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Abstract

Background: Psoriasis is an inflammatory skin disease with unclear pathogenesis and

unmet therapeutic needs.

Objective: To investigate the role of senescent CD4" T cells in psoriatic lesion formation

and explore the application of senolytics in treating psoriasis.

Methods: We explored the expression levels of pl6™K4 and p21, classical markers of
cellular senescence, in CD4" T cells from human psoriatic lesions and imiquimod (IMQ)-
induced psoriatic lesions. We prepared a senolytic gel using B-cell lymphoma 2 (BCL-2)

inhibitor ABT-737 and evaluated its therapeutic efficacy in treating psoriasis.

Results: Using multispectrum immunohistochemistry (mIHC) staining, we detected
increased expression levels of p16'™&4 and p21 in CD4" T cells from psoriatic lesions. After
topical application of ABT-737 gel, significant alleviation of IMQ-induced psoriatic lesions
was observed, with milder pathological alterations. Mechanistically, ABT-737 gel
significantly decreased the percentage of senescent cells, expression of T cell receptor
(TCR) o and B chains, and expression of Tet methylcytosine dioxygenase 2 (Tet2) in IMQ-
induced psoriatic lesions, as determined by mIHC, high-throughput sequencing of the TCR
repertoire, and RT-qPCR, respectively. Furthermore, the severity of psoriatic lesions in

CD4°Tet2" mice was milder than that in Tet2”" mice in the IMQ-induced psoriasis model.

Conclusion: We revealed the roles of senescent CD4" T cells in developing psoriasis and

highlighted the therapeutic potential of topical ABT-737 gel in treating psoriasis through



the elimination of senescent cells, modulation of the TCR a B repertoire, and regulation of

the TET2-Th17 cell pathway.

Keywords psoriasis, cellular senescence, senolytics, BCL-2 inhibitor.



Introduction

Psoriasis is an inflammatory skin disorder characterized by pruritus, erythema and scales on
body areas [1]. The inflammatory response in psoriatic lesions is mainly initiated by
interactions among keratinocytes, dendritic cells, and CD4" T cells through the IL-23/IL-
17/IL-22 axis and subsequent inflammatory cascades [1-3]. Current treatments for psoriasis,
including glucocorticoids and immunosuppressants, often have undesirable side effects,
such as leucopenia and infection[5]. Therefore, studies investigating the fundamental

mechanisms underlying psoriasis and exploring new therapies are urgently needed.

Cellular senescence refers to permanent cell cycle arrest triggered by both for self-
protection caused by exogenous and endogenous cellular stresses, such as radiation,
repetitive cell replication, and mitochondrial dysregulation [9, 10]. Typical characteristics
of senescent cells include the increased cyclin-dependent kinase inhibitors p16™42 and p21,
excessive senescence-associated secretory phenotype (SASPs), as well as antiapoptotic
proteins [11]. The antiapoptotic protein BCL-2 is the major regulator of mitochondrial
apoptosis through the control of mitochondrial outer membrane permeabilization (MOMP)
[12, 13]. Multiple findings suggest a strong association between BCL-2 and cellular
senescence. On the one hand, BCL-2 expression can induce cellular senescence[14], as it
can accelerate the oncogenic Ras-induced senescence program and promote senescence
triggered by DNA damage and starvation through p38 MAPK activation [15, 16]. On the
other hand, senescent cells exhibit resistance to apoptosis, primarily due to increased
transcription levels of BCL-2 [14]. The increase in BCL-2 in senescent cells promotes cell

cycle arrest and apoptosis resistance by upregulating cyclin-dependent proteins (p27 and
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p130) as well as inhibiting apoptosis, ultimately leading to the accumulation of senescent

cells [16].

Cellular senescence is involved in the pathogenesis of metabolic disorders, cardiovascular
diseases, and autoimmune diseases. Therapies targeting senescent cells, known as
senolytics, have been investigated as potential treatments for many disorders [10, 11, 17].
ABT-737 and ABT-263, inhibitors of BCL-2, BCL-xL, and BCL-w, possess proapoptotic
properties and are currently being investigated in preclinical studies and clinical trials for
hematological cancers [18]. Recently, ABT-737 and ABT-263 were explored as senolytic
drugs capable of eliminating senescent cells, potentially delaying the progression of liver
regeneration disorders, diabetes, and other diseases [19-24]. Despite the widespread
application of BCL-2 inhibitors, their commonly employed delivery methods, including
injection and oral intake, are accompanied by poor compliance and unexpected side effects,
such as diarrhea, weight loss, and platelet toxicity [25]. Herein, we investigated the role of
senescent CD4" T cells in psoriasis and the potential application of senolytics in the

treatment of psoriasis.



Materials and Methods

Methods and materials are described in supplementary material.



Results

1. Increased percentages of senescent CD4* p16'¥%42* and CD4* p21* T cells in human

psoriatic lesions.

The cyclin-dependent kinase inhibitors p16™&4 and p21 are considered crucial markers of
cellular senescence [11]. Using multispectrum immunohistochemistry (mIHC) staining, we
observed higher levels of p16™&42 and p21 in the epidermis and dermis of psoriasis patients
compared to healthy controls (HCs) (Figure 1A-1B). We also observed increased
percentages of CD4" p16™K4* T cells and CD4* p21* T cells in psoriatic dermis (Figure
1C-1D). Besides, flow cytometry analysis confirmed that the frequencies of p16™k4a* and
p21" CD4" T cells in human psoriatic lesions were greater than those in HCs (Figure 1E-

IF).

Previous studies have indicated that elevated BCL-2 and BCL-xL expression is a defense
mechanism against apoptosis in senescent cells [19, 20, 26]. Therapies targeting BCL-xL
have been shown to eliminate senescent cells and ameliorate many diseases [19-24]. Herein,
we determined the percentages of BCL-2 and BCL-xL" cells in psoriatic lesions using

6INKdat cells in the

mIHC staining and observed increased frequency of BCL-xL'pl
epidermis and CD4"BCL-2" cells in the dermis of patients with psoriasis (Figure 1G-1H).
These findings indicated that senescent cells in human psoriasis lesions may upregulate the
protein expression of BCL-2 and BCL-xL to escape apoptosis and exert pathogenic effects.

