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CORONAVIRUS

PD-1/PD-L1 blockade abrogates a dysfunctional
innate-adaptive immune axis in critical
B-coronavirus disease
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Severe COVID-19 is associated with hyperinflammation and weak T cell responses against SARS-CoV-2. However,
the links between those processes remain partially characterized. Moreover, whether and how therapeutically
manipulating T cells may benefit patients are unknown. Our genetic and pharmacological evidence demonstrates
that the ion channel TMEM176B inhibited inflammasome activation triggered by SARS-CoV-2 and SARS-CoV-2-
related murine B-coronavirus. Tmem176b™~ mice infected with murine B-coronavirus developed inflammasome-
dependent T cell dysfunction and critical disease, which was controlled by modulating dysfunctional T cells with
PD-1 blockers. In critical COVID-19, inflammasome activation correlated with dysfunctional T cells and low mono-
cytic TMEM176B expression, whereas PD-L1 blockade rescued T cell functionality. Here, we mechanistically link
T cell dysfunction and inflammation, supporting a cancer immunotherapy to reinforce T cell immunity in critical
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B-coronavirus disease.

INTRODUCTION

Coordinated innate and adaptive immunity triggered by pathogenic
human and animal B-coronaviruses are thought to prevent severe
disease through conserved mechanisms (1-6). Accordingly, when
severe coronavirus disease 2019 (COVID-19) arises, it is associated
with dysregulated innate immunity (hyperinflammation), weak
T cell responses, and high viral load (3, 5, 7-10). Thus, dysfunctional
innate and adaptive immune responses may lead to uncontrolled
viral replication and life-threatening disease. Nevertheless, whether
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hyperinflammation affects T cell immunity needs further research.
Monoclonal antibodies blocking the proinflammatory interleukin-6
(IL-6) receptor may add some therapeutic benefit in COVID-19
patients, although seemingly contradictory results have been reported
(11-13). However, this therapy does not necessarily control viral
load (14). CD8" T cell responses have the potential capacity to control
viral replication by killing infected cells (15). Nevertheless, thera-
peutic strategies aiming to reinforce T cell responses in B-coronavirus
disease have not been developed. This scenario may be explained
because (i) it is still unclear whether impaired T cell immunity causes
severe disease (9) and (ii) the mechanisms leading to low T cell
responses remain only partially understood (16, 17). Thus, charac-
terizing these issues may help to repurpose and/or develop rational
immunotherapies targeting T cells in critical COVID-19 patients.
T cells appear to be dysfunctional in COVID-19, although
contradictory data have been published in this field (8, 18-23).
Exhausted T cells are a specific lineage of dysfunctional cells charac-
terized by impaired effector mechanisms and transcriptional, epi-
genetic, and metabolic programs as well as the expression of inhibitory
receptors such as programmed cell death 1 (PD-1) (24, 25). Thera-
peutically, T cell exhaustion can be modulated by blocking PD-1
and its cognate ligand PD-L1 (26). PD-1/PD-L1 blockade improves
disease-free and overall survival in several human cancers (27).
However, it remains unknown whether PD-1/PD-L1 blockade may
benefit COVID-19 patients (28). A mechanistic understanding of
T cell dysfunction in B-coronavirus disease is necessary to validate
and rationalize this approach. The efficacy of PD-1/PD-L1 blockers
may be determined, at least in part, by the inflammatory context
(29). Thus, characterizing potential links between inflammation
and T cell dysfunction may help to select COVID-19 patients who
could benefit from PD-1/PD-L1 blockade. We have proposed that
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T cell exhaustion may be controlled by inflammasomes in cancer
(29). Inflammasomes are cytosolic multiprotein complexes that sense
cellular stress. Once activated, they cleave caspase-1, which then pro-
cesses pro—-IL-1P and pro-IL-18, among other substrates, to yield
the active and secreted forms of these cytokines (30). In myeloid
cells, NLRP3 inflammasomes are inhibited through ionic mecha-
nisms by the CD20-like MS4A family member TMEM176B, an in-
tracellular acid-sensitive nonspecific cation channel (29, 31-34).
Furthermore, TMEM176B was found to be overexpressed in mono-
cytes from nonpneumonia versus its expression in those from
pneumonia COVID-19 patients (35). We therefore speculated that
TMEM176B-regulated inflammasomes may trigger T cell dysfunc-
tion in B-coronavirus infection.

Here, we show that TMEM176B controls inflammasome activa-
tion triggered by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and SARS-CoV-2-related murine hepatitis virus
(MHV)-A59. Moreover, unleashed inflammasome activation leads
to T cell dysfunction in the context of B-coronavirus infection.
Last, PD-1/PD-L1 blockade restores T cell functionality in vitro in
critical COVID-19 patients and in vivo in MHV-A59-infected
Tmem176b~~ mice.

RESULTS

TMEM1768B is a protective host factor in f-coronavirus
infection by controlling inflammasome activation

We first analyzed published single-cell RNA sequencing data from
bronchioalveolar lavage (BAL) samples from moderately and severely
ill patients (36). The expression of TMEM176B and the homologous
gene TMEM176A was significantly down-regulated in BAL macro-
phages from severely ill patients versus in those from moderately ill
patients (Fig. 1A). In contrast, IL1B, NLRP3, and ILIR2 were
up-regulated in BAL macrophages from severely ill patients (Fig. 1A).
Next, we determined TMEM176B protein expression in CD14"
monocytes of peripheral blood from healthy donors (HDs), non-
intensive care unit (non-ICU) patients, and ICU patients (fig. S1
and table S1). TMEM176B expression was inversely correlated with
plasma active caspase-1 levels in the ICU patients but not in the
non-ICU patients (Fig. 1B). Because TMEM176B controls inflam-
masome activation through ionic mechanisms (31), we then assessed
whether TMEM176B may control inflammasome activation triggered
by the SARS-CoV-2 ion channel envelope (E) protein. Transfection
of THP-1 cells with SARS-CoV-2 E protein triggered IL-1B secre-
tion (Fig. 1C) and caspase-1 activation (fig. S2A), which were inhibited
by cotransfecting cells with TMEM176B (Fig. 1, D and E) without
affecting cell viability (fig. S2B). Thus, data from patients and genetic
in vitro experiments support a role for TMEM176B in controlling
SARS-CoV-2-induced inflammasome activation.

