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HA5-mediated-Aecmulation-of-Senescent-ED4 T-Cells Promotes-the-Development-of-Systemie

LupusErythematosus

Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by
persistent activation of immune cells and overproduction of autoantibodies. Senescent
T and B cells accumulate in immune-mediated chronic inflammatory disease such as
SLE. However, in SLE, the precise mechanistic pathways are not fully understood. We
found that in SLE patients: 1) the frequency of CD4"CD57" senescent T cells was
significantly elevated and positively correlated with disease activity; 2) the expression
levels of B-lymphoma-2 (BCL-2) family and interferon-induced genes (ISGs) were
significantly upregulated; and 3) in vitro, incubation of isolated T cells with IL-15
increased the frequency of senescent CD4" T cells and upregulated the expression of
BCL-2 family and ISGs. Further, treatment of MRL/Ipr mice with ABT-263, a senolytic
BCL-2 inhibitor, resulted in lower: 1) frequency of CD4*CD44MCD62L-PD-1"CD153*
senescent CD4" T cells; 2) the frequency of CD19"CD11c¢*T-bet" age-related B cells
(ABCs); 3) levels of serum antinuclear antibody (ANA); 4) proteinuria; 5) frequency
of Tth cells; and 6) renal histopathological features. Collectively, these results
indiciated a dominant role for CD4"CD57" senescent CD4* T cells in the pathogenesis
of SLE and mediated-throueh-H—15-Ch37-BCE-245Gs—stenahing-pathwavsenoly tic

BCL-2 inhibitor ABT-263 may be the potential treatment in ameliorating SLE mouse

model, Fhoscourstady-provides-a-mechantstic-basts-for-tarecting BCE-2-pathwav-as-a
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by
abnormal activation of immune cells and overproduction of autoantibodies, causing
photosensitive skin rash, nephritis, oral ulceration, and arthritis[1]. SLE has a profound
negative impact on the quality of life owing to significant morbidity and mortality. The
etiology and pathogenesis of SLE are unclear and considered to be multifactorial
including genetic susceptibility, and environmental factors such as ultraviolet rays,
drugs, smoking, and infection can cause immune dysfunction through epigenetic
mechanisms, ultimately leading to excessive autoantibodies and cytokines[1-4]. In this
context, abnormal activation and differentiation of CD4" T cells play a key role in the
pathogenesis of SLE[1, 5]. Current therapies for the majority of patients with SLE
include a combination of immunomodulatory agent (hydroxychloroquine),
immunosuppressants and glucocorticoids, which deliver moderate beneficial effects,
but significant adverse effects[1]. Therefore, it is of critical importance to probe novel

immunopathomechanisms toward developing novel therapies for SLE.

Recent evidence suggests that immune cell senescence as an important mechanism that
contributes to chronic inflammation. Cellular senescence is a state of permanent cell
cycle arrest that is triggered by internal and exogenous stimuli such as persistent cellular
activation through antigen-dependent and cytokine mediated ‘bystander’ activation,
chemotherapy drugs, radiation stress, high-fat diet, proto-oncogene activation,

oxidative stress, mitochondrial dysfunction, and DNA damage[6]. Consequent
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upregulated expression of cyclin-dependent kinase inhibitor 2A (CDKN2A) (encoding
pl6 protein) and CDKNI1A (encoding p21 protein) in senescent cells, results in
continuous activation of downstream p53 protein and irreversible cell cycle arrest[6]
and p16 expression is considered to be an important marker of cellular senescence[7].
An intriguing feature of senescent cells is a high expression of the anti-apoptotic B-
lymphoma-2 (BCL-2) family such as BCL-2 and BCL-xL[8] which confer relative
resistance to apoptosis. In addition, senescent cells have a senescence-associated
secretory phenotypes (SASPs) with potent secretion of proinflammatory cytokines,
chemokines, growth factors, and extracellular matrix metalloproteinases (MMPs)[6, 8-
13]. For example, proinflammatory cytokines such as IL-6, IL-8 and TNF alpha are
important components of SASP[9]. Thus, in the long-term, senescent cells can
accumulate to promote chronic inflammation leading to the development of age-
associated multimorbidities such as cardiovascular diseases, neurodegenerative
diseases and metabolism-related diseases, a phenomenon referred to as “inflammaging”

[6, 11-13].

Cellular senescence of many immune cell types, T cells and B cells in particular,
contribute to inflammaging. A combination of surface markers, such as increased
expression of CD57, KLRG-1, and the loss of costimulatory receptors CD27/CD28
help define senescent T cells [14, 15]. For example, CD4*CD44MCD62LPD-1"CD153*
T cells (senescent CD4" T cells that found in mouse models) expressed cellular
senescence-related markers p16 and p21 and had the effect of promoting inflammatory

states and immune disorders[16]. CD4"CD57* senescent T cells are significantly
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increased in the peripheral blood of patients with active Rheumatoid Arthritis (RA)[17-
19]. An elevated level of CD4"CD44MCD62LPD-1"CD153" senescent CD4* T cells
has been detected in the germination center (GC) of the (NZB x NZW) F1 lupus model
suggesting their contribution to the pathogenesis of lupus erythematosus through
promoting the production of autoantibodies such as ANA[20, 21]. Age-associated B
cells (ABCs) also contribute to the pathogenesis of SLE. However, the role and
underlying mechanism of senescent CD4" T cells and ABCs in the development of SLE

remains unclear.

Here, we revealed that the CD4"CD57" senescent T cells as promotersH—5-CD57-

BCE2ASGs—signalingpathway—was—dysregulated in lupus pathogenesis_and the

senolytic BCL-2 inhibitor ABT-263; whieh-provides a potential therapeutic strategy for

SLE.

Results

1. The frequency of CD4*CD57" senescent CD4" T cells in SLE patients was

significantly elevated and positively correlated with disease activity.

We used flow cytometry to detect the frequency of senescent CD4"CDS57" T cells in
peripheral blood of patients with SLE, RA, and healthy controls (HCs). WE found that
the frequency of CD4"CD57* senescent CD4* T cells of SLE patients was significantly

increased (Figure 1A and B) and positively correlated with the SLE Disease Activity
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Index (SLEDALI) Score (Figure 1C). Further, the mean fluorescence intensity (MFI) of
CD57 in CD4" T cells of SLE patients was also significantly increased (Figure S1C)

and positively correlated with the SLEDALI score (Figure S1D).

We grouped distinct SLE patients by disease activity, skin lesions, lupus nephritis, and
autoantibodies, and compared the frequency of CD4"CD57" senescent CD4* T cells
between different subgroups of patients with SLE and HCs. We found that: 1) the
proportion of senescent CD4* T cells in active SLE patients was significantly increased
when compared with inactive SLE patients and HCs (Figure 1D); 2) the frequency of
senescent CD4* T cells was significantly elevated in SLE patients with skin lesions
when compared with SLE patients without skin lesions and HC (Figure 1D); 3) the
proportion of senescent CD4" T cells increased in SLE patients with lupus nephritis and
/ or seropositivity for double-stranded DNA (dsDNA), anti-Smith (Sm), anti-RO52, or
anti-U1-nRNP autoantibody relative to SLE patients with non-renal lupus or a negative
result for corresponding autoantibodies (Figure 1D and S1F). Further, we found that
the proportion of CD4"CD27-CD28- cells was significantly increased in peripheral
blood of SLE patients (Figure S1A and B), however, there was no correlation with the
SLEDALI score (Figure S1D). These results revealed significant relationship between
the frequency of CD4"CDS57" senescent CD4" T cells in peripheral blood and
seropositivity and clinical disease activity in SLE. Therefore, we focused on the role
and underlying mechanisms of CD4"CD57" senescent CD4" T cells in the pathogenesis

of SLE.
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Next, we focused on the role and underlying mechanism of CD4*CD57" senescent
CD4* T cells in the pathogenesis of SLE. We isolated CD4" T cells from peripheral
blood of SLE patients and HCs, and used reverse transcription quantitative PCR (RT-
qPCR) to detect mRNA expression levels of key senescence-related markers CD57,
pl6, p21, p53, and also critical SASP components including /L6, ILS8, and TNFa in

CD4* T cells.

We found that the mRNA expression levels of CD57,p16,p21, p53,IL6, ILS, and TNFa
in the CD4" T cells of SLE patients were significantly higher than those in HCs (Figure
1E). Besides, the mRNA expression level of CD57 was positively correlated with
SLEDAI scores (Figure 1F), and partly correlated with ESR, C3, and C4 (Figure 1F).
The mRNA expression level of CD57 in peripheral CD4" T cells of SLE patients was
positively correlated with the mRNA expression levels of cellular senescence-related

markers p/6 and p53 (Figure S1E).

Similarly, we grouped distinct SLE patients by skin lesions, lupus nephritis, and serum
autoantibodies, and then compared the mRNA expression level of CD57 between
different SLE groups and HCs. We found that: 1) the mRNA expression level of CD57
in SLE patients with a positive anti-UI-nRNP autoantibody was significantly higher
than those in SLE patients with a negative anti-U1-nRNP autoantibody (Figure 1G); 2)
the mRNA expression levels of CD57 in SLE patients with skin lesions, with lupus
nephritis, or with a positive anti-dsDNA, anti-Sm, anti-Nucleosome Antibody (ANuA),

anti-ribosomal P autoantibodies (P), or anti-SSA were significantly higher than those
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in HCs, while slightly higher than those in SLE patients with a corresponding negative

result (Figure S1G).

2. Increased frequency of CD57* senescent Tth-like cells in SLE patients.

Next, we analyzed the proportion of senescent T cells in peripheral CD4" T cell subset
of SLE using flow cytometry of PBMCs from patients with SLE, RA, and HCs

according to the previously reported biomarkers[22-24] (Figure 2A and S2A). We

found that the frequency of CDS57" senescent Tth-like cells in SLE patients was
significantly higher than those in RA patients and HCs (Figure 2B). Further, in SLE
patient samples, the proportion of CD57* senescent Tth-like cells was also significantly
greater than in the subpopulation of Treg, Thl, Th2, and Th17 cells (Figure 2D). Also,
the frequency of CD57" senescent Th1 cells in SLE was significantly higher than those
in HCs, while slightly higher than those in RA patients (Figure 2B) and significantly
higher than CD57" senescent Treg, Th2, and Th17 cells in SLE (Figure 2D). The
proportion of CD57" T cells in CD4*CD45RA- T cells in SLE was significantly higher
than those in RA patients and HCs (Figure 2C), while there was no difference in the
frequency of CD57" T cells of CD4"CD45RA* T cells among SLE patients, RA patients,
and HCs (Figure 2C). Finally, the frequency of CD27-CD28- cells in Tth-like cells of
SLE patients was also significantly higher than that of RA patients and HCs (Figure

2E).