Thus, BCL-2 and BCL-xL may hold promise as therapeutic targets for treating psoriasis by

reducing senescent cells.
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2. Topical application of ABT-737 ameliorates IMQ-induced psoriasis-like lesions.

We evaluated the level of cellular senescence in a commonly used IMQ-induced psoriatic
mouse model [27],.and observed similar results that are comparable to those observed in
psoriasis patients. The percentages of p16™&4* cells, p21* cells, BCL-2" cells, and BCL-
xL" cells, were greater in IMQ-induced psoriatic lesions than in normal controls (NCs)
(Figure S1). Thus, we used IMQ-induced psoriatic mouse model to investigate the
therapeutic role of the BCL-2 inhibitor ABT-737 in the treatment of psoriasis. Instead of
traditional delivery methods such as intraperitoneal injection or oral intake, we developed

novel topical delivery methods for the treatment: subcutaneous injection and topical gel.

For the subcutaneous injection of ABT-737, we subcutaneously injected a daily dose of 25
mg/kg ABT-737 or an equivalent amount of vehicle into the shaved backs of IMQ-induced
psoriasis-like mouse model for 7 consecutive days. For the ABT-737 gel treatment, we
applied a daily topical dose of 0.5 g of ABT-737 gel (0.5%0 concentration) or equivalent
vehicle gel on shaved backs of mice for one week. Both the ABT-737 injection group and
ABT-737 gel group showed significant alleviation of psoriatic lesions, manifesting as
reduced erythema, scales, and thickening (Figure 2A). H&E staining revealed that
pathological characteristics also significantly improved, with milder thickening and
acanthosis and less dermal inflammatory cell infiltration, after subcutaneous injections of
ABT-737 or the topical application of ABT-737 gel (Figure 2B). Both the psoriasis area
severity index (PASI) scores and epidermal thickness significantly decreased after two

applications of ABT-737 (Figure 2C-2D).
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Moreover, reduced expression of BCL-2 and BCL-xL were found in IMQ-induced psoriatic
lesions after the topical application of ABT-737 gel (Figure 2E-2F). This result indicated
good absorption and satisfactory effects of ABT-737 gel in inhibiting BCL-2 and BCL-xL
expression in the skin. In addition, considering the potential inconvenience and discomfort
associated with subcutaneous injections, ABT-737 gel represents a more acceptable,
convenient, and painless method. Thus, the ABT-737 gel was further explored in
subsequent experiments to determine its efficacy, safety profile, and underlying

mechanisms of action.

3. ABT-737 gel treatment significantly reduced the frequency of senescent CD4* T cells
and decreased the mRNA expression levels of inflammatory cytokines and SASPs in

IMQ-induced psoriasis-like lesions.

We performed mIHC staining to determine the frequencies of p16™K4* cells and p21* cells
in IMQ-induced psoriatic lesions in BALB/c mice to evaluate the ability of topically

6INK4at cells and

applied ABT-737 gel to eliminate senescent cells. The percentages of pl
p21* cells significantly decreased after the topical application of ABT-737 gel (Figure 3A-
3B). These results were confirmed through RT-qPCR analysis (Figure 3C). After topical
application of ABT-737 gel, the percentages of CD4" pl16™K4* and CD4" p21* T cells

decreased in dermis of psoriatic lesions (Figure 3A and 3D).

The global transcriptomic profiles of skin cells were generated by RNA sequencing to
confirm the effects of the topically applied ABT-737 gel on IMQ-induced psoriatic lesions.

We found that 224 genes were downregulated and 210 genes were upregulated in IMQ-
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induced psoriatic lesions treated topically with the ABT-737 gel (Figure S2). Notably, the
expression of genes involved in the inflammatory response (such as /17a, 1/23r, Il18rap,
Cd3d, Cd274, Cxcl2, Cxcl3, Cxcr5, Cxcll3, Hifla, Jak3, and Stat5a), cellular senescence
(such as [l1b, 16, and Mtor), and the BCL-2 family (such as Bcl2ala, Bcl2alb, and
Bcl2ald) was significantly downregulated following the topical application of ABT-737 gel

in IMQ-induced psoriatic lesions (Figure 3E).

In addition, the mRNA expression levels of inflammatory factors associated with the
pathogenesis of psoriasis, including //17a, 1117f, 1122, 1123, and Ifny, as well as SASPs, such
as 116 and Tnfa, decreased after the topical application of the ABT-737 gel to IMQ-induced
psoriatic lesions (Figure 3F-3G). After the topical application of the ABT-737 gel, the

mRNA expression levels of p21 and Tnfa in spleen cells decreased significantly (Figure S3).

4. The ABT-737 gel decreased the expression ratio of the T-cell receptor (TCR) a and

chains in IMQ-induced psoriasis-like lesions.

Psoriasis is a T cell-mediated autoimmune skin disorder [5]. TCRs are expressed on the
surface of T cell and are responsible for recognizing antigens and then transmitting signals
to activate T-cell responses [28]. Immune repertoire sequencing is an advanced technology
that allows for the quantitative measurement of TCR expression [29]. A previous study,
through high-throughput sequencing, revealed the important role of the complementarity
determining region (CDR) 3 repertoire of TCR a and TCR B chain repertoires in human
psoriatic lesions [30, 31]. Herein, we investigated the effects of the ABT-737 gel on TCR

chains in IMQ-induced psoriatic lesions in BALB/c mice.
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We performed immune repertoire sequencing to assess the expression ratio of 4 TCRs (a, B,
0, and v) as determined by reads or unique CDR3 sequences (uCDR3), and the percentage
of TCRs in TCR repertoires in IMQ-induced psoriatic lesions. According to the number of
reads, the expression ratio of the TCR a chain in skin lesions decreased significantly, and
the TCR B chain showed a decreasing trend after the use of the ABT-737 gel (Figure 4A-
4B). Besides, according to the uCDR3 sequences, the expression ratio of the TCR f chain
also showed a decreasing trend (p =0.0586) (Figure 4C-4D). However, the percentage of
cells expressing the TCR vy chain, as determined by uCDR3 sequences, increased (Figure
4C-4D). Moreover, after treatment with the ABT-737 gel, the percentage of TCR a chains
in the TCR repertoire of IMQ-induced psoriatic lesions decreased significantly (Figure 4E).
In summary, the the ABT-737 gel effectively reduced the expression ratio of the TCR o and

B chains in mouse psoriatic lesions.

