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ABSTRACT

Monocyte-derived dendritic cells (MDDC) stimulate CD8" cytotoxic T lymphocytes (CTL) by presenting endogenous and exog-
enous viral peptides via major histocompatibility complex class I (MHC-I) molecules. MDDC are poorly susceptible to HIV-1, in
part due to the presence of SAMHD1, a cellular enzyme that depletes intracellular deoxynucleoside triphosphates (AINTPs) and
degrades viral RNA. Vpx, an HIV-2/SIVsm protein absent from HIV-1, antagonizes SAMHD]1 by inducing its degradation. The
impact of SAMHD]1 on the adaptive cellular immune response remains poorly characterized. Here, we asked whether SAMHD1
modulates MHC-I-restricted HIV-1 antigen presentation. Untreated MDDC or MDDC pretreated with Vpx were exposed to
HIV-1, and antigen presentation was examined by monitoring the activation of an HIV-1 Gag-specific CTL clone. SAMHDI] de-
pletion strongly enhanced productive infection of MDDC as well as endogenous HIV-1 antigen presentation. Time-lapse micros-
copy analysis demonstrated that in the absence of SAMHD1, the CTL rapidly killed infected MDDC. We also report that various
transmitted/founder (T/F) HIV-1 strains poorly infected MDDC and, as a consequence, did not stimulate CTL. Vesicular stoma-
titis virus glycoprotein (VSV-G) pseudotyping of T/F alleviated a block in viral entry and induced antigen presentation only in
the absence of SAMHD1. Furthermore, by using another CTL clone that mostly recognizes incoming HIV-1 antigens, we demon-
strate that SAMHD]1 does not influence exogenous viral antigen presentation. Altogether, our results demonstrate that the anti-
viral activity of SAMHD1 impacts antigen presentation by DC, highlighting the link that exists between restriction factors and
adaptive immune responses.

IMPORTANCE

Upon viral infection, DC may present antigens derived from incoming viral material in the absence of productive infection of
DC or from newly synthesized viral proteins. In the case of HIV, productive infection of DC is blocked at an early postentry step.
This is due to the presence of SAMHD1, a cellular enzyme that depletes intracellular levels of ANTPs and inhibits viral reverse
transcription. We show that the depletion of SAMHD1 in DCs strongly stimulates the presentation of viral antigens derived
from newly produced viral proteins, leading to the activation of HIV-1-specific cytotoxic T lymphocytes (CTL). We further show
in real time that the enhanced activation of CTL leads to killing of infected DCs. Our results indicate that the antiviral activity of
SAMHDI1 not only impacts HIV replication but also impacts antigen presentation by DC. They highlight the link that exists be-
tween restriction factors and adaptive immune responses.

IV-1-specific CD8™ cytotoxic T lymphocyte (CTL) activity
strongly correlates with control of viremia during acute in-
fection and progression to disease (1). Depletion of CD8™ T cells
in rhesus macaques infected with SIVmac leads to a failure to
control viral loads (2, 3). However, this antiviral response is not
capable of completely eliminating HIV-1. Viral replication per-
sists, leading to the establishment of reservoirs and progression to
disease in the absence of treatment. Understanding the require-
ments for an optimal CD8 " T cell response is key for the develop-
ment of vaccines and strategies to eliminate HIV-1-infected cells.
Dendritic cells (DC) are the most potent antigen-presenting
cells. In their immature form, they capture pathogens in periph-
eral tissues. Within the lymph nodes, matured DC present pro-
cessed antigens to CD8™ T cells, which in turn respond by killing
infected cells and inhibiting infection through the release of cyto-
kines and gamma interferon (IFN-vy). Immature DC can present
major histocompatibility complex class I (MHC-I) epitopes de-
rived from captured HIV-1 in the absence of productive infection
(4, 5). Nevertheless, stimulation of CTL through this pathway

6994 jviasm.org

Journal of Virology

likely is less efficient than stimulation by endogenous antigens,
even when viral entry is enhanced through vesicular stomatitis
virus (VSV) pseudotyping of HIV-1 particles (4, 6). DC do not get
readily infected by HIV-1, in large part due to the presence of
SAMHDI, an antiviral protein that blocks infection at an early
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postentry step (7, 8). SAMHD1 is a INTP hydrolase that depletes
the intracellular pool of INTPs in myeloid cells, limiting the avail-
ability of substrates for viral DNA synthesis (9-12). SAMHD1 also
binds and degrades incoming HIV-1 RNA through its RNase ac-
tivity (13). The relative contribution of each of these two functions
to HIV-1 restriction has yet to be clarified. In any case, inhibition
of SAMHDI1 enhances productive infection of DCs by cell-free
and cell-associated HIV-1 (8, 14). Moreover, upon HIV-1 expo-
sure, the absence of SAMHDI1 leads to maturation of DCs and
secretion of type I IFN (14, 15). Maturation of DCs also leads to
the priming of CD8* T cells (15). Altogether, SAMHD1 seems to
have both beneficial and detrimental effects on HIV-1 replication.

