown in Fig. 3A, CD3/CD28 costimulation, combined
or not with TLR2 ligation, did not affect cell distribution. Indeed, about 20% of total
purified CD4� T cells express the chemokine receptor CCR6, while the vast majority (i.e.,
80%) of cells are CCR6 negative. Interestingly, infection experiments performed with
fully competent reporter virus coding for the cell surface murine HSA molecule indicate
that TLR2 ligation in CD3/CD28-costimulated cells enhances HIV-1 replication in a more
significant manner in CCR6� CD4� T cells than in the CCR6� cell subset (Fig. 3B).

TLR2 ligation in CD3/CD28-costimulated CD4� T cells does not modulate CCR5
expression. Based on previous studies demonstrating that the higher susceptibility of
CCR6� CD4� T cells to HIV-1 infection is partly due to a greater expression of CCR5 (17,
21, 31), we analyzed the effect of TRL2 ligation associated with CD3/CD28 costimulation
on the surface expression of this chemokine receptor. Data depicted in Fig. 4A
demonstrate that TLR2 triggering, when combined with CD3/CD28 costimulation, does
not affect CCR5 expression compared with CD3/CD28 costimulation alone in the total
CD4� T cell population. Moreover, our results also indicate that CCR6� cells express
basal levels of CCR5 that are significantly higher than levels seen in CCR6� cells, but
these are not affected by the CD3/CD28 costimulation either in the absence or
presence of the TLR2 ligand Pam3CSK4 (Fig. 4B). Surface expression of CD4 is also not
modulated under all experimental conditions tested, including TLR2 ligation, as defined
by flow cytometry analyses (data not shown).

Virus entry and polymerization of the cortical actin are both increased upon
TLR2 engagement in CD3/CD28-costimulated CCR6� CD4� T cells. Although TLR2
triggering does not affect surface expression levels of CCR5 and CD4, we quantified the
extent of virus entry because it has been shown recently that Pam3CSK4 induces
rearrangement of the F-actin cytoskeletal architecture (68). We performed an entry test
using NL4.3 Balenv viruses and quantified the intracellular p24 content by enzyme-
linked immunosorbent assay (ELISA) in CD3/CD28-costimulated CD4� T cells that were
either left untreated or treated with Pam3CSK4. We found that HIV-1 entry was
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increased in Pam3CSK4-treated CD3/CD28-costimulated CD4� T cells compared to cells
that were not treated with the TLR2 agonist (Fig. 5A). To determine the extent of virus
entry in both CCR6� and CCR6� CD4� T cells, we performed a costaining of cell surface
CCR6 together with the intracellular p24. HIV-1 entry was more significant in
Pam3CSK4-treated CD3/CD28-costimulated CCR6� CD4� T cells compared to the
similarly treated CCR6� CD4� T cell subset (Fig. 5B).

FIG 2 TLR2 ligation does not modulate proliferation and activation profiles in CD3/CD28-costimulated CD4� T cells. Purified primary human CD4� T cells were
treated as indicated in the legend to Fig. 1. (A) A CFSE-based dilution assay was performed by flow cytometry to evaluate cell proliferation (as expressed by
a division index) following 72 h and 6 days of stimulation. Representative proliferation profiles are depicted in the panels on the left, whereas division indices
are shown in the panels on the right. (B) Surface expression of activation markers CD25, CD69, and CD154 was evaluated by flow cytometry following 72 h of
stimulation (%*MFI, percentage of positive cells � mean fluorescence intensity). The data shown were obtained from CD4� T cell preparations isolated from
the peripheral blood of four (A) or seven (B) healthy participants. Each symbol represents a different donor, and the horizontal line depicts the means for all
donors tested. Statistical analyses were made using ratio paired t test and one-way ANOVA, followed by a Dunnett’s multiple-comparison test. Asterisks denote
statistically significant data (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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To shed light on the putative mechanism of action by which TLR2 triggering can
enhance HIV-1 entry, we monitored the degree of actin polymerization by intracellular
F-actin staining with phalloidin. Our data indicate that a more significant polymeriza-
tion of the cortical actin is seen in Pam3CSK4-treated, CD3/CD28-costimulated CCR6�

CD4� T cells compared to similarly treated CCR6� CD4� T cells (Fig. 6).
Primary human CCR6� CD4� T cells express higher levels of cell surface TLR2

than the CCR6� subpopulation. Given that a higher expression of cell surface TLR2 in
CCR6� CD4� T cells could play a functional role in the observed phenomenon, we
performed flow cytometry analysis to evaluate TLR2 levels on CD3/CD28-costimulated
CD4� T cells either in the absence or presence of Pam3CSK4. As illustrated in Fig. 7A,
CD3/CD28 costimulation, whether or not it is combined with TLR2 ligation, induces a
comparable induction of TLR2 expression. Although the enhanced TLR2 expression is
limited to the CCR6� CD4� T cell subset, it is not modulated further by the TLR2 agonist
in CD3/CD28-costimulated CD4� T cells (Fig. 7B). These results suggest that TLR2

FIG 3 TLR2 engagement increases susceptibility of the CD3/CD28-costimulated CCR6� CD4� T cell subset
to productive HIV-1 infection. Purified primary human CD4� T cells were treated as indicated in the legend
to Fig. 1. (A) Surface expression of the CCR6 subset marker was analyzed by flow cytometry in the total
CD4� T cell population. (B) Cells were infected with NL4.3 Bal-IRES-HSA reporter virus, and percentages of
HSA� cells were estimated by flow cytometry in both CCR6� CD4� and CCR6� CD4� T cell subsets. The
data shown were obtained from CD4� T cell preparations isolated from the peripheral blood of five healthy
donors. Each symbol represents a different donor, and the horizontal line depicts the means for all donors
tested. Statistical analyses were made using ratio paired t test and one-way ANOVA, followed by a Dunnett’s
multiple-comparison test. Asterisks denote statistically significant data (**, P � 0.01).

FIG 4 TLR2 engagement does not affect CCR5 expression in CD3/CD28-costimulated CCR6� CD4� T cells. Purified
primary human CD4� T cells were treated as indicated in the legend to Fig. 1. (A) Surface expression of CCR5 in
the total CD4� T cell population following activation was evaluated by flow cytometry. (B) Expression of CCR5 was
also assessed in both CCR6� CD4� and CCR6� CD4� T cell subpopulations. The data shown were obtained from
CD4� T cell preparations isolated from the peripheral blood of five healthy donors. Each symbol represents a
different donor, and the horizontal line depicts the means for all donors tested. Statistical analyses were made
using ratio paired t test and one-way ANOVA, followed by a Dunnett’s multiple-comparison test. Asterisks denote
statistically significant data (**, P � 0.01).
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ligation shows no additional effect on CD3/CD28 costimulation on the induction of
TLR2 expression in CD4� T cells. However, these data also demonstrate that quiescent
CCR6� CD4� T cells express higher levels of TLR2, which could lead to an enhanced
sensitivity to Pam3CSK4, stronger NF-�B signaling, and higher virus gene expression.

Increased amounts of phosphorylated p65 are found in CD3/CD28-costimulated
CCR6� CD4� T cells subjected to TLR2 ligation. Pam3CSK4 is recognized as a potent
activator of the proinflammatory transcription factor NF-�B (69). Interestingly, our
group has previously suggested that TLR2 ligation increases the pool of cells permissive
to HIV-1 infection by promoting differentiation of quiescent naive and memory CD4�

T cells into effector cells via NF-�B activation (47). Furthermore, Cleret-Buhot and
colleagues recently showed that NF-�B DNA-binding activity is significantly higher in
CCR6� T cells following CD3/CD28 costimulation (31). Based on these published
observations, we assessed by flow cytometry the overall effect of CD3/CD28 costimu-
lation in combination with TLR2 ligation on the expression of phosphorylated p65,
which is indicative of transcriptionally active NF-�B (70). Results presented in Fig. 8
show that TLR2 engagement is sufficient per se to induce phosphorylation of p65 in
CCR6� CD4� T cells, in contrast to CD3/CD28 costimulation alone, which has no effect.
In contrast, CD3/CD28 costimulation and TLR2 ligation, either used alone or in combi-