We performed the human Tth differentiation in peripheral naive T cells and found that

the mRNA expression of p2/ gradually increased during the Tth differentiation (Figure
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2F). The mRNA expressions of p21 in differentiated Tth cells were significantly higher
than in naive T cells (Figure 2F), and the mRNA expression of p2/ in differentiated
Tth cells (on day 5) was slightly higher than in differentiated Tth cells (on day 3)

(Figure 2F).

3. Increased expressions of BCL-2 and interferon-stimulated genes (ISGs) in

senescent CD4" T cells of SLE.

We performed flow cytometry to detect the expression of BCL-2 in peripheral
senescent CD4" T cells from patients with SLE (Figure 3A). The results showed that
the MFI of BCL-2 in peripheral CD4" T cells of SLE patients was significantly higher
than that of HC (Figure 3B and 3D). Similarly, the MFI of BCL-2 in CD4"CD57*
senescent CD4" T cells of SLE patients was also significantly higher than that of HC

samples (Figure 3C and 3E).

Next, we performed RT-qPCR to detect mRNA expression levels of BCL-2 family
members (BCL2 and BCLxL) genes in peripheral CD4" T cells of SLE patients and
HCs. The results showed that the mRNA expression levels of BCL2 and BCLxL in CD4*
T cells of SLE were significantly higher than those of HC (Figure 3F). Besides, the
mRNA expression level of BCL2 in CD4" T cells of SLE was positively correlated to
the mRNA expression level of p53 (Figure 3G), and the mRNA expression level of
BCLxL was positively correlated to the mRNA expression levels of CD57 and p53

(Figure 3H).
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To explore the underlying mechanisms of senescent CD4" T cells in the pathogenesis
of SLE, we performed bioinformatics analysis in a single-cell sequencing dataset from
the GEO database focusing on differentially expressed genes of CD4*CD57* senescent
CD4* T cells between SLE patients and HCs. We analyzed single-cell sequencing
dataset of PBMCs from 7 SLE patients and 5 HCs and performed dimensionality
reduction with T-distributed stochastic neighbor embedding (T-SNE), dividing all
PBMCs into 21 cell clusters (Figure S2BS2€ and 3I). We annotated six subgroups:
naive B cells, CD14* monocytes, CD16" monocytes, NK cells, CD4" T cells, and CD8*
T cells (Figure 3J). Finally, we extracted CD4" T cells and screened the CD4"CD57*
senescent CD4* T cells from SLE patients and HCs according to the expression of
CD57, and then performed differential gene analysis in senescent CD4* T cells between
SLE and HCs. The results showed that when compared with the senescent CD4" T cells
of HC, the interferon-stimulated genes (ISGs) and genes related to the type I interferon
signaling pathway (such as IFI27, [FI44L, BST2, LY6E, ISG15, MX1, IFI6, IFITM3,
RGS1, IFI44, IFITM1, EPSTII, Spl100, XAF1, STATI1, BCLAF1, PSME2, ADAR,
PSMBY9, IRF7, NT5C34, UBE2L6, PSMB2, EIF2AK2, OASI) were significantly

upregulated in senescent CD4" T cells of SLE (Figure 3K).

4. ABT-263 significantly alleviated lupus-like phenotypes in MRL/Ipr mice.

In 2015, senolytics, which can selectively eliminate senescent cells, were first
mentioned in Aging Cell[12]. Since, studies have shown that senolytics can delay the

progression of a variety of aging-related diseases, such as cardiovascular diseases,
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neurological disorders, liver diseases, kidney diseases, metabolism-related diseases,
organ transplantation, and cancer[25]. The BCL-2 protein family inhibitor ABT-263
(also known as navitoclax) was reported to belong to Ssenolytics[26-28]. ABT-263 can
initiate the apoptosis of senescent cells by inhibiting BCL-2 and BCL-xL which are
upregulated in senescent cells[26, 28]. ABT-263 has been reported to have therapeutic
effects in animal models of many diseases such as atherosclerosis, diabetes, liver
disease, kidney disease, hematologic disorders, and tumors[29-38]. However, there are

no studies on the therapy of eliminating senescent cells in SLE.

Based on our results showing that the CD4"CD57* senescent T cells were increased in
the peripheral blood of SLE patients, particularly, in patients with active disease, we
explored whether treatment with the BCL-2 inhibitor, ABT-263, decreased senescent

CD4" T cells. We treated the human PBMCs obtained from both healthy controls and

SLE patients with 0, 0.05, 0.5, and 5 uM ABT-263 respectively for 72 hours and then
detected the frequency of CD4"CD57* senescent CD4" T cells through flow cytometry

(Figure 4A). The results showed that both healthy controls (Figure 4B) and SLE

patients (Figure 4C) exhibited a significant reduction in the proportion of CD4*CD57+

senescent CD4" T cells following treatment with 0.5 uM and 5 uM ABT-263. Even

more interesting is that even at a low concentration of 0.05 uM ABT-263, there was a

decrease in the frequency of CD4"CD57" senescent CD4" T cells in SLE patients

(Figure 4C), while no significant reduction was observed in healthy controls (Figure

4B). These results demonstrate a high sensitivity of CD4"CD57" senescent CD4+ T

cells in SLE patients to ABT-263.there-was-no-difference-in-the-frequeney-oftivecells
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among PBMCs with-0,0.05-0.5, and 5 yM ABT 263 treatment (Figure S2D-and S2E).
However,—the—0-5 M and—5— M ABT 263 treatment significantly reduced—the
proportion-of CD4*CDS57*senescent-CD4* T cells-and-the frequency-of CD4*CDS7*

Next, we randomized 24 MRL/lpr mice, the most commonly used spontaneous SLE
mouse models, into two groups to receive treatment with the ABT-263 group (40 mg/kg
ABT-263) or vehicle (equivalent vehicle). The MRL/lpr mice were treated three times
a week from 12 weeks until 30 weeks. The survival curve was shown in Figure S2C.
We then analyzed the therapeutic effects of ABT-263 on the lupus-like phenotypes of
MRL/lpr mice. The results showed that after the 14-week ABT-263 treatment, the level
of serum antinuclear antibody (ANA) in MRL/Ipr mice was significantly reduced
(Figure 4D4€). The scarred erythema with follicular keratotic plugs and the infiltration
of inflammatory cells in H&E staining occurred in one MRL/Ipr mouse in the vehicle
group, while there were no skin lesions in MRL/Ipr mice with ABT-263 treatment

(Figure S3A and S3B).

In addition, ABT-263 treatment significantly alleviated renal injury in MRL/Ipr mice.
The level of urine protein significantly improved after 18 weeks of treatment with ABT-
263 (Figure 4E). The results from H&E staining showed increased glomerular volume,
glomerular mesangial cell proliferation, and obvious inflammatory cell infiltration in

the renal tissue of MRL/Ipr mice in the vehicle group (Figure 4F4D) and the degree of
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renal lesions was more severe in MRL/lpr mice from vehicle group when
compared with MRL/lpr mice from ABT-263 group (Figure 4F4D). The
immunohistochemistry (IHC) staining for C3 and IgG revealed that relatively greater
deposition of C3 and IgG occurred in the renal tissue of MRL/Ipr mice from the vehicle
group when compared with the renal tissue of MRL/Ipr mice with ABT-263 treatment
(Figure 4F5D). These results suggested that ABT-263 treatment was associated with

fewer renal inflammatory changes.

We found that lymphocyte counts in the spleen and draining lymph nodes (dLNs) were
significantly lower in MRL/Ipr mice after treatment with ABT-263 when compared
with vehicle (Figure 4H4G). Further, we noted that after ABT-263 treatment, the
proportion of Tth (CD4"CXCR5"PD-1%) cells in the spleen and dLNs of MRL/lpr mice
was significantly lower (Figure 4G and I4F-—and-H), and the frequency of Treg
(CD4*CD25"FOXP3*) cells in dLNs was significantly higher, the frequency of Treg
cells in the spleen was slightly higher when compared with MRL/lpr mice treated with
vehicle (Figure 4G and [4E-and-H). Also, the frequency of GC B (B220"FAS*GL7")
cells in the spleen was significantly lower in MRL/lpr mice with ABT-263 treatment

relative to vehicle (Figure 4G and [4F-and-H).

5. ABT-263 significantly decreased senescent CD4* T cells in MRL/Ipr mice.

To explore underlying mechanisms of ABT-263 in the MRL/lpr mouse model, we
analyzed the frequencies of CD4"CD44hMCD62L-PD-1"CD153" senescent CD4" T cells

and CD19°CD11C*T-bet" age-related B cells (ABCs) in MRL/lpr mice. The results
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showed that both the frequencies of senescent CD4" T cells (Figure 5A and S3C5C-and
$3€) and ABCs (Figure 5B and S3D5D-and-S3D) were significantly increased in the
dLNs and spleen of MRL/Ipr mice when compared with the MRL/mpj mice. Notably,
we found that the frequencies of senescent CD4" T cells and ABCs cells in the spleen
of MRL/Ipr mice were significantly lower in those treated with ABT-263 relative to
vehicle (Figure 5C-F5A—5B,5E.—and-5F). In addition, ABT-263 treatment was
associated with significantly lower mRNA levels of markers of cellular senescence
including p16, p21, p53, SASP (such as //1f and Mmp13), and also anti-apoptotic
proteins from the BCL-2 family (Bc/2 and Bclx/) in isolated CD4" T cells from the

dLNs of MRL/lpr mice (Figure 5G-I).

We analyzed the effects of the BCL-2 inhibitor, ABT-263, on the downstream ISGs of
senescent CD4" T cells through RT-qPCR, the results showed that the mRNA
expression level of Stat3 (involved in interferon signaling pathways) in isolated CD4*
T cells from the dLNs of MRL/Ipr mice was significantly reduced after the treatment
of ABT-263 (Figure 5J); the mRNA expressions of Stat/ and ISGs (Ube2l6, Bst2, Rgs1,
and Sp100) in CD4" T cells from the dLNs of MRL/lpr mice from ABT-263 group
showed a trend towards lower expression, however, this did not reach statistical

significance (Figure 5K).

6. IL-15 cytokine elevated the frequency of senescent CD4* T cells and

upregulated the expression of BCL-2 and ISGs.