To further study a potential role for TMEM176B as a host-protective
factor in B-coronavirus disease, we then worked with MHV-A59.
MHV-A59 is a widely used B-coronavirus model that has been
shown to induce conserved innate and adaptive immune responses
in relationship to SARS-CoV-2 (I-6, 37). Moreover, liver injury is a
frequent extrapulmonary manifestation of critically ill COVID-19
patients (38). We first observed that MHV-A59 peaked at 5 days
post-infection (dpi) in the liver of wild-type (WT) mice (fig. S3A).
Tmem176b expression was induced by MHV-A59 in the liver of
WT mice peaking at 3 dpi (fig. S3B). Moreover, in infected animals,
Tmem176b colocalized with major histocompatibility complex
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(MHC) II staining, suggesting its expression by dendritic cells (DCs)
in the liver (fig. S3C). The analysis of the survival rates revealed that
Tmem176b~~ mice were highly susceptible to MHV-A59, in clear
contrast to WT animals that controlled the infection (Fig. 1F).
Compared to WT animals, Trmem176b~~ mice also showed increased
levels of MHV RNA in the liver (Fig. 1G) and plasma glutamic-
pyruvic transaminase (GPT) activity (Fig. 1H). Inflammasome acti-
vation has been shown to be associated with a worse outcome in
MHV-infected mice (39). Thus, Tmem176b may protect the host
by inhibiting MHV-induced inflammasome activation. Accordingly,
we found that the livers of infected Tmem176b™"~ mice showed
higher levels of active IL-1B (17 kDa) and caspase-1 (20 kDa) than
those of WT animals (Fig. 1, I and J). Flow cytometry analysis
showed enhanced caspase-1 activation in CD11b~ and CD11b"
conventional DCs from Trmem176b~~ mice compared to those from
WT animals (Fig. 1, K and L, and fig. S4). Moreover, Tmem176b
controlled the ability of MHV-A59 to activate NLRP3 inflammasomes
in bone marrow-derived DCs (BMDCs) in vitro (fig. S5). Thus,
Tmem176b regulates inflammasome activation in DCs induced by
MHV-A59 infection in vitro and in vivo. We then wished to directly
demonstrate a role for enhanced inflammasome activation in the
worse outcome of Tmem176b™'~ mice. IL-1B blockade (Fig. 1M)
and Casp1 deletion (Fig. 1N) significantly diminished the viral load
and improved mouse survival in Tmem176b~'~ animals (Fig. 10).
Furthermore, inflammasome activation in Tmem176b~~ mice may
lead to impaired immunity against MHV-A59. Accordingly, deple-
tion of CD8" T cells abolished the improvement in survival and
viral load control obtained with anti-IL-1p antibody treatment
(Fig. 1, M and O, and fig. S6). These results suggest that unleashed
inflammasome activation in Tmem176b~~ DCs impairs MHV control,
likely by regulating CD8" T cells.

Inflammasome-dependent CD8" T cell exhaustion
in Tmem176b™"~ mice infected with MHV-A59
To further support a pathogenic mechanism involving DCs and
CD8" T cells in MHV-A59-infected Tmem176b~~ mice, we per-
formed adoptive cell transfer (ACT) experiments. We observed that
ACT of Tmem176b™'" splenic DCs from infected mice into WT
recipients infected with MHV-A59 decreased survival (Fig. 2A).
Moreover, ACT of CD8" T cells from infected WT animals rescued
the survival of infected Tmem176b~~ mice (Fig. 2A). Thus, en-
hanced inflammasome activation in DCs impairs anti-MHV-A59
immunity mediated by CD8" T cells. Accordingly, Tmem176b™~
mice had lower MHV-specific in vivo CD8-dependent cytotoxicity
than WT and Tmem176b™" Caspl™~ animals (Fig. 2, B and C). In
agreement with a detrimental role of inflammasome activation in
CDS8" T cell responses against MHV-A59, Casp1/11”~ mice showed
reinforced anti-MHV-A59 CD8" T cell responses versus those in
C57BL/6]JN WT controls (fig. S7).

