J c I The Journal of Clinical Investigation

NLRP3 inflammasome induces CD4* T cell loss in chronically

HIV-1-infected patients

Chao Zhang, ... , Rafick-Pierre Sékaly, Fu-Sheng Wang

J Clin Invest. 2021;131(6):e138861. https://doi.org/10.1172/JC1138861.

RECEEICL WA (AW AIDS/HIV  Inflammation

Graphical abstract

MNatural progression of chronic HIV-1 infection

[+ =500 200-500 <200

HIV-1 RNA [plasmal | Low Medium to High High

&
L
EEEE -’- § = =Esmms P L -
L ] & L]
Degrees of
inflammation
in vivo
Normal CD4* T cell & Apoptotic CD4" T cell »  Pyroptotic CD4" T cell

Find the latest version:

https://jci.me/138861/pdf

Successful ART

Restaration

Undetectable

Decreaszed but sustained
inflammation



http://www.jci.org
http://www.jci.org/131/6?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI138861
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/27?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/138861/pdf
https://jci.me/138861/pdf?utm_content=qrcode

The Journal of Clinical Investigation

RESEARCH ARTICLE

NLRP3 inflammasome induces CD4* T cell loss in
chronically HIV-1-infected patients

Chao Zhang,' Jin-Wen Song," Hui-Huang Huang," Xing Fan,’ Lei Huang,' Jian-Ning Deng,? Bo Tu," Kun Wang,? Jing Li,"
Ming-Ju Zhou, Cui-Xian Yang,* Qi-Wen Zhao,* Tao Yang,' Li-Feng Wang,’ Ji-Yuan Zhang,' Ruo-Nan Xu,' Yan-Mei Jiao," Ming Shi,’

Feng Shao,? Rafick-Pierre Sékaly,® and Fu-Sheng Wang'

'Department of Infectious Diseases, Fifth Medical Center of Chinese PLA General Hospital, National Clinical Research Center for Infectious Diseases, Beijing, China. “Guangxi AIDS Clinical Treatment Center,

The Fourth People’s Hospital of Nanning, Nanning, Guangxi, China. *National Institute of Biological Sciences, Beijing, China. “Yunnan Infectious Disease Hospital, Kunming, China. *Department of Pathology,

Sixth Medical Center of Chinese PLA General Hospital, Beijing, China. ®Department of Pathology, Case Western Reserve University, Cleveland, Ohio, USA.

as a target for anti-HIV-1 treatment.

Introduction

Human immunodeficiency virus type 1 (HIV-1) infection leads to
a progressive loss of CD4" T cells, which has long been recognized
as central to HIV-1 pathogenesis but remains to be fully clarified
(1). Since HIV-1 is known to primarily infect CD4" T cells, it was
believed that depletion reflects a viral cytopathic effect occurring
in productively infected CD4" T cells via direct virus-induced apop-
tosis and immune cell-mediated elimination. However, mounting
evidence suggests that a broader and more profound depletion
occurs in uninfected CD4* T cells via a phenomenon known as
the bystander effect (2). Nevertheless, the mechanism(s) by which
bystander CD4* T cells are depleted during HIV-1 infection remains
a subject for debate (3, 4).

Great advances in our understanding of cell death pathways
have been made in recent years (5, 6). Caspases are a family of cyste-
ine proteases that mediate regulated cell death processes, including
caspase-3-dependent apoptosis and caspase-1-dependent pyropto-
sis (6). Both apoptosis and pyroptosis have been proposed to contrib-
ute to the bystander death of CD4* T cells in HIV-1 infection. Apop-
tosis in HIV-1 infection has been reported since the earliest days of
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Chronic HIV-1 infection is generally characterized by progressive CD4* T cell depletion due to direct and bystander death that
is closely associated with persistent HIV-1 replication and an inflammatory environment in vivo. The mechanisms underlying
the loss of CD4* T cells in patients with chronic HIV-1infection are incompletely understood. In this study, we simultaneously
monitored caspase-1and caspase-3 activation in circulating CD4* T cells, which revealed that pyroptotic and apoptotic CD4* T
cells are distinct cell populations with different phenotypic characteristics. Levels of pyroptosis and apoptosis in CD4* T cells
were significantly elevated during chronic HIV-1infection, and decreased following effective antiretroviral therapy. Notably,
the occurrence of pyroptosis was further confirmed by elevated gasdermin D activation in lymph nodes of HIV-1-infected
individuals. Mechanistically, caspase-1activation closely correlated with the inflammatory marker expression and was shown
to occur through NLRP3 inflammasome activation driven by virus-dependent and/or -independent ROS production, while
caspase-3 activation in CD4* T cells was more closely related to T cell activation status. Hence, our findings show that NLRP3-
dependent pyroptosis plays an essential role in CD4* T cell loss in HIV-1-infected patients and implicate pyroptosis signaling

HIV-1 research (7, 8), not only in HIV-1-infected T cells, but also in
bystander CD4" T cells (4). More recently, by using an ex vivo human
lymphoid aggregate culture (HLAC) system, Doitsh et al. found that
both apoptosis and pyroptosis induce the depletion of CD4* T cells
(9). Subsequent studies showed that approximately 5% of CD4* T cell
depletion occurs through apoptosis, while the remaining 95% of qui-
escent lymphoid CD4* T cells die as a result of caspase-1-mediated
pyroptosis triggered through abortive infection induced by cell-to-
cell viral spread (10-12). The critical roles of abortive infection and
pyroptosis in vivo were further supported by fitting of mathemat-
ical models with longitudinal clinical data obtained from simian
immunodeficiency virus-infected (SIV-infected) macaques or
HIV-1-infected patients (13, 14). However, only a few studies have
described pyroptosis in humans with chronic HIV-1 infection (15,
16). Therefore, the potential mechanisms and clinical significance of
CD4" T cell loss through pyroptosis and apoptosis during the differ-
ent stages of HIV-1 disease remain to be elucidated.

