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HIV-1infection is characterized by inflammation and a progressive decline in CD4* T cell count.
Despite treatment with antiretroviral therapy (ART), the majority of people living with HIV (PLWH)
maintain residual levels of inflammation, a low degree of immune activation, and higher sensitivity
to cell death in their memory CD4* T cell compartment. To date, the mechanisms responsible for
this high sensitivity remain elusive. We have identified the transcription factor IRF-5 to be involved
in impairing the maintenance of murine CD4- T cells during chronic infection. Here, we investigate
whether IRF-5 also contributes to memory CD4* T cell loss during HIV-1 infection. We show that
TLR7 and IRF-5 were upregulated in memory CD4* T cells from PLWH, when compared with
naturally protected elite controllers and HIVf participants. TLR7 was upstream of IRF-5, promoting
Caspase 8 expression in CD4* T cells from ART HIV-1* but not from HIV™e donors. Interestingly,

the TLR7/IRF-5 axis acted synergistically with the Fas/FasL pathway, suggesting that TLR7 and
IRF-5 expression in ART HIV-1* memory CD4* T cells represents an imprint that predisposes cells

to Fas-mediated apoptosis. This predisposition could be blocked using IRF-5 inhibitory peptides,
suggesting IRF-5 blockade as a possible therapy to prevent memory CD4* T cell loss in PLWH.

Introduction
Infections with HIV-1 remain a major public health issue. Unlike a number of other viruses, the human
body cannot clear HIV, even with antiretroviral therapy (ART), making it a life-long infection (1-3).

One of the hallmarks of HIV infection is the progressive loss of CD4* T cells, which affects both
infected and bystander cells. CD4* T cell death occurs via several mechanisms, including direct viral
cytopathogenicity, killing by CD8* cytotoxic T lymphocytes, and pyroptosis in infected CD4* T cells or
apoptosis in uninfected bystander cells, with the latter being largely Fas/FasL mediated (4-8). Mainte-
nance of a critical count of CD4* T cells is essential to prevent secondary opportunistic infections. ART
efficiently controls viral replication, and the majority of people living with HIV (PLWH) are able to
restore CD4" T cell count with therapy. Nevertheless, it is still unclear why CD4* T cell homeostasis is not
fully normalized in PLWH on ART. More importantly, memory CD4* T cells in PLWH are more prone
to Fas-mediated apoptosis (9, 10). The mechanisms leading to this heightened sensitivity are only partially
known and involve the proapoptotic activity of the transcription factor Foxo3a (9). Furthermore, residual
levels of immune activation and inflammation persist in infected individuals on ART (11, 12).

We have recently identified the transcription factor IFN regulatory factor 5 (IRF-5) as a detrimental
player in the survival of CD4* T cells during chronic visceral leishmaniasis (13). IRF-5 is a member of
the IFN regulatory factor family, a group of transcription factors with diverse roles, including transcrip-
tional activation of IFNs, and modulation of cell growth, differentiation, apoptosis, and immune system
activity (14, 15). In recent years, IRF-5 has gained much attention for its role in regulating inflammatory
responses in immunological diseases. IRF-5 is constitutively expressed in antigen-presenting cells, where
it is involved in the activation of inflammatory cytokines and type I IFN (IFN-I) production (15-18) and
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has been identified as a marker for M1 macrophage polarization (19). Moreover, IRF-5 acts as a tumor
suppressor (20) and is critical for the induction of apoptosis in response to DNA damage in tumor cells
(21). IRF-5 also mediates apoptosis by modulation of proapoptotic genes including DRS5, Fas, Caspase
8, DAP kinase 2, Bak, and Bax. (22). In B cells, IRF-5 induces activation, proliferation, and plasmablast
differentiation (23) and is required for antibody production and class switching (24). However, while IRF-
5 appears to be required for the optimal assembly of the TCR-initiated signaling complex (25), its role in
T cells is not yet completely understood.

We have shown that IRF-5 was increasingly expressed during chronic Leishmania donovani infection in
mice and could be activated via TLR7 expressed in T cells. Interestingly, IFN-y* CD4" T cells were capable
of sensing tissue damage—derived apoptotic cell material via TLR7; activation via TLR7 by apoptotic cell
material induced DR5 (or TRAILR2) expression and ultimately led to cell death (13). These findings sug-
gest that sensing of damage-associated molecular patterns (DAMPs) released following tissue damage in a
chronic inflammatory environment and the concomitant TLR7 upregulation by CD4 T cells can promote
cell death. Since HIV-1 infection is characterized by a strong inflammatory environment, tissue disruption,
and upregulation of TLR7 in CD4" T cells (26-29), we wondered whether the TLR7/IRF-5 pathway was
involved in impairing memory CD4" T cell homeostasis during HIV-1 infection.

Here, we show that IRF-5 displayed higher levels of expression and activation and that TLR7 was
upregulated in CD4* T cells from PLWH when compared with elite controllers (EC) and HIV®* par-
ticipants. Moreover, triggering of TLR7 promoted IRF-5 expression, which in turn induced Caspase 8
expression in CD4* T cells from ART HIV-1* but not from HIV® individuals, sensitizing CD4* T cells to
Fas-mediated apoptosis. This cell death pathway could be blocked with IRF-5 blocking peptides. Hence,
we propose that heightened expression of TLR7 and IRF-5 in memory CD4" T cells from PLWH on ART
represents an imprint that affects memory CD4" T cell homeostasis.

Results

IRF-5 is expressed and active in CD4" T cells from primary HIV-infected donors. We have previously reported that
activation of IRF-5 in murine IFN-y*CD4" T cells leads to cell death during chronic visceral leishmaniasis
(13). Interestingly, IRF-5 was induced following TLR?7 triggering by apoptotic cell material derived from
inflammatory tissue disruption, suggesting that DAMP sensing by CD4* T cells may not be microbe specific.
Hence, we wondered whether IRF-5 is also expressed and promotes cell death in human CD4* T cells in the
context of HIV infection. We chose to analyze the function of IRF-5 in CD4" T cells from PLWH, since the
infection is associated with a strong inflammatory environment and with a loss of CD4* T cells before ART
initiation (primary HIV-1-infected [PHI] phase), and because TLR7 is expressed on CD4* T cells during
HIV-1 infection (28). PHI participants were between 27 and 56 years old and displayed viral loads ranging
from 3.08 x 10° to 513.54 x 103 copies/mL, and their viral acquisition was estimated to have occurred less
than 4 months prior to sample collection. Age-matched uninfected participants were selected as a negative
control. The demographic and clinical characteristics of each group are summarized in Table 1.

Before we proceeded to analyze IRF-5 expression in CD4* T cells from PHI participants, we tested
the anti-human IRF-5 antibody from R&D Systems for its specificity, which has been a problem for
many commercial antibodies recognizing IRF-5 (30). To this end, we activated IRF-5—sufficient and —
deficient THP-1 cells with imiquimod (IMQ) or PMA + IMQ. More than half of the unstimulated THP-
1 cells constitutively expressed IRF-5; this percentage increased upon stimulation with IMQ, and nearly
all the cells expressed IRF-5 after incubation with PMA + IMQ (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/jci.insight.167329DS1). In contrast,
we did not detect IRF-5 expression in IRF5”~ THP-1 cells even after stimulation with IMQ or PMA +
IMQ (Supplemental Figure 1A), suggesting that this anti-human IRF-5 antibody is specific. We also
determined IRF-5 nuclear localization by ImageStreamX (Supplemental Figure 1B).

We found a higher frequency of IRF-5—expressing CD4" T cells in PHI participants when compared
with CD4* T cells from HIV®e control participants (Figure 1A; gating strategy is shown in Supplemental
Figure 1C). Moreover, this transcription factor colocalized with the nucleus in about 40%—-60% of IRF-5*
CD4" T cells from HIV-1* donors compared with 1.8%-6.7% in CD4* T cells from HIV® control partic-
ipants (Figure 1, B and C). As in our previous observations (13), the majority of cells expressing IRF-5
also secreted IFN-y (Figure 1D) and were mainly effector and memory cells (Figure 1E and Supplemental
Figure 2A). As expected, CD4" T cells from PLWH also showed higher frequencies of annexin V* cells, a
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Table 1. Characteristics and clinical data of all HIV-1* and HIVﬁee individuals

Characteristics
n
Sex (F/M)

Age (years)
Time of infection
CD4 count, cells/pL
Viral load (copies/mL)

HIV/free PHI ART HIV-1* EC
12 10 12 9
7/17 1/9 7/17 1/8
35 (28-55) 33 (28-53) 42 (29-56) 35 (27-51)
N/A 63 (32-119) days >3 years >3 years
1,028 (1,288-757) 585 (420-1,000) 583 (450-820) 753 (635-753)
N/A 40.57 x10° <40 <40

(3.08 x 10° to 513.54 = 10%)

common marker of cell death and apoptosis, compared with cells from HIV®e control participants (Figure
1F). Of note, IRF-5 expression positively correlated with annexin V expression (Figure 1G) and annexin V
expression inversely correlated with CD4* T cell count in PLWH (Figure 1H). Moreover, IRF-5 expression
also inversely correlated with CD4" T cell count (Figure 1I), suggesting that this transcription factor could
contribute to cell death.

In mice, IRF-5 has been shown to promote cell death by inducing the expression of death receptor 5
(DRS5) (13). However, we did not observe any difference in DR5 expression between CD4* T cells from PHI
and HIV® donors (Supplemental Figure 2B), even though DR5* cells were mostly IRF-5* (Supplemental
Figure 2C) and nearly all IFN-y* cells were also DR5* (Supplemental Figure 2D). Moreover, DR5 expres-
sion did not correlate with annexin V expression (Supplemental Figure 2E), suggesting that, contrary to
what was observed in L. donovani—infected mice (13), DR5 is most likely not involved in CD4* T cell death
in PHI individuals.

ART HIV-1* individuals show higher frequencies of IRF-5—expressing CD4* T cells. PLWH treated with ART
still show low grade inflammation (11, 12), and their memory CD4* T cells are prone to Fas-mediated
apoptosis, despite years of aviremia in the blood compartment (9, 10). Thus, we next wanted to know
whether IRF-5 is also expressed in memory CD4* T cells from PLWH undergoing ART and is involved in
sensitizing memory CD4* T cells to apoptosis.

PLWH on ART who participated in this study displayed both viral suppression (viral loads < 40
copies/mL) and CD4" T cell recovery (> 400 cells/uL in blood after treatment) for at least 5 years. EC
participants had undetectable viral loads (<40 copies/mL) without treatment for more than 5 years,
with blood CD4" T cell counts over 400 cells/puL. The demographic and clinical characteristics of each
study group are summarized in Table 1.