HIV-1 has evolved to circumvent both restriction factors and
innate and adaptive immunity. Vpu, for example, downmodu-
lates Tetherin, which senses and retains viral particles at the cell
surface (16-18). Nef downmodulates MHC molecules to limit
recognition of viral peptides by adaptive immunity (19-22).
APOBEC3G introduces lethal mutations into HIV-1 DNA (23—
25). APOBEC3G-edited genomes generate truncated forms of vi-
ral proteins, which are efficiently processed for antigen presenta-
tion, enhancing stimulation of HIV-1-specific CTL (26). By
degrading APOBEC3G, Vif enhances viral replication and limits
antigen presentation. In the case of SAMHDI1, HIV-2 targets
SAMHD1 for degradation through Vpx, whereas this function is
lacking in HIV-1. An attractive hypothesis as to why HIV-1 does
not block SAMHDI] activity involves the necessity to bypass im-
mune detection. HIV-1 may maintain the antiviral immune re-
sponse at a low level in DCs at the expense of high replication
levels.

The role of SAMHD1 in HIV-1 antigen presentation and cross-
presentation has not been investigated extensively. To address
this question, we studied the ability of monocyte-derived DC
(MDDC), treated with Vpx or left untreated and exposed to
HIV-1, to stimulate HIV-1-specific CD8™" T cell clones. We found
that with Vpx, HIV-1-exposed MDDC strongly enhanced stimu-
lation of CTL. This stimulation leads to inhibition of viral repli-
cation and rapid killing of infected MDDC by CTLs. Vpx en-
hanced presentation of viral peptides through the endogenous
pathway but had no effect on exogenous antigen presentation.
Finally, we demonstrate that MDDCs are poorly sensitive to in-
fection by R5-tropic transmitted/founder (T/F) HIV-1 strains
(27) and do not present antigen derived from these viruses. Vpx is
capable of enhancing infection and antigen presentation of T/F
viruses only if viral entry is optimized by vesicular stomatitis virus
glycoprotein (VSV-G) pseudotyping. Altogether, our results dem-
onstrate that SAMHD1 limits HIV-1 antigen presentation by DC.

MATERIALS AND METHODS

Cells and viruses. Peripheral blood mononuclear cells (PBMC) were iso-
lated by Ficoll density gradient from blood of healthy human donors
purchased from the Etablissement Francais du Sang (Paris, France).
PBMC were screened by flow cytometry for expression of HLA-A2 (BD
Pharmingen) or HLA-B27 (One Lambda). Purified CD14" monocytes
were positively selected from PBMC using anti-CD14 magnetic beads
(Miltenyi Biotec). CD14™ cells were differentiated into monocyte-derived
dendritic cells (MDDC) by culture in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin, 10 ng/ml of
recombinant human granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Miltenyi Biotec), and 50 ng/ml recombinant human interleu-
kin-4 (IL-4; Immunotools). Fresh medium with cytokines was added at
day 3, and cells were infected at day 5. Primary autologous CD4™ T cells
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were purified from PBMC using anti-CD4 magnetic beads (Miltenyi Bio-
tec) and activated with phytohemagglutinin (PHA; 1 wg/ml; Remel Eu-
rope Ltd.) for 24 h. Cells were cultured in IL-2-containing RPMI medium
for 5 days. The HLA-A2-restricted HIV-1-specific CTL clone EM40F21 is
specific for the SL9 epitope (SLYNTVATL; amino acids 77 to 85 in Gag
p17) and has been described previously (28). The HLA-B27-restricted
KK10 CTL clone is specific for the KK10 epitope (KRWIILGLNK; amino
acids 263 to 272 in Gag p24 capsid) and also has been described previously
(29).

VSV-G-pseudotyped HIV-1 strains, wild-type (WT) HIV-1, and
SIVmac virus-like particles (VLP) which either express Vpx or do not
express Vpx were produced as previously described (8, 14). HIV-1 virus
strains used were SF2, NL4-3, NL(AD8) (an NL4-3 strain which contains
an R5-tropic envelope), and T/F HIV-1 strains (WITO, RHPA, CH040,
CHO077, and THRO), obtained from NIH AIDS Reagent Program. NL4-
3-IRES-GFP has been described previously (30).

MDDC infection and intracellular staining. MDDC were incubated
for 2 h with STVmac VLP and then plated at 10° cells in 500 pl of medium
in 24-well plates. Various amounts of virus (ranging from 5 to 50 ng of
p24) were added into wells and incubated for 2 h at 37°C. Medium was
replaced by fresh RPMI containing IL-4 and GM-CSF, and cells were
incubated for 24 h. Where indicated, raltegravir (RAL) was added at a final
concentration of 1 wM. Cells were fixed with phosphate-buffered saline
(PBS) containing 4% paraformaldehyde and then permeabilized with PBS
containing 1% bovine serum albumin (BSA) and 0.5% Triton X-100 for
15 min at 4°C. Cells were washed with PBS plus 1% BSA and then stained
for Gag (KC57 clone; phycoerythrin [PE]; Beckman Coulter) and
SAMHDI1 (I19-18 clone; Alexa Fluor 488; generated by the Institut Pas-
teur antibody production core facility). For surface staining of HLA-A2
(BD Pharmingen) and MHC-I (Sigma), antibodies were incubated with
cells before fixing with paraformaldehyde (PFA). Cells were washed and
analyzed using a FACSCanto II flow cytometer (Becton Dickinson).

