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Significance

Upon its sexual transmission, 
HIV-1 targets different types of 
mucosal immune cells, such as 
antigen-presenting LCs that 
transfer HIV-1 to its principal 
CD4+ T cell targets. We previously 
discovered that calcitonin 
gene-related peptide (CGRP), a 
mucosal neuropeptide secreted 
from pain-sensing peripheral 
neurons termed nociceptors 
once activated via their TRPV1 
ion channel, strongly inhibits 
HIV-1 transfer. Herein, we reveal 
that LCs also express functional 
TRPV1, whose activation induces 
secretion of CGRP and the 
anti-HIV-1 chemokine CCL3, as 
well as increased HIV-1 
degradation, which inhibit 
LCs-mediated HIV-1 transmission. 
TRPV1 activation also inhibits 
direct CD4+ T cell infection, but in 
CGRP-independent mechanisms. 
Accordingly, molecules activating 
TRPV1 could be used to prevent 
mucosal HIV-1 transmission. This 
approach represents an original 
neuroimmune strategy to 
fight HIV-1.
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Upon its mucosal transmission, HIV type 1 (HIV-1) rapidly targets genital 
antigen-presenting Langerhans cells (LCs), which subsequently transfer infectious 
virus to CD4+ T cells. We previously described an inhibitory neuroimmune cross talk, 
whereby calcitonin gene-related peptide (CGRP), a neuropeptide secreted by peripheral 
pain-sensing nociceptor neurons innervating all mucosal epithelia and associating with 
LCs, strongly inhibits HIV-1 transfer. As nociceptors secret CGRP following the acti-
vation of their Ca2+ ion channel transient receptor potential vanilloid 1 (TRPV1), and 
as we reported that LCs secret low levels of CGRP, we investigated whether LCs express 
functional TRPV1. We found that human LCs expressed mRNA and protein of TRPV1, 
which was functional and induced Ca2+ influx following activation with TRPV1 agonists, 
including capsaicin (CP). The treatment of LCs with TRPV1 agonists also increased 
CGRP secretion, reaching its anti-HIV-1 inhibitory concentrations. Accordingly, CP 
pretreatment significantly inhibited LCs-mediated HIV-1 transfer to CD4+ T cells, 
which was abrogated by both TRPV1 and CGRP receptor antagonists. Like CGRP, 
CP-induced inhibition of HIV-1 transfer was mediated via increased CCL3 secretion 
and HIV-1 degradation. CP also inhibited direct CD4+ T cells HIV-1 infection, but 
in CGRP-independent manners. Finally, pretreatment of inner foreskin tissue explants 
with CP markedly increased CGRP and CCL3 secretion, and upon subsequent polar-
ized exposure to HIV-1, inhibited an increase in LC–T cell conjugate formation and 
consequently T cell infection. Our results reveal that TRPV1 activation in human LCs 
and CD4+ T cells inhibits mucosal HIV-1 infection, via CGRP-dependent/independent 
mechanisms. Formulations containing TRPV1 agonists, already approved for pain relief, 
could hence be useful against HIV-1.

CGRP, calcitonin gene-related peptide | CP, capsaicin | HIV-1, human immunodeficiency virus type 1 |  
LCs, Langerhans cells, T-cells | TRPV1, transient receptor potential vanilloid 1

Mucosal tissues evolved complex strategies to detect and protect our body from external 
threats and invading pathogens via a bidirectional neuroimmune dialogue between sensory 
peripheral neurons and mucosal immune cells (1). Pain neurons termed nociceptors, inner-
vating all mucosal epithelia, are specialized in sensing noxious stimuli, such as temperatures 
above 43 °C and protons/acidic conditions. Their activation is mediated by a large variety 
of different receptors, of which the nonselective Ca2+ ion channel TRPV1 plays a major 
role (2). Several natural compounds also activate TRPV1, for instance, CP, the spicy com-
ponent of chili peppers (3); resiniferatoxin (RTX), a naturally occurring chemical found 
in the cactus-like plant Euphorbia resinifera (4); and rutaecarpine (Rut), an alkaloid isolated 
from the plant Evodia rutaecarpa that is used in traditional Chinese medicine to treat 
cardiovascular diseases (5). As TRPV1-mediated neuronal excitation evoked by CP, but 
not other TRPV1 agonists, is followed by a long-lasting refractory period with unrespon-
siveness to additional noxious stimuli (i.e., desensitization), CP topical formulations and 
skin patches have been approved clinically as analgesics in painful conditions (6).

Upon TRPV1 activation, nociceptors both conduct pain information into the central 
nervous system and secret neuropeptides locally at the mucosal level (7). Among these is 
CGRP (8, 9), a potent vasodilator (10) that contributes to the pathophysiology of several 
disorders (11). Nociceptors are the principal source of secreted CGRP upon TRPV1 
activation (7), yet non-neuronal and immune cells also express both molecules (11, 12), 
e.g. epithelial cells, endothelial cells, fibroblasts, hepatocytes, adipocytes, muscle cells, 
T cells and dendritic cells (DCs).

CGRP is a key regulator of inflammatory processes, by mediating neurogenic inflam-
mation (13) and also by directly affecting the function of different types of immune cells 
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in a vasodilator-independent manner (14). For instance, nocice-
ptors associate with LCs, and CGRP shifts LCs-mediated antigen 
presentation and cytokine secretion from Th1 to Th2/Th17 types 
(14). Such CGRP-mediated bias towards Th2/Th17 immunity is 
not limited to LCs and occurs also when additional immune cell 
types are exposed to CGRP, having both desired and unwanted 
outcomes during bacterial and fungal infections (15, 16). In con-
trast, the role of CGRP during viral infections remains largely 
unexplored.