In the present study, we enrolled viremic HIV-l-infected
patients (VIR patients), HIV-l-infected patients receiving suc-
cessful antiretroviral therapy (ART patients), and elite controllers
(ECs). We determined the frequencies of apoptotic and pyroptotic
CD4* T cells from both peripheral blood mononuclear cells
(PBMCs) and lymph nodes (LNs) by monitoring caspase-1 activa-
tion, caspase-3 activation, and gasdermin D (GSDMD) cleavage. In
addition to apoptosis, our findings also revealed a pathogenic role
of NLRP3 inflammasome-dependent pyroptosis in CD4* T cell
loss and clinical progression.
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Table 1. Characteristics of study participants

Parameter  HCs (n = 19) VIR patients (n = 80)

(D4 <200 200<(CD4<350 350<C(CD4<500 (D4>500

(n=14) (n=28) (n=23) (n=15)
Age 31 31 35 30 27
(24-46) (20-59) (18-63) (18-53) (19-51)

Sex M/F 12/7 131 2711 22/1 15/0
(D4* T cells 928 100 263 416 551
(cells/mm®)  (418-1105) (3-193) (201-340) (351-480) (501-768)
(D8*T cells 678 753 1025 1243 1152
(cells/mm3)  (542-843) (199-3016)  (361-1837) (620-2121) (612-2329)
Plasma level NA 345,298 84,997 43,805 20,330
of HIVRNA (5489- (4039- (7479- (3189-
(copies/mL) 1,826,860) 1,474,085) 969,625) 363,548)

ART patients (1 = 41) ECs(n=7)
(D4<200 200<(D4<350 350<(CD4<500 CD4>500
(n=6) (n=4) (n=10) (n=21)

55 495 285 3 30
(21-64) (23-62) (15-56) (21-45) (20-36)
6/0 4/0 10/0 21/0 6/1
143 271 457 671 627
(51-170) (212-342) (413-500) (508-1029) (444-748)
548 m 906 995 1039
(392-939) (455-1308) (513-1458) (533-3082)  (794-1585)
LDL LDL LDL LDL LDL

Data are expressed as median (range). The VIR and ART groups are each divided into 4 subgroups according to blood CD4* T cell counts. HCs, healthy
controls; VIR patients, viremic HIV-1-infected patients; ART patients, HIV-1-infected patients receiving successful antiretroviral therapy; ECs, elite
controllers; n, number of individuals per group; LDL, lower detection limit; M, male; F, female.

Results

Increased activation of caspases in CD4" T cells during chronic HIV-1
infection. To analyze the distribution of apoptotic and pyroptotic
cells in HIV-l-infected patients, we used fluorochrome-labeled
inhibitors of caspases (FLICA) and intracellular staining with anti-
bodies specifically recognizing the active forms of caspase-1 and
caspase-3 (17,18). Stimulation of pyroptosis by nigericin selectively
induced FLICA-caspase-1 activation, whereas staurosporine
stimulation resulted in preferential activation of caspase-3 (Sup-
plemental Figure 1A; supplemental material available online with
this article; https://doi.org/10.1172/JCI138861DS1).

We then compared the frequencies of CD4* T cells express-
ing activated caspase-1 and caspase-3 in healthy control subjects
(HCs; n =19), VIR patients (n = 80), ART patients (n = 41), and
ECs (n=7) (Table 1 and Supplemental Table 1). As shown in Fig-
ure 1, the proportion of caspase-l-activated CD4* T cells (Figure
1, A and B; see Supplemental Figure 1B for gating strategy) was
significantly increased in VIR patients compared with that in HCs
(P < 0.001). The frequencies of caspase-l-activated CD4" T cells
in ART patients were lower than the frequencies in VIR patients
but higher than those in HCs (P < 0.01 and P < 0.001, respective-
ly). Notably, ECs maintained low levels of caspase-1 activation in
CD4" T cells comparable to those in HCs (P > 0.05). The activa-
tion of caspase-3 was also elevated in VIR patients but partially
restored in ART patients (Figure 1C and Supplemental Figure 1C).

Caspase-1 activation is a marker of the formation of inflam-
masome and the occurrence of pyroptosis (19). We further char-
acterized the caspase-activating CD4* T cells by imaging flow
cytometry (Supplemental Figure 1, D and E). By gating on mor-
phologically intact cells, we detected FLICA-caspase-1* or active
caspase-3* CD4" T cells from VIR patients in a proportion that was
comparable to that detected by flow cytometry (Supplemental Fig-
ure 1F). Strikingly, a much higher proportion of FLICA* CD4* T
cells than negative control cells harbored a misshapen membrane
(29.00% * 8.35% vs. 5.36% *+ 2.88%, P < 0.01), suggesting the
occurrence of membrane rupture during pyroptosis (Supplemen-
tal Figure 1G and ref. 20). This increase in proportion of FLICA*

CD4" T cells was not observed in caspase-3-activating CD4* T
cells (Supplemental Figure 1G).

Next, we determined whether there was a direct relationship
between the increased caspase activation and CD4"* T cell loss. To
this end, the statistical correlations between CD4" T cell counts
and caspase-1 and caspase-3 activation were analyzed in matched
measurements performed in VIR patients. Both caspase-1 activa-
tion (Figure 1D; P < 0.001, r = -0.5823) and caspase-3 activation
(Figure 1E; P < 0.001, r = -0.5369) showed significant negative
correlations with CD4* T cell counts.

When VIR patients were further stratified by CD4* T cell
count, patients with CD4" T cell counts of 2500 cells/uL manifest-
ed the lowest levels of caspase-1 and caspase-3 activation in CD4*
T cells, while the highest levels of caspase-1 and caspase-3 acti-
vation were detected in patients with CD4* T cell counts of <200
cells/uL (Supplemental Figure 2A). ART patients showed a sim-
ilar tendency to that observed in VIR patients when subgrouped
by CD4" T cell counts (Supplemental Figure 2B). Remarkably, the
levels of caspase-1 activation correlated positively with caspase-3
activation levels in CD4* T cells (Supplemental Figure 2C; P <
0.001, r = 0.9164), suggesting a close connection between pyro-
ptosis and apoptosis, both of which might be critically involved in
CD4" T cell loss in chronically HIV-1-infected patients.

