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ABSTRACT The neuroimmune dialogue between peripheral neurons and Langer-
hans cells (LCs) within mucosal epithelia protects against incoming pathogens. LCs Received 13 July 2017 Accepted 7
rapidly internalize human immunodeficiency virus type 1 (HIV-1) upon its sexual Sepiariar 2017
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peptide calcitonin gene-related peptide (CGRP), secreted mucosally from peripheral Citation Bornsel M, Ganor Y. 2017. Calcitonin
neurons, inhibits LC-mediated HIV-1 trans-infection. In this study, we investigated gene-related peptide induces HIV-1
the mechanism of CGRP-induced inhibition, focusing on HIV-1 degradation in LCs proteasomalldegradation inimucosal
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and its interplay with trans-infection. We first show that HIV-1 degradation occurs in doi.0rg/10.1128/)V1.01205-17.
endolysosomes in untreated LCs, and functionally blocking such degradation with Editor Guido Silvestri, Emory University
lysosomotropic agents results in increased trans-infection. We demonstrate that Copyright © 2017 American Society for
CGRP acts via its cognate receptor and at a viral postentry step to induce faster Microbiology. All Rights Reserved.
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We reveal that unexpectedly, CGRP shifts HIV-1 degradation from endolysosomes to- yonsanganoreinsemt

ward the proteasome, providing the first evidence for functional HIV-1 proteasomal
degradation in LCs. Such efficient proteasomal degradation significantly inhibits the
first phase of trans-infection, and proteasomal, but not endolysosomal, inhibitors ab-
rogate CGRP-induced inhibition. Together, our results establish that CGRP controls
the HIV-1 degradation mode in LCs. The presence of endogenous CGRP within in-
nervated mucosal tissues, especially during the sexual response, to which CGRP con-
tributes, suggests that HIV-1 proteasomal degradation predominates in vivo. Hence,
proteasomal, rather than endolysosomal, HIV-1 degradation in LCs should be en-
hanced clinically to effectively restrict HIV-1 trans-infection.

IMPORTANCE During sexual transmission, HIV-1 is internalized and degraded in LCs,
the resident antigen-presenting cells in mucosal epithelia. Yet during trans-infection,
infectious virions escaping degradation are transferred to CD4* T cells, the principal
HIV-1 targets. We previously found that the neuroimmune dialogue between LCs
and peripheral neurons, innervating mucosal epithelia, significantly inhibits trans-
infection via the action of the secreted neuropeptide CGRP on LCs. In this study, we
investigated whether CGRP-induced inhibition of trans-infection is linked to CGRP-
controlled HIV-1 degradation in LCs. We show that in untreated LCs, HIV-1 is func-
tionally degraded in endolysosomes. In sharp contrast, we reveal that in CGRP-
treated LCs, HIV-1 is diverted toward and degraded via another cytosolic protein
degradative pathway, namely, the proteasome. These results establish that CGRP
regulates HIV-1 degradation in LCs. As CGRP contributes to the sexual response and
present within mucosal epithelia, HIV-1 proteasomal degradation in LCs might pre-
dominate in vivo and should be enhanced clinically.

KEYWORDS calcitonin gene-related peptide (CGRP), degradation, human
immunodeficiency virus type 1 (HIV-1), Langerhans cells (LCs), proteasome,
trans-infection
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IV-1 invades the body principally during unprotected sexual intercourse and is

rapidly internalized by resident Langerhans cells (LCs) in the male (1, 2) and female
(3) genital epithelia. Depending on the LC preparation/isolation method (4) and HIV-1
load (5), and especially ex vivo (1-3), infectious virions might be retained by LCs within
tetraspanin-rich intracellular compartments (6) and then transferred to CD4" T cells
during the first phase of a process termed trans-infection (7). Although HIV-1 produc-
tive infection of LCs is limited (8, 9), virions produced de novo are additionally trans-
ferred later, during the second phase of trans-infection (7).

The endogenous factors controlling HIV-1 trans-infection in vivo remain ill defined.
Peripheral neurons, which innervate all mucosal epithelia, are in direct contact with LCs
and affect their function via the secreted neuropeptide calcitonin gene-related peptide
(CGRP) (10, 11). Such neuroimmune dialogue might play an important role during
mucosal HIV-1 transmission but is routinely ignored. Hence, we recently investigated
the role of CGRP during HIV-1 trans-infection and reported that CGRP modulates the
early mucosal molecular/cellular interactions between LCs and HIV-1, resulting in
strong inhibition of HIV-1 trans-infection (12). Such inhibition is further reinforced by a
CGRP-mediated autocrine/paracrine feedback mechanism that enhances the anti-HIV-1
activity of CGRP (13).