To explore the upstream regulators that elevate CD4*CDS57" senescent CD4" T cells in
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SLE, we cultured human PBMC:s in the presence of single cytokine (IL-6, IL-10, IL-
15, IL-21, IFN-a, or IFN-y) stimulation prior to flowcytometric analysis for
CD4"CDS57* senescent CD4* T cells (Figure 6A). The results showed that compared
with PBS, the proportion of senescent CD4" T cells was significantly increased after 72
hours of incubation in the presence of IL-15 at 20 ng/mL (Figure 6B). Further, IL-15
stimulation at 20 ng/mL resulted in upregulated expression of BCL-2 in CD4* T cells
(Figure 6C and D) and in CD4"CD57" senescent CD4* T cells (Figure 6E and G). In
contrast, incubation of PBMCs with cytokines IL-6, IL-10, IL-21, IFN-a, and IFN-y
failed to increase the proportion of senescent CD4" T cells (Figure S3E). Surprisingly,
we found that both the mRNA expression levels of /L15 and IL15R were significantly
upregulated in CD4" T cells of SLE (Figure 6H) and positively correlated to the
SLEDALI scores (Figure 6F and I), suggesting a potentially important role of IL-15 in

the pathogenesis of SLE.

In addition, we cultured human CD4" T cells with IL-15 at 20 ng/mL for 72 hours prior
to performing RT-qPCR, which showed that the mRNA expression levels of cellular
senescence-related genes, such as CD57, pl6, p21, IL6, IL8, TNFa, and IL1f, were
significantly upregulated in CD4" T cells with IL-15 cytokine stimulation (Figure 6J).
Further, stimulation with IL-15 significantly upregulated the mRNA expression levels
of BCL2 and BCLxL in CD4" T cells (Figure 6K). The mRNA expression levels of ISGs,
such as EIF24K2, UBE2L6, PSMB9, BST2, LY6E, RGSI1, NT5C34, Sp100, PSME?,
and IFITM1, were also significantly upregulated after the 20 ng/mL IL-15 cytokine

stimulation (Figure 6L and M).
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Thus, in our study, we speculate that IL-15 promotes accumulation of a greater
frequency of CD4*CD57" senescent T cells noted in peripheral blood of SLE patients.
Our data also suggested that, in this context, IL-15 upregulates the expression of BCL-2
and Bcl-xXL and ISGs, which may serve to antagonize apoptotic triggers and promote
pro-inflammatory function of senescent CD4" T cells whereas treatment with the
senolytic, ABT-263, abrogated inflammation in this model of murine lupus, potentially

through limiting the accumulation of senescent CD4* T cells (Figure 7).

Discussion

Senescent T cells, characterized by high expression of cell surface markers CD57 and
KLRGI and lack of CD27 and CD28, upregulation of p53 are potent at secreting SASP
[39], thereby, contributing to age-associated multimorbidity including the development
of atherosclerosis, neurodegenerative diseases, tumors, and autoimmune diseases[39].
However, evidence is limited about the role of senescent CD4" T cells in the
pathogenesis of SLE, an autoimmune disease with chronic inflammation affecting
several organs including the kidneys (REF). Here, we found that the frequency of
CD4"CDS57* senescent CD4* T cells was significantly increased in the peripheral blood
of patients with SLE, and was positively correlated with the SLEDALI scores, suggesting

that senescent CD4" T cells may be involved in the pathogenesis of SLE.

Previous studies have shown that senescent CD4" T cells express Thl cytokines after
stimulation of T cell receptors [40, 41]. We know that, a population of Tth cells with

characteristics of cellular senescence and a potential to contribute to inflammation
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accumulates with ageing[42]. Here, we found a significant increase in the frequency of
senescent Th1l and senescent Tfh-like cells in peripheral blood samples from SLE
patients, suggesting that Thl and Tth-like senescence may play an important role in

SLE.

Currently, our understanding of the precise role of senescent CD4* T cells in the
pathogenesis of SLE is limited. We know that senescent CD4* T cells upregulate anti-
apoptotic BCL-2 family of proteins and resist apoptosis[9-12]. Our results confirmed
that senescent CD4" T cells from SLE patients also upregulate both BCL-2 and BCL-
xL, which may explain their persistence. Further, senescent T cells from SLE patients
also upregulate ISGs, which taken together with the data derived from bioinformatics
analysis of single-cell sequencing data from public databases suggest that senescent T
cells from SLE patients are primed to secrete interferons, which play a significant role
in the pathogenesis of SLE[43] although precise molecular mechanisms need further

elucidation.

We know that IL-15 is a key regulator in the host's defense response to pathogens and
is widely expressed in multiple cell types, such as monocytes and macrophages[44].
IL-15 is a growth factor that plays a vital role in the development, homeostasis, and
function of T, NK, and NK-T cells by inhibiting apoptosis[44]. Besides, IL-15 can
participate in the activation and differentiation of T cells by promoting the production
of inflammatory cytokines in dendritic cells and macrophages[44]. Studies have shown

that the IL-15 is significantly elevated in the serum of SLE patients and that serum

Wiley - VCH



oNOYTULT D WN =

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

European Journal of Immunology

levels of IL-15 are significantly higher in SLE patients with lupus nephritis than those
in SLE patients without lupus nephritis[45-47]. Our study showed that the mRNA
expression levels of /L15 and IL15R were significantly elevated in peripheral CD4" T
cells of SLE patients and were positively correlated to the SLEDALI score. In recent
years, studies have shown that IL-15 can promote the accumulation of senescent
CD8*CDS57* T cells and related to upregulated activity of BCL-2[48, 49]. Our data
showing that in the presence of IL-15 senescent CD4* T cells from patients with SLE
significantly upregulate their expressions of BCL-2 and BclXL and also ISGs.
Therefore, these data indicated elevated serum IL-15 in SLE patients may promote
upregulation of BCL-2 family members and ISGs in senescent CD4* T cells and

contribute to chronic inflammation in SLE.

We know from preclinical studies that ‘senolytics’ represent a plausible therapeutic
strategy to target age-related diseases. For example, BCL-2 inhibitors have been
reported to be effective in many diseases, such as atherosclerosis, diabetes, and tumors,
and can promote the regeneration of kidney, liver, hematopoietic stem cells, and hair
follicle stem cells[29-37]. As yet, there are no studies about the use of senolytics for
the treatment of SLE. As our data revealed increased prevalence of senescent CD4* T
cells and ABC in the spleen and dLNs of MRL/Ipr mice we used ABT-263 treatment
to target senescent CD4" T cells and ABC. In support of our hypothesis, ABT-263
treatment was associated with lower serum ANA titers, reduced severity of kidney
injury, and reduced frequency of senescent T cells and ABCs. Further, ABT-263

treatment was associated with significantly lower frequency of Tth cells in MRL/lpr
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mice. In this context, we also found that senescent Tth-like cells were significantly

increased in SLE patients.

Conclusion

Taken together, our data indicated that the CD4"CD57" Senescent T cells as promoters

of SLE pathogenesis andH-—5-mediated—accumulation—of senescent—-CP4*—T—<¢ells

treatment—with the BCL-2 inhibitor ABT-263 was associated with reduction in

senescent CD4* T cells and ABC and amelioration of autoimmunity in MRL/Ipr mice.

Materials and methods

Human sample collection

All participants provided informed consent according to the declaration of Helsinki and
the experimental protocols were approved by the Ethics Committee of the Second
Xiangya Hospital of Central South University. All patients with SLE and RA satisfied
the criteria for diagnosis according to the ACR/EULAR criteria. At the time of sample
collection, patients had no evidence of infections, tumors, or other systemic diseases.
Samples were collected from SLE and RA patients attending the Department of
Dermatology and Rheumatology of the Second Xiangya Hospital of Central South
University. The age-matched and gender-matched healthy controls (HCs) were
collected from the Health Management Center of the Second Xiangya Hospital of

Central South University. The Systemic Lupus Erythematosus disease activity score
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2000 (SLEDAI-2K) was performed to assess the disease activity of SLE patients and
we divided SLE patients into inactive SLE (SLEDAI score < 4) and active SLE

(SLEDALI score > 4), demographics and clinical data were shown in Table S1A-E.

Human peripheral blood mononuclear cells (PBMCs) isolation and flow

cytometry

Human PBMCs were isolated from peripheral blood using Ficoll-Paque Plus (GE
healthcare). A total of 2 x 10 lymphocytes were incubated with antibodies against
surface markers at 4°C for 45 minutes in the dark. For transcription factor staining,
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) was used to incubate at
4°C for 1 hour in the dark and then antibodies against transcription factors were
incubated at 4°C for 90 minutes in the dark. We used BD FACSCantoTM II (BD
Biosciences) for detection and FlowJo software (Tree Star) for data analysis. Details of

antibodies were shown in Table S2.

Human CD4* T cells Isolation

We separated the Human CD4" T cells according to the instructions of the CD4" T Cell

Isolation Kit, human (Miltenyi Biotec).

Total RNA isolation and reverse transcription quantitative PCR (RT-qPCR)

Total RNA isolation was performed by using TRIzol reagent (Invitrogen), and the

quality and concentration of RNA were detected via NanoDrop spectrophotometer
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(ND-2000, Thermo). The cDNA synthesis of total RNA was performed via
PrimeScriptTM RT reagent Kit with gDNA Eraser (TaKaRa). The RT-qPCR was
performed by using the SYBR Green Premix Ex TaqTM (TaKaRa) and a thermocycler
(Bio-Rad CFX ConnectTM). The fold change of target gene expression was defined as
2-AACt (ACt=Ct of target gene-ACt of internal reference (GAPDH or B-actin)). Primers

of genes were represented in Table S3.

Bioinformatics analysis

The GSE135779 dataset about Single-cell sequencing of PBMCs in 7 SLE patients and
5 HCs was selected in the GEO database and analyzed[50]. The Seurat was used to
integrate 12 samples and the quality control was performed according to the ratio of
mitochondria and red blood cells. The t-Distributed Stochastic Neighbor Embedding (t-
SNE) was used for Dimensionality reduction and the clusters of cells were annotated
via SingleR. In the CD4" T cell population, we defined CD4*CD57" as senescent CD4"
T cells according to the expression of CD57 (B3GAT1). Next, we compared the
differential gene expression analysis between the senescent CD4" T cells of SLE

patients and senescent CD4" T cells of HCs.

Mice

The MRL/Ipr mice and MRL/mpj mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. The mice were housed in the SPF

environment at the Laboratory Animal Center of the Second Xiangya Hospital of
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Central South University, and all the operations were approved by the Ethics
Committee of the Laboratory Animal Society of Central South University. We
randomly divided 24 12-week MRL/Ipr mice into 2 groups: 12 mice in the ABT-263
group (gavaged with 40 mg/kg ABT-263 (Selleck), three times a week) and 12 mice in
the vehicle group (equivalent 0.5% carboxymethyl cellulose sodium (Selleck) solution,

three times a week from 12 weeks until 30 weeks).