We found significantly higher frequencies of IRF-5-expressing CD4* T cells in ART HIV-1* indi-
viduals (Figure 2A) compared with controls. Moreover, IRF-5 colocalized with the nucleus in nearly the
half of the IRF-5* cells (Figure 2B; gating strategy is shown in Supplemental Figure 3). Since HIV-1*
ECs can control plasma viral load while maintaining CD4"* T cell count in the absence of ART, we were
interested in determining the percentage of IRF-5—expressing CD4" T cells isolated from EC donors.
In contrast to ART HIV-1* individuals, EC presented with lower frequencies of IRF-5*CD4" T cells
(Figure 2A), with IRF-5 being active in about 20%-25% of the IRF-5* cells (Figure 2B). Independently
of expression levels, IRF-5 was mostly expressed in effector and memory CD4* T cells in all 3 study
groups (Figure 2C). Since IRF-5 is expressed in memory CD4* T cells and these cells are more prone to
apoptosis in ART HIV-1* individuals, we decided to focus on memory CD4* T cells. Interestingly, mem-
ory CD4" T cells from ART HIV-1* but not EC donors expressed significantly higher levels of annexin
V (Figure 2D) when compared with the uninfected control group, suggesting that memory CD4* T cell
death was more frequent in ART HIV-1* individuals. Expression of annexin V in memory CD4* T cells
correlated with IRF-5 expression (Figure 2E), suggesting that this transcription factor may contribute
to memory cell death in ART HIV-1* donors. No correlation was found between IRF-5 and annexin V
expression in memory cells from ECs (Supplemental Figure 4A).

TLR?7 is upstream of IRF-5 in memory CD4* T cells from ART HIV-1" individuals. We next wanted to inves-
tigate IRF-5 upstream signaling partners in memory CD4* T cells. We have previously demonstrated that
TLR7 was upregulated in murine CD4* T cells during chronic L. donovani infection and was upstream of
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Figure 1. IRF5 is expressed in CD4* T cells from PHI. PBMCs from PHI and HIVf individuals were analyzed by flow cytometry. (A) Representative FACS plots
and percentage of IRF-5* CD4* T cells. (B) Representative ImageStreamX images of CD4* T cells expressing IRF5 in the cytoplasm (first 2 lanes) and in the
nucleus (third and fourth lane). (C-F) Graphs show (C) the frequency of CD4* T cells whose IRF-5 expression colocalizes with the nucleus; (D) the percentage of
IFN-y* and IFN-y"IRF-5* CD4* T cells; (E) the frequency of CD45RA* and CD45RA-IFN-y* CD4* T cells expressing IRF-5 in PHI individuals; and (F) the percentage
of annexin V*CD4" T cells from PHI and HIVfe individuals. Data are presented as the mean + SD. The Mann-Whitney U test was used for significance. **P <
0.01, ****P < 0.0001, n =10. Graphs represent correlations between (G) annexin V and IRF-5 expression in CD4* T cells, (H) annexin V expression and CD4* T cell

count, and (1) IRF-5 expression and
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CD4* T cell count in PHI donors. The Spearman’s r test was used for significance, *P < 0.05, **P < 0.01, n =10.

IRF-5 (13). TLR7 is known to be expressed in human CD4* T cells during HIV-1 infection (28), but it is still
unknown whether TLR7 expression is maintained in CD4" T cells after ART. Hence, we analyzed TLR7
mRNA expression in CD4* T cells isolated from ART HIV-1*, EC, and HIV®* individuals. The highest
levels of TLR7 mRNA expression were detected in CD4* T cells from ART HIV-1* donors, while ECs
expressed intermediate TLR7 levels compared with HIV® donors (Figure 3A). Subsequently, we stimu-
lated CD4* T cells from the different study groups with IMQ, a TLR7 agonist. We found that treatment of
the cells with IMQ induced IRF-5 expression in memory CD4* T cells from ART HIV-1* and, to a lesser
extent, from EC donors but not in HIV®¢ individuals (Figure 3B). To understand what would trigger TLR7
and activate IRF-5 in vivo, we measured regenerating islet-derived protein 3 a (REG3a) in the serum of
participants as a marker for intestinal mucosa damage (31). In agreement with the literature, we found a
significant elevation of REG3a in the serum of male and female ART HIV* donors, while this molecule
was detected at very low levels in sera from HIV donors (Supplemental Figure 4B). Moreover, we found a
significant correlation between the frequency of IRF-5 expression and the amount of REG3a in the serum
of ART HIV* donors (Supplemental Figure 4C), implying that DAMPs released from the damaged intesti-
nal mucosa could trigger TLR7 and induce IRF-5.
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Figure 2. IRFS5 is expressed in memory and effector CD4* T cells from individuals on ART. PBMCs from ART HIV-1*, EC, and HIV™ donors were analyzed
by flow cytometry. (A) Representative FACS plots and percentage of IRF-5* CD4* T cells. (B-D) Graphs show (B) the percentage of CD4* T cells expressing
IRF-5 in the nucleus; (C) the percentage of IRF-5 expression in naive, effector, and memory CD4* T cell; and (D) the percentage of memory CD4* T cells
positive for annexin V in PBMCs isolated from ART HIV-1*, EC, and HIV™ individuals. Data are presented as the mean + SD. The Kruskal-Wallis followed by
the Dunn’s multiple-comparison tests were used for significance. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 12 (ART HIV-1* and HIVfe), n = 9
(EC). (E) Graph represents correlation between annexin V and IRF-5 expression in memory CD4* T cells from patients with HIV-1* on ART. The Spearman'’s r
test was used for significance. n =12.

In agreement with our previous findings (13), IMQ treatment induced apoptosis (Zombie Aqua-annexin
V*Caspase 3*) (Figure 3C) and cell death (Zombie Aqua*annexin V*) (Figure 3D) in memory CD4* T cells
from ART HIV-1* individuals to a significantly higher degree than in memory CD4" T cells from EC, direct-
ly correlating with TLR7 expression levels. Of note, IMQ treatment did not affect cell survival of CD4* T
cells from HIV®e individuals (Figure 3D). Our results suggest that the TLR7/IRF-5 axis could play a role in
memory CD4* T cell death in ART HIV-1* donors. This hypothesis was supported by the direct correlation
between TLR7 and IRF-5 expression (Figure 3E) and between annexin V and TLR7 expression (Figure
3F). Although TLR7 and IRF5 are also expressed in CD4* T cells from ECs, no correlation between the
expression of IRF-5 and TLR7 and between the expression of TLR7 and annexin V was found in these cells
(Supplemental Figure 5, A and B).

CD4* T cell stimulation via TCR has been reported to induce IRF-5 in mice (25). We found that the
stimulation of cells with a«CD3/aCD28 also induced IRF-5 in total (Supplemental Figure 5D) and memory
CD4* T cells (Supplemental Figure 5E) from ART HIV-1* and HIV®® individuals. However, this did not
promote apoptosis (Supplemental Figure 5F) or cell death (Supplemental Figure 5G).

Caspase 8 is downstream of the TLR7/IRF-5 pathway. Several molecules involved in cell death have been
described to be downstream molecular targets of IRF-5, including Fas, DR5, and Caspase 8, among
others (22). Since it was previously reported that memory CD4* T cell death during HIV-1 infection is
Fas-mediated (9), and IRF-5 is required for Fas-induced apoptosis (32), we set out to investigate whether
Fas was downstream of IRF-5 in human CD4"* T cells. In agreement with the literature (9), we found no
difference in the expression of Fas between any of the groups studied (Figure 4A). Hence, we investigated
whether Caspase 8 expression differed between the various study groups. A significant upregulation of
CASPS mRNA levels was observed in CD4" T cells from ART HIV-1* donors when compared with EC
and HIV®e individuals (Figure 4B). Moreover, when we treated CD4" T cells with IMQ, memory CD4*
T cells from ART HIV-1* but not HIV®™* individuals upregulated CASP8 mRNA expression (Figure 4C).
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Figure 3. TLR7 is upstream of IRF5. (A) Graph shows TLR7 mRNA levels in CD4* T cells from ART HIV-1*, EC, and HIVf individuals analyzed by gPCR. The
Kruskal-Wallis followed by the Dunn’s multiple-comparison tests were used for significance. *P < 0.05, **P < 0.01. n =9. CD4" T cells purified from ART HIV-1*,
EC, and HIVfee donors were treated in vitro with imiguimod (IMQ) or medium alone for 30 hours. (B-D) Graphs represent (B) the percentage of IRF-5*, (C) the
percentage of apoptotic cells, and (D) the percentage dead memory CD4* T cells. Data are presented as the mean + SD. The Friedman'’s followed by the Dunn’s
multiple-comparison tests were used to determine statistical differences. *P < 0.05, **P < 0.01. n = 6. (E and F) Graphs show correlations between (E) TLR7
and IRF-5 expression and (F) annexin V and TLR7 expression in ART HIV-1* donors. The Spearman’s r test was used for statistical significance. n =9.

Taken together, our results suggest that the TLR7/IRF-5 axis induces Caspase 8 expression and appears
to be active in memory CD4* T cells from ART HIV-1* donors.

Activation of the TLR7/IRF-5 axis predisposes cells to Fas-mediated apoptosis. IRF-5 has been shown to
be required for Fas-mediated cell death (32). Therefore, we investigated whether Fas/FasL interaction
could also induce IRF-5. When we treated CD4" T cells with recombinant human Fas ligand (rFasL), we
observed higher percentages of IRF-5* memory CD4* T cells in both ART HIV-1* and HIV® individ-
uals (Figure 5A). Since IRF-5 and Caspase 8 are also part of the Fas/FasL signaling pathway (32-34),
we hypothesized that activation of the TLR7/IRF-5/Caspase 8 axis would predispose cells to Fas-me-
diated apoptosis and enhance cell death. To prove our hypothesis, we pretreated cells with or without
IMQ for 18 hours, followed by a 12-hour incubation with rFasL, and we finally analyzed the frequency
of apoptotic and dead memory CD4* T cells (Figure 5B). As expected, we detected significantly high-
er frequencies of apoptotic (Figure 5C) and dead cells (Figure 5D) in CD4* T cells from ART HIV-1*
compared with HIV®™ individuals following incubation with rFasL alone, suggesting that ART HIV-1*
CD4* T cells had an intrinsic higher predisposition to die by Fas-mediated apoptosis than HIV'e CD4*
T cells. We also noticed a synergistic effect in the induction of apoptotic cells (Figure 5C) and cell death
(Figure 5D) when we treated purified CD4" T cells with IMQ followed by rFAsL, when compared with
cells incubated with rFasL alone. This effect was less pronounced in CD4* T cells from HIV® than from
ART HIV-1* individuals. We next analyzed CASP8 mRNA levels by quantitative PCR (qPCR) and found
a synergism of the stimulation with IMQ followed by rFasL in the induction of CASP8§ mRNA in CD4*
T cells from ART HIV-1* donors only, when compared with rFasL alone (Figure 5E). Taken together,
our results show that the TLR7/IRF-5 pathway feeds into the Fas/FasL signaling pathway, which subse-
quently amplifies IRF-5 and Caspase 8 expression, creating a spiral of death.