T cell activation assays. (i) ELISPOT assay. A total of 10° MDDC,
infected as described above, were cocultured with 2,500 EM40F21 CTL for
18 h in 96-well enzyme-linked immunosorbent spot (ELISPOT) assay
plates (MSIPS4W10; Millipore). When indicated, 1 .M RAL was added to
cultures. As a positive control, MDDC were incubated with 1 M cognate
peptide (SL9) for 3 h before addition of CTL. IFN-y production was
measured as previously described (4). Background IFN-vy secretion by
CTL cultured with uninfected MDDC are included.

(i) Flow cytometry. A total of 5 X 10* HLA-B27" MDDGC, treated
with SIVmac VLP, were infected with 50 ng/ml p24 SF2(VSV) for 24 h and
then cocultured with 5 X 10* KK10 CTL clones in round-bottom 96-well
plates. When indicated, 1 uM RAL was added in cultures. As a positive
control, MDDC were pulsed with 0.1 wM KK10 peptide for 2 h at 37°C.
After 1 h of coculture, 5 pg/ml brefeldin A (Molecular Probes, Life Tech-
nologies) was added into wells, and incubation was continued for a fur-
ther 6 h at 37°C. Cells then were stained for CD8 (Miltenyi) and live/dead
marker (Invitrogen) at room temperature for 10 min. After fixing with
PBS containing 4% paraformaldehyde at 4°C, cells were washed and per-
meabilized in PBS containing 0.1% BSA and 0.05% saponin and then
stained for MIP1-B (R&D Systems Europe), IFN-vy (BioLegend), tumor
necrosis factor alpha (TNF-a) (BioLegend), and IL-2 (BioLegend) for 30
min at 4°C. Samples were analyzed using a FACSCanto II flow cytometer
(Becton Dickinson). Activated CTL corresponded to the percentage of
CD8-positive cells, gated on live cells, simultaneously expressing MIP1-3,
IFN-v, TNF-q, and IL-2.

siRNA treatment. Small interfering RNA (siRNA) specific for
SAMHD1 (M-013950-00) and an siRNA control (D-001206-14-05) were
purchased from Dharmacon. MDDC were transfected with 100 nM
siRNA using HiPerFect reagent (Qiagen) in 12-well plates, as previously
described (14). Cells were cultured in complete medium supplemented
with IL-4 and GM-CSF. At 5 days posttransfection, SAMHD1 silencing
was assessed by flow cytometry. Cells were infected with HIV-1 SF2 for 48
h and cocultured with EM40F21 CTL for 18 h in an ELISPOT assay.
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Viral inhibition assays. Indirect killing of MDDC was assessed by
monitoring the disappearance of Gag-positive MDDC in cocultures with
CTL. MDDC were labeled with DDAO far-red dye (Life Technologies)
and treated with SIVmac VLP. A total of 5 X 10* MDDC were plated into
round-bottom 96-well plates and infected with 0.5 ng of p24 for 2 h at
37°C. Medium was replaced and cells were incubated further for 24 h.
After washing, 2.5 X 10* CTL clones were added into wells, rapidly cen-
trifuged at 1,000 rpm, and incubated for 24 h. In experiments where
CD8" T cell degranulation was analyzed, infected unlabeled MDDC were
incubated for 48 h, and CD107a antibody (BD Bioscience) was added
directly into the medium together with CTL. Cells were collected at 2 h, 5
h, or 24 h postaddition of CTL and stained for surface DC-Sign (R&D
Systems Europe) and CD8 (IoTest). Cells were fixed with PBS containing
4% paraformaldehyde and then stained for intracellular Gag (KC57 clone;
Beckman Coulter) in PBS containing 1% BSA and 0.05% saponin and
analyzed by flow cytometry.

Viral transfer assays. MDDC were infected as described above for the
viral inhibition assays. After 24 h of culture, 5 X 10* autologous CD4" T
cellsand 2.5 X 10* CTL clones were added into wells and cocultured for 96
h in IL-2-containing medium. When indicated, RAL was added at the
same time as CD4™ T cells and CTL. Cells were stained for surface DC-
Sign (R&D Systems) and CD4 (Miltenyi), and intracellular Gag then was
analyzed by flow cytometry.

Time-lapse imaging of MDDC killing. MDDC were treated with
SIVmac VLP and infected with VSV-pseudotyped NL4.3-IRES-GFP (50
ng of p24 per 10° cells) for 48 h. A total of 2.5 X 10° MDDC were mixed
with 7.5 X 10* CTL in complete medium and plated onto fibronectin-
coated multiexperiment U-dishes (Hi-Q4; Nikon). 4’,6-Diamidino-2-
phenylindole (DAPI) reagent was added directly into the medium to
monitor for cell death. As a positive control, MDDC were labeled with
CMRA (Molecular Probes, Life Technologies) and pulsed with 1 wM SL9
peptide for 3 h before culture with CTL. Images were acquired every 3 min
using a Nikon Biostation IMQ. Cell death was determined as morpholog-
ical change and the appearance of DAPI in infected MDDC following
contact with CTL. Image analysis and tracking were performed using
ImageJ (FIJI).

