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HIV-2 Depletes CD4 T Cells through Pyroptosis despite Vpx-
Dependent Degradation of SAMHD1

Xiaoyu Luo,a Eytan Herzig,a Gilad Doitsh,a Zachary W. Grimmett,a Isa Muñoz-Arias,a Warner C. Greenea,b,c

aGladstone Institute of Virology and Immunology, University of California, San Francisco, San Francisco, California, USA
bDepartment of Medicine, University of California, San Francisco, San Francisco, California, USA
cDepartment of Microbiology and Immunology, University of California, San Francisco, San Francisco, California, USA

ABSTRACT Human immunodeficiency virus type 2 (HIV-2) infection results in a
milder course of disease and slower progression to AIDS than does HIV-1. We hy-
pothesized that this difference may be due to degradation of the sterile alpha motif
and HD domain 1 (SAMHD1) host restriction factor by the HIV-2 Vpx gene product,
thereby diminishing abortive infection and pyroptotic cell death within bystander
CD4 T cells. We have compared CD4 T cell death in tonsil-derived human lymphoid
aggregate cultures (HLACs) infected with wild-type HIV-2, HIV-2 ΔVpx, or HIV-1. In
contrast to our hypothesis, HIV-2, HIV-2 ΔVpx, and HIV-1 induced similar levels of by-
stander CD4 T cell death. In all cases, cell death was blocked by AMD3100, a CXCR4
entry inhibitor, but not by raltegravir, an integrase, indicating that only early life cy-
cle events were required. Cell death was also blocked by a caspase-1 inhibitor, a key
enzyme promoting pyroptosis, but not by a caspase-3 inhibitor, an important en-
zyme in apoptosis. HIV-1-induced abortive infection and pyroptotic cell death were
also not reduced by forced encapsidation of HIV-2 Vpx into HIV-1 virions. Together,
these findings indicate that HIV-2 and HIV-1 support similar levels of CD4 T cell de-
pletion in vitro despite HIV-2 Vpx-mediated degradation of the SAMHD1 transcrip-
tion factor. The milder disease course observed with HIV-2 infection likely stems
from factors other than abortive infection and caspase-1-dependent pyroptosis in
bystander CD4 T cells.

IMPORTANCE CD4 T cell depletion during HIV-1 infection involves the demise of
bystander CD4 T cells due to abortive infection, viral DNA sensing, inflammasome
assembly, and death by caspase-1-dependent pyroptosis. HIV-2 infection is associ-
ated with milder disease and lower rates of CD4 T cell loss. We hypothesized that
HIV-2 infection produces lower levels of pyroptosis due to the action of its Vpx gene
product. Vpx degrades the SAMHD1 restriction factor, potentially reducing abortive
forms of infection. However, in tonsil cell cultures, HIV-2, HIV-2 ΔVpx, and HIV-1 in-
duced indistinguishable levels of pyroptosis. Forced encapsidation of Vpx into HIV-1
virions also did not reduce pyroptosis. Thus, SAMHD1 does not appear to play a key
role in the induction of bystander cell pyroptosis. Additionally, the milder clinical
course of HIV-2-induced disease is apparently not explained by a decrease in this in-
flammatory form of programmed cell death.

KEYWORDS AIDS, HIV-1, HIV-2, pyroptosis, SAMHD1, cell death

The progressive loss of CD4 T cells during untreated HIV-1 infection underlies clinical
progression to AIDS (1–4). However, HIV-1 is not the only type of human immu-

nodeficiency virus infecting CD4 T cells. HIV-2 is primarily found within West Africa
(Guinea-Bissau, The Gambia, Senegal, Cape Verde, Côte d’Ivoire, Mali, Sierra Leone, and
Nigeria) with some spread due to globalization. Compared to HIV-1, HIV-2 generally
causes a less virulent form of infection, with substantially lower levels of viremia (5–10),
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a slower decline in CD4 T cell counts, and a better long-term prognosis. A 1997 study
with a median follow-up time of 2.1 years concluded that the overall annual rate of CD4
T cell decline is �2.1% in HIV-1 patients and �1.08% in HIV-2 patients (11). In addition,
the majority of HIV-2-infected individuals never progress to frank AIDS (12, 13). How-
ever, in cases where immunodeficiency does develop in HIV-2-infected individuals, high
mortality rates occur in the absence of treatment (10, 14). Dual infection with HIV-1 and
HIV-2 can occur and is thought to delay the progression of HIV-1 disease; however, prior
infection with HIV-2 does not appear to protect against HIV-1 infection (15, 16).

What underlies the more benign clinical course of HIV-2 infection compared to
HIV-1? One possibility relates to the fact that HIV-2 encodes an additional gene, Vpx,
that is not present in HIV-1. Vpx targets a major host restriction factor, sterile alpha
motif and HD domain 1 (SAMHD1), for proteasomal degradation (17–21). SAMHD1
restricts the growth of HIV in resting CD4 T cells (18, 22, 23). SAMHD1 acts by lowering
the cytoplasmic pool of deoxynucleoside triphosphates (dNTPs), thus compromising
HIV-1 reverse transcription (24–26). Vpx targets SAMHD1 for ubiquitylation and pro-
teasomal degradation (17), resulting in increased dNTP levels and enhanced reverse
transcription (20, 22). It is also intriguing that many primate viruses encoding Vpx
exhibit low pathogenicity in their natural hosts (21, 27, 28). Together, these findings
raise the possibility that Vpx might play a key role in the diminished pathogenicity of
HIV-2 in humans.