The first phase of HIV-1 trans-infection is mediated by virions escaping degradation
in LCs (7). Indeed, HIV-1 binding to the LC-specific C-type lectin langerin (14) induces
viral endocytosis and endolysosomal degradation in vitro. This paradigm is based on
previous studies that reported colocalization of HIV-1 with Birbeck granules and/or
lysosomes in LCs at the ultrastructural level (5, 9, 15). To date, however, functional
blocking of HIV-1 degradation in LCs with appropriate inhibitors has not been reported,
nor has its potential outcome on trans-infection. As CGRP markedly decreases HIV-1
trans-infection (12), we investigated in this study whether CGRP affects HIV-1 degra-
dation in LCs to inhibit subsequent trans-infection. Our results confirm that HIV-1
degradation in untreated LCs indeed takes place via the endolysosomal machinery, and
functionally blocking this degradation mode using lysosomotropic agents results in
increased trans-infection. We further report that CGRP operates at a postentry step to
inhibit trans-infection by inducing more efficient viral degradation. Unexpectedly, CGRP
does not modulate the kinetics of HIV-1 endolysosomal degradation. Instead, CGRP
diverts HIV-1 away from this cellular pathway to induce faster viral degradation via the
proteasome. In turn, proteasomal, but not endolysosomal, inhibitors abrogate CGRP-
induced inhibition of trans-infection.

RESULTS

CGRP mediates faster and more efficient HIV-1 degradation in LCs. To investi-
gate whether CGRP affects HIV-1 degradation, monocyte-derived LCs (MDLCs) were left
untreated or treated for 24 h with 100 nM CGRP, i.e., the effective concentration that
we previously reported to significantly inhibit trans-infection from MDLCs to CD4* T
cells (12, 13). The cells were then pulsed with HIV-1 for 30 min at room temperature to
facilitate efficient binding, shifted to 37°C to initiate viral endocytosis and degradation,
and chased for different time periods (i.e., 0, 4, and 24 h at 37°C). Total HIV-1 was then
measured in the cell lysates using p24 enzyme-linked immunosorbent assay (ELISA). In
both untreated and CGRP-treated MDLCs, HIV-1 was progressively degraded, with
greater degradation rates between 0 and 4 h than between 4 and 24 h (Fig. 1A),
suggesting that most virions are degraded during the first hours following internaliza-
tion. At 4 h and 24 h, total HIV-1 was significantly lower in CGRP-treated than in
untreated MDLCs (Fig. 1A). Importantly, viral degradation showed faster kinetics after
CGRP treatment, with percentages of decrease in total HIV-1 content of 92.0 versus 81.4
(0 to 4 h) and 59.8 versus 40.9 (4 to 24 h) for CGRP-treated versus untreated MDLCs,
respectively (Fig. 1A).

To confirm that the decrease in HIV-1 content was due to viral degradation, untreated
or CGRP-treated MDLCs were pulsed with HIV-1 directly for 4 h at 37°C to increase the
viral input and facilitate continuous degradation. The cells were then washed and

December 2017 Volume 91 Issue 23 e01205-17

Journal of Virology

jviasm.org 2


http://jvi.asm.org

HIV-1 Proteasomal Degradation in LCs

A B C Untreated CGRP
120 1 300 1 350 7 —4—37°c —e—37°c
e *kk e A== 4oc - 4oc
it O\o i
100 O Untreated £ 250 A Duntreated < 300
- B CGRP 2 B CGRP S 250
& 80 1 = 200 g
AT = T 200
= 60 { T 150 £
= ks £ 150
2 40 - 2 100 =
= 2 £ 100
o o)
20 A € 50 1 § 50
o+ 0o+ 0
Time(h) 0 4 24 Time (h) 4 24 Time (min) 0 5 30

FIG 1 CGRP induces efficient HIV-1 degradation in MDLCs. MDLCs were left untreated or were pretreated
for 24 h at 37°C with 100 nM CGRP. (A) The cells were pulsed with HIV-1,; s at room temperature for
30 min, washed, shifted to 37°C, chased for 0, 4, or 24 h, and lysed, and total HIV-1 was measured in the
cell lysates using p24 ELISA. Shown are means * SEMs (using MDLCs from 4 different donors) for
percentages of total HIV-1 normalized against values at 0 h. *, P = 0.0229 (4 h); **, P = 0.0049 (24 h)
(CGRP-treated versus untreated cells). (B) The cells were incubated with HIV-1,,, directly at 37°C for 4 h,
washed, treated immediately or 24 h later with trypsin for 10 min to remove surface-bound virus, and
lysed, and intracellular HIV-1 was measured in the cell lysates using p24 ELISA. Shown are means = SEMs
(n = 3) for concentrations of intracellular HIV-1 p24. ***, P = 0.0006 (4 h); **, P = 0.0083 (24 h)
(CGRP-treated versus untreated cells). (C) The cells were incubated at 4°C with the mouse langerin MAb
DCGM4, washed, and further incubated with a biotin-conjugated anti-mouse IgG Ab. The cells were then
chased for 0, 5, and 30 min at either 4°C (dashed lines) or 37°C (solid lines), cooled, incubated with
FITC-conjugated streptavidin at 4°C, and examined by flow cytometry. Shown are means * SEMs (n =
3) for percentages of langerin internalization, calculated as the ratios of langerin-positive cells at each
time point over that at 0 min and normalized against untreated cells. ***, P < 0.0001 (untreated); *, P =
0.0174 (CGRP treated) (4°C versus 37°C, respectively, at 30 min).

treated with trypsin to remove surface-bound virus, either immediately or 24 h after the
viral pulse. Intracellular HIV-1 was then measured in the cell lysates using p24 ELISA.
Directly after the 4-h pulse, intracellular HIV-1 content was significantly lower in
CGRP-treated than in untreated MDLCs (Fig. 1B). Intracellular HIV-1 content continued
to significantly decline at 24 h and at a higher rate, with percentages of decrease in
intracellular HIV-1 content of 75.4 versus 68.0 (4 to 24 h) for CGRP-treated versus
untreated MDLCs, respectively (Fig. 1B).