Statistical analyses. Statistical tests were performed with GraphPad
Prism 5.

RESULTS

Downmodulation of SAMHDI1 by Vpx or by siRNAs increases
stimulation of CTL by HIV-1-infected MDDC. We first investi-
gated whether SAMHDI1 influences HIV-1 antigen presentation.
To this end, immature MDDC were preincubated for 2 h with
VSV-G-pseudotyped SIVmac VLPs which either express Vpx or
do not express Vpx (31). The cells then were infected with two
different HIV-1 strains, SF2 or NL4-3, pseudotyped with VSV-G
(Fig. 1A). After 24 h, MDDC were either maintained alone or
cultured for 18 h with an HIV-1-specific CD8" CTL clone,
EM40F21 (28). EM40F21 was derived from an HIV-1-infected
patient and recognizes the immunodominant Gag p17 epitope,
SL9, presented by HLA-A2. As expected, preincubation of MDDC
with VLPs containing Vpx leads to SAMHD1 degradation and a
strong increase in Gag levels detected by flow cytometry (Fig. 1B
and C). Raltegravir (RAL), an integrase inhibitor, decreased the
Gag signal, indicating that it corresponded to newly synthesized
molecules. After coculture, CTL stimulation was analyzed by mea-
suring IFN-y production in an ELISPOT assay. In the presence of
SAMHDI, HIV-1-exposed MDDC induced weak secretion of
IFN-v, close to background levels obtained with noninfected cells
(Fig. 1D). This was consistent with the small amount of intracel-
lular Gag (Fig. 1B and C). Depletion of SAMHD1 in MDDC in-
fected with SF2 or NL4-3 induced a 14- or 9.5-fold increase in
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IFN-v levels, respectively. RAL reduced IFN-vy secretion to almost
background levels, indicating that at the viral inoculum used,
stimulation of CTL was due primarily to endogenous peptides.
Similar results were obtained in MDDC infected with nonpseu-
dotyped HIV-1 (see Fig. S1A in the supplemental material). We
did not observe a difference in the amount of surface MHC-I and
HLA-A2 in cells infected in the presence or absence of Vpx (see
Fig. S1B). Therefore, the enhanced CTL activation likely resulted
from an increase in the amount of Gag synthesized in MDDC and
not from a higher MHC-I surface density. Moreover, Vpx did not
influence presentation of the control SL9 peptide, excluding a role
of Vpx on CTL activation (Fig. 1D).

We next silenced SAMHD1 in MDDC using siRNA. SAMHD1-
directed siRNA, but not control siRNA, decreased the levels of the
protein in a fraction of MDDC, as assessed by flow cytometry (Fig.
1E). As expected (8, 14), SAMHD1 silencing led to the appearance
of 6- to 10-fold more Gag-expressing cells after HIV-1 infection
(not shown). Moreover, in SAMHD1-silenced cells, this enhanced
sensitivity to HIV-1 infection was associated with a significant
increase in the activation of HIV-1-specific CTL (Fig. 1F).

Together, these experiments indicate that depletion of
SAMHDI by Vpx or by siRNAs enhanced antigen presentation
upon HIV-1 exposure of MDDCs.

Depletion of SAMHD1 in MDDC does not affect exogenous
antigen presentation. We asked whether SAMHD1 could modu-
late exogenous presentation of HIV-1, a phenomenon that does
not require productive infection of MDDC. We exposed MDDC
to high viral loads of VSV-G-pseudotyped SF2 in order to increase
the amount of incoming viral material. In this setting, the total
number of Gag-expressing cells detected by flow cytometry after
48 h could be separated into two populations depending on the
mean fluorescence intensity (MFI) of the staining (Fig. 2A and B):
a “Gag-high” population (~40% of total cells) and a “Gag-low”
population (~20% of total cells). The Gag-high population ap-
peared in the presence of Vpx and was sensitive to RAL, indicating
that it corresponded to newly synthesized viral proteins. The Gag-
low population was detected with or without Vpx and was resis-
tant to RAL. Inhibiting reverse transcription with nevirapine did
not diminish the percentage of Gag-low cells (not shown). Fur-
thermore, the Gag-low population was detected as soonas 2 to 6 h
after viral exposure (see Fig. S2 in the supplemental material),
confirming that this population harbored captured virions. When
cultured with EM40F21 CTL in an IFN-y ELISPOT assay, MDDC
exposed to high viral loads were capable of stimulating CTLs in the
absence of Vpx (Fig. 2C). As with the low virus inocula, depletion
of SAMHDI led to an increase in T cell activation (3-fold). This
increase resulted from productive infection of MDDC, since RAL
diminished levels of IEN-y. Moreover, Vpx did not significantly
decrease IFN-vy secretion when cells were infected in the presence
of RAL, suggesting that SAMHD1 has no effect on HIV-1 presen-
tation of incoming virions.

