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IMPORTANCE Dendritic cells (DCs) are professional antigen-presenting cells induc-
ing innate and adaptive immune responses. DCs express the HIV receptor CD4 and
are potential target cells for HIV. There is debate about the sensitivity of DCs to pro-
ductive HIV-1 and HIV-2 infection. The fusion step of the viral replication cycle is in-
efficient in DCs, and the underlying mechanisms are poorly characterized. We show
that increasing the levels of CD4 at the plasma membrane allows more HIV fusion
and productive infection in DCs. We further demonstrate that HIV fusion occurs
mainly at the cell surface and not in an intracellular compartment. Our results help
us understand why DCs are poorly sensitive to HIV infection.

KEYWORDS dendritic cells, human immunodeficiency virus, virus entry

uman immunodeficiency virus (HIV) infects immune cells, using CD4 as a receptor
and CXCR4 or CCR5 as its main coreceptors. The target cells of the virus are CD4*
T lymphocytes and, to a lesser extent, dendritic cells (DCs) and macrophages. DCs are
central components of the immune response. They patrol peripheral tissues, including
mucosal sites of HIV-1 transmission; sense pathogens; and produce cytokines that can
induce an antiviral state in the host. They also present antigens to effector immune
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cells, thereby inducing cytotoxic or helper activity in T cells and humoral responses in
B cells. Different pathways for viral sensing and antigen presentation have been
described in DCs. Some pathways require a productive infection, but antigens from
captured viruses are also potently presented or cross-presented by DCs (1, 2). DCs can
be divided into plasmacytoid DCs (pDCs) and myeloid-derived DCs (mDCs), which are
composed of resident and migratory DCs. Resident DCs populate and remain in
secondary lymphoid organs. Migratory DCs are present in peripheral tissues and can
migrate through the lymph to the closest draining lymph nodes. Resident and migra-
tory DCs can be further separated into subsets according to their ontogeny, function,
and surface phenotype (3, 4). Recent multidimensional techniques have revealed that
the myeloid compartment is more complex than initially thought and comprises at
least four monocyte and six DC subsets, including novel pre-DC and pDC populations
(5, 6).

The interaction of HIV with DCs has been the subject of extensive research (7-9). In
addition to CD4 and CCR5, and depending on the cell subset and the maturation state
of the DCs, they express various lectins, such as DC-SIGN (dendritic cell-specific inter-
cellular adhesion molecule-3-grabbing nonintegrin) or Siglec-1, that allow viral capture
and facilitate viral transmission to bystander CD4* T cells (7-11). In monocyte-derived
dendritic cells (MDDCs) and other noncycling cells, HIV-1 infection is restricted by
SAMHD1, which impairs HIV-1 reverse transcription by maintaining a low intracellular
level of deoxynucleoside triphosphates (dNTPs) (12-15). The HIV-2/simian immunode-
ficiency virus (SIV) Vpx protein degrades SAMHD1 and enhances HIV infection in
MDDCs in vitro (12-15). Whether DCs are productively infected in vivo is not fully
characterized. Ex vivo studies in viremic patients reported the presence of viral DNA in
splenic and blood DCs at frequencies that may be 10 to 100 times lower than in CD4*
T lymphocytes (16, 17). Whether the presence of viral DNA in these DCs corresponds to
replication-competent virus deserves further investigation. In the macaque model,
myeloid cells are not a site of productive SIV infection, regardless of Vpx (18, 19). Rather,
the viral DNA present in myeloid cells of these animals may result from phagocytosis
of infected T cells (18). The role of Vpx is more likely to promote infection of noncycling
CD4™ T cells than that of myeloid cells (19, 20). In vitro studies using cells isolated from
healthy donors show low permissivity of myeloid DCs to HIV-1 infection in the absence
of exogenous Vpx (14, 15, 21-23). There is debate regarding the sensitivity of DCs to
HIV-2 infection. It has been proposed that HIV-2 naturally infects MDDCs, based on
experiments using the laboratory-adapted HIV-2 ROD strain pseudotyped with vesicular
stomatitis virus G protein (VSV-G) (24, 25). This replication was associated with immune
detection of incoming viral cDNA by the innate sensor cGAS and with DC maturation
(24). In contrast, we and others observed that primary HIV-2 isolates do not efficiently
infect myeloid DCs or pDCs (20, 23). The sensitivity of DCs to HIV infection may vary
depending on the cell subset or their anatomical distribution, and it was, for instance,
recently reported that CD1c* DCs, but not CD141* DCs, are sensitive to HIV-1 and
HIV-2 infection (26).

The localization of HIV fusion events in target cells is a matter of controversy (27-29).
Some studies suggested that fusion may occur from within endosomes in lymphocytes
and other cell lines (30, 31). However, it was also reported that fusion mainly takes place
at the surfaces of primary CD4 " T cells (27). The localization of HIV fusion in DCs is not
fully characterized. Due to their high phagocytic activity and their ability to capture viral
particles upon lectin binding, DCs might allow fusion after virion internalization.
However, compared to CD4™ T lymphocytes, DCs display lower levels of CD4 and
CXCR4, whereas levels of CCR5 are higher (32, 33). HIV-1 or HIV-2 infection is signifi-
cantly enhanced by pseudotyping viral particles with a VSV-G envelope (20, 22). In the
absence of the VSV-G envelope, most incoming HIV particles in MDDCs are found in the
endosomal compartment but do not efficiently enter the cytoplasm (34).