IRF-5 inhibitory peptides limit IMQ- and Fas/ FasL-induced cell death. Our findings so far indicate that IRF-
5 is a key molecule in both the TLR7/IRF-5 axis and the Fas/FasL signaling pathway. Hence, we finally
sought to block IRF-5 activation to limit cell death. To this end, we decided to use IRF-5 inhibitory peptides
developed by Banga et al. (35). These cell-permeable peptides (IRF-5-CPPs) efficiently block IRF-5 function
downstream of IRF-5 phosphorylation, preventing subsequent IRF-5 activation in various cell types (35);
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Figure 4. Caspase 8 is downstream of IRF5. CD4* T cells from PBMCs of ART HIV-1*, EC, and HIV" individuals were ana-
lyzed ex vivo. (A and B) Graphs show (A) the percentage of Fas* memory CD4* T cells determined by flow cytometry and (B)
RT-PCR analysis of CASP8 mRNA levels in purified CD4* T cells. Data are presented as the mean + SD. The Kruskal-Wallis
followed by the Dunn’s multiple-comparison tests were used for significance. *P < 0.05, ***P < 0.001. n =12 (ART HIV-1*
and HIVf), n =9 (EC). (C) Purified CD4* T cells from ART HIV-1* and HIV™™ donors were treated in vitro with imiquimod
(IMQ) or medium alone for 30 hours. Graph show expression of CASP8 mRNA. Data are presented as the mean + SD. The
Friedman'’s followed by the Dunn’s multiple-comparison tests were used for significance. *P < 0.05. n =6.

however, IRF-5-CPPs have yet to be tested in T cells. Thus, we chose 4 different peptides (P1-P4) with
different cell specificities (Table 2). We first tested the cytotoxicity of different IRF-5-CPPs, including the
control peptide, on human CD4* T cells from HIV®* donors at concentrations varying from 0 pM to 50
uM. IRF-5-CPPs were found to be noncytotoxic up to 20 pM (Supplemental Figure 6A). When we tested
the ability of IRF-5-CPPs to inhibit nuclear localization of human IRF-5 in untreated and IMQ-stimulated
CD4* T cells from ART HIV-1* and HIV® donors, we observed that P1 and P3 were the most effective pep-
tides at preventing IRF-5 activation in unstimulated CD4* T cells (Supplemental Figure 6B; about 62% and
60% inhibition following P1 and P3 treatment, respectively) as well as in IMQ-treated cells (Supplemental
Figure 6C). We also tested whether P1 and P3 could be used together to achieve a stronger IRF-5 blockade
and ultimately inhibit IMQ-induced cell death. To this end, CD4" T cells from ART HIV-1* and HIVie
individuals were treated with either 5 uM P1 or P3 alone, or with a mixture of P1 and P3, and subsequently
stimulated with IMQ. As shown in Supplemental Figure 6D, the P1/P3 mix was slightly more efficient in
blocking IRF-5 activation in ART HIV-1* CD4" T cells upon stimulation with IMQ. Indeed, we observed
44% inhibition of IRF-5 nuclear localization following treatment with P1, 40% after incubation with P3,
and about 60% when cells were cocultured with P1 and P3 together. Thus, we decided to use a combination
of P1 and P3 to inhibit the TLR7/IRF-5 pathway; the control peptide was used for all “Peptide™s” control
groups. To this end, we treated purified CD4* T cells with the peptide mix for 30 minutes before stimulation
with IMQ. The combination of the 2 IRF-5-CPPs was able to significantly block apoptosis in memory
CD4" T cells from ART HIV-1* individuals. Indeed, we observed lower frequencies of apoptotic (Figure 6A)
and dead (Figure 6B) cells in memory CD4" T cells from ART HIV-1* individuals following IMQ stimula-
tion. As expected, this was not the case in HIV®« donors, since these cells express very low levels of TLR7
and do not respond to IMQ (Figure 3, A, C, and D). Similar results were obtained when we analyzed CASPS
mRNA levels, which were significantly reduced when we added IRF-5 blocking peptides to purified CD4* T
cells from ART HIV-1* individuals stimulated with IMQ (Figure 6C).

Since the Fas/FasL pathway is involved in memory CD4* T cell death in HIV-1 infection (9), we next
assessed whether the IRF-5-CPP mix could block Fas-mediated apoptosis in memory CD4* T cells from
ART HIV-1* individuals. CD4* T cells were incubated for 1 hour with 5 uM of a mixture of P1 and P3 or
the control peptide, followed by an 18-hour incubation with or without IMQ. Cells were then treated with
rFasL for another 12 hours (Figure 6D). Remarkably, the IRF-5—-CPP mix could significantly limit Fas-me-
diated apoptosis. In fact, the increase in the frequency of apoptotic cells (Figure 6E) or dead cells (Figure
6F) following rFasL or IMQ + rFasL treatment was approximately reduced by half after IRF-5 blockade in
CD4" T cells from ART HIV-1* donors. A similar but less pronounced effect was observed in CD4* T cells
from HIVfe individuals. No differences were observed between CD4* T cells from male and female HIV*
or HIV®™ donors (Supplemental Figure 7, A-D).

Finally, to clearly prove that inhibition of Fas-mediated apoptosis was indeed dependent on IRF-
5 blockade, we assessed CASPS mRNA levels after the various treatments; Caspase 8 is a downstream

JCl Insight 2023;8(13):e167329 https://doi.org/10.1172/jci.insight.167329 7


https://doi.org/10.1172/jci.insight.167329
https://insight.jci.org/articles/view/167329#sd
https://insight.jci.org/articles/view/167329#sd
https://insight.jci.org/articles/view/167329#sd
https://insight.jci.org/articles/view/167329#sd
https://insight.jci.org/articles/view/167329#sd
https://insight.jci.org/articles/view/167329#sd

RESEARCH ARTICLE

A B Magnetic cell sorting c
4+ T cell - *
30 I * I |:| Hivfree CD: cells 50 l_*| D Hiviree
®  []ART-HIV* 2 404 1 [C]ART-HIV
* () [}
—— oo 00 o * !
1o 201 oo ~oe g %0 —— .
L bd * g x
s DG 4 2ny F 4
2 5
® 104 . ——r = 104
o LES | I
! ! ! ! oh 18h 30h IMQ - + - +
FaslL + N + IMQ (TLR7) FASL IRF-5 and FasL + + + +
cell death by
flow cytometry
D
501 l:‘ Hiv/ree D Hlvfree
404 C] ART-HIV* ] ART-HIV*
K=
kS *
8 —
304 *
= —— =y
o« 20+ *
2 —
10_ ﬁ ﬁ
0 m T T T T
MQ - -+ - -+
FasL - + + -+ +

Figure 5. Activation of the TLR7/IRF-5 axis predisposes memory CD4* T cells to Fas-mediated apoptosis. (A) Purified CD4* T cells from ART HIV-1*
and HIV™e donors were incubated in vitro with rFasL or medium alone for 18 hours. Graph shows IRF-5 expression as measured by flow cytometry.
Data are presented as the mean + SD. The Friedman'’s followed by the Dunn’s multiple-comparison tests were used for significance. *P < 0.05. n =6.
(B) Scheme of the experimental design. Purified CD4* T cells were treated with IMQ or medium alone; 12 hours later, rFasL or medium was added to
the culture, and the cells were incubated for a further 18 hours for a total of 30 hours of incubation at 37°C. (C-E) Graphs show (C) the percentage of
apoptotic memory CD4* T cells, (D) the percentage of dead memory CD4* T cells, and (E) CASP8 mRNA levels in memory CD4* T cells after 30-hour
stimulation. Data are presented as the mean + SD. The Wilcoxon test was used for significance. *P < 0.05. n =6.
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molecular target of IRF-5 (22). We observed a nearly 50% reduction in the induction of CASP§ mRNA
in CD4" T cells from ART HIV-1* donors treated with either rFasL or IMQ + rFasL following IRF-5
blockade (Figure 6G). The effect in memory CD4* T cells from HIV® samples was only partial and less
pronounced than observed in ART HIV-1*CD4* T cells (Figure 6G). We did not notice any difference
between CD4* T cells from male and female donors (Supplemental Figure 7E). Taken together, our results
suggest that IRF-5 plays a central role in ART HIV-1* memory CD4" T cell death, not only as a down-
stream target of TLR7 but also directly involved in Fas-mediated apoptosis.

IFN-B and DAMPs promote TLR7 expression in CD4" T cells. Although TLR7 expression on T cells has
been reported in mice and humans (28, 36-38), the signaling pathways promoting TLR7 upregulation
in CD4* T cells remain unknown. Type I IFN was shown to enhance TLR expression in B cells (39-42).
Since IFN-P is often part of chronic inflammatory environments associated with persistent infections
(43) and since TLR7 is upregulated in CD4* T cells during persistent infections (13), we first assessed
whether purified CD4* T cells from HIV® individuals exposed to recombinant IFN-B would upregulate
TLR7. We found that IFN-$ promoted TLR7 mRNA upregulation as early as 6 hours after initial expo-
sure and that this expression was maintained over 24 hours (Figure 7A). Tissue disruption and release of
DAMPs are also hallmarks of chronic inflammatory environments. Thus, we next exposed CD4* T cells
from HIV® donors to apoptotic cell material. Interestingly, apoptotic cell material could also enhance
TLR7 mRNA expression, although to a lesser extent than IFN-B; nevertheless, its effect was synergistic
with IFN-B (Figure 7B). This suggests that CD4* T cells in an inflammatory environment can upregulate
TLR7 independently from their antigen specificity. Following this, we assessed whether CD4* T cell
priming in the presence of DAMPs and IFN-f can modulate 7LR7 mRNA expression levels. Stimulation
with anti-CD3/CD28 in the presence or absence of apoptotic cell material slightly induced TLR7 expres-
sion (Figure 7B). However, anti-CD3/CD28 stimulation of cells previously exposed to IFN-§ greatly
promoted TLR7 expression, which was further enhanced in the presence of DAMPs (Figure 7B), indicat-
ing that antigen specific CD4" T cells primed in a persistent inflammatory environment rich in IFN-$ and
DAMPs are bound to express high levels of TLR7.
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Table 2. IRF-5-blocking peptides sequences

Peptide Sequence Modification Purity
Peptide 1 MIILIISFPKHKDWKVILVK N-Terminal: Acetylation, >95%
C-Terminal: Amidation, TFA
removal (HCI)
Peptide 2 IRLQISNPYLKFIPLKRAIWLIK N-Terminal: Acetylation, >95%
C-Terminal: Amidation, TFA
removal (HCl)