In addition to SAMHD1, Vpx also promotes the degradation of the human silencing
hub (HUSH) complex that recruits the H3K9me3 methyltransferase SET domain bifur-
cated 1 (SETDB1)-mediated epigenetic silencing (29). However, the restrictive effects of
this complex are likely exerted after proviral integration.

Recent studies performed with cells from human tonsil indicate that approximately
5% of the resident CD4 T cells are sufficiently activated to undergo productive infection
with HIV-1. After producing new virions, these cells die by caspase-3-dependent
apoptosis, a noninflammatory form of programmed cell death. Conversely, the remain-
ing 95% of CD4 T cells present in tonsils are quiescent and thus refractory to productive
HIV-1 infection (30–32). Following cell-to-cell transmission of virus to these nonpermis-
sive cells (33), abortive infection occurs, leading to the accumulation of incomplete viral
reverse transcription products. These “foreign” DNAs are sensed by the host IFI16
protein (34), which in turn promotes inflammasome assembly, and caspase-1 activation
leading to pyroptosis, a highly inflammatory form of programmed cell death (34). The
molecular underpinnings of diminished reverse transcription in these nonpermissive
bystander cells are unclear but could be linked to SAMHD1-mediated reduction in
deoxynucleotide triphosphate levels.

We hypothesized that SAMHD1-mediated inhibition of reverse transcription plays a
major role in the accumulation of incomplete viral transcripts in abortively infected CD4
T cells in lymphoid tissue. Vpx antagonism of SAMHD1 function during HIV-2 infection
could reduce levels of abortive infection, DNA sensing, inflammasome assembly, and
pyroptosis (23, 35). Many prior studies investigating the biological effects of SAMHD1
employed CD4 T cells derived from blood; however, because these blood cells are
naturally resistant to pyroptosis (36), our studies have focused on lymphoid tissue-
derived tonsil cells to test whether HIV-2 Vpx-mediated degradation of SAMHD1
reduces abortive infection and pyroptotic death of CD4 T cells. Such an effect could
potentially account for the milder clinical disease course produced by this virus.

RESULTS
Tonsil CD4 T cells express high levels of functional SAMHD1. Bystander CD4 T

cell depletion in the presence of HIV-1 was studied using an ex vivo human lymphoid
aggregate culture (HLAC) system prepared using fresh human tonsil specimens (30, 31).
As noted, HIV-2, but not HIV-1, encodes Vpx that can target the SAMHD1 restriction
factor for polyubiquitylation and proteasome-mediated degradation. Loss of SAMHD1
might relieve abortive HIV-1 infection that triggers pyroptotic CD4 T cell death. To
study this possibility, SAMHD1 expression and key changes in its phosphorylation state
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were studied in CD4� and CD4� tonsil T cells purified from two different donors (Fig.
1). THP-1 monocytic cells were included as a positive control. Comparable levels of
SAMHD1 were readily detected in the two donors in both the CD4� and CD4� cells (Fig.
1, top). The anti-HIV activity of SAMHD1 is downregulated following cyclin A2/CDK1-
mediated phosphorylation on Thr-592, which can be detected by immunoblotting with
a specific anti-phospho-Thr-592 SAMHD1 antibody (24, 37). Neither the CD4� nor CD4�

tonsil cells contained detectable levels of phosphorylated SAMHD1, while THP-1 cells
did contain phosphorylated SAMHD1 (Fig. 1, bottom). Together, these findings indicate
that both CD4� and CD4� tonsil cells express high levels of SAMHD1, and based on the
lack of phosphorylation at Thr-592, these SAMHD1 proteins are predicted to function as
viral restriction factors.

Vpx-dependent degradation of SAMHD1 enhances permissivity to HIV infec-
tion and depletion of CD4 T cells. To test whether Vpx degrades SAMHD1 in HLAC
CD4 T cells, these cells were spinoculated with HIV-1 (NLENG1-IRES), HIV-2 (ROD2-GFP;
GFP, green fluorescent protein), or HIV-2 ΔVpx (ROD2-ΔVPX-GFP) at the same multi-
plicity of infection (MOI). Cells were cultured for 2 to 6 days until productive infection,
and bystander cell loss was observed (Fig. 2A). SAMHD1 and phosphorylated forms of
this restriction factor were then assessed by immunoblotting (Fig. 2B and C). Unstimu-
lated THP-1 cells expressing phospho-SAMHD1 or phorbol myristate acetate (PMA)-
stimulated THP-1 cells, which lose phospho-SAMHD1 following phorbol ester-induced
cell differentiation, were included as controls. Surprisingly, although the level of
productive infection was less than 10% in the tonsil CD4 T cells, SAMHD1 levels were
undetectable after HIV-2 infection. SAMHD1 was readily detected in cells infected with
HIV-2 ΔVpx or HIV-1 (Fig. 2B). Based on Image J quantitation of SAMHD1 and �-actin,
the modest decrease in SAMHD1 in HIV-2 ΔVpx-infected cells was due to slightly lower
overall protein loading (data not shown). While PMA stimulation of THP-1 cells impaired
phosphorylation of SAMHD1, no evidence of SAMHD1 phosphorylation was detected in
any of the infected HLAC samples (Fig. 2C). Together, these findings indicate that HIV-2
Vpx is biologically active and capable of degrading SAMHD1 in both productively
infected and abortively infected bystander tonsil CD4 T cells. In contrast, neither HIV-2
ΔVpx nor HIV-1 depletes SAMHD1, and this restriction factor is not inactivated by
phosphorylation on Thr-592 in the tonsil cells.