We then aimed to characterize the mechanisms by which CD8"
T cell responses were modulated by inflammasomes in MHV-A59
infection. We analyzed exhausted CD8" T lymphocytes within
MHV-A59-specific cells in infected animals. We observed increased
progenitor exhausted MHV-specific CD8" T cells (CD44" PD-1*
TCF-1" TOX") in Tmem176b™'", compared to WT mice, but not in
Tmem176b~""Casp1™~ animals (Fig. 2, D and E). Casp! deletion in
Tmem176b~~ animals rescues the survival, viral load, in vivo
CD8-dependent cytotoxicity, and relative number of exhausted CD8"
T cells, demonstrating a role for inflammasomes in the enhanced
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Fig. 1. TMEM176B is a protective host factor in B-coronavirus infection by controlling inflammasome activation. (A) Heatmaps of indicated transcripts. Analysis of
published data (36). (B) Correlation study of TMEM176B/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ratio in CD14" cells with plasmatic active caspase-1. AU,
arbitrary units. (C) E protein triggers IL-1B secretion by THP-1 monocytes. One experiment representative of three is shown. **P < 0.01, Student’s t test. (D and E) IL-1B
secretion and active caspase-1 triggered by E protein were inhibited by TMEM176B in THP-1 monocytes. One experiment representative of three is shown in (D), and a
pool of two experiments is shown in (E). *P < 0.05, Student’s t test. (F) Survival of MHV-A59-infected mice. *P < 0.05, log-rank (Mantel-Cox) test. (G) Viral load in the liver at
5 days post-infection (dpi). *P < 0.05, Student’s t test. (H) Serum plasma glutamic-pyruvic transaminase (GPT) transaminase activity at 5 dpi. *P < 0.05, Student's t test.
(I) Western blot study in the liver at 5 dpi. (J) Semiquantification of Western blot bands. *P < 0.05; **P < 0.01; ***P < 0.001, two-way analysis of variance (ANOVA) test.
(K and L) Percentage of FLICA-1* cells within CD11c” MHC II* CD11b™ and CD11b* cells. *P < 0.05; ****P < 0.0001, Student’s t test. (M and N) Viral load in the liver at 5 dpi.
*P <0.05; **P < 0.01, one-way ANOVA test. (O) Survival in infected mice. *P < 0.05; ***P < 0.001; ****P < 0.0001, log-rank (Mantel-Cox) test.
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Fig. 2. Inflammasome-dependent T cell exhaustion in Tmem176b™'~ mice infected with MHV-A59. (A) Survival of MHV-A59-infected WT and Tmem176b™~ mice left
untreated. In another group, infected WT mice were adoptively transferred with splenic DCs from infected Tmem176b™" animals, and Tmem176b~~ mice were adoptively
transferred with CD8" T cells from infected WT animals. *P < 0.05; ***P < 0.001, log-rank (Mantel-Cox) test. (B) Percentage of MHV-A59-specific CD8-dependent in vivo
lysis was calculated with the formula described in Materials and Methods. Twelve WT, 16 Tmem176b™~, and 5 Tmem176b™~Casp1~'~ mice were studied at 5 dpi.
***P < 0.001; ****P < 0.0001, one-way ANOVA test. (C) Representative histograms of the experiments shown in (B). (D) Percentage of liver-infiltrating TOX* TCF-1* within
PD-1* CD44* cells, gated in CD8" MHV-A59-specific T cells. Animals from two independent experiments were analyzed. *P < 0.05, one-way ANOVA test. (E) Representative
dot plots of the animals analyzed in (D). (F) Survival of Tmem176b™" mice infected with MHV-A59 and treated with control IgG or anti-PD-1 antibody. ****P < 0.0001, log-rank
(Mantel-Cox) test. (G) Viral load in the liver at 5 dpi with MHV-A59 in Tmem176b™ mice treated with control IgG or anti-PD-1 antibodies. *P < 0.05, Mann-Whitney test.
(H) Survival of WT mice infected with MHV-A59 and treated with control IgG or anti-PD-1 antibody. ns, nonsignificant. Log-rank (Mantel-Cox) test. (I) Viral load in the liver
at 5 dpi with MHV-A59 in WT mice treated with control IgG or anti-PD-1 antibodies. Mann-Whitney test.
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susceptibility of Tmem176b~~ mice to MHV-A59 infection and
restricted CD8" T cell responses in those animals. Our observations
thus support a role for inflammasome-dependent T cell exhaustion as
a pathogenic mechanism in Tmem176b~"~ mice. T cell exhaustion
was first shown to be partially reversed by PD-1 blockade during
chronic viral infection (26). We then studied whether PD-1 blockade
could improve the outcome of Tmem176b™'~ mice infected with
murine B-coronavirus. Anti-PD-1 antibodies improved the survival
and viral load of Tmem176b~'~ animals upon MHV-A59 infection
(Fig. 2, F and G) but lacked efficacy against mild/moderate dis-
ease in WT animals (Fig. 2, H and I). Thus, our results show that the
inflammasome-exhausted T cell axis regulated by TMEM176B is a
key mechanism in determining biological responses to PD-1/PD-L1
blockade.

Pharmacological modulation of the inflammasome/
dysfunctional T cell axis triggered by SARS-CoV-2 in vitro
Having provided genetic evidence that TMEM176B controls in-
flammasome activation triggered by SARS-CoV-2 and MHV-A59
and that this cation channel plays a host-protective role by limiting
the inflammasome/dysfunctional T cell axis, we then wished to
pharmacologically modulate this pathway. We hypothesized that
triggering TMEM176B activity in human monocytes would block
SARS-CoV-2-induced inflammasome activation and T cell dys-
function. We found that the flavonoid isoquercitin (ISQ) triggers
TMEM176B-dependent ion transport (Fig. 3A). ISQ treatment
inhibited SARS-CoV-2-induced IL-1f secretion (Fig. 3B) without
affecting viral load (Fig. 3C). ISQ also inhibited caspase-1 activation
(Fig. 3, D and E), showing that this flavonoid inhibits SARS-CoV-2-
induced inflammasome activation in human CD14" monocytes.
Accordingly, the related compound quercetin was recently shown
to control liver infection by MHV-A59 in mice (I1). Moreover,
quercetin therapy resulted in clinical improvement in two COVID-19
clinical trials (NCT04578158 and NCT04861298) (40, 41). We then
assessed whether conditioned culture medium (CCM) from SARS-
CoV-2-infected human primary monocytes could modulate allore-
active T cells. We observed that compared to CCM from uninfected
(Mock) monocytes, CCM from infected monocytes induced PD-1
expression by CD8" (Fig. 3F) and CD4" (fig. S8) T cells. ISQ treat-
ment of infected monocytes impaired SARS-CoV-2-induced CD8"
(Fig. 3F) and CD4" (fig. S8) PD-1 expression. Moreover, PD-1
blockade significantly increased interferon-y (IFN-y) production
by CD8" (Fig. 3, Gand H) and CD4" (fig. S8) T cells in the presence of
CCM from infected monocytes but not in the presence of CCM from
uninfected cells. Thus, pharmacological activation of TMEM176B
and PD-1/PD-L1 blocker treatment can abrogate T cell modulation
induced by soluble factors produced by SARS-CoV-2-infected
monocytes. We previously showed that blockade of IL-1B controls
T cell modulation by the CCM of SARS-CoV-2-infected monocytes
(18). Thus, our results suggest that T cell dysfunction driven by
TMEM176B-unleashed inflammasomes is triggered by SARS-CoV-2
in human monocytes.

The inflammasome/dysfunctional T cell axis is associated
with severity of COVID-19