Peptide 3 MANLGYWLLALFVTYWTDLGLVKKRPKP TFA removal (HCI) >95%
Peptide 4 MANLGYWLLLLFVTMWTDVGLAKKRPKP TFA removal (HCI) >95%
Control Peptide IKVMWPILFIIKLVHSDKKI and TFA removal (HCI)
MANLGYWLLALFVTMWTDVGLCKKRPKP Scrambled

To test whether CD4* T cells exposed to IFN-f and/or apoptotic cell material with or without anti-
CD3/CD28 stimulation were more susceptible to Fas-mediated apoptosis, we treated cells with rFasL.
When we analyzed memory CD4" T cells, we found higher frequencies of IRF-5* (Figure 7C), apoptotic
(Figure 7D), and dead cells (Figure 7E) when CD4* T cells were exposed to IFN-f + DAMPs prior to
rFasL treatment, compared with rFasL alone. Anti-CD3/CD28 stimulation did not alter the cells’ suscepti-
bility to Fas-mediated apoptosis (Figure 7, G and H) but slightly increased IRF-5 expression (Figure 7F). In
agreement with the TLR7 expression levels shown in Figure 7B, CD4" T cells exposed to IFN- + DAMPs
prior to anti-CD3/CD28 stimulation were significantly more susceptible to Fas-mediated apoptosis (Figure
7, G and H) and expressed the highest levels of IRF-5 (Figure 7F) of any treatment group. Similar results
were obtained when we analyzed memory CD4* T cells (Supplemental Figure 8, A-F). Taken together,
these results suggest that exposure of antigen-specific or bystander CD4* T cells to apoptotic material and
IFN-B promotes the upregulation of TLR7 and predisposes cells to FAS-mediated cell death.

In summary, we propose that memory CD4* T cells from ART HIV-1* individuals express TLR7 and
IRF-5, which represent an imprint that predisposes these cells to Fas-mediated apoptosis. The TLR7/IRF-
5 axis can be activated by DAMPs, resulting in heightened Caspase 8 expression. This pathway directly
feeds into the Fas-FasL pathway, which increases IRF-5 and Caspase 8 expression, leading to cell death.
In contrast, memory CD4"* T cells from HIV® individuals and from ECs express low levels of TLR7 and
IRF-5, which makes these cells less capable of sensing DAMPs and ultimately less prone to Fas-mediated
apoptosis (Figure 8). Figure 9 summarizes how this pathway could work synergistically with other known
cell death pathways (reviewed by refs.44, 45), particularly those requiring Caspase 8, to induce apoptosis in
CD4" T cells during PHI and after ART.

Discussion

Although most PLWH on ART recover CD4" T cell counts, it remains unclear why memory CD4*
T cells are highly sensitive to apoptosis. Here we show that memory CD4" T cells from HIV* donors
undergoing ART display an imprint by expressing higher levels of T7LR7 mRNA. We propose that this
allows memory CD4* T cells to sense inflammatory tissue damage—derived DAMPs and activates the
TLR7/IRF-5 pathway, making cells more susceptible to Fas-mediated apoptosis. Treatment with IRF-5
blocking peptides successfully blocks the TLR7/IRF-5 pathway and significantly reduces memory cell
death by Fas-mediated apoptosis.

PLWH on ART are characterized by inflammation and express on CD4* T cells higher levels immune
checkpoint molecules like PD-1, CTLA-4, LAG-3, and TIGIT compared with HIV® participants (46). In
addition to their exhaustion function, these molecules contribute to the establishment and maintenance of
a latent cellular infection (46—49). Our findings show that memory CD4* T cells from patients on ART also
differed from those from HIV individuals and EC in their TLR7 expression. Following TLR7 triggering,
IRF-5 was activated and promoted Caspase 8 in memory CD4" T cells from ART HIV-1* participants.
A significant proportion of memory and effector CD4* T cells expressed active IRF-5 and upregulated
CASPS, suggesting that the TLR7/IRF-5 axis was active in some cells. Still, the factors that activate TLR7
in CD4" T cells in ART treated PLWH remain to be unveiled.
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Figure 6. IRF-5 inhibitory peptides rescue memory CD4* T cells from Fas-mediated apoptosis. (A-C) Purified CD4* T cells from ART HIV-1* and HIV"e
individuals were pretreated with 10 uM of IRF-5-CPPs for 30 minutes before stimulation with IMQ and incubated at 37°C for 30 hours. Graphs show (A) the
percentage of apoptotic cells, (B) the percentage of dead cells, and (C) CASP8 mRNA expression levels in memory CD4* T cells from ART HIV-1* and HIVee
donors. (D) Experimental design. Purified CD4* T cells from ART HIV-1* and HIVfe individuals were pretreated with 10 uM of IRF-5-CPPs for 30 minutes,
stimulated with or without IMQ for 12 hours, and incubated for a further 18 hours with or without rFasL. (E-G) Graphs show (E) the percentage of apoptotic
cells, (F) the percentage of dead cells, and (G) CASP8 mRNA expression levels in memory CD4* T cells from ART HIV-1* and HIV™™¢ donors. Data are present-
ed as the mean + SD. The Friedman's followed by the Dunn’s multiple-comparison tests were used for significance. *P < 0.05. n = 6.

In our previous work, we have shown that CD4* T cells are capable of sensing inflammatory tissue
damage—derived DAMPs via TLR7 in a murine model of visceral leishmaniasis (13). Since patients on
ART display residual levels of immune activation and inflammation, it is possible that inflammation
could be involved in generating DAMPs derived from tissue damage occurring at the intestinal mucosal
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Figure 7. IFN-$ and DAMPs promote
TLR7 expression on CD4* T cells.
(A) Purified CD4* T cells from HIV/free
individuals were incubated with
IFN-p or with medium alone. Graph
shows RT-PCR analysis of TLR7
expression at 0, 6, 12, and 24 hours
of treatment. (B) Purified CD4* T
cells from HIVfee individuals were
treated with IFN-f in the presence
or absence of conditioned medium
with 10% v/v apoptotic material
(AM, supernatant of staurospo-
rine-treated PBMCs) for 24 hours,
before stimulation with aCD3a/
CD28 for a further 24 hours. Graphs
shows RT-PCR analysis of TLR7
gene expression. (C-E) Purified
CD4* T cells from HIV™™e individuals
were incubated with IFN-f in the
presence or absence of conditioned
medium with 10% v/v apoptotic
material for 24 hours, before adding
rFasL for a further 18 hours. Graphs
represent (C) the percentage of IRF-
5+, (D) the percentage of apoptotic
cells, and (E) the percentage of dead
CD4* T cells after incubation with
the indicated culture conditions.
(F-H) Purified CD4"* T cells from
HIV™ee donors were treated with
IFN-B in the presence or absence
of conditioned medium with 10%
v/v apoptotic material for 24 hours;
they were then stimulated with
0CD3/aCD28 for a further 24 hours
and finally incubated for 18 hours
with rFasL. Graphs represent (F)
the percentage of IRF5*, (G) the
percentage of apoptotic cells, and
(H) the percentage of dead CD4* T
cells after incubation as described
above. Data are presented as the
mean + SD. The Friedman’s followed
by the Dunn’s multiple-comparison
tests were used for significance. *P
< 0.05.n=6.
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site (50, 51), a major HIV reservoir. The fact that IRF-5 is highly expressed and active in CD4* T cells
from PHI suggests that the level of inflammation, and consequently DAMPs release, is proportional to
IRF-5 upregulation. Nevertheless, activation of the TLR7/IRF-5 axis in CD4" T cells may be multifac-
torial and could also be triggered by microbial products released into the circulation from the gut lumen
due to compromised gastrointestinal mucosa (50). An additional source of DAMPs could be derived
from material released by nonpermissive, resting CD4* T cells dying by pyroptosis following abortive
HIV infection (4, 5). Moreover, HIV-1 is an enveloped retrovirus with 2 copies of a ssRNA genome that
may be recognized by TLR7 (52, 53). To this end, it would be interesting to analyze IRF-5 expression in
CD4" T cells located at anatomical reservoir sites, like in the gut mucosa.

Independently from the agonist molecule that triggers TLR7, ART-treated PLWH are characterized
by an imprint on CD4* T cells, likely occurring before ART, that makes them more susceptible to sensing
DAMPs, HIV, or both. This imprint is also responsible for the activation of IRF-5 and Caspase 8 and
for sensitizing memory cells to Fas-mediated apoptosis. Interestingly, we show that TLR7 and IRF-5
expression levels directly correlate with CD4* T cell death in PLWH on ART. IRF-5 expression is also
inversely correlated with CD4" T cell counts in PHI, suggesting that this pathway may also operate
early during acute infection and could lead to the death of bystander CD4* T cells. Hence, activation of
the TLR7/IRF-5 axis and subsequent predisposition to Fas-mediated apoptosis might also affect CD4*
T cell homeostasis in general and might not be solely restricted to the memory compartment. Thus,
it would be interesting to investigate the role of IRF-5 in patients with HIV-1* who do not respond to
therapy; these patients are often referred to as immune nonresponders (54). Incomplete CD4" T cell
recovery (below 350 cells, despite years on effective ART) has been associated with increased replicative
senescence, an increase in effector CD4, and higher sensitivity to cell death, all of which contribute to a
lower proliferative capacity of CD4" T cells (6, 55-58). More importantly, the extent of lymphoid tissue
damage has been shown to influence CD4" T cell count reconstitution (59), suggesting that the level of
inflammation and the extent of inflammatory tissue damage at the time of therapy affects CD4* T cell
recovery. Tissue disruption results in the release of DAMPs, which could trigger TLR7 expressed on
CD4* T cells and activate the TLR7/IRF-5 axis. Therefore, IRF-5 blockade could be beneficial in PLWH
that fail to recover or show a slow recovery of CD4" T cells after ART.

Of note, despite having an active infection and higher levels of systemic immune activation compared
with HIVe individuals (60), CD4* T cells from EC donor expressed low levels of TLR7, insufficient to
promote IRF-5 and cell death.

TLR7 agonists, in combination with other therapies, have been shown to promote sustained control of
simian HIV (SHIV) or simian immunodeficiency virus (SIV) in nonhuman primates (61-66). Indeed, the
TLR7 agonist GS-9620 was shown to activate HIV in PBMCs from ART HIV* individuals and to reduce
viral replication via the production of IFN-a (67, 68). However, only modest effects were observed in
HIV controllers on ART who received an oral TLR7 agonist (69). The mild effect was to be attributed to
increased DC and NK cell crosstalk and an increase in cytotoxicity potential (69). Similarly to ECs, rhesus
macaques are capable of naturally controlling SIV infection. It is, thus, possible that their CD4" T cells do
not express high levels of TLR7. In this case, the use of TLR7 agonists will not affect the memory CD4* T
cell compartment. However, our results suggest that the therapeutic use of TLR7 agonists could lead to an
imbalance in CD4" T cell homeostasis and a loss of memory and effector CD4* T cells in PLWH on ART
with CD4" T cells expressing high TLR7 levels.

