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Abstract

Background Programmed cell death protein 1 (PD-1) is a key immune checkpoint involved in HIV-related immune
escape, but its precise role and underlying mechanisms remain unclear. This study investigates the effects of PD-1
inhibition on HIV infection and T-cell function, focusing on the MAPK and NF-kB signaling pathways.

Methods Peripheral blood mononuclear cells (PBMCs) were isolated from HIV-infected individuals and healthy
controls. T-cell subsets were analyzed for PD-1 expression via flow cytometry. The impact of antiretroviral therapy
(ART) on T-cell numbers, apoptosis, and PD-1 expression was assessed. PD-1 blockade was performed using pem-
brolizumab, and its effects on T-cell survival and cytokine secretion were evaluated. MAPK/NF-kB signaling was ana-
lyzed using Western blot and co-immunoprecipitation, while latent HIV activation was assessed by measuring HIV-1
LTR transcriptional activity in J-Lat cells. Reverse-ChlIP assays explored the interaction between HIV-1 Nef protein
and the PD-1 promoter.

Results PD-1 expression was higherin T cells from HIV-infected individuals compared to healthy controls,

with no significant change following ART. PD-1 blockade with pembrolizumab reduced T-cell apoptosis

and enhanced cytokine secretion (TNF-q, IFN-y, IL-2). PD-1 inhibition also activated latent HIV in J-Lat cells. Western
blotting revealed reduced phosphorylation of MAPK and NF-kB pathway components (p-MEK1/2, p-p38 MAPK,
p-NF-kB p65), and co-immunoprecipitation confirmed a direct interaction between PD-1 and SHP-2, regulating these
pathways.

Conclusions PD-1 mediates HIV immune evasion through the MAPK/NF-kB pathways. PD-1 blockade restores T-cell
function and activates latent HIV, suggesting potential therapeutic strategies for HIV treatment.
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Introduction

Human immunodeficiency virus (HIV) infection
remains a significant global public health issue, impact-
ing both the quality of life and survival rates of affected
individuals [1]. The World Health Organization (WHO)
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and improving patients’ quality of life, many patients
still do not fully recover immune function after treat-
ment [5]. Furthermore, the activation of the MAPK/
NE-«B signaling pathways in HIV-infected T cells has
not been fully elucidated. This study aims to address
these knowledge gaps by investigating how PD-1 block-
ade affects MAPK/NF-«B signaling and its potential to
reverse HIV-induced T-cell dysfunction.

Programmed death receptor-1 (PD-1) is a key immune
checkpoint molecule that plays a central role in inhibit-
ing T-cell activation and proliferation [6]. Studies have
shown that PD-1 expression is significantly elevated in
HIV-infected individuals, contributing to impaired T-cell
function and immune evasion [7]. Therefore, investigat-
ing the role of PD-1 in HIV infection and understand-
ing its underlying mechanisms is crucial for improving
immune function in HIV-positive patients. While the
inhibition of PD-1 and its role in immune reconstitution
have been extensively studied, this study focuses on the
novel aspect of PD-1’'s modulation of the MAPK/NF-«xB
pathways in HIV infection, and its ability to reverse HIV
latency in T cells.

The MAPK/NF-kB signaling pathway has been iden-
tified as a major mediator in the progression of HIV
infection [8]. Activation of this pathway following HIV
infection leads to the sustained release of inflamma-
tory cytokines, which not only support viral replication
but also may contribute to the development of comor-
bidities [9]. In addition, certain small molecules have
shown promise in reversing HIV latency by inhibiting the
MAPK/NEF-kB pathway [10].

Although the roles of PD-1 and the MAPK/NF-xB
pathway in HIV infection have been studied, the exact
mechanisms remain unclear. Investigating how PD-1
interacts with HIV infection, along with exploring its
effects on the MAPK/NF-«xB pathway in T cells, could
provide valuable insights and open new avenues for HIV
immunotherapy.