We then studied whether inflammasome activation may correlate
with exhausted T cells in critical COVID-19. PD-1 expression and
T cell exhaustion are thought to be driven by high levels of the tran-
scriptional regulator thymocyte selection-associated high mobility
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group box (TOX), whereas the functional role of low TOX levels in
nonexhausted human T cells remains unknown (42-45). We first
studied CD8" T cell activation (CD38" HLA-DR") in HDs and in
ICU versus non-ICU COVID-19 patients (figs. S9 and S10). We
then analyzed PD-1 and TOX expression within the activated CD8"
T cells. ICU patients showed an increase in PD-1" TOX" cell per-
centages compared to those in non-ICU patients (Fig. 4, A and B)
and HDs (fig. S9). We also observed a strong correlation between
TOX and genes coding for inhibitory receptors in peripheral blood
from severely ill COVID-19 patients but not from moderately ill
COVID-19 patients from a previously published cohort (Fig. 4C
and fig. S11) (46). In our cohort, we observed a significant positive
correlation between the mean fluorescence intensity (MFI) for TOX
and PD-1 within CD38" HLA-DR" CD8" T cells in the ICU patients
but not in the non-ICU patients (Fig. 4D), suggesting that PD-1 is
under the control of TOX in ICU patients. Thus, TOX" CD8" T cells
may be exhausted in critically ill patients. We then found that
exhaustion and inflammasome-related gene expression were highly
correlated in severely ill patients but not in moderately ill patients
from the McClain cohort (Fig. 4E and fig. S12) (46). Moreover,
relative frequencies of PD-1* TOX" cells in CD38* HLA-DR* CD8"
T lymphocytes positively correlated with plasma active caspase-1
levels in the ICU but not in the non-ICU patients (Fig. 4F). However,
other inflammatory parameters did not correlate with the percent-
ages of those cells in ICU patients (fig. S13). Thus, exhausted CD8"
T cells may be specifically controlled by inflammasomes in critically
ill patients. In noncritically ill patients, the percentage of PD-1"
TOX" cells within CD38* HLA-DR* CD8" T lymphocytes might be
regulated by inflammasome-independent mechanisms (Fig. 4F and
fig. S13). Active plasma caspase-1 levels, PD-1" TOX" CD8" T cell
levels, and TMEM176B expression by CD14" monocytes were all
not associated with humoral immune responses in ICU patients
(fig. S14) or comorbidities (fig. S15). We then assessed whether
in vitro PD-L1 blockade may abrogate T cell dysfunction in critically
ill patients. Treatment of peripheral blood mononuclear cells
(PBMCs) from ICU COVID-19 patients with SARS-CoV-2 peptides
was associated with increased percentages of PD-1" TOX" cells
(Fig. 4G) but failed to significantly trigger IFN-y production (Fig. 4H).
In contrast, PD-L1 blockade rescued IFN-y production in anti-
genic peptide-treated cells (Fig. 4H) but did not modify the percent-
age of PD-1" TOX" cells (Fig. 4G). Similar results were observed
when tumor necrosis factor (TNF) production was assessed by
flow cytometry (fig. S16). Moreover, in vitro PD-L1 blockade was
not associated with a generalized increase in proinflammatory
cytokine production by PBMCs from critical COVID-19 patients
(fig. S17).

DISCUSSION

In this work, we report that PD-1/PD-L1 blockade overcomes
inflammasome-dependent T cell dysfunction in critical B-coronavirus
disease. We show a conserved pathogenic process that relates innate
and adaptive immune dysfunction in critical B-coronavirus disease.
Specifically, we linked inflammasomes to T cell exhaustion in infec-
tion by two B-coronaviruses, SARS-CoV-2 and MHV-A59. More-
over, TMEM176B was identified as a key regulator in this pathway.
Our results help us understand how T cell dysfunction is regulated
by inflammation while providing a mechanistic basis that supports
a pathogenic role for inflammasomes in B-coronavirus disease.
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Fig. 3. Pharmacological modulation of the inflammasome/dysfunctional T cell axis triggered by SARS-CoV-2 in vitro. (A) Flow cytometry study of TMEM176B-
dependent Na* transport in CHO cells loaded with the Na*-sensitive probe Asante NaTRIUM Green-2 (ANG-2). Cells were treated with 5 uM of the flavonoid isoquercetin
(ISQ) or dimethyl sulfoxide (DMSO; vehicle control). MFI, mean fluorescence intensity. One experiment representative of four is shown. *P < 0.05; **P < 0.01, two-way
ANOVA test. (B) Study of IL-1p secretion by human primary monocytes infected with SARS-CoV-2 £1SQ. Mock, not infected. One experiment representative of three is
shown. ***P < 0.001; ****P < 0.0001, one-way ANOVA test. (C) Study of viral load in human primary monocytes infected with SARS-CoV-2 +5 uM 1SQ. One experiment
representative of three is shown. ****P < 0.0001, one-way ANOVA test. (D) Study of FLICA-1 MFI (active caspase-1) from a pool of three independent experiments, where
human primary monocytes were not infected (Mock) or infected with SARS-CoV-2 and treated with DMSO (vehicle control) or with 5 uM ISQ. *P < 0.05; **P < 0.01, one-way
ANOVA test. (E) Representative flow cytometry histograms of the experiments shown in (D). One experiment representative of three is shown. (F) Study of PD-1 expression
by CD8* TCR-B" cells cocultured with allogeneic monocytes + cell culture medium (CCM) from SARS-CoV-2-infected monocytes + 5 uM ISQ. One experiment representative
of three is shown. (G and H) Flow cytometry study of IFN-y expression by CD8* T cells cocultured with allogeneic monocytes + CCM from uninfected monocytes (Mock)
or SARS-CoV-2-infected cells + anti-PD-1 or control antibody (20 ug/ml). The percentage of IFN-y* cells is shown in (G), and the MFI of positive cells is shown in (H). The
graphics show one experiment representative of three. *P < 0.05; **P < 0.01, one-way ANOVA test.
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Fig. 4. Exhausted T cells correlate with plasmatic active caspase-1 in critical COVID-19 and can be modulated by anti-PD-L1 antibodies. (A) Representative dot
plots of a flow cytometry study of PD-1 and TOX in CD8* TCR-B* CD38* HLA-DR* cells in non-ICU and ICU patients. (B) The graphic shows the individual percentages of
PD-1* TOX" cells within CD38" HLA-DR" CD8" TCR-B" for each studied patient. *P < 0.05, Student's t test. (C) Network plot representing Pearson correlations of the indicated
genes. Transcriptomic data from peripheral blood were analyzed from McClain et al. (46). (D) Correlation study between the MFI determined by flow cytometry of PD-1
and TOX within CD8* TCR-B* CD38" HLA-DR cells in non-ICU and ICU patients. (E) Network plot representing Pearson correlations of the indicated genes. Transcriptomic
data from peripheral blood were analyzed from McClain et al. (46). (F) Correlation study between the percentage of PD-1" TOX" cells in CD8" TCR-B* CD38* HLA-DR™ cells
and plasmatic active caspase-1in non-ICU and ICU patients. (G) Flow cytometry study of the percentage of PD-1* TOX" cells within CD38* HLA-DR* CD8" T cells from four
lymphopenic ICU patients. Cells were incubated for 24 hours with control IgG (20 ug/ml; human IgG1) or anti-PD-L1 antibody. Then, 6 nmol of SARS-CoV-2 peptides was
added or not to the culture for 6 hours. Representative dot plots are shown in the left panel. Data for the four studied patients are shown in the right panel. *P < 0.05;
**P <0.01; ****P < 0.0001, one-way ANOVA test. (H) Flow cytometry study of IFN-y production by CD8* TCR-B* CD38* HLA-DR* PD-1* TOX" cells from the same ICU
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panel. *P < 0.05, one-way ANOVA test.
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Although MHV-A59 and SARS-CoV-2 are B-coronaviruses, they
are still very different viruses. Thus, the common findings involving
both viruses highlight a conserved pathogenic mechanism and thera-
peutic response. Active plasma caspase-1 and IL-18 levels have been
associated with disease severity (47). Moreover, IL-1 receptor block-
ade led to improved overall and mechanical ventilation-free survival
in severe but not mild-to-moderate COVID-19 patients (48-50).
However, it was recently shown that blockade of IL-1B and IL-18
resulted in increased mortality in SARS-CoV-2-infected transgenic
hACE2 mice, suggesting that these inflammasome-related cytokines
may play a protective role in this model (51). These results seem to
contradict our observations as well as clinical outcomes obtained
with IL-1 receptor antagonists. Nevertheless, the relevance of the
hACE2 model to the study of inflammasome activation has been
questioned (2, 3). Specifically, the fact that the transgene is not
expressed by leukocytes (52) is a clear difference from natural
SARS-CoV-2 infection in humans. Thus, the lack of leukocyte
infection in hACE2 animals may not completely reproduce inflam-
masome activation in COVID-19 patients. Moreover, SARS-CoV-2
infection of hACE2 transgenic mice does not recapitulate the
multiorgan viral spread seen in COVID-19 patients, whereas the
MHV-A59 infection model does (2, 38).