Several important questions arose from our study: (a) What induces TLR7? (b) What determines TLR7
expression levels in CD4* T cells? (c) Are TLR7 expression levels associated with the capacity to maintain
CD4* T cell homeostasis during primary infection?

We tried to identify possible pathways that could lead to TLR7 upregulation in CD4* T cells and found
that IFN-f together with DAMPs display a synergistic effect in inducing TLR7 expression in CD4* T cells.
Although this possible synergism can be enhanced by TCR triggering, TCR engagement is not strictly
required. These results imply that the level of IFN-I response and inflammation may determine the level of
TLR7 with which CD4" T cells (antigen-specific and bystanders) will be imprinted. It is largely recognized
that TLR7 expression in innate immune cells, particularly plasmacytoid DCs (pDCs), is essential for induc-
ing the IFN-I response, which is required to control HIV spread during the acute phase of infection (70,
71). However, IFN-I may also have immunosuppressive effects in HIV infection (72, 73). Hence, a balance
between the double-edge IFN-I functions, antiviral and immune suppression, is crucial for the outcome of
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Figure 8. Proposed model. Residual inflammation maintains the upregulation of TLR7 and IRF-5 in memory CD4* T cells from ART HIV-1* individuals but
not in HIVe individuals. The activation of the TLR7/IRF-5 axis feeds into the Fas/FasL pathway, predisposing and enhancing Fas-mediated apoptosis only
in memory CD4* T cells from ART HIV-1* individuals. Finally, we proposed that this mechanism can be blocked by adding IRF-5 inhibitory peptides, which

block the predisposition to Fas-mediated cell death. Created with BioRender.com.

HIV infection (74). A possible explanation for variations in IFN-I levels among different individuals could
be given by the existence of TLR7 polymorphisms (75-80), which could determine the amount of IFN-I
that is produced (79). Polymorphisms in the /RF5 gene could also explain why the TLR7/IRF-5 axis is more

activated in certain individuals than others. IRF5 polymorphisms have been well described for autoimmune

disease and are often associated with various levels of inflammation (81-84).

Our findings highlight the central role played by IRF-5, which is not only involved in predisposing

memory CD4" T cells to Fas-mediated apoptosis, but is also a key component of the Fas/FasL pathway.
The IRF-5 effects are complementary to Foxo3a, which enhances the expression of FasL (9, 85), empow-
ering the “killers,” while IRF-5 promotes the expression of Fas (22), weakening the “victims.” It is thus
not surprising that IRF-5 blockade limited not only the induction of Caspase 8 via the TLR7/IRF-5 axis
but also Fas-mediated cell death. IRF-5 blockade could be developed as a possible therapy to prevent the
loss of protective memory CD4" T cells in patients under ART and to help recover CD4* T cell counts
in patients with HIV* who do not respond to therapy. Since a heightened expression of IFN-I and tissue

damage are common features of persistent inflammatory responses, it is possible that the pathway we

describe in this study is not only involved in HIV-1-pathogenesis but could also operate during other

chronic viral infections, such as SARS-CoV-2.
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Figure 9. Summary of cell death pathways occurring in CD4* T cells during primary HIV-1 infection or following ART. (A) A large proportion of CD4*
T cell death during primary HIV-1 infection occurs via apoptosis and comprises extrinsic and intrinsic pathways. Extrinsic apoptosis involves death
receptor members of the tumor necrosis factor receptor gene superfamily, such as Fas, TNFR1, and DR5 (TRAILR2). The activation of these receptors
by a death ligand results in the activation of Caspase 8. We propose that the TLR7/IRF-5 pathway feeds into these pathways by sensitizing cells to
Fas-, TNFR1-, and DR5-mediated apoptosis through the induction of Caspase 8 and IRF-5. Other extrinsic cell death pathways include activation-in-
duced cell death (AICD) and killing by cytotoxic CD8* T cells (CTL) via secretion of perforin and granzymes. Intrinsic apoptosis includes activation of
Caspase 3 by HIV proteins and DNA. Finally, abortively infected CD4* T cells die by pyroptosis, a highly inflammatory form of programmed cell death
that results from the activation of Caspase 1. (B) Although antiretroviral therapy restores CD4* T cell counts, memory CD4* T cells from ART HIV-1*
individuals are still prone to apoptosis, despite treatment. These cells mostly die by Fas-mediated apoptosis. The Fas/FasL pathway is strengthened
on one hand by the transcription factor FOX03a, which empowers the “killers,” and, on the other hand, by the TLR7/IRF-5 axis, which weakens the
“victims.” Death by pyroptosis in abortively infected cells may also occur. Created with BioRender.com.

In conclusion, we report that CD4" T cells from PLWH receiving ART display heightened TLR?7,
IRF-5, and CASP8 expressions compared with CD4* T cells from EC and HIV®™ donors. Moreover, activa-
tion of the TLR7/IRF-5 axis feeds into the Fas/FasL pathway predisposing and enhancing Fas-mediated
apoptosis. IRF-5 plays a central role in both pathways, and blockade of IRF-5 activation limits cell death.
‘We propose IRF-5 blockade as a possible therapeutic target to prevent memory CD4" T cell loss in patients
under ART and, more importantly, for patients who have a low CD4* T cell recovery despite long-term
ART that represent 20% of patients with a persistent risk to develop non-AIDS and AIDS comorbidities.

Methods

Study population. Participants (27-56 years old) were selected from the Montreal Primary HIV infection
study. Age-matched uninfected participants were selected as negative control for HIV-1 infection. PLWH
included in the study displayed similar clinical and virological data. PHI participants, whose viral acqui-
sition was estimated to have occurred less than 4 months prior to sample collection displayed viral loads
ranging from 3.08 X 10° to 513.54 X 10° copies/mL. PLWH on ART displayed both viral suppression (viral
loads < 40 copies/mL) and CD4* T cell recovery (>400 cells/uL in blood after treatment) for at least 5
years. EC participants displayed a long-term viral control (viral loads < 40 copies/mL) without treatment
for > 5 years and did not have protective gene polymorphisms such as CCR5 A32 and B57/B27 haplotypes,
with blood CD4* T cell counts > 400 cells/uL. Demographic and clinical characteristics of each study
group are summarized in Table 1.

Cell culture reagents. Cells were cultured in RPMI 1640 (Invitrogen) supplemented with 3.2 % L-Gluta-
mine (Cellgro), 2-mercaptoethanol, sodium pyruvate, penicillin/streptomycin (Invitrogen), and 10% FBS
(Wisent). The antiviral Azidothymidine (AZT, Sigma-Aldrich; 10 uM) was added to all cultures from PLWH
to prevent viral replication and de novo infections, as previously reported (86). Cells were washed with Dul-
becco’s PBS (Invitrogen) before RNA extraction or immunofluorescence staining for flow cytometry.

CD4* T cell purification. PBMC were thawed, resuspended in 1 mL of FBS, and centrifuged for 5 min-
utes at 300g at room temperature. Pelleted cells were resuspended in 3 mL RPMI with 10% FBS and incu-
bated at 37°C for 2 hours before CD4" T cell purification.

CD4* T cells from ART HIV-1*, EC, and HIV®* samples were isolated from PBMC using the EasySep
human CD4" T cell enrichment kit (StemCell Technologies) following manufacturer instructions, allowing
for > 92% purity.

In vitro CD4* T cell stimulation. In total, 1 x 10° CD4* T cells were activated for 24 hours with 1 ug/mL
of anti-CD3 (clone OKT3, eBioscience) and 1 pg/mL of anti-CD28 Abs (clone CD28.2, eBioscience). To
assess TLR7 agonist effect on CD4* T cells, 1 % 10° cells/mL were stimulated with 5 pg/mL of IMQ (Invi-
vogen) for 30 hours. For IFN- stimulation, CD4* T cells were cultured with 10 ng/mL IFN-f (Peprotech)
for 6 hours and washed 3 times with RPMI. For some assays, 1 pg/mL of Brefeldin A (BD Biosciences)
was added to cell cultures for 6 hours to evaluate the intracellular accumulation of inflammatory cytokines.

To investigate pathways promoting TLR7 expression in CD4" T cells, we pretreated 1 x 10° HIVfree
CD4* T cells with 10 ng/mL IFN-f for 6 hours in the presence or absence of conditioned medium with
10% v/v of DAMPs containing supernatant, obtained from PBMCs treated with staurosporine for 24
hours, before TCR activation or TLR7 stimulation. The supernatant was prepared as follows: 1 x 10%/
mL PBMC from HIV® donors were cultured in vitro in the presence of 2 uM staurosporine for 2 hours
at 37°C; cells were then washed 3 times with PBS and left in culture for a further 4 hours at 37°C, before
collecting the supernatant.
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Fas-induced apoptosis and cell death. Purified CD4* T cells were cultured in the presence or absence of
10 ng/mL rFasL (BioLegend) for 18 hours. Apoptosis detection was performed using rabbit anti-human
cleaved Caspase-3 (Aspl175) PE (clone D3E9, Cell Signaling Technology), annexin V-APC (BD Bioscienc-
es or BioLegend), and Zombie Aqua Fixable Viability Kit (BioLegend) by flow cytometry. The percentage
of Fas-induced apoptosis was determined by the formula: percentage of apoptosis in the presence of rFasL
minus percentage of apoptosis in absence of rFasL, as previously described (9).

CD4* T cells and PBMC stimulation in the presence of inhibitory peptides. We first analyzed the cytotoxicity
of different IRF-5-CPPs, described in Table 2. Cells were incubated with various concentrations of IRF-
5—CPPs (5, 20, and 50 uM) for 24 hours. We evaluated cell death by flow cytometry and determined IRF-5
nuclear localization after IMQ treatment by ImageStreamX. A scrambled version of the peptides was used
as a negative control. CD4* T cells were pretreated with 10 uM of IRF-5—-CPPs for 30 minutes before stim-
ulation with 5 ng/mL IMQ for 30 hours at 37°C, or pretreated cells were stimulated with 5 ng/mL IMQ,
and 12 hours later, 10 ng/mL rFasL was added to the culture for a further 18 hours of incubation.