FIG 5 TLR2 triggering augments virus entry in CD3/CD28-costimulated CCR6� CD4� T cells. Purified primary human CD4� T
cells were treated as indicated in the legend to Fig. 1, and virus entry was estimated either by quantifying intracellular p24
contents by ELISA in the total cell population (A) or monitoring the percentage of p24-expressing cells by flow cytometry in
both CCR6� CD4� and CCR6� CD4� T cell subsets (B). Results depicted in panel A were obtained from cell preparations of
seven healthy donors and show the percentage of increase of cell-associated p24 over the control � standard errors of the
means (SEM) (i.e., cells subjected to CD3/CD28 costimulation only) for each donor. Results depicted in panel B were obtained
from cell preparations of 11 healthy donors and show the percentage of p24-positive cells � SEM in CCR6� and CCR6� CD4�

T cell populations stimulated with Pam3CSK4 or left unstimulated. Statistical analyses were made using ratio paired t test
between selected pairs of data. Asterisks denote statistically significant data (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P
� 0.0001).

FIG 6 Pam3Csk4 enhances cortical actin polymerization in CD3/CD28-costimulated CCR6� CD4� T cells.
Purified primary human CD4� T cells were treated as indicated in the legend to Fig. 1, and F-actin
staining was monitored by intracellular flow cytometry. The data shown were obtained from CD4� T cell
preparations isolated from the peripheral blood of five healthy donors. Results show mean fluorescence
intensity of F-actin staining � SEM in CCR6� and CCR6� CD4� T cell populations stimulated with
Pam3CSK4 or left unstimulated. Statistical analyses were made using ratio paired t test between selected
pairs of data. Asterisks denote statistically significant data (*, P � 0.05; ****, P � 0.0001).
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nation, can significantly induce phosphorylation of p65 in the CCR6� CD4� T cell
population. The highest levels of phosphorylated p65 were seen in CD3/CD28-
costimulated CCR6� CD4� T cells that were also exposed to the TLR2 ligand Pam3CSK4.

DISCUSSION

In the past few years, several groups have scrutinized the modulatory effects of
HIV-1 infection on translocation of gut-derived microbes and the possible impacts of
such bacterial components found at extraintestinal sites on susceptibility to virus
infection of circulating CD4� T cells (6). It has been reported that permissiveness to
HIV-1 infection of CD4� T cells found at mucosal sites is modulated by their activation
state, which is itself influenced by the intrinsic nature of gut-derived microbial ele-
ments. For example, data from in vitro studies indicate that TLR ligation of quiescent

FIG 7 TLR2 agonist does not impact expression of its cognate receptor in CD3/CD28-costimulated CCR6� CD4� T
cells. Purified primary human CD4� T cells were treated as indicated in the legend to Fig. 1. (A) Surface expression
of TLR2 was then analyzed by flow cytometry in the total CD4� T cell population. (B) Expression of TLR2 was also
monitored in both CCR6� CD4� and CCR6� CD4� T cell subsets. The data shown were obtained from CD4� T cell
preparations isolated from the peripheral blood of seven healthy donors. Each symbol represents a different donor,
and the horizontal line depicts the means for all donors tested. Statistical analyses were made using ratio paired
t test and one-way ANOVA, followed by a Dunnett’s multiple-comparison test. Asterisks denote statistically
significant data (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