To verify that the decrease in total and intracellular HIV-1 contents was not merely
a result of potential CGRP-induced inhibition of langerin-mediated HIV-1 endocytosis,
we measured langerin internalization (16). Untreated or CGRP-treated MDLCs were
labeled at 4°C with the langerin mouse monoclonal antibody (MAb) DCGM4, followed
by a biotin-conjugated anti-mouse Ab. The cells were then chased for different times
(i.e., 0, 5, and 30 min) at either 4°C or 37°C, and the remaining levels of noninternalized
cell surface langerin were evaluated using fluorescent streptavidin and flow cytometry.
In untreated MDLCs, langerin was rapidly internalized at 37°C but not at 4°C, as
previously reported (16). In line with our previous observations (12), CGRP induced
upregulation in langerin cell surface expression (Fig. 1C, 0 min). In such CGRP-treated
MDLCs, langerin was also rapidly internalized at 37°C but not at 4°C, with a >90%
decrease at 30 min (Fig. 1Q).

Taken together, these results show that HIV-1 is degraded more efficiently in MDLCs
following CGRP treatment.

CGRP directs HIV-1 for proteasomal degradation in LCs to inhibit trans-
infection. HIV-1 was previously reported to colocalize within lysosomes in LCs at the
ultrastructural level, suggesting that viral degradation takes place via the endolyso-
somal machinery. Therefore, we speculated based on our results described above that
CGRP might modify the kinetics of endolysosomal HIV-1 degradation to induce faster
viral degradation. To test this assumption, we included different inhibitors during the
viral pulse period in order to functionally block viral degradation, which was not yet
reported in LCs, and then calculated the corresponding degradation indexes (i.e., the
ratios between the intracellular HIV-1 contents in the presence over absence of these
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FIG 2 CGRP acts at a viral postentry step and directs HIV-1 for proteasomal degradation to inhibit
trans-infection in MDLCs. (A) Untreated or CGRP-treated (24 h; 100 nM) MDLCs were pulsed with HIV-1 5,
at 37°C for 4 h in the absence or presence of either chloroquine (50 uM) or MG132 (10 uM), washed,
treated with trypsin for 10 min to remove surface-bound virus, and lysed, and intracellular HIV-1 was
measured in the cell lysates using p24 ELISA. Shown are means + SEMs (n = 3) for HIV-1 degradation
indexes, calculated as the ratios of intracellular HIV-1 in the presence over absence of inhibitors. *, P =
0.0127 (untreated) and 0.0434 (CGRP treated) (MG132 versus chloroquine, respectively). (B to D)
Untreated or CGRP-treated (24 h, 100 nM) MDLCs were pulsed with HIV-1; s for 4 h at 37°C in the
absence (B) or presence of the indicated concentrations of NH,Cl and lactacystin (C) or dynasore (D). The
cells were then cocultured with autologous CD4* T cells for a week. In panel B, the cells were collected,
stained for surface CD1a (upper and middle portions) or CD3/CD4 (lower portion) followed by intracel-
lular p24, and examined by flow cytometry. Shown are representative fluorescence-activated cell sorting
(FACS) plots, with regular numbers indicating the means = SEMs (n = 3 for each panel) for percentages
of p24+ cells out of FSChigh SSChigh CD1a* MDLCs (upper portion), FSC'ow SSClow CD1a~ T cells (middle
portion), or SSC'v CD3+ CD4+ T cells (lower portion). P = 0.0083, 0.0005, and 0.0302 for CGRP-treated
versus untreated CD1a* MDLCs, CD1a~ T cells, or CD4* T cells, respectively. Numbers in italics show
means *= SEMs for mean fluorescence intensity (MFI) of CD4 expression (lower portion). FSC, forward
scatter; SSC, side scatter. (C and D) HIV-1 replication was measured in the coculture supernatants by p24
ELISA. Shown are means = SEMs for HIV-1 trans-infection percentages, normalized against untreated
cells serving as the 100% set point, using MDLCs and T cells of 5 (C) or 3 (D) different donors.

inhibitors). We first used chloroquine, a lysosomotropic weak base that becomes
trapped within endolysosomes in a protonated form and hence prevents their acidifi-
cation. In untreated MDLCs, the HIV-1 degradation index was increased in the presence
of chloroquine, indicating that HIV-1 degradation indeed occurred via the endolyso-
somal machinery (Fig. 2A). Surprisingly, chloroquine had no effect on the HIV-1
degradation index in CGRP-treated MDLCs (mean = standard error of the mean [SEM]
of 0.96 = 0.09 [Fig. 2A]), demonstrating that CGRP-induced efficient HIV-1 degradation
does not occur via endolysosomes or modifications of endolysosomal degradation
kinetics but rather occurs via another mechanism.