To further confirm these results, we cocultured infected HLA-
B27" MDDC with an HLA-B27-restricted CD8 " T cell clone spe-
cific for the HIV-1 KK10 Gag p24 epitope. The KK10-specific
clone efficiently recognizes the epitope when it is derived from
incoming viral particles (29). After 24 h of infection, MDDC were
cultured with KK10 CTL for 6 h, a setting at which the KK10 clone
is stimulated mainly by exogenous peptides (29). As with HLA-
A2" MDDG, infection of HLA-B27" MDDC resulted in the de-
tection of a Gag-high and Gag-low population (Fig. 2D). Activa-
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strain (20 ng p24 and 100 ng p24, respectively). Where indicated, raltegravir (RAL) was added to the medium at the same time as the virus. Cells were washed after
2 h and cultured in medium alone or in medium with RAL. After 24 h, 10> MDDC were cultured alone for 18 h and monitored for expression of Gag and
SAMHDI by flow cytometry. In parallel, MDDC were cultured with EM40F21 CTL at a 40:1 ratio for 18 h in an IFN-y ELISPOT assay. (B) Dot plots show
percentages of MDDC expressing Gag and SAMHD]1 from one representative experiment out of five. (C) The mean (* standard deviation [SD]) percentages of
Gag® MDDC from three independent experiments are indicated on the graph. (D) The number of IFN-y spots per well (nb spots/well) is shown on the graph.
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duplicates from at least two independent experiments. Statistical significance was assessed by a Mann-Whitney test (**, P < 0.005; ns, nonsignificant [P > 0.05]).
(E) MDDC were treated with either control siRNA (siCTRL) or SAMHD1-specific siRNA (siSAMHD1). Histograms show expression of SAMHD1, monitored
by flow cytometry, 5 days after treatment in one representative experiment. (F) Five days after siRNA treatment, MDDC were infected with VSV-G-pseudotyped
HIV-1 SF2 for 48 h. Cells were cocultured with EM40F21 CTL for 18 h in an IFN-y ELISPOT assay. Data are means (% SD) of duplicates from two independent
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without EM40F21 CTL, and flow cytometry and ELISPOT analysis were carried out as described for Fig. 1A. Dot plots show the percentage of cells with a high
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from three independent experiments, except NI, which represents mean (£ SD) values from two experiments. Statistical significance was assessed by a
Mann-Whitney test (*, P < 0.05; ns, nonsignificant [P > 0.05]).

tion of the KK10 clone was monitored by flow cytometry for
IEN-v, TNF-a, MIP1-B, and IL-2 expression. In the absence of
Vpx, MDDC induced activation of 16% of KK10-specific CTL
(Fig. 2E). When cells were treated with RAL, the Gag-low popu-
lation was not diminished and T cell activation was maintained at
17% (Fig. 2E). Thus, the KK10 CTL response was induced pre-
dominantly by presentation of antigens derived from incoming
viral capsid and minimally by endogenous antigens. Pretreatment
of MDDC with Vpx induced a 5-fold increase in Gag* cells but

of incoming virions led to similar results but with a higher per-
centage of activated T cells, indicating that the lack of variation
observed was not due to saturation of CTL stimulation (not
shown).

Therefore, our results, obtained with two different CTL
clones, indicate that SAMHD1 does not influence the exoge-
nous presentation of HIV-1 antigens in the absence of produc-
tive infection.

HIV-1 replication in Vpx-treated MDDC is abrogated in the

only a 1.3-fold increase in stimulation of the KK10 clone (~20%
of activated CTL). In Vpx-treated MDDC, RAL strongly dimin-
ished the Gag-high population while maintaining the Gag-low
population. With RAL, the CTL were similarly activated in the
presence or in the absence of Vpx (Fig. 2E). Increasing the amount
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presence of CTL. Activated CTL eliminate infected target cells by
direct lysis or by releasing antiviral factors and chemokines that
block spreading of HIV-1 (32-35). We examined the outcome of
SAMHDI depletion on viral replication in MDDC in the presence
of Gag-specific CTLs. MDDC were infected with VSV-G-pseu-
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dotyped HIV-1 in the presence or absence of Vpx for 24 h and then
cultured for a further 24 h with or without EM40F21 CTL. When
cultured alone, 15% to 25% of MDDC were Gag™" with Vpx (Fig.
3A, top left, and B, left). Coculture of infected HLA-matched
MDDC with CTL diminished the amount of Gag* MDDC to
levels approaching those observed in the absence of Vpx, ~3.5and
1.5% Gag™ cells, respectively (Fig. 3A, bottom left, and B, left).
Under these conditions, SAMHDI1 depletion did not confer an
advantage to HIV-1 replication in the presence of activated CTL.
Clearance of infection was HLA dependent, since the amount of
Gag in HLA-mismatched MDDC was similar both in the presence
and absence of CTLs (Fig. 3A and B, right). Furthermore, we ob-
served that while Gag expression remained constant over 24 h in
MDDC cultured alone, the amount of Gag* MDDC rapidly de-
clined over time in the presence of CTL (Fig. 3C). A 2.2-fold de-
crease in the amount of infected MDDC occurred as early as 2 h
after culture with CTL (Fig. 3D).