FIG 8 TLR2 agonist augments intracellular levels of phosphorylated p65 in CD3/CD28-costimulated
CCR6� CD4� T cells. Purified primary human CD4� T cells were subjected to a CD3/CD28 costimulation
in the absence or presence of Pam3CSK4. Intracellular expression of phosphorylated p65 was then
analyzed by flow cytometry in both CCR6� CD4� and CCR6� CD4� T cell subpopulations. The data
shown were obtained from CD4� T cell preparations isolated from the peripheral blood of five healthy
donors. Each symbol represents a different donor, and the horizontal line depicts the means for all
donors tested. Statistical analyses were made using ratio paired t test and one-way ANOVA, followed by
a Dunnett’s multiple-comparison test. Asterisks denote statistically significant data (*, P � 0.05; **, P �
0.01).
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CD4� T cells enhances their permissiveness to R5-tropic virions by increasing CCR5
expression and NF-�B activity (47) and by promoting HIV-1 nuclear import (44). In
addition, it has been demonstrated that CD4� T cells expressing CCR6, which have the
potential to migrate into the GALT (17), are highly susceptible to HIV-1 infection due to
their high expression of CCR5 (21) and increased ability to respond to a T-cell receptor
agonist (21, 30, 31). No study has, however, established a correlation between the
enhanced depletion of CD4� T cells in the GALT during virus infection and the impact
of bacterial components, such as TLR2 ligand, on the susceptibility of CCR6� CD4� and
CCR6� CD4� T cell subsets to HIV-1 infection. Considering the important role of
microbial translocation on susceptibility of CD4� T cells to HIV-1 infection, notably in
the GALT, we hypothesized that a TLR2 agonist such as Pam3CSK4 can modulate
receptiveness of CD4� T cells to HIV-1 infection by acting specifically on the cell subset
bearing CCR6.

Productive HIV-1 infection is occurring primarily in activated CD4� T cells (71).
Indeed, while cell activation is not mandatory to allow virus entry, it is nonetheless
required for efficient reverse transcription and integration of proviral DNA into the
host’s genome (72). Moreover, activated CD4� T cells express surface molecules that
distinguish them from resting cells. Among these activation markers, some are receptor
proteins, costimulatory molecules, adhesion molecules, and chemokine receptors (73).
In our study, we investigated the effect of the TLR2 engagement on cell activation by
measuring levels of CD25 (receptor protein), CD69 (receptor protein), and CD154
(costimulatory molecule) surface markers in CD3/CD28-costimulated cells. We demon-
strate that the combination of CD3/CD28 costimulation and TLR2 ligation does not
influence the overall activation state of CD4� T cells compared to CD3/CD28 costimu-
lation alone. Thus, as Pam3CSK4 did not seem to affect expression of the studied
activation markers, we conclude that the TLR2 ligand-mediated increase in permissive-
ness of CD4� T cells to productive HIV-1 infection is not due to a higher cell activation
status. Following HIV-1 infection, inflammatory processes and the antiviral immune
response promote T cell proliferation that is a driving force in viral dissemination by
increasing the pool of HIV-1-infected cells (67). Therefore, we evaluated the effect of
TLR2 engagement on cell division in CD3/CD28-costimulated CD4� T cells. We found
that the TLR2 ligand does not affect proliferation of such cells at either 3 or 6 days
posttreatment.

Considering that CCR6� CD4� T cells are highly permissive to HIV-1 infection and
that they have the potential to migrate to the GALT (17, 21, 30, 31), we thought it could
be important to study the impact of TLR2 ligation on their distribution in the total CD4�

T cell population and cell susceptibility to virus infection. Cell distribution was analyzed
by flow cytometry, and no significant differences were observed in the percentages of
CD4� T cells expressing CCR6 regardless of the stimuli tested (i.e., CD3/CD28 costimu-
lation and/or TLR2 triggering). Of importance, we found that Pam3CSK4 specifically
enhances susceptibility to HIV-1 infection of the CD3/CD28-costimulated CCR6� CD4�

T cell subset. Indeed, while CD3/CD28 costimulation increases permissiveness of CCR6-
expressing cells to HIV-1 infection, TLR2 ligation further augments this susceptibility,
specifically in the CCR6� cell population. Overall, these findings imply that the positive
effect of TLR2 ligation with regard to HIV-1 production in the total population of
CD3/CD28-costimulated CD4� T cells is due to a specific effect of Pam3CSK4 in the
CCR6� CD4� T cell population.