Flow cytometry. Purified CD4" T cells and PBMC were labeled with mouse anti-hCD3-BV711 (clone
UCHT1, BD Biosciences or BioLegend), hCD4-Alexa Fluor 700 (clone RPA-T4, BD Biosciences or
BioLegend), hCD45RA-APC-H7 (clone HI100, BD), hCD45RA-APC-Cy7 (clone HI100, BioLegend),
hCD27-PerCP-Cy5.5 (clone RPA-T4, BD Biosciences or BioLegend), hCD197 (CCR7) BV605 (clone
2-L1-A, BD), hCD197 (CCR7) BV605 (clone G043H7, BioLegend), hIFN-y—PE-Cy7 (clone 4S.B3, BD),
hDRS5 (CD262) (clone B-K29, BD), CD95-FITC (clone DX2, BD), hCD95-PE (clone DX2, BD), hCD95-
PE-CF594 (clone DX2, BD), hIgG1 « isotype control PE-CF594 (clone X40, BD Biosciences), and hIgG1
k isotype control-PE-Cy7 (clone MOPC-21, BD Biosciences); rabbit anti-hIRF-5-PE (clone EIN9G, Cell
Signaling Technology, discontinued), human cleaved Caspase-3 (Asp175) PE (clone D3E9, Cell Signaling
Technology), annexin V APC (BD Biosciences and BioLegend), and hIgG XP-PE isotype control (clone
DAIE, Cell Signaling Technology); sheep anti-hIRF-5-Alexa Fluor 488 (IC4508G, R&D systems) and
hIgG isotype control-Alexa Fluor 488 (IC016G, R&D systems); and Zombie Aqua Fixable Viability Kit
(BioLegend). Cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature, permea-
bilized with 0.25% (w/v) saponin in PBS, and stained intracellularly with rabbit anti-hIRF-5 PE (clone
E1NO9G, Cell Signaling Technology), sheep anti—-hIRF-5-Alexa Fluor 488 (R&D Systems), rabbit anti—
human Cleaved Caspase-3 (Asp175) PE (clone D3E9, Cell Signaling Technology), mouse anti-hIgG1 « iso-
type control PE-CF594 (clone X40, BD Biosciences), mouse anti—-hIgG1 « isotype control PE-Cy7 (clone
MOPC-21, BD Biosciences), rabbit anti-hIgG XP-PE isotype control (clone DA1E, Cell Signaling Tech-
nology), and sheep anti-hIgG isotype control Alexa Fluor 488 (R&D Systems). Flow cytometry analysis
was performed with a BD LSRII flow cytometer (BD Biosciences). Data were analyzed with FlowJo and
DIVA software (BD Biosciences). In total, 200,000-500,000 gated cells were analyzed for each sample.

ImageStreamX flow cytometry. Samples were stained with mouse anti-hCD3-BV711 (clone UCHT1, BD
and BioLegend), hCD4-Alexa Fluor 700 (clone RPA-T4, BD Biosciences and BioLegend), hCD8-BV650
(clone RPA-T8, BD Biosciences), hCD19-V450 (clone HIB19, BD Biosciences), and hCD14 PE-Cy7 (clone
MS5E2, BD Biosciences). The cells were then fixed, permeabilized, and stained with DAPI (Invitrogen) to
visualize the nucleus and mouse anti-hIFN-y PE-Cy7 (clone 4S.B3, BD Biosciences), along with rabbit
anti-hIRF-5 PE (clone EIN9G, Cell Signaling Technology) or sheep anti-hIRF-5 Alexa Fluor 488 (R&D
Systems). Finally, samples were acquired using the ImageStreamX MKII flow cytometer and analyzed
with IDEAS software (Amnis). The localization wizard was used to determine the nuclear localization of
IRF-5. The morphology mask was used to determine a similarity score, which quantifies the correlation of
pixel values of the DAPI and IRF-5 images on a per-cell basis. A similarity score > 1 was used as a cut-off
for nuclear localization. Cells in individual bins were visually inspected to confirm subcellular localization
(values < or > 1). In total, 200,000-500,000 gated cells were analyzed for each sample.

RNA isolation and gPCR analysis. RNeasy mini kit (QIAGEN) was used for RNA isolation. RNA
yield and purity were measured by NanoDrop (Thermo Fisher Scientific). cDNAs were generated by
reverse transcription using the iScript cDNA synthesis kit (Bio-Rad). Real-time PCR analysis was per-
formed with the Stratagene mx3005p real-time PCR system using iTaq Universal SYBR Green Super-
mix (Bio-Rad) and standard cycle of amplification. IRF5, TLR7, CASPS, and GAPDH were amplified
using the specific primers summarized in Table 3. GAPDH was used as a housekeeping gene to normal-
ize the expression levels of target genes. Relative gene expression of target genes in each sample was
determined by the comparative CT method (2724%") (87, 88).
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Table 3. Primers used for RT-PCR

Gene name Forward Reverse
GAPDH 5'-GAAGGTGAAGGTCGGAGTC-3! 5'-GAAGATGGTGATGGGATTTC-3'
IRF5 5'-TTATTCTGCATCCCCTGGAG-3' 5'-GCTCTTGTTAAGGGCACAGC-3'
TLR7 5'-TTTACCTGGATGGAAACCAGCTA-3’ 5'-TCAAGGCCTGAGAAGCTGTAAGCTA-3’
CASP8 5'-AGAGTCTGTGCCCAAATC AAC -3’ 5'-GCTGCTTCTCTCTTTGCTGAA -3’

Generation of IRF5”/~ THP-1 cells. The sgRNA for IRF-5 was obtained from IDT (target sequence
5-GTA CTG GCA GCT GTT CAC CT-3"). Recombinant Alt-R S.p. Cas9 nuclease (85 pg) was incubated
with each target sgRNA (6 uL of 100 uM stock) for 20 minutes at room temperature. The reaction was sup-
plemented with Alt-R Cas9 Electroporation Enhancer (4 pL) and combined with 4 x 10° THP-1 (ATCC)
resuspended in complete P3 nucleofection solution (71 uL) (Lonza). The samples were subjected to nucle-
ofection using program CM-137 and maintained in RPMI. At 5 days after nucleofection, 3 x 10° cells were
collected to confirm KO efficiency by immunoblot analysis.

Statistics. Parameters of patients and controls are described as absolute frequencies in the case of qualita-
tive variables; as medians and IQRs for nonnormally distributed quantitative variables (age, viral loads, CD4
counts); and as mean + SD for normally distributed quantitative variables. Comparison of quantitative vari-
ables of each study group of individuals and of frequencies, median fluorescence intensity, and cell numbers
positive for each marker were performed using the Mann-Whitney U test (2 groups) and the Kruskal-Wallis
test, followed by the Dunn’s multiple-comparison test (>2 groups). Variables of in vitro experiments performed
with and without were compared with the Friedman’s test and the Dunn’s multiple-comparison test. Correla-
tion analyses were performed with Pearson’s or Spearman’s coefficients. In all cases, P < 0.05 was considered
statistically significant. Statistical analyses were run in GraphPad Prism version 6 (GraphPad Software).

Study approval. Studies were approved by the McGill University Health Centre Ethical Review Board
(SL-00.069) and the Ethics Committee for Research of INRS (CER-21-599). Written informed consent was
obtained from all participants.

Author contributions

LCP and S. Stager conceived the project, designed the experimental approach, interpreted data, and wrote
the manuscript with comments from all authors; LCP performed experiments and analyzed data; XDL,
LTM, TS, and S. Swaminathan performed experiments; MRR, SI, and BJB provided key reagents and
expertise; and JVG and JPR provided key expertise, interpreted data, and revised the manuscript.

Acknowledgments

‘We would like to thank all participants in this study, their physicians, and attending staff members from the
Reseau SIDA/Maladies Infectieuses of the Fonds de la Recherche Québec-Santé (FRQ-S; Montreal, Can-
ada). We thank Mario Legault and Louise Gilbert for technical and administrative assistance and mem-
bers of Montreal Primary Infection Study Group. This work was supported by the Canadian Institutes of
Health Research (PJT-159647 to S. Stager) and the National Sciences and Engineering Research Council
(RGPIN-2018-05272 to JVG). LMT and TS were supported by FRQS doctoral awards. JPR is the holder of
the Louis Lowenstein Chair in Hematology and Oncology, McGill University.

Address correspondence to: Simona Stager, INRS — Centre Armand-Frappier Santé Biotechnologie,
531 Boulevard des Prairies, Laval, Quebec, H7V 1B7, Canada. Phone: 450.687.5010 ext. 4403, Email:

simona.stager@inrs.ca.

XDL'’s present address is: Cell Carta, Montreal, Canada.

1. Chun TW, et al. Presence of an inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc Natl Acad Sci U S A.
1997;94(24):13193-13197.

2. Finzi D, et al. Identification of a reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science.
1997;278(5341):1295-1300.

JCl Insight 2023;8(13):e167329 https://doi.org/10.1172/jci.insight.167329 17


https://doi.org/10.1172/jci.insight.167329
mailto://simona.stager@inrs.ca
https://doi.org/10.1073/pnas.94.24.13193
https://doi.org/10.1073/pnas.94.24.13193
https://doi.org/10.1126/science.278.5341.1295
https://doi.org/10.1126/science.278.5341.1295

Al

o

®© N

el

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

24.

2

W

26.

2

~

28.

2

O

30.

3

—

32.

3

w

34.

3

[

36.

3

3

38.

39.

RESEARCH ARTICLE

. Wong JK, et al. Recovery of replication-competent HIV despite prolonged suppression of plasma viremia. Science.
1997;278(5341):1291-1295.

Doitsh G, et al. Cell death by pyroptosis drives CD4 T-cell depletion in HIV-1 infection. Nature. 2014;505(7484):509-514.
Monroe KM, et al. IFI16 DNA sensor is required for death of lymphoid CD4 T cells abortively infected with HIV. Science.
2014;343(6169):428-432.

Massanella M, et al. Assessing main death pathways in T lymphocytes from HIV infected individuals. Cytometry A.
2013;83(7):648-658.

Badley AD, et al. In vivo analysis of Fas/FasL interactions in HIV-infected patients. J Clin Invest. 1998;102(1):79-87.

Katsikis PD, et al. Fas antigen stimulation induces marked apoptosis of T lymphocytes in human immunodeficiency virus-in-
fected individuals. J Exp Med. 1995;181(6):2029-2036.

. Van Grevenynghe J, et al. Transcription factor FOXO3a controls the persistence of memory CD4(+) T cells during HIV infec-
tion. Nat Med. 2008;14(3):266-274.

Dyrhol-Riise AM, et al. The Fas/FasL system and T cell apoptosis in HIV-1-infected lymphoid tissue during highly active
antiretroviral therapy. Clin Immunol. 2001;101(2):169-179.

Finzi D, et al. Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of HIV-1, even in patients on
effective combination therapy. Nat Med. 1999;5(5):512-517.

Wada NI, et al. The effect of HAART-induced HIV suppression on circulating markers of inflammation and immune activa-
tion. AIDS. 2015;29(4):463-471.

Fabie A, et al. IRF-5 promotes cell death in CD4 T cells during chronic infection. Cell Rep. 2018;24(5):1163-1175.

Tamura T, et al. The IRF family transcription factors in immunity and oncogenesis. Annu Rev Immunol. 2008;26:535-584.
Honda K, Taniguchi T. IRFs: master regulators of signalling by Toll-like receptors and cytosolic pattern-recognition receptors.
Nat Rev Immunol. 2006;6(9):644-658.