Here, we investigated the ability of HIV-1 to fuse with MDDCs. We asked whether HIV
fusion occurs mainly at the cell surface or if virions captured in intracellular compart-
ments can also establish infection. We used a recently described combination of

November 2017 Volume 91 Issue 21 e01248-17

Journal of Virology

jviasm.org 2


http://jvi.asm.org

HIV Fusion in Dendritic Cells

temperature shift experiments and drugs blocking fusion (27, 35) to show that most
entry events occur at the cell surface. Blocking macropinocytosis in MDDCs, an impor-
tant pathway for HIV internalization in DCs (36), also had no effect on HIV-1 fusion,
suggesting that viral particles fuse at the cell surface. Increasing the levels of CD4, but
not those of CCR5, enhanced HIV-1 infection and fusion. Conversely, augmenting
CXCR4 levels enhanced fusion of an X4-tropic HIV-1 strain. We further show that the
presence of CD4 at the plasma membrane, and not within the cell, is required for
optimal fusion.

RESULTS

HIV-1 NLADS8 fusion mainly occurs at the surfaces of MDDCs. We first asked
whether HIV fusion in MDDCs takes place at the surface and/or after viral internaliza-
tion. MDDCs take up viral particles that can be transferred to CD4" T cells or degraded
in pathways leading to antigen presentation (37-39). Whether internalized virions may
fuse with the endosomal membrane to establish a productive infection in MDDCs has
not been fully characterized. To distinguish fusion at the cell surface from fusion in
endosomes, we used a temperature-arrested state (TAS) protocol (27, 35), as outlined
in Fig. 1A. At 22°C, virus binding or uptake is not affected, but the Env protein does not
undergo the conformational changes required for fusion. T20 and maraviroc (MVC) are
HIV fusion inhibitors that bind, respectively, to Env and the coreceptor CCR5. T20 is
membrane impermeable, and therefore, it cannot access viral particles that have been
previously endocytosed (27, 40, 41). The fusion events blocked by T20 thus occur at the
cell surface. MVC, as a small-molecule inhibitor of fusion by R5-tropic viruses, is able to
access endocytosed particles and was used as a positive control of inhibition. We
incubated MDDCs with HIV-1T NLADS8 at 22°C for 2 h to allow viral internalization. T20
or MVC was then added for an additional 1 h at 22°C. The cells were then shifted to 37°C
for 2 h to permit fusion, which was subsequently measured with a Vpr-p-lactamase
(Vpr-Blam) fusion assay (20, 42). Briefly, viruses are produced in the presence of a
Vpr-Blam chimeric protein that is incorporated into the virions. Target cells are loaded
with CCF2-AM, a fluorescent substrate of B-lactamase. When the Vpr-Blam-containing
viruses fuse with the target cells and B-lactamase gains access to the cytoplasm, the
shift in fluorescence resulting from CCF2-AM cleavage is measured by flow cytometry.

We first assessed whether incubation at 22°C altered binding and uptake of the virus
relative to incubation at 37°C. With this aim, MDDCs were incubated with HIV-1 at 22°C
or 37°C for 2 h. The amount of bound and/or internalized virus was quantified in cell
lysates using the ultrasensitive SIMOA p24 assay (43), whereas the localization of
incoming virions was examined by immunofluorescence and confocal microscopy
analysis. As shown for 2 donors in Fig. 1B, we did not detect significant differences in
cell-associated p24 levels at 22°C or 37°C. Moreover, we observed colocalization of
incoming p24 with the mannose receptor (MR), a marker of endosomal compartments,
with no detectable differences when viruses were incubated at 22°C or 37°C (Fig. 1Q).
Thus, as expected, incubating MDDCs at 22°C during viral exposure did not significantly
modify the ability of the cells to bind and/or take up HIV-1.

Cells were also kept at 37°C throughout the fusion experiment to verify that
preincubation at 22°C did not affect the capacity of viral particles to fuse. Fusion was
similar after the TAS protocol and after continuous incubation at 37°C (Fig. 1D). When
cells were exposed to HIV-1 at 37°C for 2 h before addition of T20 and MVC, partial
inhibition of fusion occurred (Fig. 1D). As expected, adding drugs at the time of
infection abrogated fusion (not shown). When cells were exposed to HIV-1 at 22°C for
2 h before drug treatment, both T20 and MVC inhibited HIV-1 fusion (Fig. 1D). Since T20
cannot block fusion of viral particles that were internalized before addition of the drug,
these data strongly suggest that the viral particles that have been captured do not
detectably gain access to the cytoplasm. We also followed productive infection of
MDDCs by measuring the percentage of Gag™ cells at day 2 postinfection. Cells were
preincubated with Vpx-containing virus-like particles (VLPs) prior to incubation at 22°C
to degrade SAMHD1 and allow productive infection. The cells were then treated as
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FIG 1 HIV-1 NLADS fusion occurs at the cell surface in MDDCs. (A) Experimental outline. MDDCs were infected with HIV-1 NLADS8 at 22°C to induce the TAS.
Before allowing fusion to proceed by shifting the temperature, the cells were treated or not with the fusion inhibitor T20 or MVC. After washing the virus,
replenishing the drugs, and shifting the cells to 37°C, the cells were used for a fusion assay or further maintained in culture for 2 days to assess productive
infection. (B and C) Incubation at 22°C does not impair HIV uptake in MDDCs. Cells incubated with NLAD8 at 4°C, 22°C, or 37°C for 2 h were lysed or analyzed
by immunofluorescence. (B) Gag p24 levels were measured in cell lysates from 2 donors. (C) Cells were stained for Gag and mannose receptor, a marker of early
endosomes. Scale bars, 5 um. (D) T20 and MVC inhibit HIV-1 fusion in the TAS assay. Cells were exposed to virions containing the Vpr-Blam protein. The cells
were then loaded with CCF2-AM for 2 h and analyzed by flow cytometry. Cells maintained at 37°C were used as controls. The data are means and standard
errors of the mean (SEM) for 4 different donors. (E) T20 and MVC inhibit HIV-1 infection. MDDCs were treated as described for panel A, and productive infection
was monitored by measuring the proportion of Gag-positive cells by flow cytometry 2 days after infection. The data are means and SEM for 3 to 5 different
donors. (F and G) Macropinocytosis does not lead to viral fusion in MDDCs. The indicated amounts of DMA were used to inhibit macropinocytosis. (F) Effect
of DMA on the uptake of dextran-fluorescein, as measured by flow cytometry as a control. Means and SEM for 4 different donors are shown. (G) Effect of DMA
on HIV-1 fusion, assessed with the Vpr-Blam assay. (Left) One representative donor is shown. (Right) Fold increase in fusion compared to nontreated cells. The
data are means and SEM for 4 different donors. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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described in the TAS protocol, and infection was assessed by flow cytometry (Fig. 1E).
Productive infection after TAS was inhibited by T20 and MVC (Fig. 1E), confirming the
results obtained in the fusion assay.