Mucosal genital epithelia are the principal entry portals during 
sexual transmission of HIV-1, which rapidly targets LCs in both 
the vagina (17), and inner foreskin as we reported (18–20), fol-
lowed by its temporal transfer to CD4+ T cells (21). Investigating 
the role of CGRP during mucosal HIV-1 infection, we discovered 
a complex neuroimmune interplay whereby CGRP interacts with 
LCs and modulates a multitude of cellular and molecular pro-
cesses, resulting in significant inhibition of LC-mediated HIV-1 
transfer (22–25). Accordingly, CGRP enhances expression of 
atypical double trimmers of langerin (26), the HIV-1-binding 
LC-specific pathogen-recognition lectin, leading to reduced 
HIV-1 capture and diversion of HIV-1 from endolysosomes 
towards efficient proteasomal degradation (24). CGRP also 
decreases LCs expression of the HIV-1 co-receptor CCR5 (23) 
and increases LCs secretion of the chemokine CCL3 that binds 
to CCR5 (22), thus preventing HIV-1 infection of LCs and lim-
iting infection of CD4+ T cells during HIV-1 transfer. Moreover, 
CGRP blocks increased LC–T cell conjugate formation and sub-
sequent T cell infection, occurring upon polarized inoculation of 
inner foreskin tissue explants with HIV-1–infected cells ex vivo 
(22, 25).

Of note, recent studies reported the existence of several epider-
mal langerin+ cell subsets. Pena-Cruz et al identified vaginal epi-
thelial dendritic cells (VEDCs), expressing both CD1a and 
langerin but lacking Birbeck granules (BGs) (27); Bertram et al 
distinguished CD1ahighlangerinhigh LCs from CD11c-expressing 
CD1alowlangerinlow/neg epidermal dendritic cells (Epi-cDC2s) (28); 
and Liu et al reported on two steady-state LC subsets, namely 
CD1ahighlangerinhigh LC1 and CD1alowlangerinlow LC2, with 
higher CD1c expression and better BGs organization in LC1 vs. 
LC2 (29). Based on these studies, CD1ahighlangerinhigh LCs/LC1 
probably represent the same subset, corresponding to “true” LCs. 
However, as a proportion of Epi-cDC2s expresses langerin in the 
inner foreskin but only a very low proportion expresses langerin 
in skin (28), coinciding with the higher frequency of the LC2 
subset in inner foreskin compared to skin (29), it remains to be 
determined whether langerin-expressing Epi-cDC2s and LC2, as 
well as VEDCs, represent equivalent or distinct LC subsets. 
Importantly, Epi-cDC2s and VEDCs seem more permissive to 
HIV-1 compared to LCs (27, 28).

Herein, as we previously reported that LCs secret low basal 
levels of CGRP that are further increased in an autocrine/paracrine 
manner by CGRP itself (23), we investigated whether human LCs 
express functional TRPV1 whose stimulation could induce CGRP 
secretion, which in turn would prevent HIV-1 transmission. We 
also studied the functional consequences of TRPV1 activation in 
CD4+ T cells during HIV-1 infection.

Results

Phenotypic Characterization of LCs. To study TRPV1 expression 
and function in human LCs, we phenotypically compared LCs 
within inner foreskin epidermal cell suspensions with monocyte-
derived LCs (MDLCs), the latter serving as a complimentary model 
as the amounts of LCs that can be purified from the inner foreskin 

are very low. We confirmed the presence of CD1alowlangerinneg, 
CD1alowlangerinlow, and CD1ahighlangerinhigh subsets within inner 
foreskin epidermal immune cells, termed herein langerinneg cells, 
langerinlow cells, and langerinhigh LCs (Fig. 1A). As expected (30), 
differentiation of monocytes into MDLCs resulted in high CD1a 
expression in >95% of MDLCs and expression of langerin in 
approximately 30% of MDLCs (Fig. 1B). As MDLCs cannot be 
separated into similar subsets, due to their expression of high and 
uniform CD1a levels, we gated on all langerin+ MDLCs in our 
experiments. Of note, langerin expression in MDLCs is a dynamic 
continuum that can be further increased depending on the in vitro 
culture conditions (31, 32).

We next investigated by flow cytometry the expression of HIV-1 
receptors and co-receptors, including CD4, CCR5 and CD169. 
These experiments showed that low-moderate (for CD4) and 
moderate-high (for CCR5) percentages of langerinneg cells, lan-
gerinlow cells, and langerinhigh LCs expressed CD4 and CCR5 
(Fig. 1 C–E), compared to lower percentages in MDLCs (Fig. 1F). 
Of note, we prepared the epidermal cell suspensions using trypsin, 
which cleaves CD4, yet could still detect low CD4 levels. Although 
not statistically significant (P = 0.0582, ANOVA), CCR5 expres-
sion in langerinhigh LCs was reduced compared to langerinlow and 
langerinneg cells, as reported for LCs vs. EpicDCs2 (28). Moreover, 
low-moderate percentages of langerinneg and langerinlow cells 
expressed CD169 (Fig. 1 C and D), compared to significantly 
lower (P = 0.0209, ANOVA) and negligible (less than <5%) per-
centages of both langerinhigh LCs and MDLCs (Fig. 1 E and F).

These results show that MDLCs are phenotypically closer to 
CD1ahighlangerinhigh inner foreskin LCs.