Next, we assessed the impact of HIV-2 Vpx-mediated degradation of SAMHD1 on
productive viral replication and bystander CD4 T cell depletion. HLACs were spinocu-
lated with HIV-1, HIV-2, or HIV-2 ΔVpx at the same MOI and cultured for 2 to 6 days.
Cells were analyzed by flow cytometry to determine levels of CD4, CD8, and CD2 (a
surrogate T cell marker employed because HIV-2 Nef can downregulate CD3 (38) (see
Fig. S2 in the supplemental material). Productively infected cells were identified by GFP

FIG 1 SAMHD1 viral restriction factor is highly expressed in an unphosphorylated form in tonsil CD4�

and CD4� T cells. Ex vivo human lymphoid aggregate cultures (HLACs) were prepared using tonsil tissue
from two different donors. CD4� and CD4� T cells were isolated and whole-cell lysates prepared,
followed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with anti-SAMHD1
antibodies (top row) or anti-phospho-Thr592-SAMHD1 (bottom row). Phosphorylation at this site inac-
tivates SAMHD1 (37). THP-1 cells were incorporated as a positive control for reactivity of the anti-
phospho-SAMHD1 antibody. Similar results were obtained with three additional donors.
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FIG 2 Vpx-dependent degradation of SAMHD1 enhances productive HIV-2 infection and depletion of bystander
tonsil CD4 T cells. (A) Schematic summary of spinoculation protocol for infection of tonsil cells. Tonsil HLACs or
CD4� cells isolated from HLACs were spinoculated with replication-competent HIV-1, HIV-2, or HIV-2 ΔVpx, each
encoding a GFP reporter. Viral inputs were normalized based on the TCID50 determined in TZM-bl assays. HLAC or
CD4� cells were collected at days 2, 3, 5, and 6 after infection and analyzed by flow cytometry and immunoblotting.
(B and C) For the immunoblotting studies, cell extracts from the virally infected HLAC CD4� cells were immuno-
blotted with anti-SAMHD1 and anti-�-actin (protein loading control) (B) or anti-phospho-Thr592-SAMHD1 and
anti-�-actin (C) antibodies. Uninf, uninfected. This experiment was repeated three times with tonsil tissue from
different donors, with similar results. (D) Time course of the appearance of productively infected (GFP�) cells
following HIV-1, HIV-2, and HIV-2 ΔVpx infection by spinoculation on day 0. Values represent mean � standard
deviation (SD), as determined in triplicate samples measured by flow cytometry. Note the significantly higher
number of productively infected cells following HIV-2 infection. (E) Time course of the percentage of live CD4 T cells

(Continued on next page)
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epifluorescence. Up to a �4-fold increase in productive infection was observed in
HIV-2-infected HLACs compared to HIV-1- or HIV-2 ΔVpx-infected HLACs at day 2 (Fig.
2D and S2E). Compared to HIV-2 ΔVpx, HIV-2 infection resulted in a significantly greater
number and percentage of productively infected HLAC cells on days 2, 5, and 6 of the
time course (Fig. 2D and S2E). Productive infection with HIV-1 also occurred more
slowly than with HIV-2. Together, these findings suggest that the action of the Vpx
protein enhanced permissivity of the resting tonsillar CD4 T cells to early productive
infection.

However, counter to our initial hypothesis that the degradation of SAMHD1 by Vpx
in bystander cells would result in a less-pathogenic form of infection, we detected more
T cell depletion in HIV-2-infected HLACs than in HIV-2 ΔVpx- or HIV-1-infected cultures
(Fig. 2E and S2A to D). However, the fact that the presence of Vpx was associated with
higher levels of productive infection complicates the interpretation of these results.
Higher levels of early productive infection (see day 2, Fig. 2D) could result in higher
levels of abortive infection in bystander cells and increased cell death (see day 3, Fig.
2E) than in cultures infected with HIV-2 ΔVpx. Ultimately, bystander cells are markedly
depleted in all of the cultures (see day 6, Fig. 2E). Overall, these results suggest that the
Vpx-induced degradation of SAMHD1 does not attenuate HIV-2-mediated T cell deple-
tion, but the increased number of productively infected cells present early in the
HIV-2-infected cultures complicates an interpretation of the results.