5. No systemic effects were observed in the IMQ-induced psoriasis-like model mice

following treatment with the ABT-737 gel.

Recently, BCL-2 inhibitors have been studied as therapy for the treatment of solid tumors
[32]. Previous studies have reported that lymphopenia and thrombocytopenia are side
effects associated with ABT-737 [32, 33]. To assess the potential side effects and systemic
impact of the topical application of ABT-737 gel, we analyzed the weights of the mice and
the subtypes of T cells in the spleens and draining lymph nodes (DLNs). We found no
significant difference in body weight (Figure 5A), total lymphocyte counts (Figure 5B) or
the frequencies of Th1/Th2/Th17/Treg subsets in either the spleens (Figure 5C) or DLNs

(Figure S4) of the mice treated with the ABT-737 gel or vehicle gel. These results indicated
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that there were no obvious systemic effects with ABT-737 gel.

6. The ABT-737 gel reduced the expression of TET2, and the absence of TET2 in CD4"
T cells alleviated IMQ-induced psoriatic lesions, as indicated by decreased numbers of

senescent CD4" T cells and reduced percentages of Th1 and Th17 cells.

Tet methylcytosine dioxygenase 2 (TET2) plays a crucial role in active DNA demethylation
by converting S5-methylcytosine (5-mC) into 5-hydroxymethylcytosine (5-hmC) [34].
Recently, TET2 was also reported to be associated with activate cytokine expression in Th
cells [35] and cellular senescence [36, 37]. In our study, TET2 expression was greater in
senescent CD4" p21* T cells from psoriatic lesions than in those from normal skin (Figure
6A-6B). Moreover, Tet2 mRNA expression was significantly reduced in IMQ-induced
psoriatic lesions after the topical application of the ABT-737 gel (Figure 3G). These results
suggested that decreased TET2 expression may contribute to the elimination of senescent

CD4" T cells in psoriatic lesions following the topical application of ABT-737 gel.

To confirm the direct regulation of TET2 in T cellular senescence, we performed ATAC-seq
on human CD4" T cells under ABT-737 treatment, TET2 gene knockdown by small
interfering RNA (siRNA), or the combination of ABT-737 with TET2 siRNA knockdown in
vitro. Compared to siNC, TET2 exhibited a significantly decreased peak intensity in
siTET2 or under ABT-737 treatment (siNC+ABT-737) (Figure S5A). Consistent with above
results, the chromatin accessibility was also changed in the gene body of Cdkn2a (encoding
pl6™K#) and Cdkn2b (encoding pl5) with the treatment of siTET2 or ABT-737 (Figure

S5B). Besides, we found that the peak intensity of Cdknla (encoding p21) was also slightly
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decreased by TET2 siRNA knockdown (Figure S5C). Overall, we identified TET2 and
senescence-related gene alterations in chromatin-accessible regions after ABT-737 or
siTET2 gene knockdown treatment. These alterations of chromatin open region may reflect
the possible regulatory effects of TET2 or ABT-737 treatment on the expression of

senescence-related genes.

To further investigate the role of TET2 in cellular senescence and psoriasis, we established
an IMQ-induced psoriasis mouse model using CD4“°Tet2”" mice and Tet2?' mice. As
expected, compared with Tet2”" mice, CD4°°Tet2”" mice exhibited less severe psoriatic
lesions and milder pathological features according to H&E staining (Figure 6C). The
frequencies of p217 cells in psoriasis-like lesions and CD4" p21* T cells among dermal cells
were decreased in CD4°Tet2"" mice (Figure 6D). Furthermore, the expression of cellular
senescence-associated makers (such as Cdknlb and Cdkn2b) was decreased in the skin
tissues of CD4*Tet2?f mice by RNA sequencing (Figure S6). RT-qPCR confirmed that the
mRNA expression levels of Ter2, cellular senescence markers (pl6™k% p21, Cdkn2b, and
Mtor), and inflammatory factors (such as [1l17a, Il17f, 1122, [I123, and Tnfa) were
dramatically decreased (Figure 6E). In addition, flow cytometry analysis revealed lower
proportions of Thl and Th17 cells in the spleens of CD4°°Tet2?f mice than in those of
Tet2"" mice (Figure 6F). The conditional knockout of Tet2 in CD4" T cells reduced the
number of senescent CD4" T cells, decreased the mRNA expression levels of inflammatory
factors, and diminished disease activity in an IMQ-induced psoriatic mouse model.
Therefore, we speculate that Tet2 is involved in the regulation of senescence-related

processes in CD4" T cells.



Discussion

Psoriasis is an inflammatory skin disease with a relapsing-remitting course. As mentioned
above,, many traditional medicines may entail unforeseen side effects, whereas generate
unexpected side effects, while highly effective biological agents are expensive [4, 6]. In
addition, some patients exhibit poor responsiveness to these existing drugs [1, 4]. Thus,
further studies on the pathogenesis and treatment are needed. Our findings revealed an
increase in the percentage of senescent CD4" T cells and the levels of the antiapoptotic
proteins BCL-2 and BCL-xL in psoriatic lesions. Thus, we developed new formulations for
a BCL-2 inhibitor, ABT-737, which has been reported to effectively eliminate senescent
cells via intraperitoneal injection. Notably, both the subcutaneous injection and gel
formulations of ABT-737 demonstrated efficacy in ameliorating IMQ-induced psoriasis-like

lesions.