Materials and methods

Study subjects and subgroups

This study recruited HIV-infected patients and healthy
controls (NC), all of whom provided informed consent.
Healthy controls were selected based on the follow-
ing inclusion criteria: absence of any history of chronic
infections, immunocompromised states, or autoim-
mune diseases. HIV-infected individuals were required
to have been on ART for at least 6 months, with a viral
load below 50 copies/mL (virally suppressed) and a
CD4+count>200 cells/uL at the time of enrollment.
The clinical characteristics of each group are detailed in
Appendix Table 1.
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Cell culture and treatment

The J-Lat cell line was used as an in vitro model for
latent HIV infection. Cells were cultured in RPMI
1640 medium (HyClone) supplemented with 10% fetal
bovine serum (Transgen) and 1% penicillin—streptomy-
cin (Yeasen) in a 37 °C incubator with 5% CO,. Cells
were divided into the following treatment groups:
blank, 10 pg/mL pembrolizumab, 30 uM Apabetalone,
and a combination of 30 uM Apabetalone and 10 pg/
mL pembrolizumab.

Immunophenotyping

Lymphocytes were isolated from peripheral blood mon-
onuclear cells (PBMCs) of HIV-infected patients and
healthy controls, then expanded using the Human CD3/
CD28 T-Cell Activation and Expansion Kit (IPHASE).
Immunophenotyping was performed by staining with
fluorescent antibodies: CD3-APC (Clone: OKT3), CD4-
PE (Clone: SK3), CD8a-PE-Cy7 (Clone: OKTS), and
CD279-FITC (Clone: EH12.2H7). Stained cells were
analyzed using a Monisight flow cytometer (Gaugene).
The apoptosis rate in each group was assessed using the
Annexin V-Alexa Fluor 647/PI Apoptosis Detection Kit
(Yeasen), with data analyzed by FlowJo software.

RT-qPCR

Total RNA was extracted from PBMCs using chloro-
form and isopropanol. cDNA was synthesized using
the Evo M-MLV RT Kit with gDNA Clean for qPCR
(Agbio). qPCR was performed using the ChamQ SYBR
qPCR Master Mix (Vazyme) on a BIO-RAD real-time
PCR system. Specific primers are listed in Appendix
Table 2, with B-actin used as an internal control.

ELISA

Cytokine secretion levels of TNF-«, IL-2, IFN-y, Per-
forin, and Granzyme B in cell culture supernatants
were measured using a commercial ELISA kit (Bersin-
Bio). At least three replicates were conducted for each
experimental group, with standard curves and controls
provided by the kit manufacturer.

Western blot and Co-IP

The expression of MAPK/NF-kB signaling pathway
proteins (p-MEK1/2, p-p38 MAPK, p-NF-kB p65,
etc.) and HIV-1 Nef proteins was detected by Western
blotting. The names of the antibodies used are listed
in Appendix Table 3. Proteins were extracted using
radioimmunoprecipitation assay (RIPA) buffer (Beyo-
time), separated by SDS—-PAGE, transferred to PVDF
membranes (Merck), and incubated overnight with pri-
mary antibodies. After secondary antibody incubation
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(1:10,000; Jackson ImmunoResearch), protein bands
were visualized using BeyoECL Moon (Beyotime), and
densitometry was performed with Quantity One soft-
ware (Bio-Rad). Incubation times were 1 h at room
temperature for secondary antibody and overnight at
4 °C for primary antibodies.

For Co-immunoprecipitation (Co-IP), SHP-2 antibody
was used at a 1:500 dilution, and immunoprecipitation
was carried out for 2 h at 4 °C, proteins were subjected
to SDS—PAGE, transferred to PVDF membranes, and
detected using specific antibodies. Protein interactions
were confirmed by luminescent detection following pri-
mary and secondary antibody incubation.