Sing-cell suspensions of spleen and draining lymph nodes (dLNs) and flow

cytometry

The spleen and dLNs of sacrificed mice were ground and filtered to obtain sing-cell
suspensions. For surface markers and transcription factor staining, the methods for flow
cytometry were as described previously. For intracellular cytokine staining, 2.5x 106
lymphocytes were cultured with 2.5 pL/mL of Leukocyte Activation Cocktail, with BD
GolgiPlug™ (BD Biosciences) in at 37 °C in a 5% CO 2 incubator for 6 hours, and
then 200 pL of Cytofix/Cytoperm reagent (BD Biosciences) was added and incubated
at 4°C for 1 hour in the dark. The antibodies against intracellular cytokines were
incubated at 4°C for 60 minutes in the dark and the BD FACSCantoTM II and FlowJo
software were used for detection and analysis. Details of antibodies were shown in

Table S4.

Mouse CD4" T cells Isolation

We separated the Mouse CD4* T cells of dLNs according to the instructions of the
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CD4" T Cell Isolation Kit, mouse (Miltenyi Biotec).

Histopathology and immunohistochemistry (IHC) staining

The skin and kidney tissues of MRL/Ipr mice were treated with formalin and paraffin
to make sections (4 mm) for histopathology and ITHC staining, respectively. For IHC
staining, the sections were dewaxed and then performed with protein blocking
(PerkinElmer). Then the sections were incubated with primary antibodies (Anti-mouse
C3 antibody, Abcam, ab11862; AF488 anti-mouse IgG; Abcam, ab150117) and a
second antibody (Abcam). All data was recorded by PerkinElmer Mantra and analyzed

by inform software (PerkinElmer). Details of antibodies were shown in Table S4.

Enzyme-linked immunosorbent assay (ELISA)

The serums of MRL/Ipr mice were collected at baseline, 8-week treatment, 14-week
treatment, and 20-week treatment. The serum ANA (1:100 Dilution) was detected
according to the instructor of the Mouse anti-nuclear Antibody (IgG) ELISA Kit

(Cusabio). Then the OD value at 450 nm wavelength was detected.

Statistical analysis

The SPSS software was used for statistical analysis and the data were shown as the
means = SEM. Statistical significance (* p <0.05, ** p <0.01, *** p <0.001, and ****
p < 0.0001) was compared by two-tailed unpaired or paired Student’s t-test for two

groups. When the data did not conform to a normal distribution or homogeneity of
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variance, the two-tailed Mann-Whitney U test was performed. For correlation analysis
of two continuous variables, the Spearman rank correlation test was used. The log-rank

test was performed for the comparison of the two groups.

Study approval.

All the protocols and operations for human subjects and animals were approved by the
Animal Care and Use Committee of the Laboratory Animal Research Center at the
Second Xiangya Medical School, Central South University. All human studies were
approved by the Ethics Committee of the Second Xiangya Hospital of Central South
University. All SLE and RA patients as well as healthy volunteers provided written

informed consent.
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Figure legend

Figure 1. The frequency of CD4"CDS57" senescent CD4* T cells in SLE patients was

significantly elevated and positively correlated with disease activity.

Figure 2. Increased frequency of CD57* senescent Tth-like cells in SLE patients.

Figure 3. Increased expressions of BCL-2 and ISGs in senescent CD4* T cells of SLE.

Figure 4. The senolytics ABT-263 significantly alleviated the lupus-like phenotypes in

MRL/lpr mice.

Figure 5. Treatment with ABT-263 significantly reduced the senescent CD4" T cells in

MRL/lpr mice.

Figure 6. IL-15 cytokine elevated the frequency of senescent CD4" T cells and

upregulated the expression of BCL-2 and ISGs.

Figure 7. The mechanisms of IL-15-triggered CD4" T cell senescence in the progression

of SLE.
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A-B. Representative flow diagrams of gating and statistical analysis for CD4"CD57*
senescent CD4" T cells in CD4" T cells from peripheral blood of SLE patients (n = 29),
RA patients (n = 10), and HCs (n = 11). C. Correlation between the frequency of
CD4"CDS57* senescent CD4" T cells and the SLEDALI score in SLE patients (n = 29).
D. Statistical analysis of the proportion of CD4"CD57" senescent CD4" T cells in
distinct SLE patient groups and HCs. E. Comparison of mRNA expression levels of
CD57, pl6, p21, p53, IL6, ILS, and TNFa in peripheral CD4" T cells between SLE
patients (n = 25) and HCs (n = 18). F. Correlation of the mRNA expression levels of
CD57 of peripheral CD4* T cells with SLEDAI score, ESR, C3, and C4 in SLE patients
(n = 23). G. Statistical analysis of the mRNA expression levels of CD57 of the
peripheral CD4" T cells in distinct SLE patient groups and HCs. Horizontal bars
represent the mean = SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and r = spearman

rank sum correlation coefficient.
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subsets (Tth-like, Treg, Thl, Th2, and Th17 cells) detectable in peripheral blood of
SLE patients (n = 20), RA patients (n = 8), and HCs (n = 10). C. Statistical analysis of
the frequency of CD57" T cells in CD4"CD45RA* T and CD4"CD45RA- T cells from
peripheral blood of SLE patients (n = 20), RA patients (n = 8), and HCs (n = 10). D.
Comparison of the frequency of CD57" senescent T cell subsets (Tth-like, Treg, Thl,
Th2, and Th17) from SLE patients (n = 20). E. Statistical analysis of the frequency of
CD27-CD28- T cells in Tth-like cells from SLE patients (n =29), RA patients (n = 10),
and HCs (n=11). F. Comparison of mRNA expression levels of p2/ among naive CD4*
T cells (n = 5), differentiated Tth cells (on day 3) (n = 5), and differentiated Tth cells
(on day 5) (n =5). Horizontal bars represent the mean £ SEM. * p <0.05, ** p <0.01,

%% 1 < 0,001, and **** p < 0.0001.
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Figure 3. Increased expressions of BCL-2 and ISGs in senescent CD4" T cells of

SLE.
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A-C. Representative flow diagrams of BCL-2 in CD4" T cells and CD4°CD57*
senescent CD4" T cells from peripheral blood of SLE patients and HCs. D-E. Statistical
analysis of the MFI of BCL-2 in CD4" T cells and senescent CD4" T cells of SLE
patients (n = 20) and HCs (n = 11). F. The comparison of mRNA expression levels of
BCL2 and BCLxL between the peripheral blood CD4" T cells of SLE patients (n = 25)
and HCs (n = 18). G. The correlation of the mRNA expression levels of BCL2 of the
peripheral CD4" T cells with the mRNA expression levels of CD57 and p53 in SLE
patients (n = 25). H. The correlation of the mRNA expression levels of BCL-xL of the
peripheral CD4" T cells with the mRNA expression levels of CD57 and p53 in SLE
patients (n = 25). I. The single-cell dataset of PBMCs from peripheral blood of SLE
patients (n = 7) and HCs (n = 5) and dimensionality reduction with T-SNE show 21 cell
clusters. J. Six subgroups were annotated from the single-cell data of PBMCs from the
peripheral blood of SLE patients (n = 7) and HCs (n = 5). K. The differential gene
analysis of the peripheral CD4"CD57" senescent CD4" T cells between SLE patients (n
=7) and HCs (n = 5). Horizontal bars represent the mean +£ SEM. * p < (.05, **** p <

0.0001, and r = spearman rank sum correlation coefficient.
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Figure 4. The senolytics ABT-263 significantly alleviated the lupus-like

phenotypes in MRL/lpr mice.
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A. Representative flow diagrams and statistical analysis of CD4tCD57% senescent

CD4" T cells in CD4" T cells from human PBMC obtained from both healthy controls

and SLE patients stimulated with 0, 0.05, 0.5, and 5 uM respectively for 72 hours. B-

C. Statistical analysis of CD4"CD57" senescent CD4" T cells in CD4" T cells from

human PBMC obtained from both healthy controls (n = 6) and SLE patients (n=11)

stimulated with 0, 0.05, 0.5, and 5 uM respectively for 72 hours. D. Comparison of the

level of serum ANA of MRL/lpr mice treated with ABT-263 (n = 10) or vehicle (n =

8). E. Comparison of the level of urine protein of MRL/Ipr mice treated with ABT-263

(n=10) or vehicle (n = 8). F. Comparison of the H&E staining (x 200) and IHC staining

for C3 (x 200) and IgG (x 200) of renal tissues of MRL/Ipr mice treated with ABT-263

or vehicle. G-1. Representative flow diagrams and statistical analysis of the lymphocyte

counts. the frequency of A-B--Representative-low-diaorams-and-statistieal-anabysis-of

P4 EPAT senescent- B4 Foeels-in- P4 - Tcels—trom-human-PBMC-n—6)

brmphoeyte—eounts;,—the—frequeney—of—_ Tth (CD4'CXCRS5'PD-1%), Treg

(CD4*CD25"FOXP3%), and GC B (B220"FAS*GL7") cells from the spleen and dLNs

of MRL/Ipr mice treated with ABT-263 (n = 10) or vehicle (n = 8). Horizontal bars
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A-B. Statistical analysis of senescent CD4" T cells (CD4"CD44"CD62LPD-1"CD153%)

and ABC (CD19°CD11c¢"T-bet") from the spleen and dLNs of MRL/Ipr mice (n = 3)

and MRL/mpj mice (n = 3). C-D. Representative flow diagrams of the frequency of

senescent CD4" T cells and ABC from the spleen and dLNs of MRL/Ipr mice gavaged

with ABT-263 or vehicle. E-F. Statistical analysis of senescent CD4" T cells and ABC

from the spleen and dLNs of MRL/Ipr mice treated with ABT-263 (n = 10) or vehicle

D4+

Comparison of mRNA expression levels of Bcl2, Bcelxl, p16, p21, p53, 1114, 116, and

Mmp13 of CD4* T cells from the dLN of MRL/lpr mice treated with ABT-263 (n=10)
or vehicle (n = 8). J-K. Comparison of the mRNA expression levels of Statl, Stat3,
Ube2l6, Bst2, Rgs1, and Sp100 in CD4" T cells from the dLNs of MRL/lpr mice treated
with ABT-263 (n = 10) or vehicle (n = 8). Horizontal bars represent the mean + SEM.