LCs Express Functional TRPV1 and CLR. Next, we evaluated the 
expression of both TRPV1 and calcitonin receptor-like receptor 
[CLR; one of the components composing the heteromeric 
CGRP receptor (33)], using antibodies (Abs) directed against 
extracellular epitopes of human TRPV1 or CLR and validated 
for flow cytometry. These experiments showed that all three 
inner foreskin immune cell subsets expressed surface TRPV1 
and CLR (Fig.  2A), with no significant differences for each 
receptor expression between langerinneg cells, langerinlow cells, 
and langerinhigh LCs (65 to 75% for TRPV1 and 70 to 80% for 
CLR). In comparison, approximately 25% and 35% of langerin+ 
MDLCs expressed surface TRPV1 and CLR (Fig. 2B), extending 
our previous findings showing that MDLCs express mRNA of all 
three components of the CGRP receptor (22). We also purified 
mRNA from MDLCs and performed qRT-PCR with TRPV1-
specific primers. MDLCs of three different healthy individuals all 
contained TRPV1 mRNA, which was also amplified from total 
human brain RNA serving as the positive control (Fig. 2C).

To determine whether TRPV1 is functional, MDLCs were 
loaded with the Ca2+ indicator Indo-1, treated with the TRPV1 
agonists CP or RTX, and Ca2+ influx was measured by flow cytom-
etry. These experiments showed that both TRPV1 agonists induced 
Ca2+ influx in MDLCs in a dose-dependent manner, as did the 
Ca2+ ionophore ionomycin serving as positive control (Fig. 2D). 
We could not perform similar flow cytometry experiments of Ca2+ 
influx with inner foreskin immune cell subsets, due to the limiting 
amounts of cells that can be purified from these tissues.

These results show that human LCs express functional surface 
TRPV1, whose activation by TRPV1 agonists induces Ca2+ influx.

CP Inhibits HIV-1 Infection In Vitro of MDLCs and CD4+ T Cells 
by Different Mechanisms. To investigate the potential role of 
TRPV1 during HIV-1 transfer, MDLCs were treated for 24 h 
with either the TRPV1 agonist CP or CGRP. The cells were then 
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washed, pulsed with HIV-1, washed again, and co-cultured with 
autologous CD4+ T cells. A week later, HIV-1 transfer to and 
resulting replication in CD4+ T cells was determined by measuring 
the content of the HIV-1 capsid protein p24 in the co-culture 
supernatants by ELISA. As we reported (22–25), CGRP strongly 
inhibited MDLCs-mediated HIV-1 transfer in a dose-dependent 
manner (Fig. 3A and SI Appendix, Fig. S1A). Treatment with CP 
also inhibited HIV-1 transfer in a dose-dependent manner, but 
with lower efficiency and potency compared to CGRP (Fig. 3A and 
SI Appendix, Fig. S1B). To confirm that CP-induced inhibition 
was mediated via activation of TRPV1, MDLCs were pretreated 
with the TRPV1 antagonist A425619 (34) before addition of 
CP, and HIV-1 transfer was determined as above. The TRPV1 
antagonist alone had little effect on HIV-1 transfer, but completely 
abrogated CP-mediated inhibition (Fig. 3B). Of note, treatment 
of MDLCs with ethanol (i.e., utilized as diluent, at 0.1% for the 
highest concentrations of CP we used) that also activates TRPV1 
(35) had no effect (Fig. 3B).

Next, to explore the interplay between TRPV1 activation and 
CGRP secretion, MDLCs were treated for 24 h with the TRPV1 
agonists CP and Rut, and the levels of secreted CGRP were imme-
diately determined in the culture media. Treatment with both 
TRPV1 agonists increased CGRP secretion from MDLCs in a 
dose-dependent manner reaching 10−11 to 10−10M (Fig. 3C), 
which is within the range of concentrations for HIV-1 transfer 
inhibition by CGRP (Fig. 3A). As positive control, cells were also 
treated with exogenous CGRP followed by extensive washing and 
culture for additional 24 h, in order to induce autocrine/paracrine 
CGRP secretion from MDLCs as we reported (23), which we 
reconfirmed herein (Fig. 3C). To further determine whether 
CP-induced CGRP secretion is responsible for HIV-1 transfer 
inhibition, MDLCs were pretreated with the CGRP receptor 
antagonist BIBN4096 (36) before addition of CP or CGRP. The 
CGRP receptor antagonist alone had little effect on HIV-1 trans-
fer, but abrogated partially CP-mediated and completely 
CGRP-mediated inhibition (Fig. 3D).

Fig. 1. Gating strategy and phenotypic characterization 
of inner foreskin LCs and MDLCs. (A and B) Inner fore-
skin epidermal cell suspensions (A) and MDLCs (B) were 
labeled with Viobility Fixable Dye,  stained for surface 
expression of CD45, HLA-DR, CD1a, and langerin, and 
examined by flow cytometry. In A, cells were separated 
into CD1alowLangerinneg, CD1alowLangerinLow and CD1a-
highLangerinhigh subsets. Shown are representative dot 
plots, with numbers representing mean ± SEM (derived 
from n = 6 to 10 experiments, using tissue suspensions 
or MDLCs prepared from different donors) percentag-
es of positive cells, gated on viable CD45+HLADR+ cells. 
(C–F) Inner foreskin epidermal cell suspensions (C–E) and 
MDLCs (F) were further labeled for cell-surface expression 
of CD4, CCR5, and CD169, and examined by flow cytome-
try. Shown are mean ± SEM (bars) percentages of positive 
cells, gated on langerinneg (C), langerinlow (D), langerinhigh  
(E), and langerin+ (F) cells. Each circle represents a distinct 
experiment using tissues/cells from a different donor.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302509120#supplementary-materials
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To identify the mechanisms by which CP inhibits HIV-1 trans-
fer via secreted CGRP (at least to some extent), we tested whether 
CP induces the CGRP-mediated anti-HIV-1 functions that we 
previously identified in MDLCs, namely increased CCL3 secre-
tion, efficient HIV-1 degradation, and modulation of langerin 
and CCR5 expression (22–25). These experiments showed that a 
CCL3 neutralizing Ab abrogated CP-induced inhibition, alike for 
CGRP, indicating that both CP and CGRP induced CCL3 secre-
tion from MDLCs that inhibited HIV-1 transfer (Fig. 3E). In 
addition, HIV-1 intracellular contents in MDLCs were lower 
following treatment with CP and CGRP, indicating that both 
increased HIV-1 degradation (Fig. 3F). In contrast, CP had no 
effect on langerin and CCR5 expression levels, which were 
increased and decreased, respectively, by CGRP (SI Appendix, 
Fig. S2). Of note, we previously reported that CGRP has no effect 
on DC-SIGN that is expressed by MDLCs (22), which we also 

observed following CP treatment [mean ± SEM (n = 4) percent-
ages of 90.1 ± 2.0 vs. 90.1 ± 1.8, for DC-SIGN+ untreated vs. 
CP-treated cells].