Cellular senescence is related to the pathogenesis of various autoimmune and inflammatory
disorders [11, 19-24]. Previous studies have indicated incresed p16™%4 and p21 expression
in keratinocytes of psoriatic lesions compared to nonlesional areas and normal skin [40].
Besides, elevated numbers of terminally differentiated and senescent CD8" T cells were
observed in peripheral blood of psoriasis patients [41]. However, limited evidence exists
regarding senescent CD4" T cells in psoriasis. Herein, we found that the proportions of
dermal CD4" p16™K4* and CD4" p21* T cells were significantly greater in human psoriatic
lesions than in controls. Moreover, BCL-2 and BCL-xL expression was upregulated in
psoriatic lesions, consistent with previous studies showing increased expression of BCL-2

family members in senescent cells [19]. In addition, topical application of ABT-737 gel



demonstrated the potential to eliminate cellular senescence, thereby ameliorating IMQ-

induced psoriatic lesions.

Psoriasis is characterized as an autoimmune skin disease primarily mediated by T cells [5].
The composition of T cells in the immune system consists of approximately 95% TCRof3-
expressing cells, and 5% TCRyd- expressing cells [42]. Both TCRaf* T cells and TCRyd* T
cells are crucial for the pathogenesis of psoriasis, [43-45]. In human psoriasis, the majority
of T cells in both affected and healthy skins are afy T cells, and the proportion of yd T cells
is approximately 1% in active psoriasis [43]. Among the 70 most frequent putative
pathogenic T cell clones are aff T cells [43]. Notably, IL-17-producing o T cells are
present in resolved psoriatic skin lesions and function as disease-initiating pathogenic T
cells in psoriasis [43]. This evidence indicates that human psoriasis is driven by aff T cells.

Additionally, IL-17" af T cells serve as mediators of IMQ-induced psoriasiform dermatitis.

T cells rely on TCR activation to exert their function [31]. The specificity of antigens relies
on the structural diversity of the TCR, especially the three CDRs [31]. The CDR3 of the
TCR has been extensively utilized to explore the function of T cells in immune responses
[31]. Unique TCRa and TCRP CDR3 sequences were found to be shared among multiple
psoriasis patients but not among HCs [43]. One study revealed that the immunological
features of the TCR B chain (TRB)- CDR3 region differed between patients and HCs [30].
These findings indicated a potential pathogenic role of TCRa and TCRB CDR3 in the
development of human psoriatic lesions [30, 31, 46]. In addition, therapies that modulate
TCR signaling have been shown to delay the progression of psoriasis [47]. Herein, we

found that the expression of the TCR a and TCR B chains in psoriatic lesions decreased



after the topical application of ABT-737 gel to IMQ-induced psoriatic lesions, as
determined by immune repertoire sequencing. This result also indicated that the percentage
of adaptive immune cells related to senescent cells, such as senescent CD4" T cells, could

be reduced after the application of ABT-737.

In the past several decades, studies have reported that TET2 can contribute to DNA
demethylation and the activation of inflammatory factors in T cells, with a greater impact
on Th17 cells than on Thl cells [35]. In addition, the roles of TET2 and 5-hmC in cellular
senescence are controversial. Some studies revealed an increase in 7et2 expression in the
cerebellum of elderly mice and HaCaT cells after UVB exposure [36, 37]. However, the
expression of TET2 was also reportedly decreased in the skin of aging mice [50]. Herein,
we found elevated TET2 expression in senescent CD4" T cells from patients with psoriasis,
and decreased Ter2 mRNA expression after the topical application of ABT-737 gel to IMQ-
induced psoriatic lesions; furthermore, psoriatic lesions were significantly alleviated, and
the percentage of senescent CD4" T cells and the frequencies of Th1l and Th17 cells among
CD4" T cells were significantly lower in IMQ-induced psoriatic lesions from CD4¢Tet27*
mice than in those from Tet2?" mice. Thus, we proposed that the ABT-737 gel
downregulated the TET2 expression to eliminate senescent CD4" T cells and impaired the
TET2-Thl17 pathway, leading to the alleviation of skin lesions in the psoriatic model.
However, given the limited abundance of senescent T cells in the skin, we investigated and
validated the involvement of TET2 in psoriasis and senescence primarily through CD4" T
cells, as opposed to senescent CD4" T cells. This limitation should be acknowledged. To

gain a more comprehensive understanding of the roles and underlying mechanisms of TET2
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in senescent T cells and psoriasis, it would be necessary to conduct a specific knockout of

the TET2 gene in senescent T cells.
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Legends

Figure 1. Increased percentages of CD4" pl16™K4a* and CD4* p21* T cells in human psoriatic

lesions.

Figure 2. Subcutaneous injection of ABT-737 and topical application of ABT-737 gel

ameliorated IMQ-induced psoriasis-like lesions.

Figure 3. Topical application of ABT-737 gel significantly reduced the frequency of senescent
CD4" T cells and decreased the mRNA expression levels of inflammatory cytokines and SASPs

in IMQ-induced psoriasis-like lesions.

Figure 4. Topical application of ABT-737 gel decreased the expression of TCR a and B chains in

IMQ-induced psoriatic lesions, as determined via immune repertoire sequencing.

Figure 5. No systemic effects were observed in the IMQ-induced psoriasis-like mouse model

following treatment with the ABT-737 gel.

Figure 6. Topical application of ABT-737 gel reduced the expression of TET2, and the absence
of TET2 in CD4" T cells alleviated IMQ-induced psoriatic lesions, as indicated by decreased

numbers of senescent CD4" T cells and reduced percentages of Th1l and Th17 cells.
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Figure 1. Increased percentages of CD4" p16™%4** and CD4* p21* T cells in human psoriatic

Percentage(%)
Percentage(%)

O O
S

lesions. (A) mIHC staining of pl16™K4 (red) or p21 (red) along with DAPI (blue) in psoriatic
skin lesions and HC samples. (B) Statistical analysis of the frequencies of pl16™K4* and p21*
cells within dermal cells of skin samples from HCs (n=10) and psoriasis patients (n=14). (C)

mIHC staining of CD4 (green) with p16™¥42 (red) or CD4 (green) with p21 (red) in skin samples



from HCs and patients with psoriasis. (D) Statistical analysis of the frequencies of CD4"
pl6MK4at and CD4* p21* T cells within dermal cells of skin samples from HCs (n=10) and
patients with psoriasis (n=14). (E-F) Representative flow cytometry diagrams and statistical
analysis of the frequencies of pl16™k4* cells or p217* cells in the skin CD4* T cells of psoriasis
(n=4) and HCs (n=4). (G) mIHC staining of CD4 (green) with BCL-2 (red) or BCL-xL (green)
with pl16™K4e* (red) in skin samples from HCs and patients with psoriasis. (H) Statistical analysis
of the percentages of CD4'BCL-2" and BCL-xL*p16™K4a* cells within skin samples from HCs
(n=4) and psoriatic patients (n=4). Data are representative of a semiquantitative analysis of the
mean absorbance (Am) and integral absorbance (Ai) of at least 5 random sites in each sample.