We next asked whether small-molecule inhibitors of endocytosis or macropinocy-
tosis could impact HIV-1 fusion in MDDCs. The endocytosis inhibitors Dynasor and
Dyngo-4a impair the activity of dynamin (30, 44). However, when tested at nontoxic
concentrations, these compounds did not significantly inhibit the endocytosis of a
control cellular protein (transferrin receptor) in MDDCs, precluding their further use on
HIV-exposed cells (not shown). Dimethyl amiloride (DMA) is a macropinocytosis inhib-
itor that does not affect receptor-mediated endocytosis but decreases internalization of
HIV particles in MDDCs (36). We examined the impact of DMA on the fusion of HIV
in MDDCs. As a positive control, we treated cells with DMA before incubation with
dextran-fluorescein, which enter cells through macropinocytosis. DMA inhibited
dextran-fluorescein capture in a dose-dependent manner, as quantified by flow
cytometry (Fig. 1F). In contrast, preincubation of MDDCs with the same doses of DMA
did not prevent viral fusion (Fig. 1G). Macropinocytosed HIV-1 particles thus probably
do not undergo fusion in MDDCs.

Taken together, these experiments strongly suggest that HIV-1 predominantly fuses
at the surfaces of MDDCs.

Low levels of CD4 in MDDCs limit HIV-1 infection and fusion. DCs express
relatively low levels of CD4 compared to CD4" T lymphocytes (32, 33, 45, 46). We
assessed CD4 surface levels in blood CD11c* mDCs. In peripheral blood mononuclear
cells (PBMC) isolated from healthy donors, three different patterns of CD4 levels were
observed (Fig. 2A). As expected, one population was negative for CD4, the second one
displayed low levels of CD4 and included CD11c* cells, and the third population
expressed high CD4 levels and corresponded to CD4* T lymphocytes. We then mea-
sured CD4, CXCR4, and CCR5 levels in MDDCs and CD4* T cells (Fig. 2B). MDDCs
expressed levels of CD4 similar to those expressed by myeloid DCs. They also expressed
low CXCR4 and high CCR5 levels.

We then asked whether the low levels of CD4 may impact the sensitivity of MDDCs
to HIV infection. With this aim, we transduced the cells with lentiviral vectors encoding
CD4 (MDDC plus CD4 WT) or luciferase as a control (MDDC Ctrl). The cells were first
treated with Vpx-containing VLPs to degrade SAMHD1 and allow lentiviral transduction.
Compared with the control vector (Fig. 2C and D), transduction with the CD4 vector
significantly increased CD4 surface levels without affecting those of CXCR4, CCR5, or
DC-SIGN (Fig. 2D). We then exposed the transduced cells to four HIV-1 strains with
different coreceptor usage: NLAD8 and the transmitted/founder (T/F) viruses CHO77
and THRO mainly use CCR5 as a coreceptor (R5 viruses), whereas HIV-1 NL4-3 uses
CXCR4 (X4 virus). In all infection experiments, cells were pretreated with Vpx-containing
VLPs to ensure that SAMHD1 was degraded to allow productive infection. The extent
of infection was assessed 3 days later by measuring the proportion of Gag-positive cells
by flow cytometry. Increasing CD4 levels significantly enhanced the sensitivity of
MDDCs to infection by all 4 viral strains (Fig. 2E). As expected, infection with VSV-G-
pseudotyped HIV-1 was not modulated by overexpression of CD4 (Fig. 2E). Infection
with HIV-1 NL4-3 was modestly enhanced (2-fold increase), whereas the R5 strains were
increased by 5- to 50-fold (Fig. 2E).

HIV-1 BaL is a macrophage-adapted R5 strain that infects cells with low CD4 density
(47). HIV-1 BaL infected control MDDCs and cells overexpressing CD4 WT at similar
levels (Fig. 2E). Therefore, increasing CD4 levels in target cells does not enhance
sensitivity of infection for strains that can efficiently use low CD4 levels for entry.

We next asked whether this increase of infection was due to an enhancement of
fusion. Fusion events were measured with the Vpr-Blam fusion assay as described
above. A representative experiment with cells from one donor is presented Fig. 3A,
whereas the means of the results of independent experiments with at least 4 donors are
displayed in Fig. 3B. Fusion in nontransduced MDDCs and in cells transduced with the
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FIG 2 CD4 levels modulate HIV infection in DCs. (A) CD11c* mDCs express intermediate levels of CD4. Total PBMCs and mDCs (positive for HLA-DR and CD11c
and negative for CD3, CD14, CD16, CD19, and CD56) were stained for CD4 surface expression. CD4 levels in one representative donor out of four are shown.
(B) MDDCs and activated CD4* T cells were stained for CD4, CXCR4, and CCR5 expression. One representative donor out of 4 is shown. (C and D) Nontransduced
(Ntd) MDDCs or cells transduced with a lentiviral vector encoding CD4 (MDDC+CD4 WT) or luciferase (MDDC Ctrl) were stained for CD4 and, as controls, CXCR4,
CCR5, and DC-SIGN. CD4 staining for 1 representative donor out of 4 (C) and the mean fluorescence intensity (MFI) of the indicated proteins (D) are shown as
means and SEM from 4 donors. (E) HIV-1 infection is increased in MDDC plus CD4 WT. The cells described in panel C were infected with the indicated strains
of HIV-1. After 3 days, productive infection was monitored by measuring the proportion of Gag-positive cells by flow cytometry. The results are means and SEM
from 4 donors for HIV-1 strains (left) or as a control VSV-G-pseudotyped HIV-1 NL4-3 (middle); the fold increase of infection was calculated by comparing MDDC

plus CD4 WT with MDDC Ctrl (right). *, P < 0.05; ***, P < 0.001; ns, not significant; nd, not done.