Vpx-induced degradation of SAMHD1 also does not decrease HIV-2-dependent
T cell depletion in a 293T HLAC overlay system. In order to assess killing following
HIV-2, HIV-2 ΔVpx, and HIV-1 infection in a system where the numbers of productively
infected cells are equivalent, we turned to the 293T HLAC overlay system, as previously
described (Fig. 3) (33). Our prior findings with HIV-1 indicated that pyroptotic death of
bystander CD4 T cells required cell-to-cell transmission of HIV-1 from productively
infected cells to the bystander cells (33). Infection with cell-free virions, which is 100- to
1,000-fold less efficient (39, 40), was not sufficient to induce bystander cell death. The
293T overlay system allows the production of an equivalent number of HIV-producing
293T cells for cell-to-cell transmission to the overlying tonsil CD4 T cells. To further
confirm comparable production of infectious virus by the transfected 293T cells,
supernatants from these cultures were tested in TZM-bl assays. These studies confirmed
the presence of statistically indistinguishable titers of HIV-2, HIV-2 ΔVpx, and HIV-1
(data not shown).

In studies involving the overlay of tonsil-derived lymphocytes, we routinely included
raltegravir, an integrase inhibitor, to ensure that virus transmission from the 293T to
HLAC cells did not lead to a productive and spreading infection within the overlaid
tonsil CD4 T cells. Using this system, we first confirmed by intracellular immunostaining
and flow cytometry that HIV-2, but not HIV-2 ΔVpx or HIV-1, downregulated the
expression of SAMHD1 in CD4 T cells (Fig. 3B and D). As expected, SAMHD1 levels did
not change in CD2� CD8� T cells infected with HIV-2 or HIV-2 ΔVpx or HIV-1, consistent
with the insusceptibility of these cells to infection by these viruses. The flow cytometric
results were further confirmed by immunoblotting extracts from these cultures with
anti-SAMHD1 antibodies (Fig. 3C).

When bystander CD4 T cell depletion was assessed in these cultures, the HIV-1-,
HIV-2-, and HIV-2ΔVpx-infected cultures exhibited statistically indistinguishable levels
of bystander CD4 T cell depletion (Fig. 3E). These findings clearly demonstrate that
HIV-2 Vpx-mediated degradation on SAMHD1 does not result in reduced death of
bystander CD4 T cells as originally hypothesized.

FIG 2 Legend (Continued)
present on days 2, 3, 5, and 6 after viral infection by spinoculation (day 0). Live cells were defined by sequential
gating beginning with Zombie staining to select live lymphocytes, followed by normalization by the number of
CD8 T cells recovered. The number of live CD4 T cells present in the uninfected tonsil culture was set as 100% (see
Fig. S1 for more details). The time course experiment presented in panels D and E was repeated three times, with
similar results. *, P � 0.05; **, P � 0.005; ***, P � 0.001; n.s., not significant.
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FIG 3 HIV-2 Vpx depletion of SAMHD1 does not reduce depletion of bystander CD4 T cells. (A) Schematic summary
of the 293T-tonsil overlay system. As illustrated, fresh human tonsil was processed into HLACs, and cells were
cultured in suspension. Simultaneously, 293T cells were transfected with 50 to 100 ng HIV-1 DNA in a 24-well plate.
After 12 h, 293T cells were washed and overlaid with 3 � 106 HLAC cells in the presence of raltegravir (15 �M) to
prevent spreading infection. Virus-producing 293T cells directly interacted with the overlaid HLAC target cells. After
24 to 48 h, the HLAC suspensions were collected from wells and analyzed by flow cytometry. 293T cells transfected
with equivalent amounts of proviral DNA (HIV-1, HIV-2, and HIV-2 ΔVpx) produced comparable amounts of
infectious virus, as determined by TZM-bl infectivity assays (data not shown). (B) 293T cells were transfected with
50 ng of HIV-1, HIV-2, or HIV-2 ΔVpx proviral DNA, and a 293T overlay experiment was performed as described in
panel A. HLACs were collected at 24 to 48 h postoverlay and stained with a viability dye (Zombie Aqua) and
antibodies against CD2, CD4, CD8, and SAMHD1. The histogram depicts the mean fluorescence intensity (MFI)
staining for SAMHD1 found in CD4 T cells or CD8 T cells after no infection or infection with HIV-1, HIV-2, or HIV-2
ΔVpx. (C) Anti-SAMHD1 and anti-�-actin immunoblotting was performed 48 h after on purified tonsil CD4� T cells
that had been infected with HIV-1, HIV-2, or HIV-2 ΔVpx in the 293T overlay system. �-Actin was included as a
loading control. (D) Quantitation of SAMHD1 staining in CD2� CD8� cells and CD2� CD8� cells using the mean
fluorescence intensity (MFI) � SD from triplicate samples. **, P � 0.005; ***, P � 0.001; n.s., not significant. (E)
Percentages of viable CD4 T cells 48 h after HLAC overlay on virus-producing 293T cells. Note similar levels of
bystander CD4 T cell depletion despite HIV-2 Vpx-mediated degradation of the SAMHD1 restriction factor. Data are
representative of 2 independent experiments performed with tonsil tissue from 6 different donors.
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Forced encapsidation of Vpx into HIV-1 virions also does not decrease HIV-1-
mediated depletion of CD4 T cells. HIV-1 and HIV-2 are divergent viruses that differ
in many ways beyond the presence of Vpx in HIV-2 (41). To ensure that our results were
not due to other differences in these two viruses, we tested whether direct introduction
of simian immunodeficiency virus (SIV) Vpx protein into HIV-1 virions would decrease
HIV-1 depletion of bystander CD4 T cells by pyroptosis. To package exogenous Vpx into
HIV-1 virions, we used HIV*, which corresponds to a modified version of HIV-1NL4-3 with
a Vpx interaction motif inserted into the Gag p6 region (18). HIV-1 virions containing
Vpx wild type (WT) or the Vpx Q76A mutant that does not degrade SAMHD1 due to a
lack of binding to the E3 ligase subunit, DCAF1 (18, 22, 42), were produced by
cotransfection of both HIV-1* proviral DNA and a Vpx expression vector into 293T cells.
In HIV-1*-Vpx-infected but not HIV-1*-VpxQ76A-infected cultures, SAMHD1 expression
was decreased in CD4 T cells (CD2� CD8�) but not in CD8 T cells (CD2� CD8�) (Fig. 4A).
Next, these viruses were used to infect 293T cells overlaid with tonsil cells. Similar levels
of bystander CD4 T cell depletion were observed in cultures infected with each of these
three viruses. Thus, despite forced encapsidation of Vpx into HIV-1 and effective
degradation of SAMHD1, pyroptotic depletion of bystander tonsil CD4 T cells is not
altered.