White scale represents SOum.
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Figure 2. Subcutaneous injection of ABT-737 and topical application of ABT-737 gel

ameliorated IMQ-induced psoriasis-like lesions. (A-B) Representative images of the clinical
appearance of the skin (A) and H&E-stained skin (B) on the shaved back of the IMQ-induced
psoriasis-like mouse model after treatment with different interventions. (C) Statistical analysis of

the PASI scores and epidermal thickness in IMQ-induced psoriasis-like mice following



subcutaneous injections of ABT-737 (n=5) or an equivalent vehicle (n=5). (D) Statistical
analysis of the PASI scores and epidermal thickness in IMQ-induced psoriasis-like mice
following ABT-737 gel (n=5) or an equivalent vehicle gel (n=5). (E) The mIHC staining of
BCL-2 (red) with DAPI (blue) or BCL-xL (red) with DAPI (blue) in skin lesions from IMQ-
induced psoriasis-like mice following the ABT-737 gel (n=5) or an equivalent vehicle gel (n=5)
treatment. (F) Statistical analysis of the relative mRNA expression levels of Bc/2 and BclxL in

IMQ-induced psoriatic lesions treated with ABT-737 gel (n=5) or an equivalent vehicle gel (n=5).
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Figure 3. Topical application of ABT-737 gel significantly reduced the frequency of
senescent CD4" T cells and decreased the mRNA expression levels of inflammatory
cytokines and SASPs in IMQ-induced psoriasis-like lesions. (A) mIHC staining of p16™K4
(red) with CD4 (green) or p21 (red) with CD4 (green) in skin lesions from an IMQ-induced

psoriatic model treated with ABT-737 gel (n=5) or vehicle gel (n=5). (B) Statistical analysis of



the frequencies of p16™k4* and p217 cells in IMQ-induced psoriatic lesions after treatment with
the ABT-737 gel (n=5) or vehicle gel (n=5). (C) Statistical analysis of the relative mRNA
expression levels of p16™%% and p21 in IMQ-induced psoriatic lesions treated with the ABT-737
gel (n=5) or equivalent vehicle gel (n=5). (D) Statistical analysis of the frequencies of CD4"
pl6™K4at and CD4* p21* T cells in IMQ-induced psoriatic lesions after treatment with the ABT-
737 gel (n=5) or vehicle gel (n=5). (E) Clustered heatmap of 37 signature genes in IMQ-induced
psoriatic lesions after treatment with the ABT-737 gel (n=4) or vehicle gel (n=4). (F-G)
Statistical analysis of the relative mRNA expression levels of 1117a, Il17f, 1122, 1123, Ifny, 116,
Tnfo. and Tet2 in IMQ-induced psoriatic lesions treated with ABT-737 gel (n=5) or an equivalent

vehicle gel (n=5).
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Figure 4. Topical application of ABT-737 gel decreased the expression of TCR o and
chains in IMQ-induced psoriatic lesions, as determined via immune repertoire sequencing.
(A-B) Analysis of the percentages of the expression of 4 TCR chains, as determined by reads, in
IMQ-induced psoriatic lesions treated with the ABT-737 gel (n=3) or vehicle gel (n=3) via

immune repertoire sequencing. Data are representative and are presented as the mean values. (C-
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D) Analysis of the percentages of 4 TCR chains, as determined by uCDR3, in IMQ-induced
psoriatic lesions treated with the ABT-737 gel (n=3) or vehicle gel (n=3) using the immune
repertoire sequencing. Data are representative and are presented as the mean values. (E)
Statistical analysis of the percentages of 4 TCR chains in T cells of the 4 TCR chains in IMQ-
induced psoriatic lesions treated with the ABT-737 gel (n=3) or vehicle gel (n=3). Data are

representative and are presented as the mean values.
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Figure 5. No systemic effects were observed in the IMQ-induced psoriasis-like mouse model
following treatment with the ABT-737 gel. (A) Analysis of the weights of IMQ-induced
psoriatic mice treated with the ABT-737 gel (n=5) or vehicle gel (n=5). (B) Total number of
lymphocyte count analysis in the spleen and DLNs (n=5). (C) Representative flow cytometry
diagrams and statistical analysis of the frequencies of Thl, Th2, Th17 and Treg cells in total
CD4" T cells from the spleens of IMQ-induced psoriatic mice treated with the ABT-737 gel (n=5)

or vehicle gel (n=5).
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Figure 6. Topical application of ABT-737 gel reduced the expression of TET2, and the
absence of TET2 in CD4* T cells alleviated IMQ-induced psoriatic lesions, as indicated by
decreased numbers of senescent CD4" T cells and reduced percentages of Thl and Th17
cells. (A) Analysis of the frequency of CD4 (green), p21 (red), and TET2 (white) co-stained cells
present in human psoriatic lesions by using mIHC. (B) Statistical analysis of the percentage of
CD4" p21" TET2* T cells in dermal cells from skin lesions of psoriasis patients (n=14) and
normal skin (n=10). (C) Representative images of the clinical appearance and H&E staining of
the skin on the shaved back of IMQ-induced psoriasis-like lesions in CD4*Tet2"" and Tet2?*
mice. (D) Analysis of the frequency of p21 (red) and CD4 (green) co-stained cells in the IMQ-
induced psoriatic lesions of CD4°Tet2"f and Tet2"" mice by using mIHC. (E) Statistical analysis
of the relative mRNA expression levels of pl6™K% p21, Cdkn2b, Mtor, Tet2, I117a, 1117f, 1122,
1123 and Tnfo in the IMQ-induced psoriatic lesions of CD4*Tet2"" (n=4) and Tet2"" mice (n=4).
(F) Analysis of the percentages of Thl, Th2, and Th17 cells among total CD4" T cells in the

spleens of IMQ-induced psoriatic CD4*Tet2?f (n=4) and Tet2”" mice (n=4) by using flow

cytometry.