Reverse-ChIP

Probes complementary to the PD-1 promoter sequences
were synthesized by BersinBio and biotinylated at the
3’ end (sequences in Appendix Table 4). Cells (2% 10%)
were crosslinked, fixed with formaldehyde, and subjected
to chromatin fragmentation. RNA was removed using
RNase A, and chromatin was fragmented by sonication.
Samples were separated by centrifugation and desig-
nated as Input, Reverse-ChIP AP, and Reverse-ChIP NC.
The probe set was denatured, and hybridization was car-
ried out at various temperatures (85 °C for 10 min, 37 °C
for 30 min; 70 °C for 5 min, 37 °C for 30 min; and 55 °C
for 2.5 min, 37 °C for 60 min). Streptavidin beads were
added to capture the hybridized samples, which were
then washed and eluted for western blotting. DNA was
extracted for qPCR analysis.

GFP fluorescence detection

HIV-1 LTR activation in J-Lat cells was assessed using
GFP fluorescence. GFP expression levels were quantified
by flow cytometry after a 48-h culture period under vari-
ous treatment conditions.

Statistical analysis

All experiments were performed independently at least
three times. Statistical analysis was performed using
paired ¢ tests for comparison of two groups and one-
way ANOVA for multiple group comparisons. A power
analysis was conducted to ensure sufficient sample size,
and all data were expressed as mean+standard devia-
tion.Statistical analysis was performed using GraphPad
Prism software (version 8.0). A two-sample ¢ test was
used for comparisons between two independent groups,
and analysis of variance (ANOVA) was employed for
multiple comparisons. Statistical significance was defined
as p<0.05, with significance levels indicated as follows:
*p<0.05, *p<0.01, **p<0.001. The sample sizes for the
experiments were selected based on prior studies in the
field [11].
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Results

Relationship between PD-1, HIV infection, and T-cell
function

To explore the role of programmed cell death protein 1
(PD-1) in HIV infection and antiretroviral therapy (ART),
we first analyzed peripheral blood T-cell subsets in HIV-
infected patients and assessed the effect of ART on T-cell
function. Our results showed a significant increase in the
number of CD3+and CD4+ cells, as well as CD3+and
CD8+cells, in the ART-treated group compared to
the untreated HIV-infected group (Fig. 1a). PD-1 gene
expression was also significantly elevated in both the
HIV-infected and ART groups compared to healthy con-
trols (NC group) (Fig. 1b). However, there was no sig-
nificant difference in PD-1 expression levels between the
ART-treated and untreated groups.

We further examined the impact of ART on T-cell
apoptosis by comparing the apoptosis rate in untreated
HIV-infected and ART-treated groups. ART treat-
ment resulted in a significant reduction in early apop-
tosis and an increase in CD3 +and CD4+ cell numbers
(Fig. 1c). These findings indicate that ART enhances
T-cell survival, though PD-1 expression remained largely
unchanged.

In addition, we investigated cytokine secretion and
found that levels of TNF-«, IL-2, perforin, and gran-
zyme B were significantly reduced in the HIV-infected
PD-1 low expression group (L), ART-treated group, and
HIV-infected PD-1 high expression group (H) compared
to healthy controls (Fig. 4a). High and low expression
groups were separated by RT-qPCR. While IFN-y levels
were unchanged in the L and ART groups, they were sig-
nificantly decreased in the H group (Fig. 4b). While ART
significantly increases the number of CD4+and CD8+T
cells, it also enhances cytokine secretion. These results
suggest that PD-1 expression correlates with T-cell
immune function.

PD-1 regulation of the MAPK/NF-kB pathway in HIV
immune escape

To investigate the mechanism by which PD-1 contrib-
utes to HIV immune escape, we analyzed the activation
of the MAPK/NF-«kB signaling pathway. Western blot-
ting revealed that compared to healthy controls, expres-
sion levels of pMEK1/2, p—p38 MAPK, and p-NF-kB p65
were significantly elevated in the HIV-infected, PD-1
low expression (L), PD-1 high expression (H), and ART-
treated groups (Fig. 2b—d). These findings suggest that
PD-1 contributes to immune escape in HIV infection by
modulating the MAPK/NEF-kB signaling pathway. PD-1
blockade enhances latent HIV reactivation by promot-
ing the transcriptional activation of HIV-1 LTR. This is
achieved through the upregulation of key transcription
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Fig. 1 lllustrates the relationship between programmed cell death-1 (PD-1) and human immunodeficiency virus (HIV) infection, as well as T-cell
function. a T-cell subsets in the HIV and ART groups were typed by flow cytometry for the number of CD3+, CD4+, CD3+, CD4+, CD279+,
CD3+,CD8+,CD3+,CD8+, CD279+ positive cells, respectively (n=mean of 6 donors). b RT-gPCR quantification of PD-1 gene expression