Endolysosomal and proteasomal degradation are the two major pathways for
intracellular protein degradation. Hence, we further investigated whether HIV-1 might
be degraded via the proteasome in CGRP-treated LCs, using the proteasome inhibitor
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MG132. In untreated MDLCs, MG132 had no effect on the HIV-1 degradation index (Fig.
2A), demonstrating a lack of HIV-1 proteasomal degradation in these cells. Unexpect-
edly and in sharp contrast, MG132 significantly increased the HIV-1 degradation index
in CGRP-treated MDLCs (1.30 = 0.08 [Fig. 2A]), showing that CGRP exerts its effect by
diverting viral degradation toward this pathway.

Next, we studied the impact of endolysosomal versus CGRP-induced proteasomal
HIV-1 degradation on trans-infection. In principle, the first phase of trans-infection is
mediated by virions escaping degradation (7), and therefore, more efficient HIV-1
degradation should decrease virion availability and ensuing trans-infection. To first set
suitable conditions to measure HIV-1 degradation and subsequent trans-infection,
untreated or CGRP-treated MDLCs were pulsed with HIV-1 for 4 h at 37°C at a
multiplicity of infection (MOI) of 0.2, also used in the experiments described above,
which facilitates efficient viral trans-infection (7). The cells were then cocultured with
autologous CD4 ™" T cells, and a week later HIV-1 content within the cocultured cells was
examined by flow cytometry. CGRP significantly decreased the percentage of HIV-1
p24+ cells out of the gated FSChigh SSChish CD1a* MDLCs (Fig. 2B, upper portion). Such
CGRP-induced reduction in intracellular HIV-1 content within MDLCs resulted in de-
creased trans-infection, which was evidenced by a lower percentage of HIV-1 p24™ cells
out of the gated FSC'ow SSC'*w CD1a~ (Fig. 2B, middle portion) or SSC'°w CD3* CD4+
(Fig. 2B, lower portion) cocultured T cells, confirming the suitability of our experimental
settings. Importantly, CD4 surface expression was similar on T cells cocultured with
either untreated or CGRP-treated MDLCs (Fig. 2B, lower portion), showing that CGRP-
induced inhibition of trans-infection was not due to reduced CD4 expression.

To block the rapid process of HIV-1 degradation during the trans-infection assay
described above, we included two other inhibitors during the viral pulse period: either
NH,Cl, which impairs endolysosomal acidification similarly to chloroquine, or lactacys-
tin, which inhibits proteasomal activity. HIV-1 trans-infection, which results in viral
replication in CD4* T cells, was measured within the coculture supernatants a week
later using p24 ELISA. As for the HIV-1 degradation index described above, trans-
infection in untreated MDLCs was significantly increased in a dose-dependent manner
by the endolysosomal acidification inhibitor NH,Cl but was unaffected by lactacystin
(Fig. 2Q). In line with our previous observations (12, 13), CGRP significantly inhibited
HIV-1 trans-infection, by approximately 65% (Fig. 2C). In contrast to the case with
untreated MDLCs, CGRP-induced inhibition was significantly abrogated in a dose-
dependent manner only by the proteasomal inhibitor lactacystin and was unaffected
by NH,CI (Fig. 2C). These results show that HIV-1 is degraded by unique mechanisms in
CGRP-treated versus untreated MDLCs, and blocking each respective degradation
pathway results in increased trans-infection.

To further identify whether CGRP directs HIV-1 to the proteasome from the plasma
membrane or after viral internalization, we included during the HIV-1 pulse period the
dynamin inhibitor dynasore, which prevents the scission of clathrin-coated vesicles.
HIV-1 trans-infection was significantly inhibited, by approximately 60%, when MDLCs
were treated with dynasore alone (Fig. 2D), demonstrating that clathrin-mediated
endocytosis is required for subsequent trans-infection. The lack of complete inhibition
of trans-infection following dynasore treatment points to the involvement of other
HIV-1 uptake mechanisms, e.g., langerin/caveolin-mediated internalization (15). trans-
Infection was significantly inhibited as before by CGRP alone but was unaffected by
subsequent addition of dynasore during the viral pulse period (Fig. 2D). Hence, as there
was no defect in langerin internalization in CGRP-treated MDLCs (Fig. 1C), the lack of
any additive/abrogation effects when cells were treated with CGRP followed by dyna-
sore shows that CGRP directs HIV-1 to the proteasome at a clathrin-mediated postentry
step without interfering with caveolin-mediated viral uptake.