Supplementary material

Methods

1. Human subjects.

Eighteen outpatients pathologically diagnosed with plaque psoriasis and fourteen sex-
and age-matched healthy volunteers were enrolled. Their detailed information is
presented in Table SIA-S1B. The PASI score was used to evaluate the disease activity of
psoriasis. All human subjects were recruited from the Department of Dermatology or
Physical Examination Center in the Second Xiangya Hospital of Central South University.
All experiments were approved by the Ethics Committee of Second Xiangya Hospital,

Central South University.

2. Mice.

BALB/c mice were purchased from Slack Company. The Tet2”f mice were provided by
Professor Akihiko Yoshimura. We confirmed the genotypes through PCR analyses of

mouse tail’ genomic DNA. The primers were as follows: CD4¢c: forward

5’-GCTCGACCAGTTTAGTTACCC-3’ and reverse
5’-TCGCGATTATCTTCTATATCTTCA-3’; Tet2"f: forward
5’-AAGAATTGCTACAGGCCTGC-3’ and reverse

5’>-TTCTTTAGCCCTTGCTGAGC-3’. We used 8-week-old female mice that were


https://www.nature.com/articles/srep28065

maintained under specific pathogen-free conditions for all experiments.

3. IMQ-induced psoriasis-like mouse model.

In our experiment, female BALB/c, CD4°Tet2"" mice, and Tet2”" mice were treated with
62.5 mg of IMQ cream (5%) (Sichuan Med-shine Pharmaceutical) daily on a 2*2 c¢m?

area of the shaved back for 7 days to establish the IMQ-induced psoriatic mouse model.

4. ABT-737 administration.

During the establishment of the IMQ-induced psoriasis-like mouse model, we applied a
daily dose of 25 mg/kg/day ABT-737 injection, 0.5 g/day 0.05% ABT-737 gel, equivalent
vehicle injection or equivalent vehicle gel on shaved backs for 7 days. The interval
between the administration of the IMQ cream and the treatment was 6 hours. The
ABT-737 injections were prepared using ABT-737 (ApexBio Technology), 10% DMSO
(Sigma, catalog D2650), 40% PEG-300 (MCE, CAS No. 25322-68-3), 5% Tween 80
(Sigma), and 45% phosphate-buffered saline (PBS), while the vehicle injection was
composed of 10% DMSO, 40% PEG-300, 5% Tween 80, and 45% PBS. For the 0.05%
ABT-737 gel, the formulation was composed of ABT-737, 1% DMSO, 0.5% carbomer
940 (Meilunbio CAS No. MBI1874), and purified water, while the vehicle gel was

composed of 1% DMSO, 0.5% carbomer 940, and purified water.

5. Evaluation of inflammation severity in the psoriatic mouse model.


https://www.medchemexpress.cn/search.html?q=25322-68-3&ft=&fa=&fp=

We used the PASI scoring system and evaluated erythema, scales, and thickening to
determine the severity of skin inflammation [1]. Each factor was scored independently in
the range of 0 to 4 points: 0, none; 1, slight; 2, moderate; 3, marked; and 4, very marked.
The total PASI score was the sum of the 3 index scores (scores ranging from 0-12 points).
We used CaseViewer (3DHISTECH Ltd) to measure the thickness of the epidermis. Each

field of view was measured three times, and the average value was taken.

6. multi-spectrum immunohistochemistry (mIHC).

The formalin-fixed paraffin-embedded skin sections were deparaffinized, hydrated, and
boiled in citrate buffer (Servicebio, cat. G1202) for antigen epitope retrieval, followed by
blockade of nonspecific binding and manual incubated with primary antibodies at room
temperature for 1 hour (primary antibodies including anti-human CD4 (MXB
Biotechnologies, RMA-0620), anti-mouse CD4 (Abcam, cat. ab183685), anti-human
CDKN2A/p16™K4a (Abcam, cat. ab54210), anti-mouse CDKN2A/p16™K4 (Abcam, cat.
ab211542), anti-human p21 (Abcam, cat. ab109520), anti-mouse p21 (Abcam, cat.
ab188224), anti-human/mouse Bcl-2 (Abcam, cat. ab182858), anti-human/mouse Bcl-xLL
(Abcam, cat. ab32370), and anti-human TET2 (NOVOUS, cat. NRP2-32104)). Then
incubation with secondary antibody was performed at room temperature for 10 minutes
(secondary antibodies including opal polymer HRP Ms+Rb (PerkinElmer, ARHI1001A)
for human, HRP-conjugated anti-rabbit antibody (Abcam, cat. ab205718) for mouse).

Finally, the Opal 7-color IHC detection kit (PerkinElmer) was used for fluorescence


https://www.3dhistech.com/

labeling. DAPI was used to visualize cell nuclei. All multispectral images in each section
were captured at high magnification by the PerkinElmer Vetra multispectral imaging
system (Vectra 3.0.3; PerkinElmer). The top 5 CD4" cell-infiltrating areas were analyzed,
and the positive cell percentage (positive cell percentage=positive staining cells / DAPI
staining cells) per high power field was measured using inForm Advanced Image

Analysis software (inForm 2.3.1; PerkinElmer).