HIV-2 depletion of CD4 T cells appears to involve abortive infection based on
effective blocking of cell death by a CXCR4-selective entry inhibitor (AMD3100)
but not by an HIV-1/2 integrase inhibitor (raltegravir). Our prior studies demon-
strated that the death of nonpermissive bystander CD4 T cells in tonsil HLACs involves

FIG 4 SAMHD1 degradation by exogenous Vpx incorporated into HIV-1 virions does not rescue by-
stander CD4 T cells from cell death. 293T cells were cotransfected with a Vpx expression vector (pVpx)
DNA and DNA from HIV-1*.GFP) that contains a Vpx interaction motif introduced within the Gag p6
protein that promotes encapsidation of Vpx (18) (see Materials and Methods). A 293T-HLAC overlay
experiment was performed as described in Fig. 3A. (A) SAMHD1 expression was detected by intracellular
immunostaining of bystander CD4 T cells (CD2� CD8� GFP�) and CD8 T cells (CD2� CD8�) infected with
HIV, HIV*Vpx, or HIV*VpxQ76A (a mutation that interferes with Vpx-mediated degradation of SAMHD1)
(18, 22, 42). Note the downregulation of SAMHD1 by HIV-1*Vpx but not by HIV-1* or HIV-1*VpxQ76A. (B)
The percentage of live CD4� T cells in each of these cultures was determined. Note that forced
encapsidation of Vpx did not alter HIV-1 associated death occurring in bystander cells in these HLACs.
Representative data are shown from 4 independent experiments. **, P � 0.005; n.s., not significant.
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abortive viral infection leading to the generation of incomplete reverse transcripts that
are detected by the DNA sensor IFI16. A predicted signature of abortive infection as a
driver of cell death is the ability of HIV entry inhibitors like AMD3100 to block cell death,
while integrase inhibitors like raltegravir do not because their site of action occurs too
late to alter DNA sensing of the incomplete reverse transcripts. When HIV-2-associated
CD4 T cell depletion was studied in the 293T overlay system, we observed that, as with
HIV-1, AMD3100 effectively blocked cell death, while raltegravir did not (Fig. 5). Similar
results were obtained when HIV-2 ΔVpx viruses were tested (Fig. 5). Together, these
findings are consistent with HIV-2-associated cell death involving early steps in the
HIV-2 life cycle, presumably leading to abortive infection of the bystander CD4 T cells
as with HIV-1.

HIV-2-associated death of tonsil CD4 T cells is partially reversed by inhibitors
of caspase-1 but not caspase-3. Our prior results demonstrated that HIV-1 promotes
the death of CD4 T cells present in HLAC cells primarily through caspase-1-dependent
pyroptosis. To test if HIV-2-mediated CD4 T cell death is also dependent on caspase-1,
HLACs were treated with a caspase-1-selective inhibitor (Z-YVAD-FMK), a caspase-3-
selective inhibitor (Z-DEVD-FMK), a pan-caspase inhibitor (Z-VAD-FMK), or dimethyl
sulfoxide (DMSO) in 293T overlay experiments. HIV-2-induced death of infected CD4 T
cells was significantly rescued by the addition of a caspase-1 inhibitor and a pan-
caspase inhibitor but not by the addition of a caspase-3 inhibitor or DMSO (Fig. 6).
There was no change in killing levels or rescue patterns between HIV-2 and HIV-2 ΔVPX.
These findings are consistent with the conclusion that abortive infection of tonsil CD4
T cells by HIV-2, like HIV-1, induces the death of CD4 T cells by caspase-1-dependent
pyroptosis.

DISCUSSION

We have previously shown that a major fraction of the ex vivo cell death occurring
in HIV-1-infected lymphoid tissues involves “abortive infection” of nonpermissive by-
stander CD4 T cells (30). Of note, to induce cell death, this infection must occur through
cell-to-cell transmission (33), raising the possibility that the infective process must be of
sufficient intensity to overcome a natural restriction block present in these nonpermis-
sive bystander cells. Abortive infection gives rise to the accumulation of incomplete
reverse transcripts that in turn are detected by the IFI16 DNA sensor (34). IFI16 is the
only mammalian sensor known to detect both single- and double-stranded DNA (43).