Finally, we studied the effects of CP and CGRP on CD4+ 
T cells. First, using CD4+ T cells purified from blood or contained 
within inner foreskin epidermal cell suspensions, we found by 
flow cytometry that the cells expressed both TRPV1 and CLR 
(SI Appendix, Fig. S3). Second, we found that CP, but not CGRP, 
inhibited direct infection of primary blood CD4+ T cells with 
HIV-1 in a dose-dependent manner (Fig. 3G). Importantly, CP 
did not affect T cell activation (i.e., that is required for in vitro 
infection of T cells with HIV-1), as addition of CP to CD4+ T cells 
during their activation had no effect on surface expression of the 
T cell activation markers CD25 and CD69 [mean ± SEM (n = 3) 
percentages of 29.3 ± 5.0 vs. 25.0 ± 4.6 CD25+ cells and 33.3 ± 8.2 
vs. 30.1 ± 7.0 for CD69+ cells; untreated vs. CP-treated primary 
blood CD4+ T cells].

Together, these findings show that TRPV1 activation in MDLCs 
inhibits HIV-1 transfer via both CGRP-dependent/independent 
mechanisms. TRPV1 activation also directly inhibits HIV-1 infec-
tion in CD4+ T cells, only in CGRP-independent manners.

CP Induces CGRP and CCL3 Secretion and Inhibits HIV-1 Infection 
in Inner Foreskin Mucosal Tissues Ex Vivo. To extend the in vitro 
findings above, we tested the activity of CP using mucosal tissues 
and successive steps (Fig. 4A), based on our previously established 
experimental protocol (18). Inner foreskin tissue explants were first 
submerged in culture media and left untreated or pretreated for 
24 h with CP. The media were then collected and ELISA kits were 
used to measure the levels of secreted CGRP and CCL3. Next, 
the explants were transferred to two-chamber transwell inserts 
and inoculated in a polarized manner for a short time period of 
4 h with either noninfected or HIV-1–infected cells. Of note, we 
previously showed that whereas mucosal infection by cell-free virus 
is not efficient, HIV-1–infected cells form viral synapses with the 
apical surface of keratinocytes (18). In the inner foreskin, viral 
synapse formation induces in turn secretion of thymic stromal 
lymphopoietin 1 (TSLP1), mediating epidermal redistribution 
of LCs that rapidly internalize incoming HIV-1 (20), i.e., cell-
free HIV-1 penetrating the tissue after its local production at 
the viral synapse, but not the inoculated HIV-1–infected cells 
themselves. In parallel, viral synapse formation induces secretion 
of the T  cell chemokine CCL5, mediating recruitment of 
T cells from the dermis into the epidermis (19). These processes 
facilitate increased formation of LC–T cell conjugates, permitting 
subsequent epidermal transfer of infectious HIV-1 from LCs 
to T cells, and subsequent T cell exit into the dermis (18). In 
contrast, cell-free HIV-1 fails to induce such changes at this early 
time point (18), although free virions might penetrate the inner 
foreskin at later time points of ≥24 h post infection when using 
a cell-free inoculum (37).

Accordingly, the CP-treated (and CGRP-treated as positive 
control) and untreated inner foreskin explants were digested with 
dispase and trypsin, immediately after viral pulse and washing, to 
obtain epidermal cell suspensions and determine by flow cytom-
etry the formation of epidermal LC–T cell conjugates. In other 
experiments, the explants were washed, further incubated for 3 d 
submerged in fresh culture medium, and then digested with col-
lagenase and DNase to obtain dermal cell suspensions and deter-
mine by flow cytometry the resulting infection of T cells with 
HIV-1.

In untreated inner foreskin tissue explants, baseline secretion 
levels were in the range of 10−12 to 10−11M for CGRP (Fig. 4B; 
mean ± SEM of 4.2 ± 1.9 × 10−12M), and 10 to 300 pg/mL for 

Fig.  2. LCs express functional TRPV1 and CLR. (A and B) Inner foreskin 
epidermal cell suspensions (A) and MDLCs (B) were stained for surface 
expression of TRPV1 and CLR, and examined by flow cytometry. Representative 
overlays show TRPV1 and CLR expression (grey histograms) vs. matched 
isotype controls (line histograms), in epidermal cells and MDLCs gated as 
show in Fig. 1. Numbers represent mean ± SEM percentages of positive cells 
(derived from n = 3 to 6 experiments, using tissues/cells from different donors). 
(C) Relative TRPV1 mRNA expression in MDLCs from three different human 
individuals (1 to 3) normalized to beta actin, with total human brain (HB) mRNA 
serving as positive control. (D) MDLCs were loaded with the Ca2+ indicator 
Indo-1 and examined over time by flow cytometry. Representative graphs 
(n = 3) show the normalized bound/free Ca2+ ratio, indicative of Ca2+ influx, 
at baseline (t = 0 s, set to 1) and following treatment (t = 60 s, arrow) with the 
indicated concentrations of CP (Left) or RTX (Right). Ionomycin (1 μM; broken 
lines) served as positive control.

http://www.pnas.org/lookup/doi/10.1073/pnas.2302509120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2302509120#supplementary-materials
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CCL3 (Fig. 4C; mean ± SEM of 153.6 ± 50.1 pg/mL). In all 
matched explants, CP treatment significantly increased secretion 
of CGRP (Fig. 4B; mean ± SEM of 1.2 ± 0.4 × 10−10 M, approx-
imately ×30 fold increase) and CCL3 (Fig. 4C; mean ± SEM of 
237.2 ± 71.4 pg/mL, approximately ×1.5 fold increase).