We performed additional experiments to shed light on the mechanisms underlying
the increased susceptibility to HIV-1 infection of CD3/CD28-costimulated CCR6� CD4�

T cells induced by the TLR2 agonist. As shown previously by Monteiro and coworkers,
expression of the virus coreceptor CCR5, which is more important at the surface of
CCR6� CD4� T cells, could play a major role in their permissiveness to virus infection
(17). Thus, we assessed the effect of TLR2 ligation on CCR5 surface expression in
CD3/CD28-costimulated CCR6� CD4� T cells. Levels of CCR5 were confirmed to be
higher at the surface of the CCR6� cell subpopulation than that of CCR6� cells
regardless of stimulation. This observation is in agreement with a previous study
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showing a greater expression of CCR5 in the Th17 cell subset, which expresses CCR6 at
its surface (31). However, none of the tested stimuli significantly increases CCR5
expression in CCR6� CD4� T cells. Thus, the higher susceptibility to productive HIV-1
infection of Pam3CSK4-treated, CD3/CD28-costimulated CCR6� CD4� T cells is not
explained by a greater surface expression of CCR5. Similar observations were made
when assessing surface expression of CD4.

It has been established that actin polymerization enhances the probability of HIV-1
Envelope-CD4/coreceptor interactions, thus potentiating fusion pore formation and,
therefore, viral fusion and infection (74–76). Based on this information, we examined
the possible modulatory effect of TLR2 triggering on HIV-1 entry. Our studies indicate
that TLR2 ligation increases HIV-1 entry in CD3/CD28-costimulated CCR6� CD4� T cells.
In addition, we report that TLR2 engagement induces a cytoskeletal rearrangement by
augmenting the degree of actin polymerization. Our findings are in agreement with a
previous work, which has revealed that Pam3CSK4 alters cytoskeletal dynamics (68).
However, it should be noted that this work was carried out in human fibroblasts and
not in CD4� T cells, as shown here. Interestingly, some TLR ligands were reported to
activate the actin-severing protein cofilin, a process leading to enhanced cytoskeletal
dynamics in human immune cells (77).

We also investigated the effect of Pam3CSK4 exposure on expression of its main
receptor, TLR2 (also designated CD282), at the surface of CD3/CD28-costimulated
CCR6� CD4� T cells. Considering that TLR2 ligation triggers a signal leading to
enhanced HIV-1 production in resting CD4� T cells (47), we thought that a positive
feedback loop between the ligand and its receptor could promote viral production
specifically in cells expressing higher levels of TLR2. An increase in TLR2 expression was
seen in CD4� T cells following CD3/CD28 costimulation in the total population, which
is in line with a previous study performed in a murine model (78). This higher TLR2
expression on CD3/CD28-costimulated CD4� T cells is, however, not enhanced when
the cells are also treated with Pam3CSK4. Multiparametric analyses discriminating for
CCR6 expression demonstrate that CD3/CD28 costimulation significantly augments
TLR2 expression at the surface of the CCR6� cell subset compared to CCR6� cells, and
TLR2 ligation does not increase this expression further. However, a trend toward higher
expression of TLR2 could be observed in the unstimulated CCR6� CD4� T cell sub-
population compared to the CCR6� subset. It is possible that a difference in TLR2
expression levels between CCR6� and CCR6� cells could explain the specific effect
observed. While combination of the TLR2 agonist with CD3/CD28 costimulation did not
increase TLR2 expression further by any subset, it is possible that CCR6-expressing
CD4� T cells are initially more sensitive to TLR2 ligation. Additional studies are needed
to solve this issue.

One of the demonstrated functional outcomes of TLR2-mediated signaling path-
ways is the activation of the ubiquitous mammalian transcription factor NF-�B. Follow-
ing its activation in the cytoplasm, this transcription factor translocates to the nucleus,
where it induces several genes implicated in cellular responses to many stimuli (79, 80).
As the promoter-proximal (enhancer) region of the HIV-1 long terminal repeat carries
two adjacent NF-�B binding sites and since mutation of these regions greatly affects
viral fitness, this transcription factor is considered a key element in the virus replicative
cycle (81). It should be noted that it has been previously established that TLR2 ligation
renders quiescent naive and memory CD4� T cells more susceptible to productive
infection by HIV-1 in part due to NF-�B activation (47). While this work was performed
in cells in a resting state, we now show that, upon CD3/CD28 costimulation, TRL2
ligation in CD4� T cells increases NF-�B activity specifically among the CCR6� cell
population. In accordance with a recent study, we also observe that CD3/CD28 co-
stimulation alone significantly augments NF-�B activity in CCR6� cells compared to the
CCR6� cell subset. However, after addition of Pam3CSK4, the percentage of CCR6� cells
expressing phosphorylated p65 becomes significantly higher than when cells were
stimulated through CD3/CD28 only. Altogether our data indicate that TLR2 ligation in
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CD3/CD28-costimulated CCR6� CD4� T cells creates an intracellular environment more
favorable to achieving productive HIV-1 infection.