We also investigated caspase-1and caspase-3 activationin CD8*
T cells. Although similar changes were observed among different
groups (Supplemental Figure 3A), caspase-1 activation (Supple-
mental Figure 3B; P = 0.042, r = -0.2338) and caspase-3 activation
(Supplemental Figure 3B; P = 0.0219, r =-0.2009) in CD8" T cells
showed weak negative correlation with CD4* T cell counts. Further-
more, no significant relationship was found between caspase activa-
tion and CD8* T cell counts (Supplemental Figure 3C). These data
highlight the important pathological significance of caspase activa-
tionin CD4" T cells during chronic HIV-1 infection.

To characterize apoptotic and pyroptotic T cells in VIR
patients in vivo, we subsequently analyzed the memory status
of these cells with a focus on enrichment of such cells in specific
subsets during chronic HIV-1 infection. Defined by the markers
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Figure 1. Increased activation of caspase-1and caspase-3 in CD4* T cells during chronic HIV-1 infection. (A) Representative flow cytometry plot shows
FLICA-caspase-1and active caspase-3 expression in CD4* T cells in peripheral blood of healthy controls (HC), viremic patients (VIR), antiretroviral
therapy-treated patients (ART), and elite controllers (EC). (B and C) The frequencies of FLICA-caspase-1* CD4* T cells (B) and active caspase-3* CD4*

T cells (C) from HCs (n =19), VIR patients (n = 80), ART patients (n = 27), and ECs (n = 7). (D and E) Association of the frequencies of FLICA-caspase-1*
CD4+ T cells (D) and active caspase-3* CD4* T cells (E) with the absolute CD4* T cell counts in VIR patients. Each dot represents a single individual, and
associations were evaluated using Spearman’s correlation test. P and Spearman’s p values are presented. (F) CD4* T lymphocytes from 6 VIR patients
were downsampled, concatenated, and mapped by t-SNE. Each point represents a single cell. Different light colors represent different subsets. The
FLICA-caspase-1* CD4* T cells (blue) and active caspase-3* CD4* T cells (red) were overlaid onto the overall t-SNE map. (G) The proportion of naive T (Tn),
Tcm, Ttm, Tem, and Ttd cells in the total, FLICA-caspase-1*, and active caspase-3* CD4* T cell population from VIR patients (n = 6). Different symbols
represent different individuals. (H) The Tcm/Tem ratio was calculated. Mann-Whitney U test (B and C); Wilcoxon's signed-rank test (G and H); *P < 0.05,

**P < 0.01, ***P < 0.001. pos, positive.

CD45RA, CCRY7, and CD27, naive and memory CD4* and CD8*
T cell subsets were visualized using t-distributed stochastic
neighbor embedding (t-SNE) maps in HIV-1-infected individu-
als (Supplemental Figure 4A). CD4" T cells from 6 different VIR
patients coclustered (Supplemental Figure 4B). In CD4" T cells,
the caspase-l-activated clusters were enriched in the effector
memory (Tem) subset, while the ratio decreased in the naive,
central memory (Tcm), and transient memory (Ttm) subsets, and
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was unchanged in the terminally differentiated (Ttd) subset (Fig-
ure 1, F and G). This is different from the in vitro data, in which
pyroptosis mainly occurred in resting T cells, such as in naive
and Tcm subsets. The caspase-3-activated CD4* T cells were
also enriched in the Tem subset, while the decrease in caspase-3-
activated CD4" T cells in the naive subset was less marked than
the decrease in caspase-l-activated cells (Figure 1, F and G).
Among the CD8" T cells, the caspase-1-activated fractions were
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Figure 2. Activation of caspase-1in CD4" T cells correlates with both viral load and inflammation. (A) Isolation of total, FLICA-caspase-1*, and active
caspase-3* CD4* T cells from PBMCs of VIR patients (n = 5). HIV DNA in different cell fractions was detected. Wilcoxon's matched-pairs signed-rank

test was performed. (B) Correlation of HLA-DR*CD38* CD4* T cells with FLICA-caspase-1* and active caspase-3* CD4* T cells. (€) The expression of HIV-1
coreceptor CCR5 and CXCR4 on FLICA-caspase-1* (red dots) and FLICA-caspase-1- CD4* T cells (gray dots) in VIR patients (n = 5). neg, negative. (D and

E) Correlation of FLICA-caspase-1 frequency in CD4 T cells with HIV-1 viral load (D) and activation of CD8* T cells (HLA-DR*CD38* CD8" T cells) (E) in VIR
patients (n = 80). The HIV-1viral load is represented on a log,; scale. (F and G) Correlation matrix of FLICA-caspase-1 frequency in CD4* T cells and plasma
inflammatory markers in VIR patients and ART patients. Levels of sCD14, sCD163, I-FABP, and h-CRP were detected by ELISA, and other cytokines were
measured by Luminex assay. The size and color density of circles are proportional to the correlation between 2 variables in VIR patients (D) or ART patients
(E). Associations were evaluated using Spearman’s correlation test. P and Spearman'’s p values are presented. Wilcoxon's signed-rank test (A and C); **P <

0.01, ***P < 0.001.

significantly increased in the Tem and Ttm and decreased in the
Ttd subsets (Supplemental Figure 4C). The caspase-3-activated
CD8* T cells showed a significant increase in the Tcm subset
and a significant decrease in the Ttm subset compared with the
caspase-l-activated CD8" T cell fractions (Supplemental Figure
4C). Nevertheless, the Tem/Tem ratio of caspase-activated CD4*
T cells was decreased (Figure 1H). In contrast, the Tcm/Tem ratio
was increased in caspase-activated CD8* T cells (Supplemental

Figure 4D). The heterogeneity of CD4* and CD8" T cells suggested
the existence of different mechanisms for caspase activation.
Activation of caspase-1in CD4* T cells correlates with both viral
load and inflammation. Previous ex vivo studies using the HLAC
system showed that pyroptosis occurs mainly in resting CD4* T
cells, which undergo caspase-1 activation due to innate sensing
of incomplete DNA fragments and are nonpermissive for HIV-1
infection (10, 11). To investigate whether caspase activation in