Overall, these results show that HIV-1 trans-infection is mediated by virions escaping
degradation. Such degradation takes place by distinct mechanisms, namely, via en-
dolysosomes in untreated MDLCs versus the proteasome in CGRP-treated MDLCs. The
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FIG 3 CGRP stimulates HIV-1 proteasomal degradation to restrict first-phase trans-infection in MULCs. (A)
Parental MUTZ3 cells, or untreated and CGRP-treated (24 h, T uM) MULCs at different days during their
differentiation process, were stained for surface CCR5 and examined by flow cytometry. Shown are
means = SEMs for percentages of CCR5* cells from 3 experiments. (B) Untreated or CGRP-treated (24 h,
1 wM) MULCs were pulsed with HIV-1; . for 4 h at 37°C in the presence of the indicated concentrations
of NH,Cl and lactacystin. The cells were then cocultured with CD4* T cells for a week, and HIV-1
replication was measured in the coculture supernatants by p24 ELISA. Shown are means *= SEMs for
HIV-1 trans-infection percentages, normalized against untreated cells serving as the 100% set point,
using T cells from 4 different donors.

latter is induced at a postentry step, is more efficient, and results in significant
restriction of trans-infection.

CGRP stimulates HIV-1 proteasomal degradation during the first phase of
trans-infection. LC-mediated HIV-1 trans-infection is a dynamic process characterized
by two separate temporal phases: following HIV-1 internalization and vesicular traffick-
ing, the first phase is mediated by virions escaping degradation and is completed at 48
h postinfection (p.i.); following LC productive infection, the second phase is mediated
by de novo-produced virions and occurs at 48 to 96 h p.i. (7). As both internalized
virions and newly produced viral proteins might be degraded in LCs, we next investi-
gated at which trans-infection phase CGRP induces HIV-1 proteasomal degradation.

MUTZ3 cell-derived LCs (MULCs) were previously reported to mediate only the first
phase of HIV-1 trans-infection due to a lack of CCR5 surface expression that prevents
HIV-1 fusion and productive infection (7). In contrast, two other studies documented
low levels of surface CCR5 on MULCs (17, 18). In our study, 20.1% = 2.1% of nondif-
ferentiated parental MUTZ3 cells were positive for surface CCR5 (Fig. 3A). Following 7
days of differentiation, only 6.6% * 1.3% of MULCs expressed surface CCR5, which
further significantly decreased to 1.9% = 0.8% after an additional 3 days of differen-
tiation (Fig. 3A). Therefore, MULCs differentiated for 10 days were used in subsequent
studies to ensure low/no second-phase trans-infection.

We previously reported that CGRP at 100 nM significantly inhibits MULC-mediated
trans-infection, but to a lower extent than for MDLC-mediated trans-infection (12). We
therefore treated MULCs with a higher CGRP concentration, 1 uM, which resulted in
increased inhibition of trans-infection (Fig. 3B), similar to that measured in MDLCs (Fig.
2C). This concentration of CGRP had no effect on the low CCR5 surface levels in MULCs
(Fig. 3A). As with MDLCs described above, lactacystin abrogated in a dose-dependent
manner only the inhibition of HIV-1 trans-infection in CGRP-treated MULCs, while NH,Cl
significantly increased only trans-infection in untreated MULCs (Fig. 3B). These results
show that HIV-1 degradation restricts first-phase trans-infection and occurs via the
proteasome in CGRP-treated MULCs versus endolysosomes in untreated MULCs.

We also monitored the first and second phases of trans-infection separately but
within the same cellular system, as previously described (7). Hence, untreated or
CGRP-treated MDLCs were pulsed with HIV-1 for 4 h at 37°C and washed. To measure
first-phase trans-infection, CD4hish CCR5high green fluorescent protein (GFP) reporter
CD4* T cells were then added immediately after HIV-1 pulse and cocultured with
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FIG 4 CGRP induces HIV-1 proteasomal degradation to restrict only first-phase trans-infection in MDLCs, without
affecting proteasome activity. (A) Schematic representation of the experimental approach to measure separately
first-phase versus second-phase trans-infection using the same untreated/CGRP-treated MDLCs. (B to D) Untreated
or CGRP-treated (24 h, 100 nM) MDLCs were pulsed with HIV-1,,, for 4 h at 37°C in the absence or presence of
lactacystin (25 uM). In panel D, the CGRP receptor antagonist CGRPg 5, (1 uM) was added 15 min before CGRP.
CD4high CCR5Mgh GFP reporter T cells were then added immediately (first phase [B to D]) or 48 h (second phase [B
and C]) after HIV-1 pulse and cocultured with MDLCs for an additional 48 h. Shown are FACS plots (B) of a
representative experiment, with numbers indicating the percentages of GFP* cells after the first or second
trans-infection phase (top and bottom rows, respectively). Graphs in panels C and D show means = SEMs for HIV-1
trans-infection percentages after first or second phase, normalized against untreated cells serving as the 100% set
point and using MDLCs of 5 (C) or 3 (D) different donors. (E) Untreated or CGRP-treated (24 h, 100 nM) MDLCs were
incubated for 1 h with either medium alone or containing lactacystin (20 uM), washed, and resuspended for 2 h in
medium alone or containing the fluorescent proteasomal probe Me,BodipyFL-Ahx3Leu3VS (200 nM). The cells were
then fixed and examined by flow cytometry. Shown is a representative histogram overlay for 3 different donors.
Numbers indicate MFIs of the proteasome-bound probe in untreated MDLCs incubated with medium alone (black
line) or medium containing lactacystin (dashed line) followed by probe, as well as in CGRP-treated MDLCs incubated
with medium alone followed by probe (gray filled histogram). Untreated MDLCs incubated without probe/lactacystin
served as a negative control (dotted line).