Although T cell exhaustion has been classically associated with
chronic viral infections, it is important to state that exhausted T cells
can arise within a few days of infections with viral strains that result
in chronic infections (45). Our results suggest that in a strong acute
inflammatory environment, particularly with unleashed inflammasome
activation, the clinical outcome of coronavirus disease can be wors-
ened through mechanisms dependent on the generation of T cell
exhaustion. Similarly, acute hyperinflammation in sepsis has also
been proposed to be associated with exhausted T cells (53-55).
Nevertheless, because only a 24-hour incubation with anti-PD-L1
blockers rescued T cell functionality, it is possible that the exhaus-
tion status is not fully established in critical COVID-19 patients.
However, we propose that PD-1/PD-L1 blockade may add clinical
benefit in acute critical COVID-19. In clinical settings, although
prior PD-1 blockade in cancer patients suffering from COVID-19
may improve T cell functionality against SARS-CoV-2 antigens (56),
this therapy has not been shown to improve the clinical outcome of
the viral disease when administered before infection (28, 57). More-
over, therapy with immune checkpoint blockers before infection
was a predictor of hospitalization and severe COVID-19 in an
observational study including 423 cancer patients (58). Thus, whether
cancer patients being treated with PD-1/PD-L1 blockers that are
infected with SARS-CoV-2 may obtain some benefit in COVID-19
outcome needs further research. Because PD-1/PD-L1 blockade
may exacerbate the cytokine storm in severely ill patients, it has
been suggested that clinical studies assessing anti-PD-1/PD-L1
therapy in COVID-19 should focus on mild disease (28). However,
the pathogenic mechanisms reported here contradict this view. Our
results in mice and in peripheral blood samples from COVID-19
patients add evidence supporting the use of PD-1/PD-L1 blockade
therapy in critical B-coronavirus disease. However, there is a reasonable
concern that PD-1/PD-L1 blockade in a hyperinflammatory scenario
may lead to immunopathology. Nevertheless, a phase 1b clinical trial
has shown that PD-1/PD-L1 blockade in sepsis is safe (59).

In conclusion, our study highlights a novel therapeutic strategy
for COVID-19 based on the repurposing of a current cancer immu-
notherapy. This strategy is mechanistically supported by T cell
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dysfunction driven by TMEM176B-unleashed inflammasomes in
critical disease.

MATERIALS AND METHODS

Reagents and kits

ISQ was from Quercegen Pharmaceuticals LLC. Nigericine, adenosine
triphosphate (ATP), and lipopolysaccharides from Escherichia coli
0111:B4 were from Sigma-Aldrich. DDAO-SE [7-hydroxy-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one)] and Lipofectamine 2000 were
from Thermo Fisher Scientific. FLICA 660 Caspase-1 Assay (FLICA-1)
was from Immunochemistry. Random primers, TRIzol Reagent, and
M-MLYV Reverse Transcriptase were purchased to Invitrogen. Fast
SYBR Green Master Mix was from Applied Biosystems. Active (p20)
human caspase-1 kit was from R&D Systems. IL-1f3 levels were mea-
sured by enzyme-linked immunosorbent assay (ELISA) (BD OptEIA
kit, BD Biosciences, San Jose, CA; 559603). Human CD14 positive
selection kit, mouse CD8 negative selection kit, and CD11c positive
selection kit were from Miltenyi. GPT quantification kit was from
Human Diagnostics worldwide. PepTivator SARS-Cov-2 Prot_S P1
and Prot_S B1.1.529 Mutation Pools and PepTivator SARS-CoV-2
Select were from Miltenyi.

Viruses

MHV-A59 was provided by L. Retegui (UBA-CONICET, Argentina).
MHV-A59 viruses were expanded in murine L929 cells [American
Type Culture Collection (ATCC)] to a concentration of 1 x 10
plaque-forming units (PFU)/ml. The virus-containing supernatants
were stored at —80°C until use.

HIAE-02 SARS-CoV-2/SP02/human/2020/BRA (GenBank acces-
sion number MT126808.1) virus was isolated from the second con-
firmed case in Brazil and donated by E. L. Durigon. SARS-CoV-2
virus stocks were propagated in the Vero cell line, and supernatant
was harvested at 2 to 3 dpi. The viral titers were determined by
plaque assays on Vero cells. Vero CCL-81 cells were cultivated in
minimum essential medium (MEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin
and incubated at 37°C with 5% CO, atmosphere.