J Clin Invest. 2021;131(6):e138861 https://doi.org/10.1172/JC1138861
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CD4" T cells is directly dependent on HIV-1 infection, we ana-
lyzed the presence and levels of HIV DNA in caspase-activated
cells sorted from the PBMCs of VIR patients. The results showed
that the frequencies of HIV DNA-containing cells were extremely
low (Figure 2A). Surprisingly, neither caspase-1- nor caspase-3-
activated cells showed enrichment of HIV DNA compared with
control cells (Figure 2A). These data indicated that HIV-1 infec-
tion, either by a productive or an abortive mechanism, is not the
main cause of caspase activation in peripheral CD4* T cellsin VIR
patients. Activation-induced cell death has also been proposed as
an important mechanism of CD4" T cell loss in HIV infections
(21). In this study, the activation status of CD4* T cells (HLA-
DR*CD38*) showed a stronger positive correlation with caspase-3
activation (P < 0.001, r = 0.5850) than with caspase-1 activation
(P = 0.017, r = 0.3424; Figure 2B), suggesting that activation-
induced cell death occurs via apoptosis, while the mechanism
responsible for caspase-1 activation in CD4" T cells remains to
be clarified. Strikingly, when we assessed the expression of core-
ceptors recognized by HIV-1 on caspase-activating CD4* T cells,
the caspase-l-activated CD4" T cell population was enriched in
CCR5'CXCR4- cells, whereas the fraction of CCR5"CXCR4 cells
was increased in caspase-3-activated CD4* T cells (Figure 2C and
Supplemental Figure 4E). Taken together, these results suggested
that caspase-1 activation and caspase-3 activation in CD4* T cells
are driven by different factors.

The involvement of apoptosis of CD4" T cells in HIV-1 infec-
tion has been intensively studied, while the involvement of pyro-
ptosis is less clear. In contrast to apoptosis, pyroptosis is a proin-
flammatory process, which is thought to link CD4* T cell depletion
and chronic inflammation, two critical features of HIV-1 infection
(3). To clarify the involvement of pyroptosis of CD4* T cells in
HIV disease progression, we investigated the potential correla-
tion of caspase-1 activation in CD4* T cells with clinical param-
eters or related biomarkers. The frequency of FLICA-caspase-1*
CD4"' T cells correlated positively with plasma HIV-1 viral load
in the VIR group (Figure 2D; P = 0.0013, r = 0.4974). Moreover,
the percentage of FLICA-caspase-1* CD4* T cells correlated pos-
itively with CD8* T cell activation status (Figure 2E; P = 0.012, r
= 0.3413). Finally, caspase-1 activation in CD4* T cells correlated
positively with plasma inflammatory markers, such as IL-6 (P <
0.001, r = 0.4997), IFN-y-induced protein 10 (IP-10; P = 0.003,
r = 0.3742), macrophage inflammatory protein 13 (MIP-1f; P <
0.001, = 0.466), and high-sensitivity C-reactive protein (h-CRP)
(P=0.0068, r=10.3429), and biomarkers of intestinal barrier dys-
function, such as soluble CD14 (sCD14) (P < 0.001, r = 0.4328;
Figure 2F and Supplemental Figure 5). Interestingly, correlations
between caspase-1 activation in CD4* T cells and plasma inflam-
matory markers were not observed in ART patients (Figure 2G and
Supplemental Figure 5), indicating that pyroptosis of CD4* T cells
is closely related to persistent inflammation in VIR patients, but
not in ART patients.

Chronic HIV-1 infection induces GSDMD cleavage in LNs.
GSDMD, which has been recently identified as the central exe-
cutioner of pyroptosis, functions through N-terminal insertion,
oligomerization, and membrane pore formation after cleavage
by activated inflammatory caspases (22-24). To identify cells
with GSDMD activation, we used antibodies that target the
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cleavage site residues FLTD in the N-terminal region of active
GSDMD; these antibodies specifically recognize the active
N-terminal region, rather than the full-length form or the C-ter-
minal region (25). To visualize the subanatomical distribution of
CD4* T cells expressing active GSDMD, LN sections from HIV-1-
negative subjects, VIR patients, and ART patients were stained
for active GSDMD and CD4. In 3 HIV-l-negative subjects,
0.93% * 0.30% (mean * SEM) of the LN sections were stained
positively for active GSDMD compared with 10.8% * 2.8% in 7
VIR patients (P = 0.0167). In the 4 ART patients, 2.0% * 0.54% of
the LN sections were stained positively for active GSDMD, which
was markedly lower than the ratio observed in VIR patients (P =
0.0152) but slightly higher than that in the HIV-1-negative group
(Figure 3, A and B). More importantly, for the 7 VIR patients, the
percentage of active GSDMD-positive staining in LNs correlated
positively with viral load (Figure 3C; P=0.048, r = 0.7857), indi-
cating that pyroptosis (represented by active GSDMD) might be
triggered by HIV-1 replication.

We further used an in situ hybridization assay that com-
bines the detection of viral RNA in fixed tissue sections with
phenotypic analysis by using immunofluorescence and confocal
microscopy. In VIR patients, HIV RNA-positive cells were broad-
ly distributed in the LNs and were enriched in the follicles (Sup-
plemental Figure 6A); however, cells expressing active GSDMD
were mainly distributed in the T cell zone, in a bystander manner
around HIV RNA-positive follicles (Figure 3D and Supplemental
Figure 6A). In contrast, cells expressing active caspase-3 were
preferentially located in the LN follicles (Figure 3D). Similar dis-
tribution patterns of active caspase-3 and active GSDMD were
observed when another commercial GSDMD antibody was used
(Supplemental Figure 6B). We used 6-color multiplex immu-
nohistochemistry analysis to detect HIV RNA, active GSDMD,
active caspase-3, CD3, and CD8 in LN tissue. We found that
follicular CD4* T cells with active viral replication underwent
caspase-3 activation (Figure 3E, right), but pyroptotic CD4* T
cells located outside the follicle did not (Figure 3E, left). These
data indicate that GSDMD activation is triggered externally by
active viral replication in a bystander manner.