MDLCs for 48 h. To measure second-phase trans-infection, MDLCS were first cultured in
medium alone for 48 h, followed by addition of GFP reporter CD4* T cells at this later
time point and coculture with MDLCs for additional 48 h (i.e., 96 h p.i.). In these settings
(see the scheme of the experimental approach in Fig. 4A), the CCR5 antagonist
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maraviroc significantly inhibited, as expected, only the second phase of trans-infection
(data not shown). In untreated MDLCs, both phases of trans-infection were insensitive
to lactacystin (Fig. 4B and C), demonstrating a lack of HIV-1 proteasomal degradation.
CGRP significantly inhibited both phases of trans-infection, but lactacystin abrogated
only CGRP-induced inhibition during the first phase (Fig. 4B and C). First-phase trans-
infection was also evaluated in the presence of the CGRP receptor antagonist CGRPg_55,
added 15 min before addition of CGRP. In these experiments, lactacystin and CGRPg 5,
alone had no effect on trans-infection from untreated MDLCs (Fig. 4D). CGRP signifi-
cantly inhibited first-phase trans-infection as before, and such CGRP-induced inhibition
was significantly abrogated by both lactacystin and CGRPg_;,, alone or in combination
(Fig. 4D). These results demonstrate that CGRP switches HIV-1 degradation mode by
operating via its cognate CGRP receptor. Finally, while proteasomal activity in MDLCs,
which was measured by binding of a fluorescent proteasome probe, was inhibited as
expected by lactacystin, it was unaffected by CGRP (Fig. 4E; similar results were
obtained with MULCs [data not shown]).

These results show that CGRP-induced proteasomal degradation of HIV-1 is com-
pleted during and restricts only the first phase of trans-infection. Moreover, CGRP
directly delivers HIV-1 from endolysosome to the proteasome, rather than affecting
proteasomal activity.

DISCUSSION

Overall, we show here for the first time that HIV-1 can be degraded in LCs via the
proteasome. Hence, the current paradigm that HIV-1 is degraded in LCs only via
endolysosomes should be refined to consider also the possibility of HIV-1 proteasomal
degradation in LCs under specific conditions, especially in vivo. Our results show that in
untreated LCs, functional HIV-1 degradation indeed occurs via the endolysosomal
pathway, in agreement with morphological observations showing the presence of
HIV-1 virions within Birbeck granules/lysosomes in such cells (5, 9, 15). Moreover, a
recent study suggested that following langerin-mediated internalization and fusion of
HIV-1 within Birbeck granules, an autophagy-activating scaffold assembles with HIV-1
capsids to target the virus into autophagosomes and subsequently lysosomes (9). In
sharp contrast, we reveal herein that in the presence of CGRP, HIV-1 is not degraded in
LCs by this pathway. Instead, functional HIV-1 degrading takes place only via the
cytosolic proteasomal machinery. This process is faster and more efficient than that in
endolysosomes in untreated LCs, resulting in significant CGRP-mediated restriction of
HIV-1 trans-infection. Importantly, functional blocking of the respective HIV-1 degra-
dation mode in untreated or CGRP-treated LCs results in increased trans-infection,
formally linking infectious virions escaping degradation to the first phase of trans-
infection.

In CD4+ T cells, virions entering via endocytosis are degraded via both endolyso-
somes and the proteasome, as inhibitors of both pathways increase HIV-1 infectivity in
CD4+ T cells and reporter cell lines (19-22). Importantly, both pathways operate
simultaneously in T cells, as the combination of endolysosomal and proteasomal
inhibitors results in additive and/or synergistic effects (22). In contrast, these two
degradative pathways are mutually exclusive and functionally independent in LCs, as
HIV-1 degradation occurs either in endolysosomes in untreated cells or the proteasome
in CGRP-treated cells, as we show herein.

We further show that CGRP operates at a viral postentry step and without affecting
proteasome activity. Therefore, we speculate that CGRP mediates direct delivery of
HIV-1 from endolysosomes into the cytosol, by potentially affecting langerin-mediated
intracellular signaling. For example, leukocyte-specific protein 1 (LSP1) associates with
langerin to direct HIV-1 for autophagy-mediated lysosomal degradation in LCs (9). Yet
CGRP has no significant effect on LSP1 expression in MDLCs (data not shown), sug-
gesting that LSP1 has little or no role in CGRP-induced HIV-1 proteasomal degradation
in LCs. In addition, CGRP could increase the expression and/or function of a Birbeck
granule/endosomal translocon to facilitate HIV-1 exit into the cytosol for subsequent
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proteasomal degradation. Recently, Sec61 was identified as essential for endosome-to-
cytosol antigen translocation during cross presentation (23). Yet our preliminary results
show no effect of CGRP on Sec61 gene expression (data not shown). Further studies are
now needed to identify the cellular factors that might prevent autophagy and/or
induce translocation of HIV-1, thus potentially maintaining virions within the cytosol
and accessible for proteasomal degradation.