Cells

BMDCs were generated from BM precursors from male and female
C57BL/6 mice. BM cells from WT, Tmem176b~", and Tmem176b~~
Caspl™" animals were cultured for 8 days in the presence of low doses
of granulocyte-macrophage colony-stimulating factor (GM-CSF)
(0.4 ng/ml) (31). By day 8, adherent cells were harvested and
used for in vitro experiments. BMDCs were >95% CD11c" CD11b"
MHC II'™. BMDCs were infected with MHV-A59 at different MOIs
(multiplicities of infection) in vitro. Human THP-1 monocytes
(T1IB-202) and Chinese hamster CHO-K1 (CCL-61) cell lines were
purchased from ATCC (Manassas, VA).

In vitro inflammasome activation

BMDCs were infected with MHV-A59 and human primary mono-
cytes with SARS-CoV-2 for 24 hours. THP-1 monocytes were
transfected with plasmid coding for envelope (E) protein from
SARS-CoV-2 or control [green fluorescent protein (GFP)] plasmid.
The presence of IL-1PB was assessed in culture supernatants by
ELISA (BioLegend, 432603; R&D Systems, Human IL-1B/IL-1F2
DuoSet ELISA). To determine caspase-1 activation, BMDCs, THP-1
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cells, and primary human monocytes were stained with FLICA-1
and analyzed by flow cytometry.

THP-1 transfection and inflammasome activation

THP-1 monocytes were nucleofected with the GFP or SARS-CoV-
2-E protein-GFP coding pcDNA3.1 plasmids using the Amaxa Cell
Line Nucleofector Kit V-Lonza and Nucleofector 2b Device (Amaxa).
In another set of experiments, THP-1 monocytes were cotransfected
with SARS-CoV-2-E protein-GFP-pcDNA3.1 and pmCherry-N1
or TMEM176B-pmCherry-N1 plasmids. Sixteen hours later, cells
were treated for 24 hours with lipopolysaccharide (0.25 ug/ml).
Supernatants were collected to determine IL-1f by ELISA, and cell via-
bility was assessed by flow cytometry using DAPI (4',6-diamidino-
2-phenylindole).

Mice and experimental design

ARRIVE guidelines were followed for experimental research using
mice. All animal protocols were approved by the institutional
animal care and use committee of Institut Pasteur Montevideo
(006-21). All mice in this study are on the C57BL/6 background,
female and male, 8 to 10 weeks old. Sample size was determined
using G*Power software (www.gpower.hhu.de). Mice were randomly
distributed into experimental groups. Tmem176b™'~ mice were
generated in the 129/Sv] strain, and heterozygous mice were back-
crossed for 10 generations onto the C57BL/6 background (Janvier,
Saint Berthevin, France) as reported (31I). Tmem176b™ “Caspl /-
mice were generated as previously described through CRISPR-Cas9
technology (31). Nlrp3_/_ (B6.129S6-Nlrp3tm1Bhk/J; 021302)
and Casp]/llf/f (B6N.129S2-Caspltm1Flv/J; 016621) were from
The Jackson Laboratory (Bar Harbor, ME). Nlrp37/ ~ animals were
compared to 000664 C57BL/6] and Casp1/11”"~ mice to 005304
C57BL/6N]J. Mice were maintained in micro-isolator cages (IsoCageN,
Techniplast, Milano, Italy), with autoclaved water and food (5K67
LabDiet, PMI Nutrition International, USA) supplied ad libitum
and housed in the animal facility at the Institut Pasteur Montevideo.
In in vivo experiments, Casp1/117"~ mice were intra?eritoneally
injected with 1200 PFU of MHV-A59 and Tmem176b™"~ mice were
injected with 800 PFU. In neutralization experiments, mice were
treated with anti-IL-1B antibody (R&D Systems, Minneapolis, MN;
clone AF-401-NA; 1 ug/5 days since day —2) or anti-PD-1 (clone RMP1-
14 BP0146, Bio X Cell, West Lebanon, NH) (200 pg intraperitoneally/
3 days) or rat IgG2a control antibody (clone 2A3 BP0089, Bio X Cell) or
anti-CD8a (clone YTS169.4 BE0117, Bio X Cell; RRID:AB_10950145)
(100 pg intraperitoneally/3 days from day —2) in depletion experi-
ments. Mice were euthanized by cervical dislocation on the indicated
days to obtain samples. Blinded processing of the samples and analy-
sis of data were performed.

Western blot analysis

Liver extracts (50 pg of protein) were submitted to 12% SDS-
polyacrylamide gel electrophoresis and then transferred onto nitro-
cellulose sheets (GE Life Sciences, Pittsburg, PA). After transfer,
nonspecific antibody-binding sites were blocked with 3% bovine
serum albumin, 30 mM tris, 0.14 M NaCl, and 0.1% (v/v) Tween 20
(pH 8.0) for 1 hour at room temperature with shaking. Specific
antibody incubation was overnight at 4°C (anti-IL-1B, clone H-153,
sc-7884, Santa Cruz Biotechnology, Dallas, TX; RRID:AB_2124476;
anti-caspase-1, AdipoGen Life Sciences, San Diego, CA; clone
gasper-1; RRID:AB_2755041). Bound antibody was revealed with
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peroxidase-labeled anti-mouse (115-035-003, Jackson Immuno
Research, West Grove, PA; RRID:AB_10015289) or anti-rabbit (111-035-
003, Jackson ImmunoResearch, West Grove, PA; RRID:AB_2313567)
and Pierce ECL reagent (Thermo Fisher Scientific, Waltham, MA).
Human CD14" monocytes were studied with anti-TMEM176B
(Abcam, 103929, rabbit polyclonal antibody; RRID:AB_10712259).

In vivo cytotoxic T lymphocyte assay

The assay was described previously (31). Briefly, splenocytes from
naive mice were stained with DDAO. Control target cells were
labeled with a low concentration of DDAO (0.08 uM), whereas target
cells loaded with MHV-A59-specific peptide (RCQIFANTI, S598-605)
were labeled with a 10-fold concentration of DDAO (0.8 uM). The
two cell populations are then mixed in equal numbers and transferred
intravenously into syngeneic mice infected with MHV-A59 5 days
before. Animals were euthanized 4 hours later, and cell suspensions
were made from spleen and analyzed. The cell suspensions are then
assessed by flow cytometry for the proportions of transferred cells.
The % specific lysis was calculated as follows: % specific lysis =
(1-[Tnaive/Tinfectea]) X 100, where r = %DDAO)y, cells / %DDAOp;g, cells.