NLRP3 inflammasome activation contributes to caspase-1 acti-
vation in CD4* T cells. Subsequently, to dissect the upstream
signals involved in caspase-1 activation in CD4" T cells, we con-
ducted quantitative reverse transcriptase PCR analysis of inflam-
masome-related gene expression in purified CD4* T cells from
PBMCs of HCs (1 = 6), VIR patients (n = 22), ART patients (n =11),
and ECs (n = 3). Data showed that HIV-1 infection induced exten-
sive activation of inflammasome-related genes (e.g., NLRPY,
NLRP3, NLRPI, CASPI, IL1B; see Supplemental Table 4 for primer
list), which was partially reversed by complete suppression of vire-
mia in ART patients (Figure 4A). CD4" T cells in ECs showed a
pattern of inflammasome-related gene expression that was more
similar to that in HCs than to that in VIR patients. Among these
genes, NLRP3, CASPI, ILIB, and GSDMD showed the strongest
correlation with CD4* T cell caspase-1 activation, viral load, and
CD4" T cell counts in VIR patients (n = 22; Figure 4, B and C, and
Supplemental Figure 7). In summary, these data highlight the
potential role of the NLRP3 inflammasome in mediating caspase-1
activation and pyroptosis in CD4* T cells.
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Figure 3. Increased GSDMD activation in lymph nodes of HIV-1-infected patients. (A) Representative examples of LNs from HIV-negative patients (n = 3)
(left), VIR patients (n = 7) (middle), and ART patients (n = 4) (right) stained with anti-active GSDMD antibody shown at low (top panels) and high (bottom
panels) magnification. Scale bars: 50 um. (B) Quantification of active GSDMD was performed using Image]. Mann-Whitney U tests were used to evaluate
statistically significant differences. (C) Spearman’s correlation between percentage of active GSDMD-positive area and HIV-1viral load (VL) in VIR patients
(n=7). Pand Spearman’s p values are presented. (D) Representative immunofluorescence microscopy images of LN sections from VIR patients hybridized
with HIV-1viral RNA and stained with anti-active caspase-3 and anti-active GSDMD antibodies, as indicated. (E) Representative immunofluorescence
microscopy images of LN sections from VIR patients hybridized with HIV-1viral RNA and stained with anti-CD3, anti-CD8, anti-active caspase-3, and anti-
active GSDMD antibodies, as indicated. High-magnification fields show each fluorescence channel of representative images of pyroptotic and apoptotic
cells at both sides of the main panel. Dashed lines represent B cell follicle limits. Scale bars: 50 um. *P < 0.05.
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To determine whether the NLRP3 inflammasome is function-
ally involved in caspase-1 activation in CD4* T cells during HIV-1
infection, PBMCs isolated from VIR patients were incubated in
the presence of vehicle control or MCC-950 (NLRP3 inhibitor; ref.
26). Notably, MCC-950 inhibited caspase-1 activation in CD4* T
cells, IL-1pB secretion, and release of lactate dehydrogenase in the
supernatant (Figure 4D).

NLRP3 inflammasome activation is a 2-step process, a
priming step to license the cell and an activation step in which
NLRP3 activation is triggered, followed by the assembly of the
NLRP3 inflammasome and caspase-1-mediated pyroptosis (27).
As shown in Figure 4A, priming of the NLRP3 inflammasome
at the transcriptional level was observed in VIR patients. Addi-
tionally, intracellular staining showed that the translational level
of NLRP3 was also significantly increased in VIR patients com-
pared with the levels in HCs (Figure 4E and Supplemental Figure
8A). Thus, we hypothesized that these cells have been primed in
the context of chronic HIV-1 infection, and can be readily acti-
vated by NLRP3 activators. To confirm this hypothesis, PBMCs
isolated from HCs or VIR patients were stimulated with the
known NLRP3 activators ATP and nigericin. Interestingly, CD4*
T cells from VIR patients, but not HCs, showed aberrant activa-
tion of caspase-1 and secretion of IL-1p following stimulation
(Figure 4F). Next, we investigated the ability of viral particles
to serve as an NLRP3 activator. Notably, incubation with viral
particles selectively induced caspase-1 activation in CD4" T cells
(Figure 4F), but not in CD8* T cells (Supplemental Figure 8B).
Moreover, compared with PBMC-derived CD4" T cells from HC
donors primed with plasma from HCs, CD4* T cells primed with
plasma from VIR patients showed elevated NLRP3 expression
and increased susceptibility to HIV particle-induced caspase-1
activation (Figure 4, G and H).

Mitochondrial dysfunction and the release of mitochondrial
ROS (mtROS) are additional key upstream events implicated
in NLRP3 activation (28-30). During chronic HIV-1 infection,
mitochondrial depolarization and ROS production have also
been described, and can be induced by Env-coreceptor interac-
tions (31). As expected, in the setting of viral particle-induced
activation, caspase-l-activated CD4* T cells showed higher
activation of mtROS (Figure 4I). Furthermore, inhibition of
ROS production by N-acetylcysteine or MitoTEMPO (Milli-
poreSigma efficiently blocked caspase-1 activation in CD4* T
cells (Figure 4]). Overall, these data indicate that HIV-1 par-
ticle-induced ROS production drives NLRP3 inflammasome
activation in CD4" T cells during chronic HIV-1 infection.

Discussion

Recent studies have implicated pyroptosis in the pathogenesis
of HIV-1 (3, 10, 11). In this study, we investigated the occurrence
and clinical significance of pyroptosis and apoptosis in CD4* T
cells in HIV-1-infected patients. We showed that both pyropto-
sis and apoptosis of CD4" T cells are associated with HIV-1 dis-
ease progression (Figure 5A). Moreover, we identified the NLRP3
inflammasome as a sensor that drives caspase-1 activation and
pyroptosis in CD4" T cells via a mechanism that depends on ROS
production (Figure 5B). These findings not only provide a fur-
ther understanding of the pathogenesis of HIV-1, but also high-
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light potential novel strategies for host immune reconstitution in
HIV-1-infected patients.