in the HIV-infected group (n=6), ART-treated group (n=10), and control group (n=3). ¢ Annexin V detection method was used to measure the rate
of T-cell apoptosis in the HIV-infected group (n=6), the ART-treated group (n=10), and the control group (n=3). d The ELISA was utilised to detect
changes in cytokine secretion levels of IFN-y, TNF-q, IL-2, Perforin, and Granzyme B in HIV-infected patients in the high and low PD-1 expression

group and ART group (n=mean of 3 donors)

factors like NF-kB, which are typically suppressed during
HIV latency.

PD-1 inhibition reactivates latent HIV

To examine the effect of PD-1 inhibition on latent HIV
activation and replication, we treated J-Lat cells with
pembrolizumab (10 pg/mL) and Apabetalone (30 pM),
both alone and in combination. Compared to the blank
control group, these treatments significantly increased
HIV-1 LTR gene expression (Fig. 3a). GFP fluorescence
assays confirmed that Apabetalone treatment signifi-
cantly boosted GFP expression, and pembrolizumab
treatment enhanced fluorescence (Fig. 3b, c). These
results suggest that PD-1 inhibition can reactivate latent
HIV, highlighting its potential as a therapeutic strategy.

PD-1 inhibition reduces apoptosis and restores immune
function in HIV-infected T cells

To assess the impact of PD-1 inhibition on apopto-
sis and cytokine secretion in HIV-infected T cells, we
treated PD-1 high-expressing T lymphocytes (group H)
with pembrolizumab. Pembrolizumab works by inhibit-
ing the interaction between PD-1 and its ligand PD-L1,
which removes the inhibitory signals on T cells, thus
enhancing T-cell activation and cytokine production.
By preventing PD-1 from binding to PD-L1, Pembroli-
zumab restores the proliferative capacity and effector

function of HIV-specific T cells, leading to improved
immune responses. We observed a significant reduc-
tion in the apoptosis rate, with the most pronounced
effect after 24 h of treatment (Fig. 4a, b). In addition,
pembrolizumab treatment significantly increased the
secretion of TNF-a, IL-2, IFN-y, perforin, and gran-
zyme B upon CD3/CD28 activation (Fig. 4c—f). These
findings suggest that PD-1 inhibition not only reduces
apoptosis but also restores immune responses in HIV-
infected T cells.

PD-1 inhibition downregulates MAPK/NF-kB signaling

in HIV-infected T cells

To investigate the effects of PD-1 inhibition on the
MAPK/NF-«xB signaling pathway in HIV-infected T
cells, primary T cells from HIV-infected individuals
were treated with varying concentrations of pembroli-
zumab (1, 5, and 10 pg/mL) for 24 h. Western blot analy-
sis revealed that in PD-1-overexpressing T lymphocytes
(group H), treatment with pembrolizumab significantly
downregulated the expression of pMEK1/2, p-p38
MAPK, and p-NF-kB p65 compared to the untreated
group (Fig. 5). These results suggest that PD-1 inhibi-
tion modulates the activation state of the MAPK/NF-«xB
pathway, which may contribute to the regulation of HIV
immune escape mechanisms.
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Fig. 2 Analysis of MAPK/NF-kB signaling pathway activation status. a-d Representative immunoblots and statistical comparisons of MAPK/NF-kB
signaling pathway-related protein expression in the healthy control group (NC group), the HIV-infected PD-1 low-expression group (L group),
the HIV-infected PD-1 high-expression group (H group), and the antiretroviral therapy (ART) treatment group (ART group) (n=3)