TMEM176B activity assay

CHO cells were transfected with pmCherry-N1 or huTMEM176b-
pmCherry-N1 plasmids using Lipofectamine LTX with Plus Reagent
for 4 hours, washed, and cultured for 24 hours. Cells were then
loaded with 1 mM ANG-2 (Asante NaTRIUM Green-2) for 30 min at
37°C, washed, and incubated for 30 min in 140 mM Na*-containing
phosphate buffer or 140 mM N-methyl-D-glucamine (NMDG) to sub-
stitute Na" in the presence of different doses of tested drugs or vehi-
cle controls. Cells were then analyzed by flow cytometry using a BD
Accuri C6 cytometer equipped with a 488-nm laser. ANG-2 emis-
sion was detected using a 530/30-nm band-pass filter, and mCherry
was determined using a 670-nm long-pass filter. FlowJo vX.0.7 soft-
ware was used for data analysis. MFI from NMDG-containing solu-
tions was subtracted to MFI from Na*-containing solutions.

Flow cytometry

Caspase-1 activity from virus-infected BMDCs was determined
using FLICA 660 Caspase-1 Assay (ImmunoChemistry Technologies,
Bloomington, MN). For in vivo determination of CD8" T cell infiltra-
tion, the following antibodies were used: anti-mouse CD8a (clone 53-6.7,
100714, BioLegend; RRID:AB_312753), anti-mouse T cell receptor
(TCR) B chain (clone H57-597, 109226, BioLegend; RRID:AB_1027649),
anti-mouse TCF-1 (clone C63D9, 6444S, Cell Signaling), anti-mouse
TOX (clone TXRX10, 50-6502-82, Invitrogen), anti-mouse/human
CD44 (clone 30-F11, 103147, BioLegend; RRID:AB_256245), and anti-
mouse CD279 (clone J43, 109110, BioLegend; RRID:AB_572017).
Total liver and spleen recovered cells were stained with the indicated
antibody for 20 min at 4°C in phosphate-buffered saline (PBS)-
0.2% FBS-0.1% sodium azide. Cells were washed two times with
PBS-0.2% FBS-0.1% sodium azide and then analyzed using BD Aria
FUSION (BD Biosciences) or CyAn ADP (Beckman Coulter) flow
cytometer. For MHV-specific CD8" T cell analysis, phycoerythrin
(PE)-conjugated tetramers (RCQIFANI, S598-605, H-2Kb) pre-
pared by the National Institutes of Health (NIH) Tetramer Core
Facility (Emory University, Atlanta, GA) were used. Total liver
cells were stained with PE-conjugated tetramer (1:100 dilution).
Flow cytometry data were analyzed using Flow]Jo software (Tree Star,
Ashland, OR).
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Human PBMCs were stained with anti-TCR a/p (clone IP26,
351708, BioLegend; RRID:AB_10612569), anti-CD8 (clone RPA-T8,
344714, BioLegend; RRID:AB_2044006), anti-HLA-DR (clone L243,
307616, BioLegend; RRID:AB_493588), anti-PD-1 (clone EH12.2H7,
329916, BioLegend; RRID:AB_2283437), anti-CD38 (clone HIT2,
303504, BioLegend; RRID:AB_314356), anti-TOX (clone REA473,
130-120-785, Miltenyi), REA control antibody (I) human IgG1
(130-118-147, Miltenyi), anti-IFN-y (clone B27, 506541, Bio-
Legend; RRID:AB_2801101), anti-TNF (clone Mab11, 502928, Bio-
Legend; RRID:AB_2561315), and mouse IgG1 « isotype control
(clone MOPC-21, 400144, BioLegend). Cytokines in the cul-
ture supernatant were quantified using a bead-based multiplex
kit from BioLegend (740809, LegendPlex Human Inflammation
Panel 1).

Quantitative real-time polymerase chain reaction

in mouse studies

Total RNA was isolated with TRI Reagent (Sigma-Aldrich, St. Louis,
MO) from spleen and liver. Samples were analyzed in the Eco
Real-Time PCR System (Illumina, San Diego, CA) using Fast SYBR
Green Master Mix (Thermo Fisher Scientific). The reactions were
performed according to the following settings: 95°C for 10 min and
40 cycles of 95°C for 15 s, followed by cycles of 60°C for 1 min. The
following primers were used: MHV, GGAACTTCTCGTTGGG-
CATTATACT (forward) and ACCACAAGATTATCATTTTCA-
CAACATA (reverse).

Immunofluorescence staining

Mouse liver cryosections (20 um) were fixed in acetone, and the
staining procedure used blocking buffer, followed by primary
antibody stainings (anti-TMEM176B, Proteingroup, 19825-1; anti-
MHCII, Serotec, MCA45R) and secondary antibodies (Alexa Fluor
488 goat anti-mouse, Invitrogen, A-11029, or biotinylated anti-rabbit,
Sigma-Aldrich, SAB3700936/streptavidin, Alexa Fluor 568 conju-
gate, Thermo Fisher Scientific, S11226). Sections were washed three
times with PBS after each of the incubations. Nuclei were counter-
stained using DAPI. For negative controls, we incubated sections
with isotype immunoglobulin G (IgG) control or PBS instead of
primary antibodies. Images were acquired using an LSM 880 confocal
microscope and Zen blue microscopy software (Zeiss).

Patients and HDs

All patients had a positive polymerase chain reaction (PCR) test for
SARS-CoV-2. They were enrolled in accordance with the Institu-
tional Review Board of CASMU and Sanatorio Americano (IPM-
COVID19-001) and with the principles of the Declaration of Helsinki.
Informed consent was obtained from patients and HDs after the
nature and possible consequences of the studies were explained.
HDs had a negative PCR test for SARS-CoV-2 and were negative for
anti-SARS-CoV-2 antibodies. Patients and donors were not vacci-
nated against SARS-CoV-2. PBMCs were isolated with Ficoll/
Hypaque density gradient centrifugation. CD14" cells were enriched
using a CD14 human positive selection kit from Miltenyi. Enrich-
ments were typically >80%.