FIG 5 CD4 T cell depletion in both HIV-1- and HIV-2-infected cultures is blocked by AMD3100, a CXCR4
entry inhibitor, but not by raltegravir, an integrase inhibitor. HLACs were treated with AMD3100 (200 �M)
or raltegravir (15 �M) before and during overlay with HIV-1-, HIV-2-, or HIV-2 ΔVpx-transfected 293T cells.
After 24 to 48 h of culture, HLACs were collected and stained with a viability dye (Zombie Aqua) and
antibodies against CD2, CD4, CD8, and SAMHD1. Percentages of live CD4 T cells were defined by
calculating the number of CD4 T cells divided by the number of CD8 T cells, or by normalization based
on the number of fluorescent beads acquired by volume. The data represent the mean � SD of the
results from triplicate samples. **, P � 0.005. This experiment was repeated three times using tonsil tissue
from 9 different donors, with similar results.
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IFI16 sensing of these viral DNAs leads to inflammasome assembly, activation of
caspase-1, and death by pyroptosis, a highly inflammatory form of programmed cell
death (31, 32).

SAMHD1 is a major restriction factor for HIV-1 in resting CD4 T cells that acts by
lowering intracellular dNTP levels, thereby limiting reverse transcription. HIV-2, but not
HIV-1, encodes a Vpx gene product that targets SAMHD1 for ubiquitylation and
proteasome-mediated degradation, resulting in increased dNTP levels and enhanced
reverse transcription. We were intrigued by the notion that the milder disease course
observed in HIV-2-infected individuals could stem from Vpx-mediated degradation of
SAMHD1. In this scenario, incomplete viral DNAs would not accumulate for sensing by
IFI16. In turn, caspase-1 activation in inflammasomes and pyroptotic cell death would
be decreased.

We tested this hypothesis by comparing HIV-1, HIV-2, and HIV-2 ΔVpx infections in
the human tonsil tissue-based HLAC system. Vpx expression during HIV-2 infection
enhanced productive infection up to �4-fold compared to that in infections with either
HIV-1 or HIV-2 ΔVpx. A similar increase in permissivity has been observed in resting
blood CD4 T cells using Vpx containing virus-like particles (VLP-Vpx) that are able to
degrade SAMHD1 (35). However, the efficiency of VLP-Vpx is weak compared to
HIV-2-induced SAMHD1 degradation in HLAC CD4 T cells (Fig. 2B) (35). This could be the
result of our use of a spinoculation method that employs high viral concentrations and
an extended centrifugation step to mechanically force viral particles carrying the Vpx
protein onto the cells. However, even with undetectable SAMHD1, the shift from
abortive infection to productive infection in tonsil CD4 T cells is modest, at less than 3%
(Fig. S2A and B). In fact, most of the cells remain resistant to productive infection, likely
reflecting the action of other restriction factors. In contrast to our initial hypothesis, Vpx
degradation of SAMHD1 during HIV-2 infection does not lead to a rescue of HIV-
associated cell death in the bystander population. Instead, killing in the HIV-2 cultures
is enhanced, probably because more productively infected cells were present, promot-
ing more effective spread of virus through cell-to-cell contacts. This enhancement of
HIV-2 productive infection might be attributed to the Vpx-mediated release of SAMHD1
restriction at the reverse transcription stage but also could reflect Vpx depletion of the
HUSH complex, which epigenetically represses the transcription of HIV proviruses (44).
Bystander CD4 T cell death, which requires cell-to-cell transmission, was increased at
early times in the HIV-2-infected cells likely due to the higher levels of productively

FIG 6 Both HIV-1- and HIV-2-induced CD4 T cell depletion is rescued by AMD3100, caspase-1, and
pan-caspase inhibitors but not by caspase-3 inhibition. HLACs were treated with caspase-1 inhibitor
(Z-YVAD-FMK, 100 �M), caspase-3 inhibitor (Z-DEVD-FMK, 100 �M), pan-caspase inhibitor (Z-VAD-FMK,
100 �M), and AMD3100 (2 mM) before and during overlay on HIV-1-, HIV-2-, or HIV-2 ΔVpx-transfected
293T cells. HLACs were collected and stained with a viability dye (Zombie violet) and antibodies against
CD3, CD4, and CD8. DMSO was used as a solvent control. The relative viability of CD4 T cells was
normalized to the number of CD8� T cells and rescue by AMD. The data represent mean � SD of the
results from n � 6 donors. **, P � 0.005; ***, P � 0.001; n.s., not significant. These data are representative
of 3 independent experiments.
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infected cells available for cell-to-cell transmission of virus in these cultures. At later
time points, the number of productively infected cells became more comparable, and
bystander killing occurred at similar levels in HIV-2-, HIV-2 ΔVpx-, and HIV-1-infected
cultures. These findings did not support our hypothesis that the presence of Vpx would
lead to diminished bystander cell death, but the different levels of productively infected
cells in the infected cultures made interpretation of the results difficult. To remedy this
problem, we utilized a 293T-HLAC overlay culture system, where the number of
productively infected cells is quite similar. Again, we observed equivalent bystander
CD4 T cell depletion in HIV-2- and HIV-2 ΔVpx-infected cultures. These findings clearly
argued against our hypothesis that Vpx action would protect nonpermissive bystander
CD4 T cells from pyroptotic programmed cell death.