We then determined upon inoculation with HIV-1–infected 
cells (i.e., that are washed out following inoculation and do not 
enter the tissue), which cell subset forms conjugates with resident/
recruited T cells, and found increased formation of high forward 

scatter (FSC) conjugates with langerinhigh LCs, but not langerinlow 
or langerinneg cells (Fig. 4D). Pretreatment with CP, and with 
CGRP as positive control, completely abrogated the increased 
formation of these langerinhigh LC–T cell conjugates (Fig. 4D). 
In addition, inoculation with HIV-1–infected cells resulted in 

Fig. 3. TRPV1 activation in MDLCs and CD4+ T cells inhibits HIV-1 transfer 
and infection in vitro. (A, B, D, and E) MDLCs were treated for 24 h with the 
indicated molar concentrations of CP or CGRP. The TRPV1 antagonist A425619 
(B) and the CGRP receptor antagonist BIBN4096 (D) were added 15 min before 
addition of CP or CGRP. The cells were then washed, pulsed with HIV-1 for 
4 h, washed again, and cocultured with autologous CD4+ T  cells. In some 
experiments, a CCL3 neutralizing Ab was added during the co-culture period 
(E). HIV-1 replication was evaluated a week later by measuring p24 content 
in the co-culture supernatants using ELISA. Shown are mean ± SEM (n = 3 to 
4) percentages of HIV-1 transfer, normalized against untreated cells serving 
as the 100% set point. (C) MDLCs were treated for 24 h with the indicated 
molar concentrations CP, Rut or CGRP. Culture supernatants were collected 
immediately after CP and Rut treatment, or following extensive washing and 
culture in fresh medium for additional 24 h after CGRP treatment, and an 
EIA was used to measure CGRP levels. Shown are mean ± SEM (n = 3) levels 
of secreted CGRP per 106 MDLCs. (F) MDLCs were treated for 24 h with CP 
or CGRP, washed and pulsed with HIV-1 for 2 h. The cells were next washed 
again, treated immediately or 72 h later with trypsin for 10 min to remove 
surface-bound virus, lysed, and intracellular HIV-1 was measured in the cell 
lysates using p24 ELISA. Shown are mean ± SEM (n = 4) concentrations of 
intracellular HIV-1 p24. (G) PHA/IL-2-activated blood primary CD4+ T cells were 
treated for 24 h with the indicated molar concentrations of CP or CGRP. The 
cells were then washed, pulsed with HIV-1 for 4 h, washed again, and HIV-
1 replication was evaluated 3 d later by p24 intracellular staining and flow 
cytometry. Results (n = 5 to 8) are shown as in A. In all graphs, *P < 0.0500, 
**P < 0.0050, ***P < 0.0005, Student’s t-test.

Fig. 4. CP inhibits HIV-1 infection in mucosal inner foreskin tissues ex vivo. 
(A) Schematic representation of the different experimental steps. Inner 
foreskin tissue explants were submerged in culture media, left untreated or 
pretreated with CP, and media were collected 24 h later (Top). Explants were 
next washed, transferred to two-chamber transwell inserts and inoculated in 
a polarized manner with either noninfected or HIV-1–infected cells. Following 
4 h inoculation, the cell-associated HIV-1 inoculum was washed out, and 
the explants were immediately digested with dispase and trypsin to obtain 
epidermal cell suspensions (Middle). Other explants were further incubated 
for additional 3 d submerged in fresh culture media, before digestion with 
collagenase and DNase to obtain dermal cell suspensions (Bottom). (B and C) 
Secreted levels of CGRP (B) and CCL3 (C) in 24 h culture media of inner foreskin 
explants, measured using CGRP and CCL3 ELISA. Shown are mean ± SEM (bars) 
from n = 4 explants per condition (for each individual), in matched untreated 
(open circles) or CP-treated (closed circles) explants; *P = 0.0286 (for CGRP) and 
*P = 0.0199 (for CCL3), Mann–Whitney U test. (D) In epidermal suspensions, 
after gating out cell debris and FSChighestSSChighest keratinocytes, cells were 
further gated on CD3+CD8− T cells, and the percentages of FSChigh conjugates 
with CD1ahighLangerinhigh, CD1alowLangerinLow and CD1alowLangerinneg subsets 
were determined by flow cytometry. Shown are mean ± SEM (n ≥ 3) folds 
increase in conjugate formation, calculated as [(% conjugates following 
inoculation with HIV-1–infected PBMCs)/(% conjugates following inoculation 
with noninfected PBMCs). (E) In dermal suspensions, cells were gated on 
FSClowSSClow lymphocytes, and the percentages of CD3+p24+ cells were 
determined. Shown are mean ± SEM (n = 3) percentages of HIV-1–infected 
T  cells, calculated as [(%CD3+p24+ cells following inoculation with HIV-1–
infected PBMCs) − (%CD3+p24+ cells following inoculation with noninfected 
PBMCs)]. In D and E, *P < 0.0500, **P < 0.0050, ***P < 0.0005, Student’s t test.
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T cell infection, which was almost completely prevented by pre-
treatment with either CP or CGRP (Fig. 4E).