Our observations lead us to propose that peripheral blood CCR6� CD4� T cells,
upon their arrival in the GALT due to their homing receptors (17), would be more
sensitive to TRL2 ligation following an interaction with translocated bacteria and their
derived metabolites. This phenomenon would contribute to their highly permissive
state for HIV-1 infection (17, 21, 31, 82). Based on the current study and previous
findings (45, 47, 83), we propose that microbial translocation seen in HIV-1-infected
individuals enhances susceptibility of CCR6� CD4� T cells to virus infection, leading to
a more important inflammatory status and a higher rate of disease progression. As each
microorganism triggers highly adapted immune responses, a better understanding of
the composition of the microbiota among HIV-1-infected persons is needed to accu-
rately identify bacterial populations susceptible to translocate to extraintestinal sites
and promote chronic inflammation.

MATERIALS AND METHODS
Ethics statement and cell culture. The current study was approved by the Bioethics Committee

from the Centre Hospitalier Universitaire de Québec-Université Laval. Peripheral blood samples were
collected from healthy donors in accordance with the guidelines of the Institutional Bioethics Committee.
To obtain purified primary human CD4� T cells, peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll-Hypaque gradient centrifugation from healthy donors and kept frozen at �80°C at a
final concentration of 1 � 108 cells/ml in freezing medium (90% fetal bovine serum [FBS] and 10%
dimethyl sulfoxide [DMSO]) for a maximum of 3 months. Thereafter, purified CD4� T cells were isolated
from thawed PBMCs by immunomagnetic negative selection as described in the protocol provided by
the manufacturer (STEMCELL Technologies, Vancouver, BC) and cultured in Roswell Park Memorial
Institute (RPMI) 1640 culture medium (Fisher Scientific, Ottawa, ON) supplemented with 10% FBS at a
concentration of 2 � 106 cells/ml.

Human embryonic kidney 293T cells were kindly provided by Warner C. Greene (The J. Gladstone
Institutes, San Francisco, CA), and TZM-bl indicator cells were obtained from John C. Kappes, Xiaoyun Wu,
and Tranzyme, Inc., via the AIDS Research Reagent Program (Germantown, MD) (84–88). These cell lines
were cultured in Dulbecco’s modified Eagle medium (DMEM) (Fisher Scientific, Ottawa, ON) supple-
mented with 10% FBS (Fisher Scientific, Ottawa, ON).

Antibodies, reagents, and plasmids. The TLR2 agonist Pam3CSK4 was purchased from InvivoGen
(San Diego, CA). Allophycocyanin (APC)-Cy7-conjugated anti-human CD196 (CCR6) was obtained from
BioLegend (San Diego, CA), whereas APC-conjugated anti-mouse CD24 (HSA), APC-conjugated anti-
human CD282 (TLR2), and eFluor660-conjugated anti-human phospho-NF-�B p65 were purchased from
eBioscience (San Diego, CA). Fluorescein isothiocyanate (FITC)-conjugated anti-human CD4, APC-Cy7-
conjugated anti-human CD195 (CCR5), phycoerythrin (PE)-Cy7-conjugated anti-human CD196 (CCR6),
PE-conjugated anti-human CD25, FITC-conjugated anti-human CD69, and FITC-conjugated anti-human
CD154 were all obtained from BD Biosciences (Mississauga, ON). The CellTrace carboxyfluorescein
succinimidyl ester (CFSE) cell proliferation kit was purchased from Thermo Fisher Scientific (Waltham,
MA). The FITC-conjugated KC57 monoclonal antibody (MAb), which is specific for the HIV-1 major viral
core pin p24gag, was purchased from Beckman Coulter (Burlington, ON). Hybridomas producing 183-
H12-5C and 31-90-25 antibodies, which recognize different epitopes of the HIV-1 major viral core protein
p24gag, were supplied by the AIDS Research Reagent Program and the ATCC (Manassas, VA), respectively.
The infectious molecular constructs pNL4.3Balenv and pNL4.3 BAL-IRES-HSA were previously described
(65, 89).