CGRP-mediated HIV-1 proteasomal degradation in LCs occurs and subsequently
controls only first-phase trans-infection. In contrast, the inhibitory effect of CGRP also
on second-phase trans-infection probably results from CCR5 downregulation, as we
previously reported (13), which would decrease LC productive infection and formation
of de novo virions during this later phase. Interestingly, the increase in langerin surface
expression in CGRP-treated MDLCs that we previously reported (12) and confirmed in
this study did not result in higher HIV-1 binding, as measured after pulsing MDLCs with
HIV-1 for 4 h at 4°C and evaluating HIV-1 surface levels (data not shown). We therefore
speculate that CGRP-induced langerin might contain unfavorable modifications in its
oligomeric status, which would affect HIV-1 binding capacity (7, 24) but not langerin
internalization. While a previous study reported that langerin is involved in both phases
of trans-infection (7), it would be difficult to decipher the exact contribution of langerin
alone to these distinct trans-infection phases in CGRP-treated MDLCs. Yet as CGRP also
diverted HIV-1 degradation toward the proteasomal pathway in MULCs but had no
effect on langerin expression levels in these cells (data not shown), we believe that the
CGRP-induced switch in HIV-1 degradation mode is independent of the increase in
langerin expression per se in MDLCs.

CGRP-mediated HIV-1 proteasomal degradation, described herein, might be relevant
during the sexual transmission of HIV-1 in vivo (see Fig. 5 for a schematic summary of
our findings). CGRP is a potent vasodilator (25) and plays a functional role during the
human sexual response, by contributing to penile erection (26) and controlling vaginal
blood flow (27). Moreover, sexual intercourse might generate mechanical and/or
thermal stimuli with appropriate thresholds to activate peripheral neurons (28), induc-
ing, in turn, mucosal secretion of CGRP. Hence, the presence of CGRP within innervated
mucosal tissues implies that proteasome-mediated HIV-1 degradation in LCs probably
predominates in vivo and is responsible for efficient restriction of HIV-1 trans-infection.
Such mucosal sensory neuroimmune cross talk between LCs and CGRP-secreting
peripheral neurons therefore has important consequences during HIV-1 sexual trans-
mission and the ensuing LC-mediated immune responses. Targeting LCs via the CGRP
receptor and/or developing strategies to increase HIV-1 proteasomal, not endolyso-
somal, degradation in LCs might turn out to be clinically useful in the fight against
HIV-1.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMCs) from healthy HIV-1-seronegative individuals were
separated from whole blood by a standard Ficoll gradient. CD14+ monocytes and CD4* T cells were
obtained from PBMCs by negative magnetic selection (Stemcell Technologies, Grenoble, France) accord-
ing to the manufacturer’s instructions and maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mM glutamine, 100 U/ml of penicillin, and 100 ug/ml of streptomycin (Gibco
Invitrogen, Carlsbad, CA). MUTZ3 cells were obtained from the German Collection of Microorganisms and
Cell Cultures (DSMZ) and maintained according to the supplier's guidelines in minimum essential
medium alpha (eMEM) containing ribonucleosides and deoxyribonucleosides, supplemented with 20%
fetal bovine serum, 2 mM glutamine, 100 U/ml of penicillin, and 100 wg/ml of streptomycin (Gibco).
MDLCs and MULCs were prepared as previously described (29, 30). Briefly, 1 X 10° monocytes or 0.2 X
106 MUTZ3 cells were seeded in 1 ml of their respective complete media in 12-well plates and
supplemented with 100 ng/ml of granulocyte-macrophage colony-stimulating factor (GM-CSF), 10 ng/ml
of interleukin 4 (IL-4), and either 10 ng/ml of transforming growth factor 81 (TGF-B1) for MDLCs or 2.5
ng/ml of tumor necrosis factor alpha (TNF-a) for MULCs (R&D Systems, Minneapolis, MN). On days 2 and
4 of culture, 0.5 ml of complete medium supplemented with the same cytokines at the same concen-
trations was added to each well. MDLCs were used on day 7 and MULCs on day 10 following
differentiation. A CD4hish CCR5M9h GFP reporter T-cell line was a kind gift from O. Kutsch (The University
of Alabama at Birmingham) and was maintained as described previously (31).