We further found that forced encapsidation of exogenous Vpx protein into HIV-1
virions did not reduce levels of abortive infection and cell death occurring in bystander
cells present in lymphoid tissue. Trinité et al. also showed that the introduction of Vpx
protein in virus-like particles (VLPs) enhanced levels of viral reverse transcription in CD4
T cells isolated from blood (45). The reverse transcription did increase levels of
productive infection in blood CD4 T cells, but Vpx did not prevent these cells from
dying. Of note, a key difference in these results is that the blood-derived CD4 T cells
studied by Trinité et al. died by noninflammatory apoptosis, while the CD4 T cells from
lymphoid tissue died by inflammatory pyroptosis. Additionally, death of the blood CD4
T cells did not appear to be dependent on cell-to-cell transmission since single-round
viruses were effective. In contrast, induction of pyroptosis in tonsil HLACs requires
cell-to-cell virus transmission between productive infected cells and bystander cells. It
is intriguing to consider the possibility that the precise mechanism of cell death elicited
by HIV may differ in blood and lymphoid tissue. However, most of the pathogenic
effects of HIV, including bystander CD4 T cell depletion, occur in lymphoid tissue, and
progressive HIV disease is associated with chronic inflammation.

In summary, we show that CD4 T cell depletion in HIV-2-infected HLACs chiefly
involves abortive infection, followed by pyroptosis, based on its inhibition by the entry
inhibitor AMD3100 but not by the integrase inhibitor raltegravir, and by selective
caspase-1 inhibitors. Together, our findings indicate that HIV-2 Vpx-mediated degra-
dation of SAMHD1 does not influence the level of pyroptosis occurring during abortive
infection and does not account for the reduced pathogenicity of HIV-2 in infected
people. Indeed, both HIV-1 and HIV-2 deplete CD4 T cells through pyroptosis despite
Vpx-induced SAMHD1 degradation. The host factors responsible for the different
clinical courses of HIV-1 and HIV-2 remain unclear.

However, the fact that bystander CD4 T cells remain resistant to productive infection
following HIV-2 infection raises the possibility that another restriction factor distinct
from SAMHD1 remains active. Restriction at the level of nuclear import or prior to
integration within the nucleus could lead to sensing of HIV DNA by IFI16, triggering
pyroptotic cell death. Additionally, while HIV-2 induces comparable levels of abortive
infection and cell death in CD4 T cells, Vpx-mediated degradation of SAMHD1 in
macrophages or other myeloid cells perhaps plays an important role in the more
benign clinical course of HIV-2 disease.

MATERIALS AND METHODS
Cells and medium supplements. Human tonsil specimens were obtained during routine tonsillec-

tomies mainly for sleep disorders and supplied by the National Disease Research Interchange or the
Cooperative Human Tissue Network. These tissues were processed as previously described (31). Briefly,
tonsil tissue was dissected and pressed through a 40-�m mesh to create a single-cell suspension. Live
HLACs were isolated by Ficoll density gradient centrifugation. CD4 T cells were isolated by negative
selection using CD4 T cell isolation kits (catalog no. 130096533) from Miltenyi. HLACs were cultured in
tonsil culture media, as previously described (31). The 293T and THP-1 cells were obtained from the
American Tissue Culture Collection. The TZM-bl cell line, a generous gift from John C. Kappes, Xiaoyun
Wu, and Tranzyme, Inc. (46), was obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID,
NIH. 293T and TZM-bl cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM). THP-1 cells
were maintained in RPMI 1640 medium. All culture media were purchased from Corning and supple-
mented with 10% fetal bovine serum (FBS) from Corning and 1% penicillin-streptomycin-glutamine from
Gemini.
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Antibodies and reagents. Rabbit anti-SAMHD1 antibody (A303-691A) used for immunoblotting was
purchased from Bethyl Laboratories. Mouse anti-SAMHD1 antibody (ab67820) used for flow cytometric
staining was obtained from Abcam. Mouse anti-phospho (Thr592) anti-SAMHD1 antibody (8005) was
purchased from ProSc. Mouse anti-�-actin antibody (A5316) was purchased from Sigma-Aldrich. Phyco-
erythrin (PE)-conjugated mouse anti-CD4 antibody (340670), antigen-presenting cell (APC)-conjugated
mouse anti-CD8 antibody (340584), and APC-H7-conjugated mouse anti-CD2 antibody (562638) were
purchased from BD Biosciences. Zombie Aqua fixable viability kits (catalog no. 423102) were purchased
from BioLegend. AMD3100 octahydrochloride hydrate (A5602) was purchased from Sigma-Aldrich.
Raltegravir (catalog no. sc-208296) was purchased from Santa Cruz Biotech. A selective caspase-1
inhibitor, Z-WEHD-FMK (FMK002), and a selective caspase-3 inhibitor, Z-DEVD-FMK (FMK004), were
obtained from R&D Systems. Cell extraction buffer (catalog no. FNN0011) was purchased from Thermo
Fisher Scientific. Protease inhibitor (catalog no. 04693132001) and phosphatase inhibitor (catalog no.
04906845001) were obtained from Roche.