* p<0.05, ** p<0.01, and *** p < 0.001.
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A. Representative flow diagrams of CD4"CD57* senescent CD4" T cells in CD4" T
cells from PBMC stimulated with cytokine or PBS. B. Statistical analysis of the
frequency of CD4"CDS57* senescent CD4" T cells in CD4* T cells from PBMC
stimulated with 20 ng/mL IL-15 (n = 11) or PBS (n = 11). C. Representative flow
diagrams of BCL-2 in CD4" T cells from PBMC stimulated with 20 ng/mL IL-15 (n =
11) or PBS (n = 11). D-E. Statistical analysis of the MFI of BCL-2 in CD4* T cells and
senescent CD4* T cells from PBMC stimulated with 20 ng/mL IL-15 (n = 11) or PBS
(n=11). F. Correlation of the mRNA expression levels of /L15 of the peripheral CD4*
T cells with SLEDALI score in SLE patients (n = 27). G. Representative flow diagrams
of BCL-2 in CD4"CDS57" senescent CD4" T cells from PBMC stimulated with 20
ng/mL IL-15 (n=11) or PBS (n = 11). H. Comparison of mRNA expression levels of
IL15 and IL15R between the peripheral CD4" T cells of SLE patients (n = 27) and HCs
(n=18). I. Correlation of the mRNA expression levels of /L15R of the peripheral CD4*
T cells with SLEDAI score in SLE patients (n = 27). J-M. Comparison of mRNA
expression levels of CD57, pl16, p21, IL6, ILS, TNFa, IL1f, BCL2, BCLxL, EIF2AK?2,
UBE2L6, PSMBY, BST2, LY6GE, RGS1, NT5C34, Sp100, PSME?2 and IFITM1 of CD4*
T cells with the stimulation of 20 ng/mL IL-15 (n = 6) or PBS (n = 6). Horizontal bars
represent the mean = SEM. * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001,

and r = spearman rank sum correlation coefficient.
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Figure 7. The mechanisms of CD4"'CD57" Senescent T cellsH—15-triggered-€D4*

F-eell-seneseence in the progression of SLE.

The IL-15-mediated CD4" T cell senescence may be implicated in the progression of

SLE by potentially upregulating the BCL-2 family and ISGsaeeelerates-the-progression

of SEE-throush-upreowlating-the BECE2-famiby-and-15Gs whereas treatment with the

BCL-2 inhibitor, ABT-263, eliminated senescent CD4" T cells and alleviated lupus-

like phenotypes.
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A-B. Representative flow diagrams of gating and statistical analysis for CD4*CD27-
CD28- T cells in CD4" T cells from peripheral blood of SLE patients (n =29), RA
patients (n = 10), and HCs (n = 11). C. Statistical analysis of the MFI of CD57 in
CD4" T cells from peripheral blood of SLE patients (n = 29), RA patients (n = 10),
and HCs (n = 11). D. Correlation of the frequency of CD27-CD28- cells and the MFI
of CD57 in CD4" T cells with the SLEDAI score in SLE patients (n = 29). E.
Correlation of the mRNA expression levels of p16 and p53 in CD4" T cells with the
mRNA expression levels of CD57 in SLE patients (n = 29). F-G. Statistical analysis
of the proportion of senescent CD4* T cells and the mRNA expression levels of CD57
of the CD4" T cells in distinct SLE patient groups and HCs. Horizontal bars represent
the mean + SEM. * p <0.05, ** p <0.01, *** p <0.001, and r = spearman rank sum

correlation coefficient.
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Figure S2.

A. Representative flow diagrams of CD4" T cell subsets (Tfh-like, Treg, Th1, Th2,

T
0 5

T
10
Time (week)

15 20

and Th17 cells) from CD4" T cell. B. The single-cell dataset of PBMCs from

peripheral blood of SLE patients (n = 7) and HCs (n = 5) and perform dimensionality

reduction with T-SNE revealing 21 cell clusters. C. The survival curve of MRL/Ipr

mice treated with ABT-263 or vehicle.
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47 A-B. Representative skin manifestations and H&E staining (% 200) of skin lesions of
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;‘g MRL/Ipr mice treated with ABT-263 or vehicle. C-D. Representative flow diagrams
51 .
52 of the frequency of senescent CD4" T cells (CD4"CD44hMCD62L-PD-1"CD153") and
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6), IL-21 (n = 6), IFN-a (n = 6), IFN-y (n = 6) or PBS (n = 6).
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Table S1A. Detailed information of samples for flow cytometry

No. Gender Age (year) SLEDAI Score No. Gender Age (year)
SLE1 F 33 2 RAI F 54
SLE2 F 27 2 RA2 F 63
SLE3 F 57 1 RA3 F 37
SLE4 F 37 9 RA4 F 67
SLES F 58 2 RAS M 56
SLE6 F 43 4 RA6 F 45
SLE7 F 31 4 RA7 F 52
SLES F 35 4 RAS M 69
SLE9 F 52 4 RA9 F 52

SLE10 F 24 2 RA10 F 43
SLEI1 F 22 3 HCl1 F 54
SLE12 F 39 3 HC2 F 52
SLE13 F 53 6 HC3 F 43
SLE14 F 21 4 HC4 F 32
SLEI5 F 49 10 HCS F 36
SLE16 M 52 3 HC6 F 31
SLE17 F 35 2 HC7 F 38
SLEI8 M 55 2 HCS F 40
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SLE19 F 15 0 HC9 F 44

SLE20 M 35 6 HCI10 F 31

oNOYTULT D WN =

? SLE21 F 44 2 HCI11 F 40
12 SLE22 F 16 4
SLE23 F 15 0
17 SLE24 F 16 17
20 SLE25 F 28 10
22 SLE26 F 27 7
25 SLE27 F 27 1
SLE28 F 18 0

30 SLE29 F 19 1

33 Abbreviation: SLE, Systemic Lupus Erythematosus; RA, Rheumatoid Arthritis; HC,

Health Control; F, Female; M, Male.
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Table S1B. Detailed information of samples for flow cytometry

No. Gender  Age (year) No. Gender Age (year)
SLE1 F 20 RAI F 33
SLE2 F 33 RA2 F 51
SLE3 F 19 RA3 F 40
SLE4 M 24 RA4 F 48
SLES F 34 RAS F 44
SLE6 F 50 RA6 F 42
SLE7 M 66 RA7 F 50
SLES F 23 RAS F 54
SLE9 F 21 HCI F 19

SLE10 F 18 HC2 F 23
SLE11 F 34 HC3 F 46
SLEI12 M 35 HC4 F 42
SLEI13 F 48 HCS F 38
SLE14 F 20 HC6 F 38
SLEI1S F 29 HC7 F 27
SLE16 F 42 HCS F 43
SLE17 M 34 HC9 F 26
SLE18 M 44 HC10 M 27
SLE19 M 50
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SLE20 F 32

Abbreviation: SLE, Systemic Lupus Erythematosus; RA, Rheumatoid Arthritis; HC,

oNOYTULT D WN =

Health Control; F, Female.
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Table S1C. Detailed information of samples for flow cytometry

No. Gender Age (year) No. Gender  Age (year)
SLE1 F 39 SLE17 M 21
SLE2 M 36 SLE18 F 33
SLE3 F 33 SLE19 F 39
SLE4 F 32 SLE20 F 34
SLES F 49 HCI1 M 29
SLE6 F 33 HC2 F 42
SLE7 F 35 HC3 M 23
SLES F 34 HC4 F 44
SLE9 M 30 HCS F 33

SLE10 F 26 HC6 M 36
SLEI1 F 25 HC7 M 28
SLEI12 F 37 HCS8 F 33
SLE13 F 31 HC9 F 28
SLE14 F 46 HC10 F 38
SLEILS F 33 HCI11 F 32
SLE16 F 27

Abbreviation: SLE, Systemic Lupus Erythematosus; HC, Health Control; F, Female.
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Table S1D. Detailed information of samples for RT-qPCR

No. Gender Age (year) SLEDAI Score No. Gender Age (year)
SLEI F 28 12 HCl1 F 40
SLE2 F 47 10 HC2 F 49
SLE3 F 30 5 HC3 F 32
SLE4 F 66 8 HC4 F 36
SLES F 57 4 HCS F 28
SLE6 F 39 10 HC6 F 34
SLE7 F 34 NA HC7 F 35
SLES F 41 2 HCS8 F 28
SLE9 F 43 6 HC9 F 26

SLE10 F 52 4 HC10 F 33
SLEI1 F 47 2 HCI11 F 38
SLE12 F 25 4 HCI12 F 42
SLE13 F 24 6 HC13 M 50
SLE14 F 16 10 HC14 F 47
SLEILS F 32 NA HCI15 F 38
SLE16 F 18 12 HC16 M 27
SLE17 F 24 8 HC17 F 29
SLE18 F 45 2 HC18 F 30
SLE19 F 57 22
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SLE20

SLE21

SLE22

SLE23

SLE24

SLE25

SLE26

SLE27

SLE28

SLE29

SLE30

SLE31

SLE32

SLE33

SLE34

SLE35

SLE36

SLE37

SLE38

SLE39

M

28

17

30

30

50

34

23

17

NA

19

22

29

32

34

17

40

14

53

30

62

13

16

12

16

Abbreviation: SLE, Systemic Lupus Erythematosus; HC, Health Control; F, Female;

M, Male; NA, Not Available.
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Table S1E. Detailed information of healthy volunteers

11 No. Gender Age (year) No. Gender Age (year)

14 1 F 26 18 F 29
17 2 M 33 19 F 46
19 3 M 33 20 F 34
22 4 F 49 21 F 45
5 F 40 22 F 32
27 6 F 46 23 F 28
30 7 M 25 24 F 29
32 8 F 39 25 F 30
35 9 F 38 26 F 26
10 F 39 27 F 29
40 11 F 29 28 F 31
43 12 F 24 29 M 25
45 13 M 41 30 F 22
48 14 M 39 31 F 24
15 F 25 32 F 21
53 16 F 39 33 M 30

o 17 F 33 34 F 23

>8 Abbreviation: F, Female; M, Male.
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Table S2. Detailed information of antibodies for flow cytometry.