control vector was low for all HIV-1 strains tested (Fig. 3A and B). In MDDCs plus CD4
WT, HIV-1 fusion was selectively enhanced in the fraction of cells expressing high levels
of CD4 (Fig. 3A). NL4-3 fusion was modestly increased (2-fold), whereas fusion with R5
strains was increased by 5- to 70-fold (Fig. 3B), corresponding to the differences
observed in infection. The VSV-G-pseudotyped HIV-1 particles efficiently fused in
MDDCs, irrespective of CD4 surface levels (Fig. 3A and B).

Altogether, these experiments show that HIV-1 infection and fusion are low in
MDDCs but are strongly enhanced by the overexpression of CD4 for strains that did not
acquire the ability to use low levels of CD4 for fusion.

Importance of coreceptor levels for HIV-1 infection in MDDCs. We then used
overexpression experiments to ask whether CXCR4 and CCR5 levels also modulate
HIV-1 infection in MDDCs. We transduced cells with lentiviral vectors encoding CXCR4

November 2017 Volume 91 Issue 21 e01248-17

jviasm.org 6


http://jvi.asm.org

HIV Fusion in Dendritic Cells Journal of Virology

A Non infected NL4-3 NLAD8 CHo77 THRO HIV-1 (VSV)
0.4
MDDC
MDDC
Ctrl
a MDDC
O +CD4 WT
. of | .
S Cleaved CCF2-AM
80~ I Non Transduced i 80+ 150
E * %k _
o = Ry - - W -
(,E,\'j I +CD4 WT -— g 607 E 1004
(@) 8 ©
5 407 < 40- o
(0] o) (&)
> > S ol
9 20' = E 20_ E * Kk Kk bl
(@] [&) L(B * kK
&* 2
0 T T - T 0 T 0
N sl sl GHO77THRO NL4-3 el 0 O
NL4-3 NLADS (VSV) N §’ LI
Y 5
<\.

FIG 3 High levels of CD4 enhance HIV-1 fusion in MDDCs. MDDCs were transduced with vectors encoding luciferase (MDDC Ctrl) or CD4 WT
(MDDC+CD4 WT). Nontransduced MDDCs were used as an additional control. The cells were exposed to the indicated viral particles containing
the Vpr-Blam protein for 2 h. The cells were then loaded with CCF2-AM for 2 h, stained for CD4, and analyzed by flow cytometry. (A) One
representative experiment. (B) Results (means and SEM from at least 4 donors for HIV-1 strains [left] or VSV-G-pseudotyped HIV-1 NL4-3 [middle]);
the fold increase in fusion was calculated by comparing MDDC plus CD4 WT with MDDC Ctrl (right). ***, P < 0.001.

(MDDC plus CXCR4) or CCR5 (MDDC plus CCR5) (Fig. 4A and B). The increase of CCR5
was modest, either because MDDCs already display high basal levels of the molecule or
because the process of transduction was not optimal with the vector. As a positive
control, we generated MDDCs plus CD4 WT. We then measured infection and fusion,
using one X4 (NL4-3) and one R5 (NLADS) strain (Fig. 4C and D). Increasing CXCR4 levels
enhanced NL4-3 fusion by 10-fold but did not enhance productive infection. As
expected, NLAD8 fusion and infection were not enhanced by the overexpression of
CXCR4. Interestingly, increasing CCR5 levels did not enhance fusion or infection by the
two strains.

These experiments show that the low levels of CXCR4 modulate fusion by an X4
strain. However, the sensitivity of the cells to productive infection remains low, sug-
gesting that further blocks may restrict later steps of NL4-3 replication. In contrast,
endogenous CCR5 levels are sufficient for fusion and infection by an R5 strain, which
are not further enhanced when the coreceptor is overexpressed.

Increasing CD4 levels in intracellular compartments does not enhance HIV-1
infection or fusion. We next asked whether CD4 present in endosomes might promote
infection from within the compartment. We engineered chimeras composed of the

November 2017 Volume 91 Issue 21 e01248-17 jviasm.org 7


http://jvi.asm.org

Chauveau et al.

A C
& h

\ \ o
| [a) B +CCR5
: %k N S 154
+
(o))
e e e — e 8 104
Ch4 5 CXCR4 s CCRS ——> 0
o g5d
- MDDC+CD4
— |sotype control 0-

— MDDC+CXCR4

51 g +CD4 WT
o 204 [ +CXCR4

Infection

*kk

MDDC ctrl NI NL4-3 NLADS8

= MDDC+CCR5

2500+ 30001

MFI CXCR4
MFI CCR5

% cleaved CCF2-AM
[e)]