Virus. HIV-1 stocks were prepared by transfecting 293T cells with plasmids of the molecular clones
JR-CSF and ADA (R5 tropism, clade B) and titrated over GHOST (3) X4/R5 GFP reporter cells according to
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FIG 5 Summary of HIV-1 degradation pathways in LCs. (Left) In untreated LCs in vitro, HIV-1 binding to langerin induces viral
internalization (1) and trafficking along the endolysosomal pathway, resulting in viral degradation in endolysosomes (2).
Infectious virions escaping degradation subsequently trans-infect CD4* T cells (3) and induce productive T-cell infection (4).
(Right) Within mucosal tissues in vivo, CGRP secreted from peripheral neurons (5), either as part of the sexual response or
following potential mechanical/thermal stimuli (6), binds its receptor expressed by LCs. This interaction directs HIV-1 from
endolysosomes toward the proteasome (7). As proteasomal HIV-1 degradation is faster and more efficient, fewer infectious
virions are available to trans-infect CD4" T cells, resulting in significant CGRP-induced inhibition of first-phase trans-infection
(8) and ensuing T-cell productive infection (9).

the supplier's recommendation’s (AIDS Research and Reference Reagent Program, NIAID, NIH). HIV-1 was
used at MOlIs of 0.2 for MDLCs and 0.7 for MULCs.

HIV-1 degradation and trans-infection. MDLCs (1 X 10%) or MULCs (0.25 X 10°) were seeded in
96-well round-bottom plates (200 ul/well) and treated for 24 h at 37°C with 100 nM or 1 uM CGRP
(Sigma, St. Louis, MO), respectively. For total HIV-1 content, cells were pulsed with HIV-1 for 30 min at
room temperature, washed, shifted to 37°C, and chased at different time points. For intracellular HIV-1
content, cells were pulsed with HIV-1 for 4 h at 37°C, washed, and incubated with trypsin-EDTA (Gibco)
for 10 min at 37°C to remove surface-bound virus either immediately after viral pulse or 24 h later. When
desired, the inhibitors chloroquine and MG132 (Sigma) were added 10 min before HIV-1 and were
maintained throughout the pulse period. The cells were then lysed with NP-40, and HIV-1 contents were
measured in the cell lysates using a p24 ELISA (Innotest, Ghent, Belgium). The HIV-1 degradation index
was calculated as intracellular HIV-1 content with inhibitor/intracellular HIV-1 content without inhibitor.
For trans-infection of CD4* T cells, LCs were pulsed with HIV-1 for 4 h at 37°C. When desired, the
inhibitors NH,Cl, lactacystin, and dynasore (Sigma) were added 10 min before HIV-1 and were maintained
throughout the pulse period. Cells were then incubated with CD4* T cells (3 X 105, autologous for
MDLCs) at 37°C. HIV-1 was measured by p24 ELISA in the coculture supernatants or by flow cytometry
a week later. In other experiments, the CGRP receptor antagonist CGRP_, (1 uM; Sigma) was added 15
min before CGRP, and immediately (first phase) or 48 h (second phase) following HIV-1 pulse of MDLCs
(0.5 X 10°), CD4high CCR5Mig" GFP reporter T cells (0.5 X 10%) were added and cocultured for additional
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48 h, as described previously (7). The cells were then fixed with 4% paraformaldehyde (PFA), and HIV-1
infection levels in the cell cocultures were monitored by analysis of GFP expression using flow cytometry.
Langerin internalization and flow cytometry. MDLCs (1 X 10°) were treated with CGRP as
described above. The cells were subsequently incubated for 30 min at 4°C with the mouse anti-human
langerin DCGM4 MAb (20 ug/ml; Beckman Coulter, Marseille, France) diluted in phosphate-buffered
saline (PBS; final volume of 50 ul/well), washed, and further incubated for 30 min at 4°C with a
biotin-conjugated horse anti-mouse IgG Ab (10 wg/ml; Vector Laboratories, Burlingame, CA). The cells
were then resuspended in RPMI 1640 medium, chased for 0, 5, and 30 min at either 37°C or 4°C, washed
with precooled RPMI 1640 medium, incubated for 15 min at 4°C with fluorescein isothiocyanate
(FITC)-conjugated streptavidin (5 wg/ml; BD Pharmingen, San Jose, CA), fixed with 4% PFA, and examined
by flow cytometry. Langerin internalization was calculated as the percentage of langerin-positive cells at
each time point over that at 0 min. In other experiments, surface staining was performed for 30 min at
4°C with 10 ul of mouse anti-human CD1a-phycoerythrin (PE), CCR5-PE, CD3-allophycocyanin (APC), and
CD4-FITC MAbs (Pharmingen), diluted in PBS as described above. When desired, cells were fixed with 4%
PFA, permeabilized with PBS-0.1% saponin, and stained intracellularly for HIV-1 p24 using KC57-FITC or
KC57-PE (1:160 dilution; Beckman) for 15 min at room temperature. Matched isotype control MAbs
served as negative controls. Fluorescence profiles were recorded using a Guava easyCyte flow cytometer
and analyzed with InCyte software (Merck Millipore, Guyancourt, France).
Proteasomal activity. Proteasomal activity was evaluated following 2 h of incubation at 37°C of
untreated or CGRP-treated MDLCs or MULCs (1 X 10°) with the fluorescent probe Me,BodipyFL-
Ahx3Leu3VS (200 nM; BostonBiochem, Cambridge, MA) (32). Preincubation with lactacystin for 1 h before
the probe served as a control. Fluorescence in the green channel of fixed cells was monitored by flow
cytometry, as described above.
Statistical analysis. Statistical significance was analyzed by the two-tailed Student t test.
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