Antibody Application Cat Source

BD Pharmingen™ PerCP-Cy™S5.5 Mouse Anti-Human CD4 Human 552838 BD
PE/Cyanine7 anti-human CD57 Antibody Human 359624 Biolegend

BD Pharmingen™ FITC Mouse Anti-Human CD27 Human 555440 BD
PE anti-human CD28 Antibody Human 302940 Biolegend
APC/Cyanine7 anti-human CD185 (CXCRS) Antibody Human 356926 Biolegend

CD279 (PD-1) Monoclonal Antibody (eBioJ105 (J105)), APC, Human 17-2799-42  eBioscience
eBioscience™
CD4 Monoclonal Antibody (SK3 (SK-3)), FITC, eBioscience™ Human 11-0047-42  eBioscience

Brilliant Violet 711™ anti-human CD25 Antibody Human 356138 Biolegend
PerCP/Cyanine5.5 anti-human CD127 (IL-7Ra) Antibody Human 351322 Biolegend
Brilliant Violet 421™ anti-human CD183 (CXCR3) Antibody Human 353716 Biolegend
Brilliant Violet 605™ anti-human CD194 (CCR4) Antibody Human 359418 Biolegend
PE/Dazzle™ 594 anti-human CD196 (CCR6) Antibody Human 353430 Biolegend
Brilliant Violet 785™ anti-human CD45RA Antibody Human 304140 Biolegend

BD Pharmingen™ APC-Cy™7 Mouse Anti-Human CD4 Human 557871 BD
Alexa Fluor® 647 anti-Bcl-2 Antibody Human 658705 Biolegend

BD Pharmingen™ FITC Rat Anti-Mouse CD4 Mouse 553729 BD
APC/Cyanine7 anti-mouse/human CD44 Antibody Mouse 103028 Biolegend
PE/Cyanine7 anti-mouse CD62L Antibody Mouse 104418 Biolegend
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BD Pharmingen™ APC Hamster Anti-Mouse CD279 (PD-1) Mouse 562671 BD
PE anti-mouse CD153 Antibody Mouse 106405 Biolegend
PE/Cyanine7 anti-T-bet Antibody Mouse 644824 Biolegend
BD Pharmingen™ APC Rat Anti-Mouse CD19 Mouse 550992 BD
PerCP/Cyanine5.5 anti-mouse CD11c Antibody Mouse 117328 Biolegend
Brilliant Violet 605™ anti-mouse CD4 Antibody Mouse 100451 Biolegend
PE-Cy7 anti-mouse CD44 Mouse 103030 Biolegend
Percp-CyS5.5 anti-mouse CD62L Mouse 104432 Biolegend
Brilliant Violet 711™ anti-mouse CD19 Antibody Mouse 115555 Biolegend
BD Pharmingen™ FITC Rat Anti-Mouse CD4 Mouse 553729 BD
PE anti-mouse CD25 Antibody Mouse 102008 Biolegend
Anti-Mouse/Rat Foxp3 Staining Set APC, eBioscience™ Mouse 77-5775-40  eBioscience
BD Pharmingen™ Biotin Rat Anti-Mouse CD185 (CXCR5) Mouse 551960 BD
BD Pharmingen™ PE Streptavidin Mouse 554061 BD
BD Pharmingen™ APC Hamster Anti-Mouse CD279 (PD-1) Mouse 562671 BD
PerCP/Cyanine5.5 anti-mouse/human CD45R/B220 Antibody Mouse 103236 Biolegend
BD Pharmingen™ PE Hamster Anti-Mouse CD95 Mouse 554258 BD
BD Pharmingen™ Alexa Fluor® 647 Rat Anti-Mouse T- and B- Mouse 561529 BD
Cell Activation Antigen
Zombie NIR™ Fixable Viability Kit Human/Mouse 423106 Biolegend
Zombie Aqua™ Fixable Viability Kit Human/Mouse 423102 Biolegend
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Table S3. The sequence of primers for RT-qPCR

Species Genes Primers Sequences (5°-3°)
Human CD57 Forward Primer CTCCTTCGAGAACTTGTCACC
Reverse Primer GGGTCAGTGAAGCCCTTCTT
Human plé6 Forward Primer CTCCGGAAGCTGTCGACTTC
Reverse Primer TTCTGCCATTTGCTAGCAGTGT
Human P21 Forward Primer GAAGTGAGCACAGCCTAG
Reverse Primer TGCCTTCACAAGACAGAG
Human P53 Forward Primer GCGTGTGGAGTATTTGGATGAC
Reverse Primer ATGTAGTTGTAGTGGATGGTGGTA
Human IL6 Forward Primer ACTCACCTCTTCAGAACGAATTG
Reverse Primer CCATCTTTGGAAGGTTCAGGTTG
Human ILS Forward Primer ACTGAGAGTGATTGAGAGTGGAC
Reverse Primer AACCCTCTGCACCCAGTTTTC
Human TNFa Forward Primer CCTCTCTCTAATCAGCCCTCTG
Reverse Primer GAGGACCTGGGAGTAGATGAG
Human BCL2 Forward Primer GAGCGTCAACAGGGAGATG
Reverse Primer CAGAGACAGCCAGGAGAAATC
Human BCLxL Forward Primer GGAAAGCGTAGACAAGGAGATG
Reverse Primer CCCGTAGAGATCCACAAAAGTG
Human ILIp Forward Primer TTCGACACATGGGATAACGAGG
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Species Genes Primers Sequences (5°-3’)
Reverse Primer TTTTTGCTGTGAGTCCCGGAG
Human IL15 Forward Primer AACAGAAGCCAACTGGGTGAATG
Reverse Primer CTCCAAGAGAAAGCACTTCATTGC
Human IL15R Forward Primer TGGCTATCTCCACGTCCACTGT
Reverse Primer CATGGCTTCCATTTCAACGCTGG
Human EIF24K2 Forward Primer ACGCTTTGGGGCTAATTCTTG
Reverse Primer CCCGTAGGTCTGTGAAAAACTT
Human UBE2I6 Forward Primer TGGACGAGAACGGACAGATTT
Reverse Primer GGCTCCCTGATATTCGGTCTATT
Human PSMBY Forward Primer GGTTCTGATTCCCGAGTGTCT
Reverse Primer CAGCCAAAACAAGTGGAGGTT
Human BST? Forward Primer CACACTGTGATGGCCCTAATG
Reverse Primer GTCCGCGATTCTCACGCTT
Human LY6FE Forward Primer CAGCTCGCTGATGTGCTTCT
Reverse Primer CAGACACAGTCACGCAGTAGT
Human RGS1 Forward Primer TCTTCTCTGCTAACCCAAAGGA
Reverse Primer TGCTTTACAGGGCAAAAGATCAG
Human NT5C34 Forward Primer TCACATGGTTTGCTTGTTCAGC
Reverse Primer AGCATAACGTCAGATTCTGCC
Human Sp100 Forward Primer TCCCCATCTCATGCTGGTACA

Reverse Primer

TGGCTTCCTAGCGAATCATCTT
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Species Genes Primers Sequences (5°-3’)
Human PSME?2 Forward Primer TTTGGGGTAGCAATCCAGGAG
Reverse Primer CCAAGGCCCGGTAATCCAT
Human IFITM1 Forward Primer CCAAGGTCCACCGTGATTAAC
Reverse Primer ACCAGTTCAAGAAGAGGGTGTT
Human GADPH Forward Primer GGAGCGAGATCCCTCCAAAAT
Reverse Primer GGCTGTTGTCATACTTCTCATGG
Mouse pl6 Forward Primer GAACTCTTTCGGTCGTACCC
Reverse Primer AGTTCGAATCTGCACCGTAGT
Mouse p21 Forward Primer GAACATCTCAGGGCCGAAAA
Reverse Primer TGCGCTTGGAGTGATAGAAATC
Mouse p53 Forward Primer TCACAGCGTCTGTTGACATTT
Reverse Primer ACCAAGCTCATTACCCTGACA
Mouse 1B Forward Primer GCAACTGTTCCTGAACTCAACT
Reverse Primer ATCTTTTGGGGTCCGTCAACT
Mouse 116 Forward Primer TAGTCCTTCCTACCCCAATTTCC
Reverse Primer TTGGTCCTTAGCCACTCCTTC
Mouse Mmpl3 Forward Primer CTTCTTCTTGTTGAGCTGGACTC
Reverse Primer CTGTGGAGGTCACTGTAGACT
Mouse Bcl2 Forward Primer GAGCGTCAACAGGGAGATG
Reverse Primer CAGAGACAGCCAGGAGAAATC
Mouse Belxl Forward Primer GGAAAGCGTAGACAAGGAGATG
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Species

Genes

Primers

Sequences (5°-3’)

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Statl

Stat3

Ube2l6

Bst2

Rgsl

Sp100

S-actin

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

Forward Primer

Reverse Primer

CCCGTAGAGATCCACAAAAGTG

GCTGCCTATGATGTCTCGTTT

TGCTTTTCCGTATGTTGTGCT

CAATACCATTGACCTGCCGAT

GAGCGACTCAAACTGCCCT

GACGATGCCAATGTGCTTGTG

CTGGGGAAATCAATCCGCACT

TGTTCGGGGTTACCTTAGTCA

GCAGGAGTTTGCCTGTGTCT

TCTGGGATGAAATCGGCCAAG

GCATCTGAATGCACAAATGCTT

AGCTACAACCACAGTCCCCT

TCCTGTCCTTTTCCGTCTTCTAA

GCTCTTTTCCAGCCTTCCTT

CTTCTGCATCCTGTCAGCAA

Wiley - VCH



Page 100 of 124

European Journal of Immunology

Wiley - VCH

= & . N . o _.m“.ﬂ- /,vv,b
= w & bl . x m
7 = LY
i ® & c * .em P T, a
o Q . z < Sr, % =
< . S A =1
T Ed Wy 5 c
g & % %y <
$ g g ° g &
o e S = k| L O W g W o
@ = & L ] ~ © &% @& -
o m g % 1.#AQ0O W1 ./500.7A0
o
T
& R S e *lo
a = m £
o U0ISSaIdXS YNXMW SABIS) JGTD %) \x\ %
w - ..QFW ﬁo . cc‘mﬁw /VN@ AV%GJ Q_..
(@] [ = * - 0w S, =
M %, [
oL * S N <
$ 8 8 2 °© %,
.
(%) 1.¥0D U 8200.£209 %o 1o 8 28 ¢ 8 2 ° .
@ 21] 5 WY B % 1 .pAD Ul 1 ,/S0D,p0D
—— 5
= i, s T
Soin i @ - 2 . .|
— mO o . . [} . . cel
< 59 5 X < Nﬂ\ 5
N < L - x o
= ¢ z : : Bl HEL 5, 2
.m W iy rﬂ,\ <C
[-P] o~ @ - S < . I 2,
b <L T o wfe \V\ (%
m E uoissaidxa YNMW aAlR[e) /600 -+ Q.w\ &NO b
o 8 S o 3 & & o %y
_m_-. . ~ © % ©® -~
oy % | w o % 1.yQO Ul l./500.vA0
= Qla e g
177 © R o @ <
z 3 -8 =3 . . ® W, >
25 o Z o ANn
& iy g - s . } Vb, M, z
@ .D._N = s = i o %Y \( n\»\
v — 5 L © E T o, D
(&) 2 2 2 o c o an \
i 5 E¢&¢ < v T My
A L1.,pQO Ul 1IN L6500 - E m “ m w o O/W\Q
[ % 1.p@oull./500.700 (s
9200« : .
i Lw
5 Y o oot A
o | B 2,4 ki 8 g
: g 2 fa} L x| o ® Ty ox <C
& R o + ﬁ %
4 3 e < W oW A\,.h.. nwmx\
£ % N
T = L ————— %,
b= b= 2 o = 2 2 2 8 0 e ov uoissaidxe W anneel
A D F & & = (TR ~N © s ™ G ¥ YINY nees L6ao
(%) L ,#00 Ul .8200.£200 % 1 .yAQO W 1 ./600,vAD
—
O AN NI N ONOVOAAO — AN NTULMMONOINO — A MNMTNONOINO —ANMTLNONOODO —AN M
= AN N<TNONOORDNrE AN AN AN ANANANANANANANOMOMMO OO OO NN NN TTTTTTTTTNDND NN

Figure S1.