NI NL4-3

Fusion

NLADS8

Fold increase/Ctrl

Fold increase/Ctrl

10+

8+

6

4

2+

0+

Journal of Virology

NL4-3  NLAD8

NL4-3 NLAD8

FIG 4 Importance of coreceptor levels for HIV-1 infection of MDDCs. (A and B) MDDCs were transduced with vectors encoding CXCR4 (MDDC+CXCR4) or CCR5
(MDDC+CCRS5); stained for expression of CD4, CXCR4, and CCR5; and analyzed by flow cytometry. One representative donor out of 4 (A) and MFI of the indicated
markers (B) are shown as means and SEM for 4 donors. (C) The transduced MDDCs were infected with NL4-3 or NLAD8 HIV-1 strains. After 3 days, productive
infection was monitored by measuring the proportion of Gag-positive cells by flow cytometry. (Left) The results are means and SEM for at least 4 donors. (Right)
The fold increase in infection was calculated by comparing transduced cells to MDDC Ctrl. (D) The transduced cells were used for a fusion assay as described
in the legend to Fig. 3. (Left) The results are means and SEM for at least 4 donors. (Right) The fold increase in infection was calculated by comparing transduced
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extracellular domain of CD4 and the transmembrane and cytoplasmic domains of three
different endosomal proteins (Fig. 5A). The cytoplasmic tails of proteins contain traf-
ficking signals routing the proteins to selective intracellular environments. For instance,
relocalization of CD4 to late endosomes/lysosomes has been previously performed by
adding the LAMP1 cytoplasmic tail to the extracellular domain of CD4 (48, 49). To
redirect CD4 to early endosomes, we fused CD4 with the intracellular domain of EEA1
(early endosome antigen 1) (CD4 E1). To redirect CD4 to late endosomes or lysosomes,
we created chimeras with the transmembrane and cytoplasmic domains of the lyso-
somal protein LAMP1 (CD4 L1) or the endosomal/lysosomal protein Toll-like receptor 7
(TLR7) (50-53) (CD4 T7). These chimeras were used to transduce MDDCs, yielding
MDDC plus CD4 E1, MDDC plus CD4 L1, and MDDC plus CD4 T7. Their localization was
first assessed by flow cytometry. Surface levels were measured by staining the cells in
the absence of permeabilization, whereas total levels (surface and intracellular) were
quantified after permeabilization (Fig. 5B). CD4 WT was detected at the surface, and
permeabilization did not enhance the staining. This was also the case for CD4 E1,
indicating that the molecule unexpectedly did not accumulate in an early endosomal
compartment. EEA1 is a soluble protein, and its localization signal is a complex zinc
finger-containing domain. Adding the localization domain of EEA1 to a transmembrane
protein might have disrupted its conformation, rendering it nonfunctional. We therefor
used the mutant as an additional control for overexpression of CD4 at the cell surface.
In contrast, the CD4 L1 and CD4 T7 molecules were not detected at the plasma
membrane. However, the chimeras were readily detected after cell permeabilization.
We confirmed these findings by costaining the cells with CD4 and early endosomal
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FIG 5 Generation and characterization of CD4 chimeras. (A) Schematic representation of CD4 WT and a chimera containing the
transmembrane and intracellular domains of the indicated proteins. (B) MDDCs were transduced with lentiviral vectors encoding CD4 WT
(+CD4 WT), CD4 E1 (+CD4 E1), CD4 L1 (+CD4 L1), and CD4 T7 (+CD4 T7) proteins. CD4 levels were assessed by flow cytometry after
fixation and staining without permeabilization (surface levels) or with permeabilization with 0.05% saponin (total levels). One represen-
tative donor out of 4 is shown in the two left panels, and MFI is shown in the two right panels as means and SEM for 4 donors. **, P <
0.01; ***, P < 0.001. (C) Transduced cells were seeded on coverslips, fixed, and permeabilized before costaining with antibodies against
CD4 (red) and the indicated endosomal markers (green). The merged images (bottom row) highlight the colocalization events (yellow).
Representative images from 4 independent donors are shown. Scale bars, 5 um.
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FIG 6 Impact of CD4 chimeras on HIV fusion and infection in MDDCs. MDDCs were transduced with the CD4 chimeras shown in Fig. 5. (A) Effect
of the CD4 chimeras on HIV-1 infection. Cells were infected with the indicated strains of HIV-1. After 3 days, productive infection was monitored
by measuring the proportion of Gag-positive cells by flow cytometry. (Left) The results are means and SEM for at least 4 donors. (Right) The fold
increase in infection was calculated by comparing transduced cells to MDDC Ctrl. (B) Effect of CD4 chimeras on HIV-1 fusion. The transduced cells
were used for a fusion assay. (Left) Results are means and SEM for at least 4 donors. (Right) The fold increase in fusion was calculated by comparing
transduced cells to MDDC Ctrl. (C) Effect of the CD4 chimeras on HIV-2 fusion. The transduced cells were used for a fusion assay, using the HIV-2
strain GL-AN. The fold increase in fusion was calculated by comparing transduced cells to MDDC Ctrl. The results are means and SEM for at least

3 donors. *, P < 0.05; ***, P < 0.001.

(EEA1), late endosomal (Rab7), or lysosomal (LAMP1) markers (Fig. 5C). As expected,
CD4 WT and CD4 E1 were mostly localized at the plasma membrane and poorly
colocalized with EEA1. CD4 L1 and CD4 T7 were barely detected at the cell surface. CD4
L1 displayed clustered intracellular staining that partly colocalized with LAMP1 (Fig. 5C).
CD4 T7 showed a more diffuse pattern, with no obvious costaining with LAMP1 (not
shown) and partial colocalization with Rab7 (Fig. 5C).

We then assessed the abilities of the different CD4 chimeras to enhance HIV-1
replication. To this end, transduced cells were exposed to several HIV-1 isolates, and
viral infection (Fig. 6A) and fusion (Fig. 6B) were measured as described above. CD4 WT
and CD4 E1 both strongly enhanced infection and fusion. In sharp contrast, CD4 L1 and
CD4 T7 did not improve viral replication and access to the cytoplasm.
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We recently reported that HIV-2 also poorly infects MDDCs when viral particles are
not pseudotyped with VSV-G, due to a fusion defect (20). We thus examined whether
HIV-2 fusion can be enhanced by the overexpression of CD4. MDDCs transduced with
WT or chimeric CD4 molecules were exposed to HIV-2 GL-AN (20), and a fusion assay
was performed. As with HIV-1, HIV-2 GL-AN fusion was increased by 15-fold with CD4
WT and CD4 E1 molecules, whereas CD4 L1 and T7 did not enhance fusion (Fig. 6C).