Buffy coats from Unicamp’s Hematology and Hemotherapy
Center (SP-Campinas, Brazil) were used to isolate PBMCs. Buffy
coats were diluted (1:1) with PBS. Twenty-five milliliters of mixture
was carefully transferred to a 50-ml tube containing 7.5 ml of Ficoll,
which was centrifuged at 2700 rpm for 20 min at room temperature,
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without breaking. The layers of PBMCs were collected with a pipette
and transferred to a new 50-ml tube and washed with PBS. The
pellet was then incubated with a lysis buffer for 5 min for red blood
cell removal and then washed with PBS. Total PBMCs were cul-
tured as adherent monolayers (1.5 x 10° cells/ml) in RPMI 1640
supplemented with 1% penicillin-streptomycin. After 2 to 3 hours
of adhesion, cells were washed with PBS and incubated until infection
with RPMI 1640 containing 10% FBS and 1% penicillin-streptomycin
at 37°C with 5% CO; atmosphere. This study was approved
by the Brazilian Committee for Ethics in Human Studies (CAEE
31622420.0.0000.5404).

Charlson comorbidity index was calculated using www.mdcalc.
com/charlson-comorbidity-index-cci. World Health Organization clini-
cal progression scale (WHO-CPS) score was used as reported by the
WHO Working Group on the Clinical Characterisation and Man-
agement of COVID-19 infection (60).

Human lymphocyte isolation and mixed

lymphocyte reaction

PBMCs isolated from buffy coats of healthy volunteers were used.
Briefly, 5 x 10° cells were cocultured with 0.5 x 10° cells from another
patient to allogenic reaction. The cells were incubated with pem-
brolizumab (20 pg/ml) or IgG control or with different conditioned
media. After 72 hours, cells were stimulated with phorbol 12-myristate
13-acetate (0.1 ug/ml) and calcium ionophore (0.5 ug/ml) (A23187)
in the presence of brefeldin A (10 ug/ml) for 4 hours. Cells were
transferred to a clean conical 96-well plate, centrifuged at 2000 rpm
for 5 min, and labeled with fixable viability stain, anti-CD3-BV421,
anti-CD8-PECy7, and anti-CD4-APC (allophycocyanin) in PBS + 2%
FBS for 20 min on ice. One hundred microliters of PBS + 2% FBS
were added, and the cells were centrifuged at 2000 rpm for 5 min. Cells
were permeabilized for 20 min using the Fixation/Permeabilization Kit
(BD) and washed with Perm Wash buffer. The cells were incubated
with anti-IFN-y-BV605. Cells were then acquired by flow cytometry
(FACSymphony, Becton & Dickinson, San Diego, CA, USA) and
analyzed using FlowJo software.

Reagents and infection with SARS-CoV-2

Cells were infected with mock control or SARS-CoV-2 (MOI 0.1)
under continuous agitation at 15 rpm for 1 hour for virus absorp-
tion. After infection, cells were washed twice with prewarmed
PBS. Cells were incubated with ISQ (0.5 and 5 uM) in RPMI
containing 10% FBS and 1% penicillin-streptomycin for 24 hours at
37°C with 5% CO; atmosphere.

RNA extraction, viral load, and gene expression analyses

in SARS-CoV-2 experiments

Total RNA extractions were performed using TRIzol Reagent ac-
cording to the manufacturer’s instructions. RNA concentration was
determined with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific). Extracted total RNA was reverse-transcribed
using a GoScript Reverse Transcriptase cDNA synthesis kit according
to the manufacturer’s instructions. For viral load detection, we used
specific SARS-CoV-2 N1 primers targeting the N1 region. Standard
curve was generated using serial dilutions of SARS-CoV-2. Viral load
and gene expression quantitative reverse transcription PCR (qRT-
PCR) were performed using SYBR Green Supermix. All qRT-PCRs
were performed using the Bio-Rad CFX394 Touch Real-Time
PCR Detection System on 384-well plates.
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Human IL-1p ELISA

IL-1 levels were measured in the supernatant of PBMCs infected
or not with SARS-CoV -2 following the manufacturer’s instructions
(R&D Systems, Human IL-1B/IL-1F2 DuoSet ELISA).

Generation of conditioned medium

Conditioned medium was generated by incubating PBMCs with
mock control or SARS-CoV-2 as described previously. Supernatant
from each condition was collected and placed under ultraviolet light
for 30 min for residual virus inactivation. Supernatants were stored
in —80°C until use in human T cell experiments.

In vitro stimulation of PBMCs with SARS-CoV-2 peptides

Two million cells per well were seeded in U-bottom 96-well micro-
plates in RPMI culture medium complemented with 10% autologous
serum. Anti-PD-L1 or control human IgG1 was added at 20 pg/ml.
Twenty-four hours later, 0.6 nmol of each peptide was incubated for
6 hours from a pool of SARS-CoV-2 peptides from M, N, E, and S
WT proteins and from P.1 or Omicron S protein. Brefeldin A (1 pg/ml)
was added for the last 4 hours of culture. Exhausted T cells, IFN-y,
and TNF production were studied by flow cytometry.

Anti-SARS-CoV-2 antibody ELISA

Specific IgG levels against the receptor-binding domain (RBD) of
SARS-CoV-2 Spike were determined in plasma samples from HDs,
non-ICU patients, and ICU patients by using the COVID-19 IgG
QUANT ELISA Kit (developed by Universidad de la Republica,
Institut Pasteur Montevideo and ATGen Company), according to
the manufacturer’s instructions. Quantitative test results were ex-
pressed in binding antibody units per milliliter, referred to the First
WHO International Standard for anti-SARS-CoV-2 immunoglobulin
(NIBSC code: 20/136) used for test calibration.

Statistical analysis

Statistical significance was evaluated using either one-way analysis
of variance (ANOVA), two-way ANOVA, Student’s ¢ test, or Mann-
Whitney test as indicated in the figure legends. When the experi-
mental design included three or more groups, ANOVA test was
used. Survival curves were compared with the log-rank (Mantel-Cox)
test. All statistical analyses were performed using GraphPad Prism
7.0 (GraphPad Software, San Diego, CA).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn6545

View/request a protocol for this paper from Bio-protocol.
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