3



Page 101 of 124 European Journal of Immunology

4 A-B. Representative flow diagrams of gating and statistical analysis for CD4*CD27-

5 CD28 T cells in CD4" T cells from peripheral blood of SLE patients (n = 29), RA

oNOYTULT D WN =

9 6  patients (n = 10), and HCs (n = 11). C. Statistical analysis of the MFI of CD57 in

12 7 CDA4" T cells from peripheral blood of SLE patients (n = 29), RA patients (n = 10),

8 and HCs (n=11). D. Correlation of the frequency of CD27-CD28- cells and the MFI
17 9  of CD57 in CD4" T cells with the SLEDAI score in SLE patients (n = 29). E.

20 10  Correlation of the mRNA expression levels of p16 and p53 in CD4" T cells with the
22 11 mRNA expression levels of CD57 in SLE patients (n = 29). F-G. Statistical analysis
25 12 of the proportion of senescent CD4" T cells and the mRNA expression levels of CD57
13 of the CD4" T cells in distinct SLE patient groups and HCs. Horizontal bars represent
30 14 the mean + SEM. * p <0.05, ** p <0.01, *** p <0.001, and r = spearman rank sum

33 15  correlation coefficient.
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Figure S2.

A. Representative flow diagrams of CD4" T cell subsets (Tfh-like, Treg, Th1, Th2,
and Th17 cells) from CD4" T cell. B. The single-cell dataset of PBMCs from
peripheral blood of SLE patients (n = 7) and HCs (n = 5) and perform dimensionality

reduction with T-SNE revealing 21 cell clusters. C. The survival curve of MRL/Ipr

mice treated with ABT-263 or vehicle. B-E-Representative-flow-diagrams-and-

Wiley - VCH



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDIADMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 aQaaa0
VWO NOOCULLhhWN-_rOCVLVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOVOVUONOOCULPMdNWN—_ODUOVUONOUVEDSD WN =0

European Journal of Immunology Page 104 of 124

Vehicle ABT-263

ABT-263

CD4*CD44MCD62L CD19*
MRL/mpj MRL/lpr MRL/mpj MRL/lpr

= 8 i
2B 23 | 2loom ' 639
1 il
ol
L] 14 T &
1 B | L ABC i ABC
i i
34.7 1047 Y 667
s | |1 & &)
b ABC i ABC
CD19 CD11c
E
_ IL-6 _ IL-10 _ IL-21 _ IFN-a _ IFN-y
£s Lg £y £ 20 £ 25
- - = - / -
saf 26 xel "~ 15 - el
(8] (&) (8] (8] (&)
c3 £ c £ £ 15
- -4 4 ~ 10 -
B2 iy B & & 1
o Q2 Q?2 o5 S [~ —
2 1 e | =g 2| B ) o —
R 3o %o Fol = .=
T T T T
©° pBs IL6 © " pBS IL-10 © s IL-21 o PBS IFN-a ) PBS IFN-y
Figure S3.

A-B. Representative skin manifestations and H&E staining (% 200) of skin lesions of
MRL/Ipr mice treated with ABT-263 or vehicle. C-D. Representative flow diagrams
of the frequency of senescent CD4* T cells (CD4*CD44MCD62LPD-1"CD153%) and

ABC (CD19"CD11c¢*T-bet") from the spleen and dLNs of MRL/lpr (n = 3) and
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1

2

3

4 MRL/mpj mice (n = 3). E. Statistical analysis of the frequency of senescent CD4" T
5

6

7 cells in CD4* T cells from PBMC stimulated with 20 ng/mL IL-6 (n = 6), IL-10 (n =
8

?o 6), IL-21 (n = 6), IFN-a (n = 6), IFN-y (n = 6) or PBS (n = 6).

11

12

13 Table S1A. Detailed information of samples for flow cytometry

14

15

16 No. Gender Age(year) SLEDAIScore No. Gender Age (year)
17

18

;g SLEI F 33 2 RAI F 54
21

22 SLE2 F 27 2 RA2 F 63
23

24

25 SLE3 F 57 1 RA3 F 37
26

27 SLE4 F 37 9 RA4 F 67
28

29

30 SLES F 58 2 RAS M 56
31

gg SLE6 F 43 4 RA6 F 45
34

35 SLE7 F 31 4 RA7 F 52
36

i SLES F 35 4 RA8 M 69
39

40 SLE9 F 52 4 RA9 F 52
41

42

43 SLE10 F 24 2 RA10 F 43
44

22 SLE11 F 22 3 HC1 F 54
47

48 SLEI12 F 39 3 HC2 F 52
49

o SLE13  F 53 6 HC3  F 43
52

53 SLE14 F 21 4 HC4 F 32
54

55

56 SLEI1S F 49 10 HCS F 36
57

gg SLElI6 M 52 3 HC6 F 31
60
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SLE17

SLE18

SLE19

SLE20

SLE21

SLE22

SLE23

SLE24

SLE25

SLE26

SLE27

SLE28

SLE29

35

55

15

35

44

16

15

16

28

27

27

18

19

17

10

HC7

HC8

HC9

HCI10

HCl11

38

40

44

31

40

Abbreviation: SLE, Systemic Lupus Erythematosus; RA, Rheumatoid Arthritis; HC,

Health Control; F, Female; M, Male.
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Table S1B. Detailed information of samples for flow cytometry

No. Gender  Age (year) No. Gender Age (year)
SLE1 F 20 RAI F 33
SLE2 F 33 RA2 F 51
SLE3 F 19 RA3 F 40
SLE4 M 24 RA4 F 48
SLES F 34 RAS F 44
SLE6 F 50 RA6 F 42
SLE7 M 66 RA7 F 50
SLES F 23 RAS F 54
SLE9 F 21 HCI F 19

SLE10 F 18 HC2 F 23
SLE11 F 34 HC3 F 46
SLEI12 M 35 HC4 F 42
SLEI13 F 48 HCS F 38
SLE14 F 20 HC6 F 38
SLEI1S F 29 HC7 F 27
SLE16 F 42 HCS F 43
SLE17 M 34 HC9 F 26
SLE18 M 44 HC10 M 27
SLE19 M 50
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SLE20 F 32

Abbreviation: SLE, Systemic Lupus Erythematosus; RA, Rheumatoid Arthritis; HC,

Health Control; F, Female.
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Table S1C. Detailed information of samples for flow cytometry

No. Gender Age (year) No. Gender  Age (year)
SLE1 F 39 SLE17 M 21
SLE2 M 36 SLE18 F 33
SLE3 F 33 SLE19 F 39
SLE4 F 32 SLE20 F 34
SLES F 49 HCI1 M 29
SLE6 F 33 HC2 F 42
SLE7 F 35 HC3 M 23
SLES F 34 HC4 F 44
SLE9 M 30 HCS F 33

SLE10 F 26 HC6 M 36
SLEI1 F 25 HC7 M 28
SLEI12 F 37 HCS8 F 33
SLE13 F 31 HC9 F 28
SLE14 F 46 HC10 F 38
SLEILS F 33 HCI11 F 32
SLE16 F 27

Abbreviation: SLE, Systemic Lupus Erythematosus; HC, Health Control; F, Female.
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Table S1D. Detailed information of samples for RT-qPCR

No. Gender Age (year) SLEDAI Score No. Gender Age (year)
SLEI F 28 12 HCl1 F 40
SLE2 F 47 10 HC2 F 49
SLE3 F 30 5 HC3 F 32
SLE4 F 66 8 HC4 F 36
SLES F 57 4 HCS F 28
SLE6 F 39 10 HC6 F 34
SLE7 F 34 NA HC7 F 35
SLES F 41 2 HCS8 F 28
SLE9 F 43 6 HC9 F 26

SLE10 F 52 4 HC10 F 33
SLEI1 F 47 2 HCI11 F 38
SLE12 F 25 4 HCI12 F 42
SLE13 F 24 6 HC13 M 50
SLE14 F 16 10 HC14 F 47
SLEILS F 32 NA HCI15 F 38
SLE16 F 18 12 HC16 M 27
SLE17 F 24 8 HC17 F 29
SLE18 F 45 2 HC18 F 30
SLE19 F 57 22
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1

2

3

4 SLE20 F 28 8
5

6

7 SLE21 F 17 13
8

?O SLE22 F 30 4
11

12 SLE23 F 30 0
13

14

15 SLE24 F 50 8
16

17 SLE25 F 34 16
18

19

20 SLE26 M 23 4
21

22 SLE27 F 17 6
23

24

25 SLE28 F NA 0
26

27

78 SLE29 F 19 16
29

30 SLE30 F 22 12
31

32

33 SLE31 F 29 7
34

35 SLE32 F 32 6
36

37

38 SLE33 F 34 18
39

p SLE34  F 17 0
42

43 SLE35 F 40 9
44

45

46 SLE36 F 14 7
47

48 SLE37 M 53 4
49

50

51 SLE38 M 30 16
52

>3 SLE39 M 62 6
54

55

g? Abbreviation: SLE, Systemic Lupus Erythematosus; HC, Health Control; F, Female;
58

59 M, Male; NA, Not Available.

60
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Table S1E. Detailed information of healthy volunteers

No. Gender Age (year) No. Gender Age (year)
1 F 26 18 F 29
2 M 33 19 F 46
3 M 33 20 F 34
4 F 49 21 F 45
5 F 40 22 F 32
6 F 46 23 F 28
7 M 25 24 F 29
8 F 39 25 F 30
9 F 38 26 F 26
10 F 39 27 F 29
11 F 29 28 F 31
12 F 24 29 M 25
13 M 41 30 F 22
14 M 39 31 F 24
15 F 25 32 F 21
16 F 39 33 M 30
17 F 33 34 F 23