These findings show that CP induces CGRP and CCL3 secre-
tion and inhibits HIV-1 transmission in mucosal tissues ex vivo.

Discussion

We report herein on a novel neuroimmune mechanism that limits 
mucosal HIV-1 infection, whereby TRPV1 activation in vitro in 
human LCs leads to secretion of CGRP, which in turn inhibits 
LCs-mediated HIV-1 transfer to T cells. Similar TRPV1 activation 
in human T cells also inhibits their HIV-1 infection, but in 
CGRP-independent mechanisms. In inner foreskin tissues ex vivo, 
the net outcome following pretreatment with both CP and CGRP 
is almost complete inhibition of increased LC–T cell conjugate 
formation and subsequent T cell infection, yet we speculate that 
the underlying mechanisms differ. Hence, CGRP efficiently blocks 
conjugate formation, to prevent ensuing T cell infection. In con-
trast, CP-mediated effects could be attributed to a block of LCs-
mediated HIV-1 transfer, coupled to direct inhibition of T cell 
infection.

TRPV1 immunoreactivity in human skin LCs was previously 
reported by one study (38) but was not confirmed by another 
study (39). In addition, mouse and human CD4+ T cells were 
reported to express functional surface TRPV1 (40). We used both 
qRT-PCR and immunolabeling followed by flow cytometry, to 
show that human MDLCs and primary blood CD4+ T cells, as 
well as inner foreskin langerinlow, langerinneg, langerinhigh, and 
CD3+CD8- T cells express TRPV1 mRNA and/or surface protein. 
Whether TRPV1 activation in immune cells leads to desensitiza-
tion, alike for nociceptors (2), remains an open question.

CGRP is expressed by approximately 45% of dorsal root ganglia 
nociceptor neurons, predominantly in small diameter unmyeli-
nated C-fibers, as well as small-to-medium diameter Aδ fibers 
(41). About half of these CGRP-expressing nociceptors, which 
innervate all mucosal epithelia including the inner foreskin, also 
express TRPV1 and respond to noxious stimuli and natural 
TRPV1 agonists by secreting CGRP (42). We show that a similar 
sensory mechanism operates in LCs, which secret CGRP following 
TRPV1 activation. In fact, we speculate that CP induces some, 
but not all, CGRP-mediated anti-HIV-1 effects in LCs as a result 
of its capacity to induce secretion of only low levels of CGRP, 
which nevertheless are within its effective anti-HIV-1 range. These 
results are the first to demonstrate a role for TRPV1 in LCs, and 
extend previous observations of a similar interplay between 
TRPV1 and CGRP in other non-neuronal cells, e.g., TRPV1 
activation in keratinocytes (43) and DCs (44) is linked to CGRP 
release.

Based on our previous quantitative analysis of cellular densities 
in the inner foreskin (18, 19), we could estimate that each explant 
used herein will contain approximately 106 langerin+ cells. As 
treatment with 10−5M CP induces secretion of approximately 
10−11M CGRP from such amount of MDLCs (Fig. 2C), compared 
to 10−10M CGRP per explant (Fig. 4B), resident LCs within the 
tissue explants could contribute approximately 10% of total 
secreted CGRP upon CP activation. The remaining 90% most 
probably originate from nociceptors, which we speculate to still 
maintain their capacity to respond to TRPV1 agonists by releasing 
CGRP that is prestored in their mucosal nerve terminals, although 
nociceptors are sectioned during tissue sampling. In addition, 
foreskin keratinocytes could represent another source of CGRP, 
which can be secreted from these cells upon TRPV1 activation by 
CP (12). It would be instrumental now to evaluate the exact con-
tribution of nociceptors and keratinocytes to CP-induced mucosal 

CGRP secretion, and determine whether and how LCs participate 
in the mucosal sensory network.

Our results further extend our previous findings, by showing 
that langerinhigh inner foreskin LCs are the ones forming conju-
gates with T cells upon HIV-1 inoculation. Whether such func-
tion is related to their epidermal distribution closer to the apical 
surface, differential expression profile of adhesion molecules and 
lower permissiveness to HIV-1 (28), or only represents an early 
temporal snapshot of mucosal HIV-1 transmission, remains to be 
determined. Interestingly, all three cell subsets we investigated 
expressed CLR, yet our recent study showed that only langerinhigh 
LCs were affected by CGRP during mucosal infection with herpes 
simplex virus (26). As langerinlow/neg cells transcriptionally resem-
ble DCs and not LCs (28, 29), the lack of CGRP inhibitory effects 
in these cell subsets might correlate with our previous observations 
that CGRP has no effect on DCs-mediated HIV-1 transfer to 
T cells (22).

Our previous studies also showed that pretreatment with 
CGRP of CD4+ T cells, rather than LCs, has no effect on HIV-1 
transfer (22). Similarly, our recent in vivo study suggests that 
CGRP acts by targeting LCs and delaying HIV-1 dissemination 
to CD4+ T cells in humanized mice (25). These findings indicate 
that CGRP acts on LCs and not T cells, to inhibit HIV-1 transfer. 
Indeed, although T cells are responsive to both CP and CGRP, 
and express TRPV1 and CLR as reported herein and by others 
(40, 45, 46), we show that CP, but not CGRP, directly inhibits 
HIV-1 infection of CD4+ T cells. Such inhibition is not a result 
of decreased T cell activation, as we found no differences in the 
expression of activation markers in CP-treated vs. untreated 
CD4+ T cells. These results contrast with a previous study that 
identified TRPV1 as a component of the T cell receptor (TCR) 
complex, in which TRPV1 inhibition was associated with 
decreased Ca2+ influx, TCR signaling, and T cell activation (40). 
We speculate that these discrepancies might be related to the 
different methods used in each study for T cell activation [i.e., 
phytohaemagglutinin (PHA) vs. anti-CD/CD28 Abs] and 
TRPV1 modulation (i.e., activation with agonists vs. blocking 
with antagonists). The exact CGRP-independent mechanisms, 
which underlie CP-induced inhibition of T cell HIV-1 infection, 
remain to be determined.