Different studies have indicated pyroptosis or apoptosis as the
main cause of CD4" T cell depletion during chronic HIV-1 infec-
tion (3, 4); however, the exact contribution of these processes to
the clinical manifestations of CD4" T cell loss in patients remains
to be clarified. In this study, we showed that pyroptosis and apop-
tosis are not mutually exclusive, but rather act synergistically to
orchestrate the fate of CD4* T cells in a manner that is consistent
during each stage of the disease. Notably, caspase-3 activation
was preferentially restricted to follicles where there was active
viral replication, whereas active GSDMD was mainly distributed
around virus-producing follicles. These findings are consistent
with prior studies suggesting that productively infected CD4* T
cells die via caspase-3-mediated apoptosis while bystander CD4* T
cells undergo caspase-1-mediated pyroptosis (9). Furthermore, the
abundance of HIV DNA in caspase-l-activated circulating CD4*
T cells was comparable to that in the total CD4" T cell population.
These findings indicate that CD4* T cell pyroptosis occurs in both
peripheral blood and lymphoid tissues in a bystander manner.

Caspase-1-activated CD4" T cells were detected in all mem-
ory subsets and, interestingly, were enriched in the Tem subset.
Moreover, caspase-1-activated CD4* T cells expressed higher lev-
els of CCR5 than negative control cells. These data suggest that
caspase-l-activated CD4" T cells are highly permissive for HIV-1
infection. These data are consistent with the observation that the
level of caspase-1 activation in CD4* T cells correlated positively
with viral load in VIR patients, and was significantly decreased
after viral suppression in ART patients. However, other fac-
tors may also contribute to caspase-1 activation in CD4* T cells.
Despite effective viral control, ART patients showed significantly
higher caspase-1 activation than HCs, and it is also worth noting
that no obvious differences in caspase-1 activation were observed
between patients in the VIR and ART groups with CD4" T cell
counts greater than 500 cells/uL. Since chronic inflammation and
immune hyperactivation are hallmarks of HIV-1 infection (32), it
is likely that these factors also contribute to caspase-1 activation
in CD4* T cells.

HIV-1 infection is characterized by development of profound
immunodeficiency but sustained inflammation (32). Indeed, in
VIR patients, the caspase-1 activation levels in CD4" T cells cor-
related positively with inflammation and gut barrier dysfunction.
Notably, an elevated level of IL-1f has been observed in tissues
including cerebrospinal fluid, LNs, skin, and bronchoalveolar
epithelium of HIV-infected patients (33, 34). In addition, there
is evidence that inflammasome activation, which precedes IL-1B
processing, occurs commonly in HIV-1 infection (35, 36). Abor-
tive infection of resting lymphoid CD4* T cells triggers pyroptosis
through detection of incomplete viral DNA in the in vitro HLAC
system, which models acute HIV-1 infection in humans (9-11).
We found that NLRP3, but not other inflammasome sensors, is
closely associated with caspase-1 activation in CD4* T cells during
chronic HIV-1 infection. This suggests that pyroptosis during
acute infection modeled in the HLAC system may drive second-
ary pyroptosis through the release of intracellular mediators such
as ATP and damage-associated molecular patterns (DAMPS) that
are able to promote NLRP3 assembly and caspase-1 activation. It
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Figure 4. Activation of caspase-1is mediated by the NLRP3 inflam-
masome during chronic HIV-1 infection. Peripheral blood CD4* T cells

of HCs (n = 6), VIR patients (n = 22), ART patients (n = 11), and ECs (n =

3) were enriched by magnetic cell sorting. (A) Heatmap showing inflam-
masome-related gene expression. (B) Heatmap of pairwise correlation

of inflammasome-related gene expression with FLICA-caspase-1* CD4*

T cell frequency, viral load, and CD4- T cell counts. (C) Correlations of
FLICA-caspase-1* CD4* T cell frequency with inflammasome-related

gene expression. (D) PBMCs from VIR patients (n = 5) were cultured with
vehicle control or MCC-950 (1 uM) for 6 hours. FLICA-caspase-1* CD4* T cell
frequencies, IL-1B secretion, and lactate dehydrogenase (LDH) release were
determined. (E) Left: Representative NLRP3 expression in CD4* T cells of
HCs (red) and VIR patients (blue). Right: MFI of NLRP3 expression in CD4*
T cells from HCs (n = 5) and VIR patients (n = 5). FMO, fluorescence minus
one. (F) PBMCs from HCs (n = 4) and VIR patients (n = 4) were stimulated
with 10 uM nigericin, 5 mM ATP, or HIV-1 viral particles (Bal-GFP, R5-tropic),
respectively. FLICA-caspase-1* CD4* T cell frequencies were determined by
flow cytometry, and supernatant IL-1B levels were detected by ELISA. (G)
PBMCs from HCs (n = 4) were treated with conditioned medium (CM) for 48
hours; then HIV-1 viral particles (Bal-GFP, R5-tropic) were added and incu-
bated for an additional 24 hours. (H) MFI of NLRP3 in CD4"* T cells (left) and
FLICA-caspase-1* CD4* T cell frequencies (right). (1) Left: Representative
MitoSOX (Thermo Fisher Scientific) signal of VIR patients (n = 10). Right:
MFI of MitoSOX signals. (J) PBMCs from VIR patients (n = 5) were cultured
in the presence of 1 mM N-acetylcysteine (NAC) or 20 uM MitoTEMPO.
Frequency of FLICA-caspase-1* CD4* T cells determined by flow cytometry.
Mann-Whitney U test (E); Wilcoxon's signed-rank test (D, F, H, I, and J); *P
< 0.05, **P < 0.01, ***P < 0.001.

is worth noting that NLRP3 polymorphisms are associated with
a higher risk for HIV-1 infection (37, 38). Studies on the potential
involvement of the NLRP3 inflammasome in HIV-1infection have
focused mainly on monocytes (39-44). Here, we propose an alter-
native explanation for the pathological role of the CD4" T cell-
intrinsic NLRP3 inflammasome during HIV-1 infection.