Barnes BJ, et al. Virus-specific activation of a novel interferon regulatory factor, IRF-5, results in the induction of distinct inter-
feron alpha genes. J Biol Chem. 2001;276(26):23382-23390.

Barnes BJ, et al. Global and distinct targets of IRF-5 and IRF-7 during innate response to viral infection. J Biol Chem.
2004;279(43):45194-45207.

Takaoka A, et al. Integral role of IRF-5 in the gene induction programme activated by Toll-like receptors. Nature.
2005;434(7030):243-249.

Krausgruber T, et al. IRF5 promotes inflammatory macrophage polarization and TH1-TH17 responses. Nat Immunol.
2011;12(3):231-238.

Hu G, et al. Signaling through IFN regulatory factor-5 sensitizes p53-deficient tumors to DNA damage-induced apoptosis and
cell death. Cancer Res. 2005;65(16):7403-7412.

.Bi X, et al. Deletion of Irf5 protects hematopoietic stem cells from DNA damage-induced apoptosis and suppresses y-irradia-
tion-induced thymic lymphomagenesis. Oncogene. 2014;33(25):3288-3297.

Hu G, Barnes BJ. IRF-5 is a mediator of the death receptor-induced apoptotic signaling pathway. J Biol Chem.
2009;284(5):2767-2777.

De §, et al. B cell-intrinsic role for IRF5 in TLR9/BCR-induced human B cell activation, proliferation, and plasmablast differen-
tiation. Front Immunol. 2017;8:1938.

Fang CM, et al. Unique contribution of IRF-5-Tkaros axis to the B-cell IgG2a response. Genes Immun. 2012;13(5):421-430.
.Yan J, et al. T cell-intrinsic IRF5 regulates T cell signaling, migration, and differentiation and promotes intestinal inflammation.
Cell Rep. 2020;31(13):107820.

McCune JM. The dynamics of CD4+ T-cell depletion in HIV disease. Nature. 2001;410(6831):974-979.

. Moir S, et al. Pathogenic mechanisms of HIV disease. Annu Rev Pathol. 2011;6:223-248.

Dominguez-Villar M, et al. TLR7 induces anergy in human CD4(+) T cells. Nat Immunol. 2015;16(1):118-128.

. Schacker TW, et al. Collagen deposition in HIV-1 infected lymphatic tissues and T cell homeostasis. J Clin Invest.
2002;110(8):1133-1139.

Li D, et al. Specific detection of interferon regulatory factor 5 (IRF5): A case of antibody inequality. Sci Rep. 2016;6:31002.
.Isnard S, et al. Plasma levels of C-type lectin REG3a and gut damage in people with human immunodeficiency virus. J Infect
Dis. 2020;221(1):110-121.

Couzinet A, et al. A cell-type-specific requirement for IFN regulatory factor 5 (IRF5) in Fas-induced apoptosis. Proc Natl Acad
Sci U S A. 2008;105(7):2556-2561.

. Hitoshi Y, et al. Toso, a cell surface, specific regulator of Fas-induced apoptosis in T cells. Immunity. 1998;8(4):461-471.
Zhang J, et al. Fas-mediated apoptosis and activation-induced T-cell proliferation are defective in mice lacking FADD/Mortl.
Nature. 1998;392(6673):296-300.

. Banga J, et al. Inhibition of IRFS5 cellular activity with cell-penetrating peptides that target homodimerization. Sci Adv.
2020;6(20):eaay1057.

Caramalho I, et al. Regulatory T cells selectively express toll-like receptors and are activated by lipopolysaccharide. J Exp Med.
2003;197(4):403-411.

. Gelman AE, et al. Toll-like receptor ligands directly promote activated CD4+ T cell survival. J Immunol. 2004;172(10):6065-6073.
Song Y, et al. Increased expression of TLR7 in CD8(+) T cells leads to TLR7-mediated activation and accessory cell-dependent
IFN-gamma production in HIV type 1 infection. AIDS Res Hum Retroviruses. 2009;25(12):1287-1295.

Doucett VP, et al. Enumeration and characterization of virus-specific B cells by multicolor flow cytometry. J Immunol Methods.
2005;303(1-2):40-52.

40. Green NM, et al. Murine B cell response to TLR7 ligands depends on an IFN-beta feedback loop. J Immunol. 2009;183(3):1569-1576.

4

—_

42.

. Thibault DL, et al. Type I interferon receptor controls B-cell expression of nucleic acid-sensing Toll-like receptors and autoanti-
body production in a murine model of lupus. Arthritis Res Ther. 2009;11(4):R112.

Silva-Barrios S, et al. Innate immune B cell activation by leishmania donovani exacerbates disease and mediates hypergamma-
globulinemia. Cell Rep. 2016;15(11):2427-2437.

JCl Insight 2023;8(13):e167329 https://doi.org/10.1172/jci.insight.167329 18


https://doi.org/10.1172/jci.insight.167329
https://doi.org/10.1126/science.278.5341.1291
https://doi.org/10.1126/science.278.5341.1291
https://doi.org/10.1038/nature12940
https://doi.org/10.1126/science.1243640
https://doi.org/10.1126/science.1243640
https://doi.org/10.1002/cyto.a.22299
https://doi.org/10.1002/cyto.a.22299
https://doi.org/10.1172/JCI2691
https://doi.org/10.1084/jem.181.6.2029
https://doi.org/10.1084/jem.181.6.2029
https://doi.org/10.1038/nm1728
https://doi.org/10.1038/nm1728
https://doi.org/10.1006/clim.2001.5101
https://doi.org/10.1006/clim.2001.5101
https://doi.org/10.1038/8394
https://doi.org/10.1038/8394
https://doi.org/10.1097/QAD.0000000000000545
https://doi.org/10.1097/QAD.0000000000000545
https://doi.org/10.1016/j.celrep.2018.06.107
https://doi.org/10.1146/annurev.immunol.26.021607.090400
https://doi.org/10.1038/nri1900
https://doi.org/10.1038/nri1900
https://doi.org/10.1074/jbc.M101216200
https://doi.org/10.1074/jbc.M101216200
https://doi.org/10.1074/jbc.M400726200
https://doi.org/10.1074/jbc.M400726200
https://doi.org/10.1038/nature03308
https://doi.org/10.1038/nature03308
https://doi.org/10.1038/ni.1990
https://doi.org/10.1038/ni.1990
https://doi.org/10.1158/0008-5472.CAN-05-0583
https://doi.org/10.1158/0008-5472.CAN-05-0583
https://doi.org/10.1038/onc.2013.295
https://doi.org/10.1038/onc.2013.295
https://doi.org/10.1074/jbc.M804744200
https://doi.org/10.1074/jbc.M804744200
https://doi.org/10.3389/fimmu.2017.01938
https://doi.org/10.3389/fimmu.2017.01938
https://doi.org/10.1038/gene.2012.10
https://doi.org/10.1016/j.celrep.2020.107820
https://doi.org/10.1016/j.celrep.2020.107820
https://doi.org/10.1038/35073648
https://doi.org/10.1146/annurev-pathol-011110-130254
https://doi.org/10.1038/ni.3036
https://doi.org/10.1172/JCI0216413
https://doi.org/10.1172/JCI0216413
https://doi.org/10.1038/srep31002
https://doi.org/10.1093/infdis/jiz423
https://doi.org/10.1093/infdis/jiz423
https://doi.org/10.1073/pnas.0712295105
https://doi.org/10.1073/pnas.0712295105
https://doi.org/10.1016/S1074-7613(00)80551-8
https://doi.org/10.1038/32681
https://doi.org/10.1038/32681
https://doi.org/10.1126/sciadv.aay1057
https://doi.org/10.1126/sciadv.aay1057
https://doi.org/10.1084/jem.20021633
https://doi.org/10.1084/jem.20021633
https://doi.org/10.4049/jimmunol.172.10.6065
https://doi.org/10.1089/aid.2008.0303
https://doi.org/10.1089/aid.2008.0303
https://doi.org/10.1016/j.jim.2005.05.014
https://doi.org/10.1016/j.jim.2005.05.014
https://doi.org/10.4049/jimmunol.0803899
https://doi.org/10.1186/ar2771
https://doi.org/10.1186/ar2771
https://doi.org/10.1016/j.celrep.2016.05.028
https://doi.org/10.1016/j.celrep.2016.05.028

43.

44,
45.
46.

47

48.

49.

5

(=}

5

—

52.
53.
54.
55.

56.

5

~

5

(=]

59.

60.

6

—

62.

63.

64.

6

9]

67.

68.

69.

70.

7

—

72.

7

w

74.

7

w

76.
77.
78.

79.

JCl Insight 2023;8(13):e167329 https:

RESEARCH ARTICLE

Dillon SM, et al. A compartmentalized type I interferon response in the gut during chronic HIV-1 infection is associated with
immunopathogenesis. AIDS. 2018;32(12):1599-1611.

Cummins NW, Badley AD. Mechanisms of HIV-associated lymphocyte apoptosis: 2010. Cell Death Dis. 2010;1(11):€99.
Doitsh G, Greene WC. Dissecting how CD4 T cells are lost during HIV infection. Cell Host Microbe. 2016;19(3):280-291.
Fromentin R, et al. CD4+ T cells expressing PD-1, TIGIT and LAG-3 contribute to HIV Persistence during ART. PLoS Pathog.
2016;12(7):e1005761.

.Banga R, et al. PD-1(+) and follicular helper T cells are responsible for persistent HIV-1 transcription in treated aviremic indi-

viduals. Nat Med. 2016;22(7):754-761.

Chomont N, et al. HIV reservoir size and persistence are driven by T cell survival and homeostatic proliferation. Nat Med.
2009;15(8):893-900.

Rasmussen TA, et al. Memory CD4* T cells that co-express PD1 and CTLA4 have reduced response to activating stimuli facili-
tating HIV latency. Cell Rep Med. 2022;3(10):100766.

. Brenchley JM, et al. Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat Med.

2006;12(12):1365-1371.

. Jenabian MA, et al. Immunosuppressive tryptophan catabolism and gut mucosal dysfunction following early HIV infection.

J Infect Dis. 2015;212(3):355-366.

Luban J. Innate immune sensing of HIV-1 by dendritic cells. Cell Host Microbe. 2012;12(4):408-418.

Meas HZ, et al. Sensing of HIV-1 by TLRS activates human T cells and reverses latency. Nat Commun. 2020;11(1):147.

Autran B, et al. Positive effects of combined antiretroviral therapy on CD4+ T cell homeostasis and function in advanced HIV
disease. Science. 1997;277(5322):112-116.