Formulations containing CP are clinically approved for local 
pain control. For instance, topical CP is used to treat 
HIV-1-associated distal sensory polyneuropathy and posther-
petic neuralgia (6), and CP creams are applied vaginally to treat 
vulvar vestibulitis syndrome (47) although their distressing and 
debilitating effects in this condition should not be underesti-
mated (48). Indeed, as CP is a known irritant, its topical appli-
cation induces an initial burning “flare” sensation associated 
with nociceptor activation. Such discomfort is limited to the 
site of application and resolves after the first few days (6). 
On-going studies are exploring strategies to improve CP bio-
availability (e.g. CP nanoparticles), which may decrease CP 
dosage, leading to minimal side effects (49). Of note, the effec-
tive anti-HIV-1 concentration of CP we report herein is much 
lower compared to low-concentration CP topical formulations 
that contain 1% (≈30 mM) CP.

Together, our study provides “proof of concept” and support 
for the clinical use of formulations containing CGRP and/or 
TRPV1 agonists as novel topical microbicides active against 
HIV-1 in the male genitals. Whether these would be useful also 
during HIV-1 transmission in the female genitals remains to be 
determined. This neuroimmune based approach offers an original 
and potentially advantageous alternative for prevention of HIV-1 
transmission.
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Materials and Methods

Cells and Tissues. Peripheral blood mononuclear cells (PBMCs) from healthy 
HIV-1 seronegative individuals were separated from whole blood by stand-
ard Ficoll gradient. CD14+ monocytes and CD4+ T cells were purified from 
PBMCs by negative magnetic selection (Stemcell Technologies). Monocytes 
(1 × 106/well, in 12-well plate) were differentiated into MDLCs (30) in com-
plete medium [RPMI 1640 medium, 10% fetal bovine serum (FBS), 2 mM glu-
tamine, 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco Invitrogen)] 
supplemented with 100 ng/mL granulocyte-macrophage colony-stimulating 
factor (GM-CSF), 10 ng/mL interleukin 4 (IL-4) and 10 ng/mL transforming 
growth factor beta 1 (TGFb1) (R&D systems), and used between days 7 to 9 
of differentiation.

Normal foreskin tissues were obtained from healthy adults undergoing cir-
cumcision (Urology Service, Cochin Hospital, Paris), under informed consent and 
ethical approval (Comités de Protection des Personnes CPP Paris-IdF XI, N.11016). 
Inner foreskins (distinguished by their lighter color and morphology) were sep-
arated mechanically, and remaining fat and muscle tissue was removed from 
the dermal side. Epidermal cell suspensions were prepared as we described (18, 19). 
Briefly, tissue pieces were incubated with their epidermal side facing up in RPMI 
1640 medium supplemented with 2.4 U/mL Dispase II (Roche Diagnostics GmbH) 
overnight at 4 °C. The epidermis and dermis were then mechanically separated 
using forceps and epidermal cell suspensions were prepared by incubating 
the epidermal sheets in 0.05% Trypsin/EDTA (Gibco Invitrogen) for 10  min at 
37 °C, followed by inactivation of trypsin with FBS, mechanical disruption using a 
10-mL pipette, filtration of released cells through 100 μm nylon cell strainers 
and centrifugation.

Virus and Infected Cells. Viral stocks of the HIV-1 molecular clones ADA and 
JRCSF or the primary isolate 93BR029 (V29), all clade B and CCR5-tropic (NIH 
AIDS reagent program) were prepared by transfection of 293T cells or by ampli-
fication on PHA/IL-2-stimulated PBMCs, respectively, and quantified using the 
p24 Innotest HIV-1 ELISA (Fujirebio). PBMCs highly infected with HIV-1 V29 were 
prepared as we reported (18).

Flow Cytometry. MDLCs, primary CD4+ T cells (1 × 105/well) or inner foreskin 
epidermal cells (5 × 105/well), in duplicates in round bottom 96-well plate, were 
stained for 30 min on ice in a final volume of 50 μL phosphate-buffered saline 
(PBS). The following Abs were used: pacific orange (PO)–conjugated mouse–anti-
human CD45 (clone HI30, 1:100; Gibco Invitrogen); allophycocyanin (APC)-H7–
conjugated mouse–antihuman HLD-DR (clone G46-6, 1:100; BD Pharmingen); 
APC or phycoerythrin (PE)–conjugated mouse–antihuman CD1a (clone HI149, 
1:10; Pharmingen); APC or PE–conjugated recombinant human–antihuman 
langerin [clone REA770 (equivalent to clone DCGM4), 1:100; Miltenyi Biotec, 
Paris, France]; PE–conjugated mouse–antihuman CD8 (clone HIT3a, 1:10; 
Pharmingen); fluorescein isothiocyanate (FITC)–conjugated mouse–antihuman 
CD3 (clone HIT3a, 1:10; Pharmingen), CD4 (clone RPA-T4 1:10; Pharmingen), 
CCR5 (clone 2D7, 1:10; Pharmingen) or CD169 (clone 7-239, 1:20; Miltenyi); 
FITC–conjugated rabbit–antihuman TRPV1 or CLR (1:25; Alomone Labs). Viability 
was determined using the Viobility Fixable Dye staining kit (Miltenyi), according 
to the manufacturer’s instructions. Fluorescent profiles were acquired using a 
Guava easyCite and analyzed with the InCyte software (Merck-Millipore).