Therefore, the presence of CD4 at the cell surface, and not in intracellular compart-
ments, promotes fusion of various HIV-1 and HIV-2 strains with MDDCs.

We then examined the behavior of these CD4 chimeras in CHME cells. This human
microglial cell line was selected because it lacks endogenous CD4 expression (54). We
transduced the cells with lentiviral vectors expressing CD4 WT, CD4 L1, or CD4 T7 and
used them for infection and fusion assays. CD4 WT was present at the cell surface,
whereas CD4 L1 and CD4 T7 were mostly found in the cell interior, with low but
detectable levels at the surface (Fig. 7A). CD4 WT allowed HIV-1 infection, and both CD4
L1 and CD4 T7 permitted a modest increase in HIV-1 infection. This strongly suggests
that the CD4 chimeras can bind gp120 and allow infection when present at the cell
surface. We then asked whether bafilomycin A1, an inhibitor of vesicular acidification,
and degradation by pH-sensitive proteases (55) may modify the steady-state levels of
the CD4 chimeras. Bafilomycin A1 did not significantly impact CD4 WT or CD4 T7 but
strongly increased the surface levels of CD4 L1 (Fig. 7C), suggesting that the molecule
might be degraded when it reaches the endosomal compartment. We then performed
fusion assays in CHME cells (Fig. 7D). In the absence of bafilomycin A1, CD4 WT and, to
a lesser extent, CD4 L1 and CD4 T7 molecules allowed HIV-1 fusion. The addition of
bafilomycin AT had no or minor positive effect on fusion mediated by CD4 WT or CD4
T7, respectively. In contrast, bafilomycin A1 restored viral fusion mediated by CD4 L1,
reflecting the enhancement of surface expression of the molecule. As a positive control,
we verified that bafilomycin A1 inhibited fusion of HIV particles pseudotyped with
VSV-G, which requires vesicular acidification for entry (Fig. 7D). We next performed
confocal microscopy analysis to analyze the effect of bafilomycin A1 on the localization
of the various chimeras in LAMP1* endosomes/lysosomes (Fig. 8). For CD4 WT, CD4 L1,
and CD4 T7, the inhibitor increased colocalization with LAMP1.

Altogether, these experiments strongly suggest that the CD4 chimeras have the
ability to bind gp120 and allow infection. CD4 L1 is probably rapidly degraded in an
endosomal compartment and triggers fusion when present at the cell surface. CD4 T7
is present in endosomal compartments in the presence of bafilomycin A1, but the low
surface levels of the molecules do not allow efficient HIV-1 entry.

DISCUSSION

DCs are poorly sensitive to productive HIV infection, in large part because viral
reverse transcription is impaired by SAMHD1. Earlier steps of the viral life cycle are also
suboptimal, and it has been observed that HIV-1 and HIV-2 fusion may be limited in
MDDCs (20, 56). Here, we further investigated the sensitivity of MDDCs to HIV fusion.
We studied the importance of receptor and coreceptor levels and examined the cellular
localization of viral fusion events. We report that HIV-1 fusion mainly takes place at the
plasma membrane in MDDCs. This process is inefficient because of the low surface
levels of CD4. Rerouting CD4 to intracellular compartments does not further increase
viral entry and replication in these cells.

We first used a TAS protocol (27, 35), as well as inhibition of macropinocytosis, to
show that HIV fusion mainly occurs at the plasma membrane and probably not after
viral particle internalization. DCs display intracellular invaginations connected to the
cell surface and lacking markers of endosomes, lysosomes, or antigen-processing
vesicles, in which captured viral particles may accumulate before transfer to CD4™ T
cells (57-59). In DCs, viral capture is mainly due to virion binding to lectins, such as
DC-SIGN and Siglec-1 (7-11, 60). Env binding to DC-SIGN may prevent fusion by
impairing interaction with CD4 (61). This suggests that viral fusion at the plasma
membrane and in these surface-connected intracellular compartments may be regu-
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lated by the relative amounts and competition between Env-binding receptors that
allow or do not allow productive infection.

DCs express low levels of CD4 and CXCR4, whereas CCR5 levels are higher than in
lymphocytes (32, 33, 62, 63). DC maturation is associated with modulation of the
expression of a large array of cellular proteins. HIV fusion with DCs declines as cells
mature and lose CCR5 (56). To study the role of CD4 and coreceptor levels in viral
fusion, we transduced immature MDDCs with lentiviral vectors encoding these mole-
cules. Lentiviral transduction as assessed with a control vector induced partial matu-
ration of DCs with moderate upregulation of CD83 and CD86 (not shown) and down-
regulation of DC-SIGN but did not affect endogenous levels of CD4, CCR5, or CXCRA4.
However, viral fusion occurred similarly in nontransduced cells and in cells transduced
with the control vector. We show that the overexpression of CD4 enhances HIV-1 fusion
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and infection, strongly suggesting that the low endogenous levels of the receptor limit
viral infection. Alternatively, and not exclusively, it is possible that a restriction factor
limits fusion or that a cellular protein facilitating entry is lacking or is suboptimally
expressed in MDDCs. Overexpressing CD4 may compensate for these limitations.
Increasing CXCR4 levels enhanced fusion but not productive infection by an X4 strain,
confirming the existence of additional postfusion blocks (45). In contrast, CCR5 levels
are naturally elevated in MDDCs, and overexpressing the molecule did not further
improve infection.