HIV-1 infection induces apoptosis via different mechanisms,
including the action of host factors (e.g., TNF-q, Fas ligand, and
TRAIL; refs. 45, 46) and various viral factors (e.g., HIV-1 Tat, Vpr,
and Nef) released from infected cells (47, 48). However, these
mechanisms are thought to act on a broad spectrum of cell types
and subtypes, and cannot explain the selective loss of CD4" T cells
during HIV-1 infection. The role of gp120 and gp41 Env protein in
indirect cell death has also been a focus of interest (49), although
the involvement of cell death pathways other than apoptosis
remains to be clarified. The HIV-1 envelope (Env) glycoprotein
has been shown to interact with bystander cells expressing CD4
and a coreceptor, CXCR4/CCR5. Similarly to Env glycoprotein-
mediated bystander CD4" T apoptosis, membrane damage during
the hemifusion process might also induce massive mtROS pro-
duction, similar to that observed in astrocytes and microglia (50,
51). Because the HIV-1 Env glycoprotein is localized on the surface
of the virus and virus-infected cells, it is speculated that produc-
tively infected cells can also activate the NLRP3 inflammasome in
bystander CD4" T cells, as shown in the lymphoid tissues.

It was previously reported that peripheral blood-derived
CD4" T cells exhibit innate resistance to pyroptosis (52). Accord-
ingly, we found that CD4* T cells from HCs were resistant to stim-
ulation by NLRP3 activators. However, cells from VIR patients
were sensitive to stimulation of NLRP3 activators, which might
be due to elevated expression of a series of inflammasome-
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related genes, resulting in higher pyroptosis-inducing potential
(PIP). This speculation was reinforced by a recent study show-
ing upregulation of NLRP3 and caspase-1 transcription in HIV-1-
infected patients with poor immune recovery (53). This indicates
that, in addition to CD4" T cells, other cells, such as CD8* T cells,
are also susceptible to activators of the NLRP3 inflammasome.
Increased susceptibility to pyroptosis has also been described
for monocytes in HIV-1-infected patients (35). Considering the
complexity of NLRP3 activation and regulation (27), it is highly
possible that other factors also contribute to the PIP status, and
this issue warrants further investigation.

The effect of antipyroptosis therapy in people living with HIV-1
is largely unknown. A recent study in monkeys demonstrated that
treatment with a broad-spectrum caspase inhibitor is beneficial for
immune preservation and viral control in acute SIV infection (54).
Notably, the Canakinumab Antiinflammatory Thrombosis Out-
come Study (CANTOS) recently demonstrated a decrease in the
risk of cardiovascular events in patients with established cardio-
vascular disease after IL-1 inhibition with canakinumab, a mono-
clonal antibody targeting IL-1B (55). Moreover, canakinumab
is also being investigated for effects on endothelial dysfunction
and arterial inflammation (NCT02272946, ClinicalTrials.gov).
However, we should be aware that IL-1p inhibition is not sufficient
to prevent pyroptosis.

In summary, this study has revealed that NLRP3-dependent
pyroptosis contributes as the dominant pathway in a synergistic
association with apoptosis to CD4" T cell loss in disease progres-
sion of HIV-1-infected patients. Current ART treatment can reduce,
but not fully control, the pyroptosis of CD4" T cells. Therefore, the
NLRP3/caspase-1/GSDMD/IL-1f axis may provide novel therapeu-
tic targets to improve the prognosis and outcomes of the disease.

Methods
Study patients. In this study, we enrolled a cohort of 19 healthy con-
trols; 80 VIR patients (with different CD4* T cell counts) who were
diagnosed with chronic HIV-1 infection at different stages of AIDS
progression at Fifth Medical Center, General Hospital of the PLA (in
general, the patients had started antiretroviral therapy 1 week after
their diagnosis); 7 elite controllers (who were HIV antibody-positive,
but with plasma HIV-1 RNA levels below the detectable limit without
receiving ART); and 41 HIV-1-infected patients receiving successful
ART (for more than 6 months with plasma HIV-1 RNA levels below
the detectable limit) (Table 1). Exclusion criteria included coin-
fection with HBV and HCV, pregnancy, and moribund status. VIR
patients with CD4* T cell counts less than 250/pL are highly suscep-
tible to opportunistic infections including tuberculosis and fungal
infections. Detailed information on the patients is shown in Sup-
plemental Table 1. LN biopsies were obtained from 7 VIR patients,
4 ART patients, and 3 HIV-negative individuals. The characteristics
of the patients with LN biopsies are shown in Supplemental Table 2.

FLICA analysis of activated caspases. Activated caspases were
detected by FLICA staining using a FAM FLICA Caspase-1 kit (Bio-
Rad) in accordance with the manufacturer’s instructions (17). In brief,
cells were incubated with FLICA reagent for 1 hour at 37°C, and cells
were washed for phenotypic staining.

Flow cytometric analysis of CD4* T cell phenotypes. For phenotypic
staining, PBMCs were stained extracellularly using primary antibod-
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Figure 5. A proposed schematic of NLRP3 inflammasome-dependent pyroptosis in CD4* T cells in chronically HIV-1-infected patients. (A) The pyroptotic
and apoptotic levels of CD4* T cells are elevated during chronic HIV-1 infection, showing close correlation with traditional biomarkers of disease, such as
CD4* T cell loss, increased viral load, and persistent inflammation. These symptoms are partially restored by effective ART. (B) The inflammatory milieu of
the microenvironment in chronic HIV-1 infection sensitizes cells to a primed state, with upregulation of a series of inflammasome-related genes. Pyroptosis
occurs through NLRP3 inflammasome activation driven by virus-dependent (signal 1) and/or -independent (signals 2 and 3) ROS production.