We next investigated whether inhibition of viral infection in
MDDC was due to CTL-mediated cell lysis. VLP-treated MDDC
infected with VSV-G-pseudotyped HIV-1 were cocultured with
CTL in the presence of CD107a antibody, a marker for CTL de-
granulation (36). CD107a expression at the surface of CD8™ cells
was monitored over time. In the absence of Vpx, a CD107a signal
was detected, similar to the results for noninfected conditions
(Fig. 3E and F, compare no Vpx and NI). In the presence of Vpx,
infected MDDC strongly induced the expression of CD107a, in-
dicating that activated CTL displayed enhanced cytotoxic func-
tions. CTL degranulation occurred as soon as 2 h after exposure to
MDDOC (Fig. 3G) and correlated with the decrease in the amount
of Gag” MDDC detected in cultures at the same time points (Fig.
3C and F). Levels of CD107a decreased over time, likely due to
antibody internalization.

Altogether, these results indicate that depletion of SAMHD1
increases the amount of intracellular Gag, enabling CTLs to effi-
ciently recognize MDDC and to inhibit viral replication.

CTL rapidly lyse MDDC productively infected with HIV-1.
We next asked whether CTL activation leads to killing of infected
MDDOC. To this aim, we infected Vpx-treated MDDC with NL4-3
HIV-1, encoding internal ribosome entry site-green fluorescent
protein (IRES-GFP), and analyzed MDDC-CTL cultures using
time-lapse microscopy. Adding DAPI, a nonpermeable cell
marker that stains the nucleus of dying or dead cells, to the me-
dium allowed us to monitor in real time the death of GFP-express-
ing cells. One image was recorded every 3 min for 5 h.

In the absence of virus, only rare MDDC were killed after entering
into contact with CTLs (Fig. 4B; also see Fig. S3B in the supplemental
material). As a control for CTL-induced cell death, we preexposed
MDDOC, labeled with a red dye (CMRA), to the Gag SL9 peptide

before culture with CTL (Fig. 4A; also see Movie S1 in the supplemen-
tal material). Peptide-pulsed MDDC rapidly changed morphology
and stained for DAPI following interaction with CTL. The majority of
SL9 peptide-loaded MDDC were killed after a single and short con-
tact with CTL (Fig. 4B, C, D, and E). The whole-cell population was
destroyed by 3 h postcoculture (Fig. 4B and C).

We then analyzed the behavior of HIV-1-infected MDDC
from two independent donors. Upon productive infection,
MDDC established contact with CTL, which led to morphological
changes and the death of the infected cell (Fig. 4A; also see Movie
S2 in the supplemental material). We analyzed 22 infected cells for
time of contact with CTL and CTL-mediated cell death (Fig. 4B;
also see Fig. S3B). About 45% of infected MDDC were dead at the
end of the 5-h video. This quantification was consistent with a
flow cytometry analysis of cells recovered after filming (see Fig.
S3C). Analysis of the video revealed various modes of interaction
and duration of contacts between MDDC and CTL (Fig. 4D and
E). In most cases, MDDC interacted with one CTL that main-
tained contact until the target started dying (Fig. 4D). In other
cases, multiple CTL contacts were necessary for the killing of in-
fected MDDC. Some CTL killed their targets after only 30 to 40
min of contact, while other CTL maintained contact for 1 to 3 h
before killing (Fig. 4E).

Together, the results indicate that in the presence of HIV-1-
specific CTL, Vpx-mediated HIV-1 infection of MDDC leads to a
rapid lysis of infected cells.

Killing of MDDC by CTL inhibits transmission of HIV-1 to
CD4™" T cells. We next asked if CTL inhibits HIV-1 transmission
from MDDC to CD4* T cells. Infected MDDC were cultured with
autologous CD4™ T cells in the presence or absence of CTL for 96
h and then analyzed for Gag expression (Fig. 5A). Without Vpx, in
the absence of CTL, low levels of Gag (about 2%) were detected
in CD4 " T cells (Fig. 5B and C). RAL abrogated Gag expression in
CD4" T cells. CTL induced only a 1.3-fold decrease in HIV-1
transmission (Fig. 5B and C). With Vpx-treated MDDC, up to
40% of CD4™ T cells were infected in the coculture. Under these
conditions, the addition of CTL led to a 3-fold decrease in HIV-1
transmission to CD4 ™ T cells (Fig. 5D). The residual viral trans-
mission likely was due to the fact that CTL did not completely
eliminate infected MDDC in our settings (Fig. 5E). These results
demonstrate that killing of infected MDDC in the presence of Vpx
inhibits HIV-1 transmission to CD4™ T cells.