Virus preparation. Proviral expression vector DNA corresponding to pNLENG1-IRES, pROD2-GFP,
and pROD2-ΔVPX-GFP reporter viruses was transfected into 293T cells using the FuGENE HD transfection
reagent from Promega. The medium was replaced after 16 h, and culture supernatants were collected
every 24 h for 2 days. Virions were concentrated by ultracentrifugation. HIV-1 stocks were quantitated by
measuring p24 gag levels by enzyme-linked immunosorbent assay (ELISA). The infectivity of each viral
stock was measured by determining the 50% tissue culture infective dose (TCID50) in TZM-bl cells (46, 47).
The pNLENG1-IRES clone was derived from NL4-3, as previously described (48). HIV-2 Rod2-GFP and HIV-2
Rod2-ΔVPX-GFP clones, based on pRod9-ΔEnv-GFP and pRod9-ΔEnv-ΔVPX-GFP from M. Emerman, were
generated by reintroduction of Rod9 Env.

HLAC spinoculation. HLACs were mixed with 50 ng p24 gag of HIV-1 (NLENG1-IRES). The TCID50s of
HIV-2 ROD2-GFP or HIV2 ROD2-ΔVPX-GFP viral preparations were determined using TZM-bl cells,
allowing the delivery of equivalent infectious doses to use with HIV-1 (46). The infections for all three
viruses were carried out using 1 million cells in a 100-�l total volume cultured in V-bottom wells of a
96-well plate. Cells were subjected to centrifugation (1,200 � g) for 2 h at 25°C and then cultured at 37°C
as a pellet for up to 10 days until the experiment was terminated (30).

HLAC 293T overlay assay. To compare the killing of several single-round viruses from a comparable
number of productively infected cells, we used a 293T cell overlay system, as previously described (33).
In this system, transfected 293T cells serve as productively infected donor cells that can induce bystander
killing of target HLAC cells through direct cell-to-cell transmission of virus. Briefly, a monolayer of 293T
cells in 24-well plates were transfected with 50 ng HIV-1 (NLENG1-IRES), HIV-2 ROD2-GFP, or HIV2
ROD2-ΔVPX-GFP expression vector DNA. Four and a half million HLAC cells were pretreated with desired
drugs and overlaid on 293T cells in the presence or absence of the desired antiviral drugs or caspase
inhibitors. To restrict the infection to a single round, an integrase inhibitor (raltegravir) was added to
HLACs 2 h before and during the overlay. The working concentrations were raltegravir, 15 �M; AMD3100,
0.2 to 2 mM; caspase-1 inhibitor Z-WEHD-FMK, 100 �M; and caspase-3 inhibitor Z-DEVD-FMK, 100 �M.
HLACs were collected 1 to 3 days postcoculture (when more than 50% CD4 T cell killing was observed
in the untreated or DMSO control) and assessed for percentage of CD4 T cell depletion. Replication-
competent virus produced by each HIV-transfected 293T cultures were collected after 1 to 3 days and
infectivity assessed in TZM-bl assays (data not shown). To incorporate Vpx protein into HIV-1 virions in
trans, the HIV-1*.GFP proviral DNA and Vpx expression vectors (pcDNA3.1VpxSIVmac239-myc WT and
Q76A) were graciously provided by Oliver T. Keppler (18, 22, 42). HIV-1*.GFP is modified from NL4-3 by
insertion of a Vpx-binding motif, DPAVDLL, from macaque SIV (SIVmac) Gag into the Gag p6 region using
overlapping PCR at the Spel and SbfI sites of HIV-1 GFP. This mutation allows the packaging of exogenous
Vpx protein into the virions (18). In the 293T overlay assay, we transfected 293T cells with HIV*.GFP and
Vpx expression vector DNA at a 1:5 ratio (50 ng HIV-1*.GFP and 250 ng Vpx), followed by HLAC overlay.

FACS analysis and gating strategy. HLACs collected after spinoculation or HLAC 293T coculture
assays were processed for fluorescence-activated cell sorting (FACS) staining using a live-dead cell
discriminator dye (Zombie Aqua) and stained with fluorescently labeled antibodies specific for CD4, CD8,
CD2, and SAMHD1. Data were collected on a LSR II flow cytometer from BD Biosciences and analyzed
with the FlowJo software. Gating strategy, cell depletion calculation, and antibody validation are shown
in Fig. S1.

Immunoblotting. THP-1, HLACs, isolated CD4� and CD4� HLACs, or HIV-1 or HIV-2-infected HLACs
were collected and lysed in cell extraction buffer supplemented with phosphatase and protease
inhibitors. Input protein was measured using a bicinchoninic acid (BCA) protein assay kit (catalog no.
23227) from Thermo Fisher Scientific. Samples were mixed with loading buffer (catalog no. LB0100) from
Morganville Scientific and loaded onto a NuPAGE Novex 4 to 12% Bis-Tris protein gel (catalog no.
NP0335BOX) from Life Technologies electrophoresed at 100 V. Proteins were wet transferred onto
polyvinylidene difluoride (PVDF) membranes (catalog no. 162-0177) obtained from Bio-Rad. Immuno-
blotting with specific antibodies was performed, followed by corresponding secondary anti-rabbit IgG
(catalog no. 32460) or anti-mouse IgG (catalog no. 32430) at a 1:5,000 dilution. The membrane was
developed using a 1⁄4 dilution of SuperSignal (catalog no. 34095) from Thermo Scientific.
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