7. Flow cytometry.

We used a FACSCanto II instrument (BD Biosciences) for flow cytometry. For surface
markers, we incubated cells with fluorescent antibodies on ice for 45 minutes in the dark:
FITC anti-mouse CD4 (BD Biosciences, catalog 553729) and PE anti-mouse CD25
(BioLegend, catalog 102008). For transcription factors, we used a human Foxp3 buffer
set (BD Biosciences) to fix and permeabilize cells, and then we incubated the samples
with fluorescent antibody APC anti-mouse FOXP3 (BioLegend, catalog 2107506) on ice
in the dark for 1 hour. For cytokines, we stimulated cells with PMA, ionomycin, and
GolgiPlug (BD Biosciences) for 5 hours and then used Cytofix/Cytoperm buffer (BD
Biosciences) for fixation as well as permeabilization. Afterwards, we stained samples
with fluorescent dye-conjugated antibodies on ice in the dark for 0.5 hours: APC
anti-mouse IFN-y (BioLegend, catalog 505814), PE anti-mouse IL-4 (eBioscience,

catalog 4314798), and PE/Cyanine7 anti-mouse IL-17A (BioLegend, catalog 506922).


https://www.biolegend.com/
https://www.biolegend.com/
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For skin flow cytometry, the skin single-cell suspension of psoriasis and healthy controls
was prepared as described [2]. For surface markers, cells were labeled with
PerCP/CyanineS.5 anti-human CD4 (BioLegend, catalog 300530) and Zombie NIR™
(BioLegend, catalog 423106) on ice in the dark for 45 minutes. The cells were then fixed
and permeabilized followed by antibody anti-CDKN2A/p16INK4a (Abcam, ab108349)
or anti-p21(Abcam, ab109520) for 30 minutes at 22°C. The isotype control antibody was
recombinant rabbit monoclonal IgG (Abcam, ab172730). The secondary antibody goat
anti-rabbit IgG H&L (Alexa Fluor® 488) (Abcam, ab150081) was incubated at 1/4000
for 30 minutes at 22°C. FlowJo software (Tree Star) was used for event collection and

analysis.

8. RT-qPCR.

We used TRIzol reagent (Invitrogen) to extract total RNA from cells or skin samples and
a NanoDrop spectrophotometer (ND-2000, Thermo Fisher Scientific) for RNA quality
control. We used the PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa Biotech
Co.) for mRNA reverse transcription, and 1 pg of total RNA was used following the
manufacturer’s instructions. gQPCR was conducted with SYBR Premix Ex Taq II (Th
RNaseH Plus) (TaKaRa Biotech Co.) with a LightCycler 96 (Bio-Rad) thermocycler. We
used the internal control RPLP(0 or GAPDH [3] to calculate the relative expression level.
The fold change in gene expression was assessed via the formula 2~(ACt experimental group-ACt

control group) - ywhich was normalized to controls. The sequences of the primers used are



shown in Table S2A-S2B.

9. RNA sequencing and bioinformatics analysis.

We extracted total RNA from IMQ-induced psoriatic lesions treated with the ABT-737
gel or vehicle gel using TRIzol reagent. RNA library preparation and sequencing were
performed by BGI Genomics, China. The libraries were constructed as described in
previous studies[4]. The adapter sequences as well as low-quality reads were removed by
Trimmomatic v0.33 in PE FASTQ files[4]. The HTseq v0.6.0 (htseq-count) counting
exon features and reporting Ensembl Gene IDs were processed to acquire annotation and
gene counts[4]. Data normalization and differential expression analysis were conducted

by limma voom function v3.32.10 in R v3.4.1[4].

10. Immune Repertoire Sequencing.

We amplified the total RNA from IMQ-induced psoriasis-like lesions treated with
ABT-737 gel or vehicle gel and allowed the incorporation of unique molecular identifiers
during the reverse transcription step by iR-RepSeq-plus-MBlvc-abdg Cassette
(iRepertoire Inc, US) covering the 4 mouse TCR chains. These steps were processed as
follows: sample library preparation (mouse TCR libraries), including SPRIselect bead

selection (Beckman Coulter), and binding and extension with the V-gene primer mix.

Amplified libraries were multiplexed and pooled for sequencing on the Illumina MiSeq


https://irepertoire.com/automation/

platform using one 600-cycle kit and sequenced as 250 paired-end reads. The output of
the immune receptor sequence covers the second framework region through the
beginning of the constant region containing CDR2 as well as CDR3. We analyzed the raw

sequencing data via the iRmap program|5].

11. ATAC sequencing

CD4" T cells were isolated from the peripheral blood of health volunteers by magnetic
beads (Miltenyi). 2 X 10 cells were resuspended in 100 pL electroporation liquid, mixed
with 2.5 pL TET2 siRNA (Ruibo, 20 uM), and then transfected following the human
CD4" T cell protocol. Next, the CD4" T cells were seeded in a CD3 pre-coating 24-well
plate (BD bioscience, 2 1 g/ml) stimulated with CD28 (BD bioscience, 1 1 g/ml).
ABT-737 (10 1 M) was then added to the corresponding culture system. After 48 hours
of  stimulation, fifty thousand CD4" T cells were collected for
transposase-accessible-chromatin sequencing analysis, following the detailed protocol
described in 3D genome alterations in T cells associated with disease activity of systemic

lupus erythematosus[6].

12. Statistical analysis.

We used GraphPad Prism and SPSS software for statistical analyses. Data are shown as
the means + SEMs. Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, and

*kxE p < 0.0001) was compared by two-tailed unpaired Student’s t test for two


http://dict.youdao.com/w/eng/containing/?spc=containing

independent groups. The unpaired t-test can determine whether there is a difference
between two unrelated groups. When the data did not conform to a normal distribution or

homogeneity of variance, the two-tailed Mann—Whitney U test was performed.

13. Study approval.

All animal care protocols and experiments were approved by the Ethics Committee of
Second Xiangya Hospital, Central South University, and informed consent was acquired
from participants for all experiments performed with human subjects after the nature and

possible consequences of the studies were explained.
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Figure S1. Increased percentage of p16'~X42* p21*, BCL-2* and BCL-xL" cells in



IMQ-induced psoriasis-like lesions. The mIHC staining of p!®™K4a* (red), p217 (red),
BCL-2" (red) or BCL-xL" (red) and DAPI (blue) in skin lesions from IMQ-induced

psoriasis-like lesions and normal skin in BALB/c mice
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Figure S2. Information of RNA-seq in total RNA from IMQ-induced psoriasis-like

lesions treated with ABT-737 gel or vehicle.
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Figure S3. The effects of ABT-737 gel in the mRNA expression levels of genes related
to cellular senescence in the spleen of IMQ-induced psoriasis mouse model.
Statistical analysis of the relative mRNA expression levels of pl6™k% p21, Tnfa, Cd27,
Cd28 and Klrg-1 in the spleen of the IMQ-induced psoriasis mouse model treated with

ABT-737 gel (n=5) or equivalent vehicle gel (n=5).
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draining lymph nodes. Student’s t test.
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Table S1 A. Information of psoriasis patients recruited.