Vpx rescues infection and antigen presentation of VSV-G-
pseudotyped T/F HIV-1. T/F viruses preferentially exhibit R5 tro-
pism but have been shown to poorly infect macrophages and den-
dritic cells (27, 37, 38). Vpx increases infection of macrophages by
T/F HIV-1 (39). Therefore, we explored if SAMHDI1 depletion

and incubated with either EM40F21 CTL at a 2:1 ratio or with medium alone for 24 h and then analyzed by flow cytometry. Plots are gated on far red " cells, and
values in each panel represent the percentage of Gag ™ cells in Vpx-treated MDDC. One representative experiment out of three is shown. (B) Graphs show mean
numbers (*+ SD) of Gag™ MDDC from three independent experiments. Statistical significance was assessed by a two-way analysis of variance (ANOVA) test (**,
P < 0.005; ns, nonsignificant [P > 0.05]). (C) MDDC were infected as described for panel A and incubated with either EM40F21 CTL or with medium alone. Cells
were monitored for Gag expression by flow cytometry in DC-Sign™ cells after 2 h, 5 h, and 24 h of coculture. One representative experiment out of three is shown.
(D) Mean numbers (* SD) of Gag™ MDDC after 2 h of culture with CTL are represented from two independent experiments. (E and F) MDDC were treated as
described for panel C, and CD107a antibody was added directly into wells during coculture with CTL. MDDC loaded with SL9 peptide were used as a positive
control. Cells were collected after 2 h, 5 h, and 24 h of culture and analyzed by fluorescence-activated cell sorting (FACS) for CD8, DC-Sign, and Gag expression.
Plots are gated on CD8™ T cells, and values in each panel represent the percentage of CD107a™ cells. The graph represents percentages of CD8"* CD107a™ cells
in one representative experiment out of three. (F) Mean (% SD) percentages of CD8 " cells expressing CD107a after 2 h of culture with MDDC are represented
from three independent experiments. Statistical significance was assessed by a Mann-Whitney test (*, P < 0.05; ns, nonsignificant [P > 0.05]).
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could rescue infection of T/F viruses and enhance viral antigen  trol, the NL(AD8) R5-tropic strain. NL(AD8) poorly infected
presentation in MDDC. MDDC (5% of Gag" cells at 96 h pi) (Fig. 6A). As expected, Vpx

We used a panel of five previously described T/F viruses increased NL(ADS) infection, reaching ~22% of Gag™ cells. This
(WITO, RHPA, CH040, CH077, and THRO) (27) and, as a con-  increase was associated with an enhancement of SL9-specific
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CTL stimulation (Fig. 6B). In contrast, Vpx modestly increased
infection by T/F viruses, with a maximum of 4% Gag™ cells
infected with THRO and less than 3% for the four other T/F
viruses (Fig. 6A). IFN-vy secretion was undetectable in
ELISPOT assays using MDDC infected with T/F HIV-1 and was
not enhanced by Vpx (Fig. 6B).

We next addressed whether Vpx increases infection and anti-
gen presentation of VSV-G-pseudotyped T/F HIV-1. As expected,
MDDC were poorly susceptible to the pseudotyped viruses with-
out Vpx (~1.5% of Gag™ cells) (Fig. 6C). Addition of Vpx trig-
gered infection of MDDC (up to 40% of Gag™ cells), indicating
that upon entry into MDDC, pseudotyped T/F HIV-1 strains are
sensitive to SAMHD1 (Fig. 6C). When cultured with EM40F21
CTL, Vpx increased CTL stimulation by VSV-G-pseudotyped T/F
viruses (Fig. 6D). We observed different levels of CTL activation
depending on the T/F virus. WITO, RHPA, and CH040 induced a
strong response, whereas CH077 and THRO were poorly recog-
nized by CTL (Fig. 6D). Differences in the ability of T/F viruses to
stimulate CTL may result from differential antigen processing due
to variations in epitope-flanking sequences (40), since CH077 and
THRO encode SL9 sequences identical to those of CH040 and
NL(ADS), respectively (see Fig. S4 in the supplemental material).
IEN-vy secretion by CTL was associated with a CTL-induced inhi-
bition of infection (see Fig. S4).

Taken together, the results indicate that T/F viruses poorly
infect MDDC because of an entry defect. Pseudotyping T/F vi-
ruses with VSV-G allowed viral entry and productive infection
only when SAMHD1 was degraded by Vpx. Moreover, SAMHD1
limits antigen presentation by MDDC infected with pseudotyped
T/F viruses.
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DISCUSSION

While the role of SAMHDI in restriction and sensing of HIV-1
was described previously, its impact in the adaptive immune re-
sponse remains less characterized. We investigated the role of
SAMHDI in MHC-I-restricted viral antigen presentation by
MDDC. We analyzed the activation of two HIV-1-specific CTL
clones cocultured with MDDC exposed to different viruses in the
presence or absence of Vpx. CTL activation was assessed by mea-
suring IFN-vy by ELISPOT assay or cytokine production by flow
cytometry. CTL degranulation was monitored by CD107a surface
expression. To study the effect of CTLs on HIV-1 infection, we
monitored the disappearance of Gag™ MDDC and visualized
death in real time using time-lapse microscopy.