Recent unbiased single-cell RNA sequencing and mass cytometry (cytometry by
time of flight [CyTOF]) analysis of human blood cells identified at least four monocyte
and six DC subsets, including novel pre-DC and pDC populations (5, 6). These high-
dimensional techniques revealed that the DC compartment is more complex than
initially thought. A recent study also demonstrated that CD141*+ DCs display innate
resistance to infection by a broad range of enveloped viruses, including HIV, whereas
CD1c* cells are susceptible to infection (26). The ability of CD141+ DCs to resist
infection is conferred by Rab15, a vesicle-trafficking protein (26). It will be of interest to
determine the levels and roles of molecules such as Rab15, CD4, and coreceptors and
sensitivity to HIV-1 fusion and infection across the spectrum of DC subsets.

We also designed CD4 chimeras to redirect the receptor to various endosomal
compartments. This strategy was only partly successful. Addition of the cytoplasmic
domain of the early endosomal marker transferrin receptor (not shown) or EEA1 did not
redistribute CD4 from the plasma membrane. This might be due to the constant
recycling of early endosomal membrane components to the surface. However, addition
of the transmembrane and cytoplasmic domains of the LAMP1 lysosomal or TLR7
endosomal/lysosomal proteins prevented surface expression of the chimeras, which
were detected intracellularly. These two proteins partially costained with late endo-
somal/lysosomal markers. However, the intracellular CD4 molecules did not enhance
HIV fusion and productive infection. This strongly suggests that the presence of CD4 in
late endosomal/lysosomal compartments does not allow efficient access of incoming
HIV particles to the cytoplasm. It does not rule out the possibility that fusion might
occur in an earlier endosomal compartment. It is possible that virions reaching endo-
somes or lysosomes are rapidly degraded, preventing further fusion (64, 65). This is in
line with a previous report indicating that although HIV-1 enters MDDCs predominantly
through endocytosis, the endocytosed virions cannot initiate productive infection (34).
Another nonexclusive explanation is that most of the viral particles are captured upon
binding to lectins and then reach the nonlysosomal, nonacidic compartment that is
connected to the cell surface. It will be of interest to examine whether this intracellular
compartment, containing CD81 and other tetraspanins (7-11), may be a site of viral
fusion. Of note, we previously reported that HIV-2 fusion is low in MDDCs (20). We
further show here that, as for HIV-1, the poor access of incoming HIV-2 to the cytoplasm
is due to low CD4 levels at the plasma membrane.

The route of viral entry may modulate innate sensing and antigen presentation by
DCs (1, 38, 53, 66-68). As expected, infection of MDDCs overexpressing wild-type CD4
resulted in enhanced expression of the interferon-stimulated MxA gene (not shown),
indicating that the increased viral infection augmented innate sensing. In contrast, this
was not the case with the CD4 L1 or CD4 T7 chimera (not shown). It is tempting to
speculate that low viral accumulation and/or fusion within an endosomal/lysosomal
compartment may limit viral sensing by MDDCs. Whether antigen cross-presentation
may be modulated by the intracellular localization of CD4 deserves future study.

Interestingly, infection by HIV-1 BaL was not enhanced in MDDCs overexpressing
CD4. HIV-1 BalL was selected in macrophage cultures and has the ability to use low
levels of CD4 for fusion. However, adaptation to infect low-level CD4-expressing cells
may widen HIV-1 tropism but is associated with slower kinetics of entry and severely
impacts envelope functionality (69). Interestingly, the transmitted/founder strains that
most likely first encounter DCs at the site of infection require high levels of CD4 for
fusion, and their infection was enhanced in MDDCs overexpressing the receptor.
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In summary, our results indicate that multiple barriers prevent productive infection
of MDDCs by various HIV-1 and HIV-2 strains, the earliest of which is due to low CD4
surface levels that limit viral fusion.

MATERIALS AND METHODS

Cells and reagents. PBMCs were isolated from the blood of healthy donors by Ficoll centrifugation.
The blood was provided by the EFS (Etablissement Francais du Sang, the official French blood bank).
CD4* T lymphocytes and CD14+ monocytes were isolated from PBMCs by positive selection using
magnetic beads (CD4 and CD14 microbeads; Miltenyi Biotech). Primary CD4* T lymphocytes were
activated using phytohemagglutinin (PHA) (1 wg ml=") and grown in RPMI medium complemented with
10% heat-inactivated fetal calf serum (FCS) and interleukin 2 (IL-2) for 3 days before staining. MDDCs
were generated as described previously (20) by culturing monocytes with 50 ng ml~" IL-4 and 10 ng ml~’
granulocyte-macrophage colony-stimulating factor (GM-CSF) for 5 days. CHME3 microglial cells (termed
CHME cells here) have been described previously (54). The fusion inhibitors MVC and T-20 were from the
NIH AIDS reagent program.

Viruses and virus-like particles. HIV-1 strains were produced by calcium-phosphate transfection of
HEK-293T cells. HIV-1 NLADS8 is a chimera of HIV-1 NL4-3 with the AD8 CCR5-tropic envelope. HIV-1 THRO
and CHO77 are CCR5-tropic transmitted/founder viruses from the NIH AIDS reagent program. HIV-1 BaL
was obtained from culture supernatant of chronically infected MOLT cells (70). The HIV-2 strain GL-AN
was described previously(20). VSV-G-pseudotyped viruses were obtained by cotransfection of HEK-293T
cells with the corresponding proviruses and a VSV-G expression plasmid. For fusion assays, these viruses
were produced as described above in the presence of a plasmid encoding the Vpr—B-lactamase fusion
protein (42). For HIV-2, the plasmid encoding B-lactamase fused to HIV-2 Vpr was a kind gift from
Matthias Dittmar (71). VLPs containing Vpx were produced using SIV-3* WT plasmids as described
previously (13, 14). The CD4 mutants (CD4 E1, CD4 L1, and CD4 T7) were constructed by gene synthesis
and inserted in a pTrip CD4 WT vector (72). The vectors encoding CD4 WT, the various CD4 mutants,
CXCR4, and CCR5 were produced by cotransfection of HEK-293T cells with the corresponding pTrip
plasmid, the pR8.2 packaging construct, and a VSV-G expression plasmid.