ies (1:200) for specific detection of surface markers for 30 minutes at
4°C. The cells were then washed with FACS buffer (1% FBS in PBS).
For subsequent intracellular staining, the cells were permeabilized,
fixed, and stained using the Permeabilization/Fixation Kit (00-5523-
00, eBioscience) according to the manufacturer’s instructions. The
cells were then incubated for 30 minutes at 4°C with primary antibod-
ies (1:200) for specific detection of intracellular antigens. For GSD-
MD labeling, the anti-active GSDMD antibody was labeled with PE

fluorochromes using commercial conjugation kits according to the
manufacturer’s protocols (AB102918, Abcam). Information on the
antibodies and reagents used in this study is listed in Supplemental
Table 3. Samples were analyzed by flow cytometry using a BD Canto II
flow cytometer (BD Biosciences) with Flow]Jo software (BD Bioscienc-
es). For t-distributed stochastic neighbor embedding (t-SNE) analysis,
the FlowAl plugin was used to remove aberrant events. CD4" T cells
in all the samples were randomly downsampled to an equal number
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of cells using the DownSample plugin, and all the downsampled CD4*
T cells were concatenated into a single .fcs file. The concatenated file
was exported and visualized by t-SNE plugin. t-SNE maps were gener-
ated using data for the following markers: CD45RA, CD27, and CCR7;
with the following settings: iterations 300, perplexity 30, eta 7% of
cell number, and theta 0.5. Other cell populations defined according
to conventional gating strategy were overlaid onto the t-SNE map
and color-coded as indicated. For image flow cytometry, cells were
acquired using a 4-laser 12-channel imaging flow cytometer, Image
StreamX MarkII (MilliporeSigma), under x40 magnification. At least
10,000 single cells were acquired per sample, with debris and dou-
blets excluded based on their area and aspect ratio. Data were ana-
lyzed using Inspire software. Cells in focus (using the “gradient RMS”
feature for the bright-field image) and single cells (in a plot using
“area” versus “aspect ratio”) were gated. Images were analyzed using
image-based algorithms in ImageStream Data Exploration and Analy-
sis Software (IDEAS 6.2.64.0, MilliporeSigma).

Luminex assays and ELISAs. Cytokines were detected using a
Luminex Bio-Plex ProTm Human Cytokine 8-Plex (including IL-6,
IL-8, G-CSF, GM-CSF, 1P-10, MCP-1, MIP-1B, and IFN-02) with the
Luminex 100 System (Bio-Rad) according to the manufacturer’s pro-
tocol. Plasma C-reactive protein (CRP), I-FABP, sCD14, and sCD163
were detected using ELISA kits, as described in Supplemental Table 3
(R&D Systems).

Cell sorting. CD4* T cells were isolated from PBMCs using the
EasySep negative-selection Human CD4* T Cell Enrichment Kit
(STEMCELL Technologies) according to the manufacturer’s instruc-
tions. Purified CD4" T cells were then stained with FLICA-caspase-1.
Cell sorting was performed with a BD FACS Aria (BD Biosciences),
and caspase-1-positive and caspase-1-negative cells were collected.

Detection of HIV DNA. Total cellular DNA was extracted from cells
using Qiagen QIAsymphony DNA Mini Kits (Qiagen). HIV DNA was
quantified using a fluorescence-based real-time SUPBIO HIV Quanti-
tative Detection Kit. The quantification range was 10 to 5 x 10 copies
per 10° PBMCs.

RNAscope. The RNAscope assay was carried out according to a
previously described method (56). Briefly, after H,0, treatment and
protease digestion, LN sections were incubated overnight at 40°C
with HIV clade B antisense probe (catalog 317691, Advanced Cell
Diagnostics). The RNAscope Multiplex Fluorescent Detection Kit
(Advanced Cell Diagnostics) was used for tyramide signaling ampli-
fication (TSA) plus Cy3 or FITC immunofluorescence detection.
Images were obtained with a Leica TCS SP8 STED confocal micro-
scope and PerkinElmer Vectra 3.0.

Immunofluorescence and immunohistochemistry assays. Immuno-
fluorescence and immunohistochemistry assays were carried out as
previously described (57). Briefly, fresh tissues were fixed in 4% neu-
tral-buffered formalin and embedded in paraffin. Sections (4 pm) were
stained with anti-CD4, anti-GSDMD, and the appropriate second-
ary antibodies. Images were captured with an inverted fluorescence
microscope (PerkinElmer). Quantification of GSDMD was performed
using Image] software (NIH) after determination of the average opti-
cal density of positive staining (magnification x400, 10 random view
fields). Multiplex immunofluorescence staining of LNs was performed
using a PANO 7-plex IHC kit (Panovue, Beijing, China), following the
manufacturer’s protocol (58). In brief, after RNAscope assay, different
primary antibodies, including anti-CD3, anti-CD8, anti-caspase-3,
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and anti-GSDMD, were sequentially applied, followed by incubation
of HRP-conjugated secondary antibody and tyramide signal amplifi-
cation reagent. Slides were counterstained with DAPI. Multispectral
images were obtained on a Mantra System (PerkinElmer).

Quantitative PCR. Total cellular RNA was extracted using
TRIzol Reagent (Thermo Fisher Scientific). RNA was then
reverse-transcribed to cDNA using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). mRNA expression was
examined by quantitative PCR using the SYBR Green Master Mix
(Applied Biosystems) with a CF96 real-time PCR system (Bio-Rad).
Primers used for amplification of the target genes are listed in Sup-
plemental Table 4. Data represent fold changes in expression nor-
malized to the IPOS8 control.

Statistics. Data represent the mean + SEM, and statistical analyses
were performed with GraphPad Prism version 8.0 (GraphPad Soft-
ware). The correlations between variables were evaluated by a Spear-
man rank correlation test. Correlation matrices were generated and
visualized using R with the hmisc and corrplot packages. Wilcoxon’s
signed-rank test was used for matched pairs. Mann-Whitney U tests
were used for comparison between 2 groups. P values less than 0.05
were considered to indicate statistical significance.

Study approval. This study was approved by the Institutional
Review Board and Ethics Committee of Fifth Medical Center of Chi-
nese PLA General Hospital, and written informed consent was provid-
ed by each participant in accordance with the Declaration of Helsinki.
Patients were managed in strict accordance with the associated guide-
lines and regulations.
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