Fernandez S, et al. Low CD4+ T-cell counts in HIV patients receiving effective antiretroviral therapy are associated with CD4+
T-cell activation and senescence but not with lower effector memory T-cell function. Clin Immunol. 2006;120(2):163-170.
Lederman MM, et al. Immunologic failure despite suppressive antiretroviral therapy is related to activation and turnover of
memory CD4 cells. J Infect Dis. 2011;204(8):1217-1226.

. Marchetti G, et al. Comparative analysis of T-cell turnover and homeostatic parameters in HIV-infected patients with discordant

immune-virological responses to HAART. AIDS. 2006;20(13):1727-1736.

. Brenchley JM, et al. Expression of CD57 defines replicative senescence and antigen-induced apoptotic death of CD8+ T cells.

Blood. 2003;101(7):2711-2720.

Zeng M, et al. Lymphoid tissue damage in HIV-1 infection depletes naive T cells and limits T cell reconstitution after antiretro-
viral therapy. PLoS Pathog. 2012;8(1):e1002437.

Hunt PW, et al. Relationship between T cell activation and CD4+ T cell count in HIV-seropositive individuals with undetectable
plasma HIV RNA levels in the absence of therapy. J Infect Dis. 2008;197(1):126-133.

. Walker-Sperling VEK, et al. Therapeutic efficacy of combined active and passive immunization in ART-suppressed, SHIV-in-

fected rhesus macaques. Nat Commun. 2022;13(1):3463.

Moldt B, et al. HIV envelope antibodies and TLR7 agonist partially prevent viral rebound in chronically SHIV-infected mon-
keys. PLoS Pathog. 2022;18(4):e1010467.

Hsu DC, et al. TLR7 agonist, N6-LS and PGT121 delayed viral rebound in SHIV-infected macaques after antiretroviral therapy
interruption. PLoS Pathog. 2021;17(2):€1009339.

Kasturi SP, et al. 3M-052, a synthetic TLR-7/8 agonist, induces durable HIV-1 envelope-specific plasma cells and humoral
immunity in nonhuman primates. Sci Immunol. 2020;5(48):eabb1025.

. Borducchi EN, et al. Antibody and TLR7 agonist delay viral rebound in SHIV-infected monkeys. Nature. 2018;563(7731):360-364.
66.

Lim SY, et al. TLR7 agonists induce transient viremia and reduce the viral reservoir in SIV-infected rhesus macaques on antiret-
roviral therapy. Sci Transl Med. 2018;10(439):eaa04521.

Bam RA, et al. TLR7 agonist GS-9620 is a potent inhibitor of acute HIV-1 infection in human peripheral blood mononuclear
cells. Antimicrob Agents Chemother. 2017;61(1):e01369-16.

Tsai A, et al. Toll-like receptor 7 agonist GS-9620 induces HIV expression and HIV-specific immunity in cells from HIV-infected
individuals on suppressive antiretroviral therapy. J Virol. 2017;91(8):e02166-16.

SenGupta D, et al. The TLR7 agonist vesatolimod induced a modest delay in viral rebound in HIV controllers after cessation of
antiretroviral therapy. Sci Transl Med. 2021;13(599):eabg3071.

Li G, et al. Plasmacytoid dendritic cells suppress HIV-1 replication but contribute to HIV-1 induced immunopathogenesis in
humanized mice. PLoS Pathog. 2014;10(7):e1004291.

. Sandler NG, et al. Type I interferon responses in rhesus macaques prevent SIV infection and slow disease progression. Nature.

2014;511(7511):601-605.
Jacquelin B, et al. Nonpathogenic SIV infection of African green monkeys induces a strong but rapidly controlled type I IFN
response. J Clin Invest. 2009;119(12):3544-3555.

. Campillo-Gimenez L, et al. Nonpathogenesis of simian immunodeficiency virus infection is associated with reduced inflam-

mation and recruitment of plasmacytoid dendritic cells to lymph nodes, not to lack of an interferon type I response, during the
acute phase. J Virol. 2010;84(4):1838-1846.
Telenti A. HIV: the mixed blessing of interferon. Nature. 2014;511(7511):537-538.

. Shi H, et al. Association of toll-like receptor polymorphisms with acquisition of HIV infection and clinical findings: a protocol

for systematic review and meta-analysis. Medicine (Baltimore). 2020;99(52):€23663.

Fallerini C, et al. Association of Toll-like receptor 7 variants with life-threatening COVID-19 disease in males: findings from a
nested case-control study. Elife. 2021;10:e67569.

Zaidane I, et al. An assessment of toll-like receptor 7 and 8 gene polymorphisms with susceptibility to HIV-1 infection, AIDS
development and response to antiretroviral therapy. Immunol Lett. 2020;227:88-95.

Zhang T, et al. Effects of TLR7 polymorphisms on the susceptibility and progression of HIV-1 infection in Chinese MSM popu-
lation. Front Immunol. 2020;11:589010.

Azar P, et al. TLR7 dosage polymorphism shapes interferogenesis and HIV-1 acute viremia in women. JCI Insight.

//doi.org/10.1172/jci.insight.167329 19


https://doi.org/10.1172/jci.insight.167329
https://doi.org/10.1097/QAD.0000000000001863
https://doi.org/10.1097/QAD.0000000000001863
https://doi.org/10.1038/cddis.2010.77
https://doi.org/10.1016/j.chom.2016.02.012
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.1038/nm.4113
https://doi.org/10.1038/nm.4113
https://doi.org/10.1038/nm.1972
https://doi.org/10.1038/nm.1972
https://doi.org/10.1016/j.xcrm.2022.100766
https://doi.org/10.1016/j.xcrm.2022.100766
https://doi.org/10.1038/nm1511
https://doi.org/10.1038/nm1511
https://doi.org/10.1093/infdis/jiv037
https://doi.org/10.1093/infdis/jiv037
https://doi.org/10.1016/j.chom.2012.10.002
https://doi.org/10.1038/s41467-019-13837-4
https://doi.org/10.1126/science.277.5322.112
https://doi.org/10.1126/science.277.5322.112
https://doi.org/10.1016/j.clim.2006.04.570
https://doi.org/10.1016/j.clim.2006.04.570
https://doi.org/10.1093/infdis/jir507
https://doi.org/10.1093/infdis/jir507
https://doi.org/10.1097/01.aids.0000242819.72839.db
https://doi.org/10.1097/01.aids.0000242819.72839.db
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.1182/blood-2002-07-2103
https://doi.org/10.1371/journal.ppat.1002437
https://doi.org/10.1371/journal.ppat.1002437
https://doi.org/10.1086/524143
https://doi.org/10.1086/524143
https://doi.org/10.1038/s41467-022-31196-5
https://doi.org/10.1038/s41467-022-31196-5
https://doi.org/10.1371/journal.ppat.1010467
https://doi.org/10.1371/journal.ppat.1010467
https://doi.org/10.1371/journal.ppat.1009339
https://doi.org/10.1371/journal.ppat.1009339
https://doi.org/10.1126/sciimmunol.abb1025
https://doi.org/10.1126/sciimmunol.abb1025
https://doi.org/10.1038/s41586-018-0600-6
https://doi.org/10.1126/scitranslmed.aao4521
https://doi.org/10.1126/scitranslmed.aao4521
https://doi.org/10.1128/AAC.01369-16
https://doi.org/10.1128/AAC.01369-16
https://doi.org/10.1128/JVI.02166-16
https://doi.org/10.1128/JVI.02166-16
https://doi.org/10.1126/scitranslmed.abg3071
https://doi.org/10.1126/scitranslmed.abg3071
https://doi.org/10.1371/journal.ppat.1004291
https://doi.org/10.1371/journal.ppat.1004291
https://doi.org/10.1038/nature13554
https://doi.org/10.1038/nature13554
https://doi.org/10.1128/JVI.01496-09
https://doi.org/10.1128/JVI.01496-09
https://doi.org/10.1128/JVI.01496-09
https://doi.org/10.1038/nature13517
https://doi.org/10.1097/MD.0000000000023663
https://doi.org/10.1097/MD.0000000000023663
https://doi.org/10.7554/eLife.67569
https://doi.org/10.7554/eLife.67569
https://doi.org/10.1016/j.imlet.2020.08.008
https://doi.org/10.1016/j.imlet.2020.08.008
https://doi.org/10.3389/fimmu.2020.589010
https://doi.org/10.3389/fimmu.2020.589010
https://doi.org/10.1172/jci.insight.136047

JCl Insight 2023;8(13):e167329 https://doi.org/10.1172/jci.insight.167329

80.

8

—_

82.

83.

w

84.

85.

86.

8

~

88.

RESEARCH ARTICLE

2020;5(12):e136047.
Shaikh N, et al. Polymorphisms in Toll-like receptors (TLRs)-7 and 9 Genes in Indian population with progressive and nonpro-
gressive HIV-1 infection. AIDS Res Hum Retroviruses. 2019;35(6):577-582.

. Dieguez-Gonzalez R, et al. Association of interferon regulatory factor 5 haplotypes, similar to that found in systemic lupus ery-

thematosus, in a large subgroup of patients with rheumatoid arthritis. Arthritis Rheum. 2008;58(5):1264-1274.

Graham RR, et al. A common haplotype of interferon regulatory factor 5 (IRF5) regulates splicing and expression and is associ-
ated with increased risk of systemic lupus erythematosus. Nat Genet. 2006;38(5):550-555.

Dideberg V, et al. An insertion-deletion polymorphism in the interferon regulatory factor 5 (IRF5) gene confers risk of inflam-
matory bowel diseases. Hum Mol Genet. 2007;16(24):3008-3016.

Hedl M, Abraham C. IRF5 risk polymorphisms contribute to interindividual variance in pattern recognition receptor-mediated
cytokine secretion in human monocyte-derived cells. J Immunol. 2012;188(11):5348-5356.

Van Grevenynghe J, et al. Foxo3a: an integrator of immune dysfunction during HIV infection. Cytokine Growth Factor Rev.
2012;23(4-5):215-221.

Dagenais-Lussier X, et al. Kynurenine reduces memory CD4 T-cell survival by interfering with interleukin-2 signaling early
during HIV-1 infection. J Virol. 2016;90(17):7967-7979.

. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta

C(T)) method. Methods. 2001;25(4):402—-408.
Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. 2008;3(6):1101-1108.

20


https://doi.org/10.1172/jci.insight.167329
https://doi.org/10.1172/jci.insight.136047
https://doi.org/10.1089/aid.2019.0004
https://doi.org/10.1089/aid.2019.0004
https://doi.org/10.1002/art.23426
https://doi.org/10.1002/art.23426
https://doi.org/10.1038/ng1782
https://doi.org/10.1038/ng1782
https://doi.org/10.1093/hmg/ddm259
https://doi.org/10.1093/hmg/ddm259
https://doi.org/10.4049/jimmunol.1103319
https://doi.org/10.4049/jimmunol.1103319
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1128/JVI.00994-16
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nprot.2008.73