Production of virus stocks. The NL4.3Balenv vector codes for R5-tropic Bal Env glycoproteins
inserted within the NL4.3 backbone and generates infectious HIV-1 particles (89). The NL4.3 BAL-IRES-
HSA plasmid produces R5-tropic fully competent reporter virions coding for the murine HSA protein,
which is expressed on the membrane of productively infected cells via a glycophosphatidylinositol
anchor (65). Virus preparations were made by CaPO4 transfection of the infectious molecular clones
pNL4.3 Balenv and pNL4.3 BAL-IRES-HSA. Briefly, 293T cells were transfected for 48 h with the expression
vectors, and newly produced viral particles were ultracentrifuged at 100,000 � g for 45 min. The pellet
was suspended in 2 ml of endotoxin-free phosphate-buffered saline (PBS; Fisher Scientific, Ottawa, ON)
and frozen at �80°C until needed. Quantification of infectious titers harvested after ultracentrifugation
was performed according to the Spearman-Karber method using TZM-bl indicator cells.

Stimulation and virus infection assays. Purified primary human CD4� T cells (1 � 106 cells/
experimental condition) were cultured in RPMI 1640 culture medium supplemented with 10% FBS at a
concentration of 2 � 106 cells/ml, seeded in 48-well flat-bottom tissue culture plates, and either left
untreated or treated with anti-CD3 (clone OKT3; 5 �g/ml) and anti-CD28 (clone 9.3; 2 �g/ml) MAbs in the
presence or absence of the TLR2 agonist Pam3CSK4 (10 �g/ml). After 72 h of incubation at 37°C under
a 5% CO2 atmosphere, cells were either left uninfected to analyze surface expression of CCR5, CCR6,
CD4, CD25, CD69, CD154, and TLR2 by flow cytometry or inoculated with HIV-1 to study the effect
of anti-CD3/CD28 costimulation in the absence or presence of Pam3CSK4 stimuli on their suscep-
tibility to virus infection. Virus infection assays were performed using NL4.3 Balenv or NL4.3
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BAL-IRES-HSA virus stocks that were added to cells at a multiplicity of infection (MOI) of 0.1 for 2 h,
after which cells were washed three times with PBS–2 mM EDTA– 0.5% bovine serum albumin (BSA),
resuspended in RPMI 1640 medium supplemented with 10% FBS, and incubated at 37°C under a 5%
CO2 atmosphere. Virus replication was estimated by measuring the p24 content with an in-house
enzymatic assay specific for the major viral p24gag protein (90) or quantifying the percentages of
HSA� cells by flow cytometry.

Flow cytometry studies. Surface expression of CD4, CCR5, CCR6, CD25, CD69, CD154, TLR2, and
virus-encoded HSA on the total population of purified CD4� T cells and/or CCR6� CD4� and CCR6�

CD4� T cell subsets was analyzed by flow cytometry. In brief, cells were suspended in PBS–2 mM
EDTA– 0.5% BSA (2 � 106 cells/ml) and stained with appropriate MAbs at optimal concentrations for 15
min at room temperature under dark conditions. Cells were washed twice with PBS–2 mM EDTA– 0.5%
BSA and resuspended in 2% paraformaldehyde prior to flow cytometry analysis (BD FACSCanto; BD
Biosciences, Mississauga, ON). The intracellular expression of phospho-NF-�B p65 in resting and activated
CCR6� CD4� and CCR6� CD4� T cell subsets has also been analyzed by flow cytometry. Briefly, cells (1 �

106 cells/experimental condition; 2 � 106 cells/ml) were stimulated with anti-CD3 (clone OKT3; 5 �g/ml)
and anti-CD28 (clone 9.3; 2 �g/ml) MAbs in the absence or presence of prewarmed (40°C) TLR2 agonist
Pam3CSK4 (10 �g/ml) for 30 min at 37°C under a 5% CO2 atmosphere. The TLR2 ligand was subjected
to a heat treatment to reduce its natural ability to adopt a self-assembled nanostructure (91). Cells next
were fixed in 1 ml of 2% paraformaldehyde for 20 min at 4°C before being stained with PE-Cy7-
conjugated anti-human CCR6 in 200 �l of PBS–2 mM EDTA– 0.5% BSA for 15 min at room temperature
under dark conditions. Cells were washed twice with PBS–2 mM EDTA– 0.5% BSA and stained in 50 �l of
1� permeabilization solution (BD Perm/Wash; BD Biosciences, Mississauga, ON) supplemented with
eFluor660-conjugated anti-human phospho-NF-�B p65 for 30 min at 4°C under dark conditions. Cells
were washed twice with permeabilization solution and resuspended in 250 �l of PBS–2 mM EDTA– 0.5%
BSA prior to flow cytometry analysis. Cellular proliferation assays were performed with the CellTrace CFSE
cell proliferation kit (ThermoFisher Scientific, Waltham, MA). In brief, cells were treated with the
fluorescent cell staining dye CFSE and stimulated with anti-CD3 (clone OKT3; 5 �g/ml) and anti-CD28
(clone 9.3; 2 �g/ml) MAbs in the absence or presence of Pam3CSK4 (10 �g/ml) for 72 h. Fluorescence
emission was measured by cytometry analysis (BD FACSCanto; BD Biosciences, Mississauga, ON) to
determine the effect of stimulations on cellular proliferation.

The degree of actin polymerization in both CCR6� CD4� and CCR6� CD4� T cell subsets was
assessed by intracellular F-actin staining. Briefly, cells were fixed with 150 �l of 2% paraformaldehyde for
30 min at 4°C in the dark, washed once with PBS–2 mM EDTA– 0.5% BSA, and permeabilized with 100 �l
of permeabilization buffer (eBioscience) for 15 min at room temperature. Cells were stained with Alexa
Fluor 647-conjugated phalloidin (Sigma-Aldrich, Oakville, ON) for 30 min at 4°C in the dark. Cells were
finally analyzed by flow cytometry.

Virus entry tests. Cells were either left untreated or were treated as described above. Cells next
were inoculated with NL4-3 Balenv (50 ng of p24 per 1 � 105 cells) for 2 h at 37°C. For assessing virus
entry at the whole-CD4�-T-cell population level, cells were washed twice with an equal volume of
PBS (pH 7.4), resuspended in 100 �l trypsin 0.05%–EDTA (Thermo Fisher Scientific), and incubated
for 10 min at 37°C to remove unadsorbed/uninternalized virions. Finally, cells were washed three
times with 1 ml of PBS (pH 7.4) and lysed using 500 �l of a disruption buffer (20 mmol/liter HEPES
[pH 7.4], 150 mmol/liter sodium chloride, and 0.5% Triton X-100). Samples were kept at �80°C until
assayed by an in-house p24 enzymatic test (90). For detection of intracellular p24 in both CCR6� and
CCR6� cell subpopulations, CCR6 was first stained as described above, and then cells were washed
once with PBS–2 mM EDTA– 0.5% BSA and permeabilized with 100 �l of permeabilization buffer
(eBioscience) for 15 min at room temperature. Cells were then stained with KC57-FITC-conjugated
antibody (Beckman Coulter) diluted 1:300 in permeabilization buffer for 30 min at 4°C under dark
conditions. Cells were then washed twice with permeabilization buffer and resuspended in PBS–2
mM EDTA before analysis by flow cytometry.

Statistical analysis. Statistical analysis was performed using GraphPad Prism version 6. Ratio paired
t test and one-way analysis of variance (ANOVA) with corrections for multiple comparisons (Dunnett’s
multiple-comparison test) were performed to define the statistical significance of our data. A threshold
P value of �0.05 (*) was considered statistically significant, whereas P values of �0.01 (**), �0.001 (***),
and �0.0001 (****) were considered highly significant.
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