TRPV1 qRT-PCR. RNA purification from MDLCs and cDNA reverse transcription 
were performed as we previously described (23). Total human brain (HB) RNA 
(Clontec) served as positive control. qRT-PCR was performed with the TRPV1 
TaqMan Gene Expression Assay (TheroFisher Scientific). The 20 μL PCR mixture 
contained 2 μL of cDNA prepared from 1 μg total RNA, 10 μL of Master Mix 2X 
from TaqMan RNA-to-Ct 1-step Kit (TheroFisher Scientific), and 1 μL of each primer. 
Reactions were performed in triplicates, with beta-actin as the internal control. 
Thermocycler conditions consisted of preincubation at 95 °C for 10 min for 1 cycle, 
followed by 45 cycles of denaturation at 95 °C for 15 s and annealing/extension 
at 60 °C for 60 s. Amplification, data acquisition, and analysis were carried out 
using the LightCycler 480 Software (Roche) and relative expression levels were 
quantified using the 2−ΔCt method.

Intracellular Ca2+. MDLCs (4 × 105/tube) were loaded for 30 min at 37 °C with 
1 μM of the membrane-permeable fluorescent Ca2+ indicator dye Indo-1 AM, 
washed, equilibrated for 5 min at 37 °C before acquisition, and Ca2+ traces were 
recorded by flow cytometry using an LSR-II (BD Biosciences), as we reported (50). 
After the establishment of a stable baseline for 60 s, cells were stimulated with 
the indicated concentrations of CP, RTX, or ionomycin (Sigma), and traces were 
recorded for an additional 120 s. Data were analyzed with Diva software (BD 
Biosciences).

HIV-1 Degradation, Transfer, and Infection. MDLCs (1 × 105/well) were 
treated for 24 h at 37 °C with the indicated concentrations of CP, CGRP 
(Sigma), and absolute ethanol in triplicates in a 96-well round-bottom plate 
(200 μL/well final). When indicated, The TRPV1 antagonist A425619 (Tocris/
Biotechne) and the CGRP receptor antagonist BIBN4096 (Sigma) were added 
15 min before agonists. Of note, we verified that at the concentrations used 
herein, none of the agonists and antagonists affected cell viability. The cells 
were then washed and pulsed with HIV-1 ADA (1 ng p24 corresponding to 
multiplicity of infection of 0.2) for 2 to 4 h at 37 °C. For HIV-1 intracellular 
content as we reported (24), cells were washed, incubated with trypsin-EDTA 
(Gibco) for 10 min at 37 °C to remove surface-bound virus either immedi-
ately after viral pulse or 72 h later, lysed with NP-40, and HIV-1 contents 
were measured in the cell lysates using a p24 ELISA (Fujirebio). For HIV-1 
transfer, cells were washed and incubated with autologous CD4+ T  cells 
(3 × 105/well). In some experiments, a neutralizing CCL3 goat Ab (R&D 
Systems) was added at 1 μg/mL during the coculture period, as before (22). 
HIV-1 p24 content was measured a week later in the coculture supernatants 
using p24 ELISA.

Blood primary CD4+ T cells were first activated for 48 h with 5 μg/mL PHA 
(Sigma) + 48 h with 10 U/mL IL-2 (Roche), followed by treatment with the indi-
cated concentrations of CP and CGRP for 24 h. Cells were then pulsed with HIV-1 
JRCSF (10 ng p24/well) for 4 h at 37 °C and washed. After 3 d, cells were fixed, 
permeabilized, stained for 30 min at room temperature with PE–conjugated 
mouse–antihuman Ab to HIV-1 p24 and core antigens (clone KC57, 1:160; 
Beckman Coulter), and examined by flow cytometry as above.

Inner Foreskin Tissue Explants. Round inner foreskin tissue pieces were cut 
using a 8-mm–diameter Harris Uni-Core, transferred to 24-well plate and incu-
bated submerged for 24 h at 37 °C in 1 mL complete RPMI medium, alone or 
supplemented with 10−5M CP or 10−6M CGRP (four explants per condition). The 
media were next collected and tested for CGRP and CCL3 content (see below). 
Next, the tissues were washed, transferred to two-chamber transwell inserts 
(Sigma), and inoculated in a polarized manner for 4 h at 37 °C with either 
noninfected or HIV-1–infected PBMCs (in duplicates), as we described (18, 19). 
Epidermal cell suspensions were prepared immediately after inoculation, as 
described above. Dermal cell suspensions were prepared following washing of 
the explants, additional incubation for 3 d at 37 °C submerged in 1 mL fresh 
medium, and subsequent enzymatic digestion with collagenase and DNase, as 
we described (18, 19). Pooled cells of each duplicate were resuspended in PBS, 
transferred to a 96-well round-bottom plate, stained for 30 min on ice with the 
Abs described above, and examined by flow cytometry.

CGRP and CCL3 Secretion. MDLCs (5 × 105/well) were treated for 24 h at 37 °C 
with the indicated concentrations of CP, Rut and CGRP in a 96 round-bottom wells 
plate (200 μL/well final). The culture supernatants were collected immediately 
following CP and Rut treatment or following extensive washing and incubation 
for additional 24 h at 37 °C in fresh medium following CGRP treatment. CGRP 
levels were determined using a competitive CGRP enzyme immunoassay (EIA; 
Peninsula, San Carlos, CA). Secretion from inner foreskin tissue explants into the 
culture media was determined using direct ELISA for CGRP (Bertin, Rockville, 
MD) and CCL3 (R&D systems).

Statistical Analysis. Statistical significance was analyzed with the two-tailed 
Student’s t test. For comparing secreted CGRP and CCL3 levels from matched 
tissue explants, pairwise comparisons were performed with the nonparametric 
Mann–Whitney U test.
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Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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