Transduction of MDDCs and CHME cells. Monocytes were treated immediately after isolation with
Vpx-containing SIV VLPs in RPMI medium complemented with 10% FCS, 50 ng ml~" IL-4, 10 ng ml~’
GM-CSF, and 10 mM HEPES. After 2 h, the cells were suspended at 2 X 10 cells ml~" in the same medium
and transduced with the indicated lentiviral vectors at 75 ng p24 ml=" in 2.5 ml. The monocytes were
then differentiated into MDDCs and used at day 5 postdifferentiation. CHME cells were transduced as
described previously (54).

Infection and fusion assays. MDDCs were seeded in 96-well plates at 1 X 10° to 2 X 10° cells per
well. Infections were performed using the indicated viruses (at 100 to 300 ng ml~' p24 in 100 to 200 ul)
in the presence of 10 mM HEPES and 2 ug ml~" DEAE dextran. For viral replication assays, cells were
pretreated with Vpx-containing VLPs 2 h before viral exposure. The infection was monitored 3 days later
by flow cytometry. As expected, we did not detect productive infection of MDDCS in the absence of
Vpx-containing VLPs (not shown). Viral fusion was assessed as described previously (42). Briefly, MDDCs
were exposed to ultracentrifuged viruses containing the Vpr-B-lactamase fusion protein. After 2 h, the
cells were washed in cold CO,-independent medium (Invitrogen) without FCS. The cells were then
resuspended in CO,-independent medium supplemented with 10% FCS and incubated with the
CCF2-AM substrate (CCF2-AM kit; Invitrogen) in the presence of 1.8 mM probenecid (Sigma) for 2 h at
room temperature. After 3 washes in cold CO,-independent medium, the cells were either fixed in 4%
paraformaldehyde (PFA) for 10 min or surface stained with CD4-allophycocyanin (APC) antibody for 30
min at 4°C before fixing. The cells were then resuspended in phosphate-buffered saline (PBS)-1% bovine
serum albumin (BSA)-1.8 mM probenecid. The cleaved CCF2-AM fluorescence (excitation at 405 nm;
emission at 450 nm) was measured by flow cytometry using the DAPI (4’,6-diamidino-2-phenylindole)
channel on a FACSCanto Il (BD). In some experiments, the same DC samples were used to assess both
viral fusion and replication. We verified that the preincubation of MDDCs with Vpx-containing VLPs did
not impact viral fusion (not shown). Moreover, omitting DEAE dextran decreased the efficacy of viral
fusion, but overexpressing CD4 had the same impact on HIV fusion with or without DEAE dextran (not
shown). DMA was from Sigma. MDDCs were treated with increasing doses of the drug for 45 min before
addition of the virus or of 40-kDa dextran-fluorescein as a control. For fusion assays in CHME cells, cells
were seeded in 24-well plates at 1 X 10° cells per well 1 day before the experiment. The cells were then
left untreated or treated overnight with bafilomycin A1 at 10 or 100 nM. The cells were washed twice and
then used either for the Vpr-Blam assay or for immunofluorescence analysis.

Binding and uptake quantification by SIMOA p24 assay. MDDCs were seeded in 96-well plates at
1 X 105 to 2 X 105 cells per well. Infections were performed for 2 h using the indicated viruses (at 100
to 300 ng ml~" p24 in 100 to 200 wl). The cells were then washed and either processed for immuno-
fluorescence or lysed to measure cell-associated p24 levels by ultrasensitive digital enzyme-linked
immunosorbent assay (ELISA) (Simoa) (43).

Flow cytometry. Cell surface staining was performed for 30 min at 4°C with the following antibodies:
CD4-phycoerythrin (PE) (Miltenyi), CD4-APC (Beckman Coulter), and uncoupled CXCR4 and CCR5 (12G5
and clone 2D7 antibodies, respectively, from the NIH AIDS reagent program), DC-SIGN-PE (Beckman
Coulter), Lineage Cocktail 1 fluorescein isothiocyanate (FITC) (BD), CD11c-PE (Miltenyi), CD83-APC
(Becton Dickinson), CD86-PE (Beckman Coulter), and goat anti-mouse IgG2a A647 (Life Technologies). For
surface or intracellular staining, cells were fixed in 4% PFA for 10 min and incubated with the antibodies
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in PBS-1% BSA with or without 0.05% saponin. For Gag staining, cells were fixed in 4% PFA for 10 min
and incubated with the KC57-PE monoclonal antibody (Beckman Coulter) in PBS-1% BSA-0.05% saponin
for 30 min at 4°C. Samples were analyzed on a FACSCanto Il (BD).

Immunofluorescence. Cells were seeded on poly-L-lysine-coated coverslips and fixed in 4% PFA for

10 min. The cells were then stained as described previously (61) in PBS-1% BSA-0.05% saponin using the
following antibodies: CD4-biotin (Miltenyi), CD4 (AbCam), EEA1 (Cell Signaling), LAMP1 (Santa Cruz), Rab7
(Cell Signaling), mannose receptor (BD Pharmingen), streptavidin-Cy5 (Jackson), anti-rabbit A488 (Life
Technologies), and goat anti-mouse IgG1 Cy3 (Jackson). Samples were analyzed on a confocal micro-
scope (Leica LSM 700 upright).

Statistical analyses. Statistical analyses were performed using two-way analysis of variance

(ANOVA), followed by a Dunnett multiple-comparison test or (Fig. 1F, 2D, and 4B) one-way ANOVA

followed by Dunn’s multiple-comparison test using GraphPad Prism software.
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