Number Age Sex PASI
1 47 Male 10.4
2 61 Male 3.6
3 45 Male 4.0
4 53 Male 5.6
5 33 Male 10.0
6 59 Male 3.8
7 32 Male 10.4
8 42 Male 11.0
9 38 Male 0.9
10 33 Female 5.5
11 45 Male 10.0
12 50 Male 7.3
13 54 Female 7.6
14 55 Male 11.7
15 51 Male 5.6
16 35 Male 7.8
17 44 Male 9.0

18 65 Male 10.0
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Table S1B. Information of healthy controls recruited.

Number Age Sex
1 59 Male
2 40 Male
3 78 Male
4 33 Male
5 48 Male
6 38 Male
7 27 Male
8 36 Female
9 33 Female
10 44 Female
11 40 Male
12 55 Male
13 54 Male
14 48 Male
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Table S1C. Information of healthy controls recruited.

No. Age Sex No. Age Sex
1 33 Male 4 36 Male
2 27 Female 5 39 Female
3 22 Female

34

35

Table S2A. The sequence of PCR primers (Human).

Forward primer

Reverse primer

5’-GCAGAGCCAAATTGTCTCCTTT-3’

IFNG
IL174 5’-CTCTGTGATCTGGGAGGCAA-3’
1L2] 5’-GGTCCACAAATCAAGCTCCC-3’
p21 5’-GAAGTGAGCACAGCCTAG-3’
pl6NKda 5’-CTCCGGAAGCTGTCGACTTC-3’
IL6 5’-ACTCACCTCTTCAGAACGAATTG-3’
ILS 5’-ACTGAGAGTGATTGAGAGTGGAC-3’
BCL2 5’-CCGAGATGTCCAGCCAGC-3’
BCLxL  5’-GGAAAGCGTAGACAAGGAGATG-3’

GAPDH 5’-GGAGCGAGATCCCTCCAAAAT-3’

5’-TGTATTGCTTTGCGTTGGACA-3’
5’-ACCAGTATCTTCTCCAGCCG-3’
5’-TGGCAGAAATTCAGGGACCA-3’
5’-TGCCTTCACAAGACAGAG-3’
5’-TTCTGCCATTTGCTAGCAGTGT-3’
5’-CCATCTTTGGAAGGTTCAGGTTG-3’
5’-AACCCTCTGCACCCAGTTTTC-3’
5’-ACCCCACCGAACTCAAAGAA-3’
5’-CCCGTAGAGATCCACAAAAGTG-3’

5’-GGCTGTTGTCATACTTCTCATGG-3’

36

37
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Table S2B. The sequence of PCR primers (Mouse).

Forward primer

Reverse primer
Ifgy 5’-AGACAATCAGGCCATCAGCA-3’ 5’-CAACAGCTGGTGGACCACTC-3’
114 5’-GGTCTCAACCCCCAGCTAGT-3’ 5’-GCCGATGATCTCTCTCAAGTGAT-3’
1l17a 5’-TTTAACTCCCTTGGCGCAAAA-3’ 5’-CTTTCCCTCCGCATTGACAC-3’
171 5’-GGAGGTAGCAGCTCGGAAGA-3’ 5’-GGAGCGGTTCTGGAATTCAC-3’
1122 5’-ATGAGTTTTTCCCTTATGGGGAC-3’ 5’-GCTGGAAGTTGGACACCTCAA-3’
1123 5’-AATAATGTGCCCCGTATCCAGT-3’ 5’-GCTCCCCTTTGAAGATGTCAG-3’
pl6™NKa 5’-GAACTCTTTCGGTCGTACCC-3’ 5’-AGTTCGAATCTGCACCGTAGT-3’
p21 5’-GAACATCTCAGGGCCGAAAA-3’ 5’-TGCGCTTGGAGTGATAGAAATC-3’
116 5’-TAGTCCTTCCTACCCCAATTTCC-3’ 5’-TTGGTCCTTAGCCACTCCTTC-3’
Tnfa 5’-CCCTCACACTCAGATCATCTTCT-3’ 5’-GCTACGACGTGGGCTACAG-3’
Tet2 5’-AGAGAAGACAATCGAGAAGTCGG-3’ 5’-CCTTCCGTACTCCCAAACTCAT-3’
Bcl2 5’-GAGCGTCAACAGGGAGATG-3’ 5’-CAGAGACAGCCAGGAGAAATC-3’
BelxL 5’-GGAAAGCGTAGACAAGGAGATG-3’ 5’-CCCGTAGAGATCCACAAAAGTG-3’
Klrg-1 5-TTTGGGGCTTTTGACTGTGAT-3’ 5’-TGTAAGGAGATGTGAGCCTTTGT-3’
Caz7 5’-CAGCTTCCCAACTCGACTGTC-3’ 5’-GCACCCAGGACGAAGATAAGAA-3’
Cd28 5’-GTTCTTGGCTCTCAACTTCTTCT-3’ 5’-TGAGGCTGACCTCGTTGCTAT-3’
Cdkn2b 5’-CCCTGCCACCCTTACCAGA-3’ 5’-CAGATACCTCGCAATGTCACG-3’
Mtor

5’-ACCGGCACACATTTGAAGAAG-3’ 5’-CTCGTTGAGGATCAGCAAGG-3’




RPLPO

5’-GAGACTGAGTACACCTTCCCAC-3’

GAPDH 5’-AGGTCGGTGTGAACGGATTTG-3’ 5’-TGTAGACCATGTAGTTGAGGTCA-3’
39
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