PD-1 inhibition alters protein interactions and reduces
c-Raf phosphorylation in HIV-infected T cells

To further elucidate the molecular mechanisms of PD-1
action in HIV-infected cells, we conducted co-immu-
noprecipitation (Co-IP) experiments to analyze protein
interactions between PD-1 and MAPK/NF-«B pathway-
related proteins. In PD-1-overexpressing T lymphocytes
(group H), both SHP-2 and SHP-1 proteins were detected
in the input and immunoprecipitated groups (Fig. 6a).
Furthermore, pembrolizumab treatment significantly
reduced the expression of p—c-Raf (Ser338) compared to
the blank control group (Fig. 6b, c). These findings sug-
gest that PD-1 facilitates MAPK/NF-«B pathway activa-
tion through interactions with SHP-2, influencing the
immune escape mechanisms of HIV-infected T cells.

HIV infection upregulates PD-1 expression via Nef protein

To explore the mechanism by which HIV infection regu-
lates PD-1 expression, we examined the levels of HIV-1
Nef protein. Western blot analysis revealed that HIV-
infected individuals with low PD-1 expression (group L)

exhibited lower Nef protein levels compared to the PD-1
high expression group (group H), where Nef expres-
sion was significantly upregulated (Fig. 7a, b). Co-IP
experiments confirmed an interaction between HIV-1
Nef protein and PD-1 (Fig. 7c), suggesting that Nef may
contribute to HIV immune escape by modulating PD-1
expression. RT-qPCR results further supported this find-
ing, showing that the Nef protein successfully interacted
with PD-1 in cells (Fig. 7d). Nef protein directly interacts
with the PD-1 promoter region, upregulating PD-1 tran-
scription and increasing PD-1 expression on T cells. This
interaction is critical for inducing T-cell exhaustion and
immune suppression in HIV-infected individuals. The
Nef-induced upregulation of PD-1 enhances the immune
evasion capacity of HIV by limiting T-cell function.

Discussion

This study provides an in-depth investigation into
the role of PD-1 in T-cell dysfunction and immune
escape during HIV infection, as well as its underlying
mechanisms. PD-1 suppresses T-cell proliferation and
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cytokine secretion, and its continuous upregulation
in HIV infection leads to immune exhaustion, which
allows the virus to persist. Specifically, PD-1 acts as a
crucial regulator of T-cell exhaustion through inhib-
iting CD8+and CD4+ T-cell activity, reducing viral
clearance, and fostering viral persistence by impeding
host immune surveillance Our findings demonstrate
that antiretroviral therapy (ART) significantly increases
the number of CD4 +and CD8+ T cells while reducing
early T-cell apoptosis, suggesting that ART has a ben-
eficial impact on immune recovery. However, despite
these improvements in T-cell count and survival, PD-1
expression was not fully reversed by ART. This indicates
that ART may not completely restore PD-1-associated
immune suppression, which could be a key factor lim-
iting T-cell functional recovery. Previous studies have
shown that elevated PD-1 expression is closely linked
to T-cell exhaustion in HIV infection, and PD-1-medi-
ated T-cell depletion is a critical mechanism for HIV to

evade host immune surveillance [12]. The interaction
between PD-1 and its ligand, PD-L1, has been found
to inhibit T-cell proliferation and cytokine production,
leading to T-cell dysfunction in chronic HIV infection,
a phenomenon that persists even after ART [13].
Further assessment of T-cell function revealed that
HIV infection significantly suppresses cytokine produc-
tion, particularly in patients with high PD-1 expression.
In this study, PD-1 inhibition notably reduced T-cell
apoptosis and restored cytokine secretion. This aligns
with findings in cancer immunotherapy, where PD-1
blockade has been shown to enhance T-cell function.
These results highlight PD-1 as a crucial regulator of
T-cell immune function recovery in HIV, and grow-
ing evidence supports its potential in HIV immune
therapy, particularly in reversing immune dysfunction
and overcoming HIV’s immune evasion mechanisms.
Studies indicate that immune checkpoint inhibitors can
restore HIV-specific T-cell function, overcome immune
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tolerance, and potentially aid in clearing latent HIV res-
ervoirs [14].