Abbreviation: F, Female; M, Male.
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Table S2. Detailed information of antibodies for flow cytometry.
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Antibody Application Cat Source

BD Pharmingen™ PerCP-Cy™S5.5 Mouse Anti-Human CD4 Human 552838 BD
PE/Cyanine7 anti-human CD57 Antibody Human 359624 Biolegend

BD Pharmingen™ FITC Mouse Anti-Human CD27 Human 555440 BD
PE anti-human CD28 Antibody Human 302940 Biolegend
APC/Cyanine7 anti-human CD185 (CXCRS) Antibody Human 356926 Biolegend

CD279 (PD-1) Monoclonal Antibody (eBioJ105 (J105)), APC, Human 17-2799-42  eBioscience
eBioscience™
CD4 Monoclonal Antibody (SK3 (SK-3)), FITC, eBioscience™ Human 11-0047-42  eBioscience

Brilliant Violet 711™ anti-human CD25 Antibody Human 356138 Biolegend
PerCP/Cyanine5.5 anti-human CD127 (IL-7Ra) Antibody Human 351322 Biolegend
Brilliant Violet 421™ anti-human CD183 (CXCR3) Antibody Human 353716 Biolegend
Brilliant Violet 605™ anti-human CD194 (CCR4) Antibody Human 359418 Biolegend
PE/Dazzle™ 594 anti-human CD196 (CCR6) Antibody Human 353430 Biolegend
Brilliant Violet 785™ anti-human CD45RA Antibody Human 304140 Biolegend

BD Pharmingen™ APC-Cy™7 Mouse Anti-Human CD4 Human 557871 BD
Alexa Fluor® 647 anti-Bcl-2 Antibody Human 658705 Biolegend

BD Pharmingen™ FITC Rat Anti-Mouse CD4 Mouse 553729 BD
APC/Cyanine7 anti-mouse/human CD44 Antibody Mouse 103028 Biolegend
PE/Cyanine7 anti-mouse CD62L Antibody Mouse 104418 Biolegend
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BD Pharmingen™ APC Hamster Anti-Mouse CD279 (PD-1)

PE anti-mouse CD153 Antibody

PE/Cyanine7 anti-T-bet Antibody

BD Pharmingen™ APC Rat Anti-Mouse CD19

PerCP/Cyanine5.5 anti-mouse CD11c Antibody

Brilliant Violet 605™ anti-mouse CD4 Antibody

PE-Cy7 anti-mouse CD44

Percp-Cy5.5 anti-mouse CD62L

Brilliant Violet 711™ anti-mouse CD19 Antibody

BD Pharmingen™ FITC Rat Anti-Mouse CD4

PE anti-mouse CD25 Antibody

Anti-Mouse/Rat Foxp3 Staining Set APC, eBioscience™

BD Pharmingen™ Biotin Rat Anti-Mouse CD185 (CXCR5)

BD Pharmingen™ PE Streptavidin

BD Pharmingen™ APC Hamster Anti-Mouse CD279 (PD-1)

PerCP/Cyanine5.5 anti-mouse/human CD45R/B220 Antibody

BD Pharmingen™ PE Hamster Anti-Mouse CD95

BD Pharmingen™ Alexa Fluor® 647 Rat Anti-Mouse T- and B-

Cell Activation Antigen

Zombie NIR™ Fixable Viability Kit

Zombie Aqua™ Fixable Viability Kit

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Human/Mouse

Human/Mouse

562671

106405

644824

550992

117328

100451

103030

104432

115555

553729

102008

77-5775-40

551960

554061

562671

103236

554258

561529

423106

423102

BD

Biolegend

Biolegend

BD

Biolegend

Biolegend

Biolegend
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Table S3. The sequence of primers for RT-qPCR
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Specie Genes Primer Sequences (5°-3°)

13 Human CD57 Forward
CTCCTTCGAGAACTTGTCACC

16 Primer
Reverse
20 GGGTCAGTGAAGCCCTTCTT

21 Primer

24 Human plo6 Forward CTCCGGAAGCTGTCGACTTCEGGGFCAGTCGAAGCCCETTCT

26 Primer N

29 Reverse
30 TTCTGCCATTTGCTAGCAGTGT

Primer

34 Human P21 Forward
35 GAAGTGAGCACAGCCTAG

37 Primer

39 Reverse
TGCCTTCACAAGACAGAG

42 Primer

Human P53 Forward
46 GCGTGTGGAGTATTTGGATGAC

47 Primer
50 Reverse
51 ATGTAGTTGTAGTGGATGGTGGTA
52 Primer

55 Human IL6 Forward ACTCACCTCTTCAGAACGAATTG

Primer
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Specie Genes Primer Sequences (5°-3’)
s s

Reverse CCATCTTTGGAAGGTTCAGGTTG
Primer

Human ILS Forward ACTGAGAGTGATTGAGAGTGGAC
Primer
Reverse AACCCTCTGCACCCAGTTTTC
Primer

Human TNFo.  Forward CCTCTCTCTAATCAGCCCTCTG
Primer
Reverse GAGGACCTGGGAGTAGATGAG
Primer

Human BCL2 Forward GAGCGTCAACAGGGAGATG
Primer
Reverse CAGAGACAGCCAGGAGAAATC
Primer

Human BCLxL  Forward GGAAAGCGTAGACAAGGAGATG
Primer
Reverse CCCGTAGAGATCCACAAAAGTG
Primer

Human ILIp Forward
TTCGACACATGGGATAACGAGG

Primer
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Specie Genes Primer Sequences (5°-3’)
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Reverse
11 TTTTTGCTGTGAGTCCCGGAG

12 Primer

15 Human IL15 Forward
16 AACAGAAGCCAACTGGGTGAATG

17 Primer

20 Reverse
21 CTCCAAGAGAAAGCACTTCATTGC

Primer

25 Human IL15R Forward
26 TGGCTATCTCCACGTCCACTGT

28 Primer

30 Reverse
CATGGCTTCCATTTCAACGCTGG

33 Primer

Human EIF24AK Forward
37 ACGCTTTGGGGCTAATTCTTG
38 2 Primer

M Reverse
42 CCCGTAGGTCTGTGAAAAACTT

43 Primer

46 Human UBE2I6 Forward
47 TGGACGAGAACGGACAGATTT

Primer

51 Reverse
52 GGCTCCCTGATATTCGGTCTATT

54 Primer

56 Human PSMBY9 Forward
GGTTCTGATTCCCGAGTGTCT

59 Primer
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Specie Genes Primer Sequences (5°-3’)
s s
Reverse

CAGCCAAAACAAGTGGAGGTT

Primer

Human BST2 Forward
CACACTGTGATGGCCCTAATG

Primer

Reverse
GTCCGCGATTCTCACGCTT

Primer

Human LY6E Forward
CAGCTCGCTGATGTGCTTCT

Primer

Reverse
CAGACACAGTCACGCAGTAGT

Primer

Human RGS1 Forward
TCTTCTCTGCTAACCCAAAGGA

Primer

Reverse
TGCTTTACAGGGCAAAAGATCAG

Primer

Human NT5C34 Forward
TCACATGGTTTGCTTGTTCAGC

Primer

Reverse
AGCATAACGTCAGATTCTGCC

Primer

Human  Sp/00  Forward
TCCCCATCTCATGCTGGTACA

Primer
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Specie Genes Primer Sequences (5°-3’)
s s
Reverse
TGGCTTCCTAGCGAATCATCTT
Primer
Human  PSME2  Forward
TTTGGGGTAGCAATCCAGGAG
Primer
Reverse
CCAAGGCCCGGTAATCCAT
Primer
Human [FITM1  Forward
CCAAGGTCCACCGTGATTAAC
Primer
Reverse
ACCAGTTCAAGAAGAGGGTGTT
Primer
Human GADPH Forward GGAGCGAGATCCCTCCAAAAT
Primer
Reverse GGCTGTTGTCATACTTCTCATGG
Primer
Mouse pl6 Forward GAACTCTTTCGGTCGTACCC
Primer
Reverse AGTTCGAATCTGCACCGTAGT
Primer
Mouse p21 Forward GAACATCTCAGGGCCGAAAA

Primer
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Specie Genes Primer Sequences (5°-3’)
s s

Reverse TGCGCTTGGAGTGATAGAAATC
Primer

Mouse pi3 Forward TCACAGCGTCTGTTGACATTT
Primer
Reverse ACCAAGCTCATTACCCTGACA
Primer

Mouse 11p Forward GCAACTGTTCCTGAACTCAACT
Primer
Reverse ATCTTTTGGGGTCCGTCAACT
Primer

Mouse 116 Forward TAGTCCTTCCTACCCCAATTTCC
Primer
Reverse TTGGTCCTTAGCCACTCCTTC
Primer

Mouse  Mmpl3  Forward CTTCTTCTTGTTGAGCTGGACTC
Primer
Reverse CTGTGGAGGTCACTGTAGACT
Primer

Mouse Bcl2 Forward GAGCGTCAACAGGGAGATG
Primer
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Specie Genes Primer Sequences (5°-3’)
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Reverse CAGAGACAGCCAGGAGAAATC
12 Primer

15 Mouse Bclxl Forward GGAAAGCGTAGACAAGGAGATG
17 Primer

20 Reverse CCCGTAGAGATCCACAAAAGTG
Primer

25 Mouse Statl Forward GCTGCCTATGATGTCTCGTTT
28 Primer

30 Reverse TGCTTTTCCGTATGTTGTGCT
33 Primer

Mouse Stat3 Forward CAATACCATTGACCTGCCGAT
38 Primer

41 Reverse GAGCGACTCAAACTGCCCT
43 Primer

46 Mouse  Ube2l6  Forward GACGATGCCAATGTGCTTGTG
Primer

51 Reverse CTGGGGAAATCAATCCGCACT
54 Primer

56 Mouse ~ Bst2  Forward TGTTCGGGGTTACCTTAGTCA

59 Primer
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Specie Genes Primer Sequences (5°-3’)
s s

Reverse GCAGGAGTTTGCCTGTGTCT
Primer

Mouse Rgsl Forward TCTGGGATGAAATCGGCCAAG
Primer
Reverse GCATCTGAATGCACAAATGCTT
Primer

Mouse Sp100  Forward AGCTACAACCACAGTCCCCT
Primer
Reverse TCCTGTCCTTTTCCGTCTTCTAA
Primer

Mouse  fS-actin  Forward GCTCTTTTCCAGCCTTCCTT
Primer
Reverse CTTCTGCATCCTGTCAGCAA
Primer
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