We show that degradation of SAMHD1 by Vpx in HIV-1-in-
fected MDDC leads to a strong increase in MHC-I-restricted en-
dogenous presentation of viral peptides. However, Vpx had no
effect on HIV-1 exogenous presentation. CTL induced the disap-
pearance and killing of Vpx-treated Gag " MDDC. This killing was
antigen specific, since CTL also briefly contacted uninfected tar-
gets but did not eliminate them. Of note, we did not observe a
downmodulation of MHC-I in productively infected MDDC and
found that, in agreement with previous studies (41, 42), the stim-
ulation of CTL was similar whether or not the virus expressed Nef
(not shown).

The specific CTL response has been associated with immune
control of HIV-1 infection, strongly suggesting that elimination of
infected cells limits viral spread and progression to disease (43).
To our knowledge, no real-time visualization of the killing of
HIV-1-infected MDDC by CTL has been described previously.
Here, we show that when MDDC are sufficiently infected follow-
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ing SAMHDI1 degradation, the levels of antigens generated lead to
efficient recognition by CTL and death. This process occurred
between 30 min and 3 h after interaction with CTL, and some-
times several attempts were necessary before contact led to killing.
In contrast, the majority of MDDC pulsed with a high dose of SL9
peptide was killed after a single and short (about 30 min) contact
with CTL. This is in agreement with previous studies demonstrat-
ing that when target cells display strong antigenic stimuli, CTL
maintain strong contact until the death of the target (44, 45).
HIV-1-infected MDDC likely present different levels of epitopes,
depending, for example, on the stage of infection, which may in
turn affect the ability and rapidity of CTL to recognize these tar-
gets. We hypothesize that the killing of MDDC, at least with the
EM40F21 CTL clone tested, resulted mainly from the recognition
of newly synthesized viral molecules, since we did not observe an
effect of Vpx on the efficiency of early exogenous antigen presen-
tation. In the absence of Vpx, antigen levels are low, and although
CTL stimulation can occur through exogenous presentation of
antigens, this process is less efficient than endogenous presenta-
tion (4, 6, 28). Thus, by not having a vpx gene, HIV-1 may avoid
high antigen expression and presentation, favoring viral spread. In
agreement with this, we observed a strong inhibition of HIV-1
transmission from Vpx-exposed MDDC to autologous CD4" T
cells in the presence of CTL, whereas the transmission of HIV-1
from untreated MDDC to CD4 ™ T cells was minimally affected by
CTL. Further studies will help to determine whether other CTL
clones, targeting different viral epitopes and displaying various
avidities (45), recognize and kill infected DCs with different effi-
cacies. Future work also will help to assess whether the maturation
state of DCs affects the efficiency of SAMHD1-mediated enhance-
ment of antigen presentation.

It has been reported that the initial antigen-specific CTL re-
sponse to T/F viruses contributes to the control of acute viremia in
infected individuals (46, 47). How T/F viruses interact with
MDDCs and induce antigen presentation is not fully character-
ized. In vitro, DCs bind T/F HIV-1 and efficiently transfer these
viruses to CD4 ™" T cells (37). We further show here that T/F HIV-1
poorly infected MDDC, even in the presence of Vpx; hence, it did
not promote stimulation of HIV-1-specific CTL. The inability of
T/F viruses to infect MDDC was due to inefficient viral entry, since
VSV-G pseudotyping rescued infection and antigen presentation
in the presence of Vpx. Therefore, Vpx fails to confer a replicative
advantage to nonpseudotyped T/F HIV-1 in MDDC. This sug-
gests that Vpx is not essential for myeloid-dependent viral prop-
agation during primo-infection. In favor of this hypothesis, a re-
cent study demonstrated that myeloid cells localized in mucosal
sites from SIVsm-infected primates contained very small amounts
of viral DNA (48). Myeloid cells in lymphoid tissues, however,
contained viral DNA, but this was not dependent on the presence
of Vpx. Rather, viral DNA in myeloid cells arose from phagocyto-
sis of infected T cells (48, 49). The phagocytosis of living or dying
infected cells also may represent a source of exogenous viral anti-
gens (50, 51). This further suggests that in vivo, HIV-1 avoids
productive infection of DCs.

Several studies reported slower viral replication and progres-
sion to AIDS in primates infected with a vpx-deleted simian im-
munodeficiency virus mutant (48, 52-54). This may result from
the ability of Vpx to increase infection in resting CD4 ™ T cells, a
population which is highly refractory to HIV-1 (55-57). Further
work will help to determine if SAMHDI, by controlling HIV-1
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infection of resting CD4™" T cells (55, 56), also impacts viral anti-
gen presentation by these cells upon cell activation. It also will be
interesting to investigate the role of Vpx in HIV-2 antigen presen-
tation. We recently observed that primary HIV-2 strains do not
productively infect MDDC, even though they naturally encode
Vpx (58). Thus, HIV-2, like the laboratory-adapted and T/F
HIV-1 strains described here, may limit infection of DCs to lower
immune detection. Overall, our results highlight how the antiviral
activity of restriction factors affects the adaptive immune re-
sponse. Our results also suggest that SAMHD1 inhibitors, by en-
hancing viral antigen presentation by DCs, are interesting candi-
dates to manipulate the immune response to HIV-1.
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