Regarding signaling pathways, Western blot and Co-IP
analyses showed significantly elevated expression of
key molecules in the MAPK/NF-kB pathway—such as
pMEK1/2, p-p38 MAPK, and p-NF-kB p65—in HIV-
infected cells. After PD-1 monoclonal antibody treat-
ment, the expression of these pathway-related proteins
decreased significantly. The MAPK/NF-kB pathway plays
a vital role in T-cell activation, proliferation, and func-
tional maintenance, and is often hyperactivated in HIV-
induced immune evasion. Overactivation of the MAPK
and NF-xB pathways has been identified as a major
mechanism underlying the functional exhaustion of
HIV-specific T-cells. This study further reveals that PD-1
facilitates the activation of the MAPK/NF-«B pathway by
recruiting SHP-2 and SHP-1, thereby suppressing T-cell
immune function. This mechanism is also implicated in
tumor immune evasion, suggesting that PD-1 inhibition
could provide a new avenue for HIV immune therapy
[15].

In terms of latent HIV infection, accumulating evidence
suggests that immune checkpoint inhibitors may play
a role in eliminating HIV reservoirs. Our experiments
demonstrate that PD-1 monoclonal antibody (pem-
brolizumab), alone or in combination with Apabetalone,
significantly upregulated HIV-1 LTR transcription, sug-
gesting that PD-1 not only contributes to immune escape
during HIV infection but may also promote the persis-
tence of latent infection. Recent studies have shown that
immune checkpoint inhibitors can activate latent HIV
transcription, providing a potential strategy for eradicat-
ing long-term hidden HIV reservoirs [16]. For instance,
combining CTLA-4 and PD-1 monoclonal antibodies has
been shown to enhance HIV-specific CD8 + T-cell func-
tion and reduce latent HIV reservoirs [17].

Moreover, reverse-ChIP and Western blot analyses
revealed that the HIV-1 Nef protein interacts with the
PD-1 promoter to upregulate PD-1 transcription. Nef is
a crucial regulator of HIV immune evasion, modulating
host immune responses through various mechanisms,
including PD-1 upregulation, which promotes T-cell
exhaustion and immune suppression. Recent studies have
highlighted that Nef influences host immune cell func-
tion and immune checkpoint expression, including PD-1,
contributing to HIV’s ability to evade immune surveil-
lance [18].

In summary, this study highlights the pivotal role of
PD-1 in HIV infection by regulating the MAPK/NF-xB
signaling pathway and promoting T-cell exhaustion. HIV
utilizes the Nef protein to interact with the PD-1 pro-
moter, leading to increased PD-1 expression, which fur-
ther enhances T-cell immune suppression and sustains
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viral persistence. PD-1 monoclonal antibody (pembroli-
zumab) reduces T-cell apoptosis, restores immune func-
tion, and activates latent HIV-1 transcription, offering
new insights into potential therapeutic strategies for
HIV infection. Future research should focus on further
elucidating the regulatory mechanisms of PD-1 and its
potential as a therapeutic target, particularly in combina-
tion with novel immune checkpoint inhibitors, to provide
more effective treatment options for individuals living
with HIV [19]. While PD-1 is a key immune checkpoint
in HIV immune evasion, other immune checkpoints such
as CTLA-4, LAG-3, and TIM-3 also play significant roles
in immune modulation [20, 21]. These molecules con-
tribute to T cell exhaustion and may synergize with PD-1
to facilitate HIV persistence. Future research should
investigate the interplay between these checkpoints and
their potential in combination therapies for more effec-
tive HIV treatment.

Conclusion

Overall, this research advances our understanding of
PD-1’s role in HIV immunopathogenesis and supports
the potential of PD-1 blockade as a therapeutic tool in
HIV treatment. Future studies should explore the clini-
cal applications of these findings, particularly in com-
bination with other immune checkpoint inhibitors, to
improve treatment outcomes for HIV-infected patients.
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