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SUMMARY

During chronic viral infection and cancer, it has been established that a subset of progenitor 

CD8+ T cells continuously gives rise to terminally exhausted cells and cytotoxic effector cells. 

Although multiple transcriptional programs governing the bifurcated differentiation trajectories 

have been previously studied, little is known about the chromatin structure changes regulating 

CD8+ T cell-fate decision. In this study, we demonstrate that the chromatin remodeling complex 

PBAF restrains expansion and promotes exhaustion of CD8+ T cells during chronic viral 

infection and cancer. Mechanistically, transcriptomic and epigenomic analyses reveal the role 

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
*Correspondence: weiguo.cui@northwestern.edu.
AUTHOR CONTRIBUTIONS
Conceptualization and methodology, A.K., J.S., and W.C.; investigation, A.K. and J.S. with assistance from C.N., D.A., K.G., J.F., and 
T.B.; formal analysis, A.K. with assistance from J.S., R.B., and Y.C.; writing – original draft, A.K., J.S., and R.B.; writing – review & 
editing, A.K., J.S., R.B., and W.C.; funding acquisition and supervision, W.C.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2023.112649.

DECLARATION OF INTERESTS
The authors have no financial conflicts of interest.

HHS Public Access
Author manuscript
Cell Rep. Author manuscript; available in PMC 2023 October 23.

Published in final edited form as:
Cell Rep. 2023 June 27; 42(6): 112649. doi:10.1016/j.celrep.2023.112649.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by/4.0/


of PBAF in maintaining chromatin accessibility of multiple genetic pathways and transcriptional 

programs to restrain proliferation and promote T cell exhaustion. Harnessing this knowledge, we 

demonstrate that perturbation of PBAF complex constrained exhaustion and promoted expansion 

of tumor-specific CD8+ T cells resulting in antitumor immunity in a preclinical melanoma model, 

implicating PBAF as an attractive target for cancer immunotherapeutic.

In brief

During chronic viral infection, progenitor CD8+ T cells undergo bifurcated differentiation 

toward effector and exhausted lineages, but the chromatin structure changes orchestrating this 

transition remain unclear. Kharel et al. demonstrate that the chromatin remodeler PBAF regulates 

exhaustion-associated chromatin and transcriptional changes to restrict expansion and promote 

exhaustion of CD8+ T cells.

Graphical Abstract

INTRODUCTION

CD8+ T cells responding to chronic viral infection and cancer gradually become 

dysfunctional, commonly known as T cell exhaustion.1–3 Exhausted CD8+ T cells are 

characterized by loss of cytokine and effector molecule production, high expression of 

coinhibitory receptors (such as PD-1, LAG-3, and 2B4), altered cellular metabolism, and 

impaired proliferative potential.4,5 Recently, a growing body of evidence indicates that the 
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previously known exhausted CD8+ T cell pool is quite heterogeneous and consists of at 

least three major phenotypically and functionally distinct subsets.6–16 A TCF-1hi progenitor 

(TPRO) subset functions as a population of self-renewing resource cells that continuously 

replenish the pool of terminally exhausted T cells (TEXH)8,10 and a CX3CR1+ effector subset 

(TEFF) with enhanced killing ability.9,11,15,16

It has become increasingly clear that the heterogeneity of CD8+ T cells and their 

bifurcated cellular differentiation is orchestrated by distinct transcriptional and epigenetic 

programs.17,18 The transcription factors (TFs) TCF-1, BACH2, and MyB are crucial to 

maintaining the stem cell-like features of progenitor CD8+ T cells.10,19–21 Likewise, 

several TFs drive the gene expression program of TEXH, including NFAT, NR4A proteins, 

EOMES, IRF4, IRF7, BLIMP-1, and TOX.10,22–33 More recently, we and others have 

shown that BATF, T-bet, and Zeb2 are critically required for TEFF subset differentiation 

and function.16,34,35 Despite of these advances, how CD8+ T cell differentiation is 

epigenetically regulated remains poorly defined. Recent studies have characterized the 

chromatin accessibility as well as active and repressive histone marks in lymphocytic 

choriomeningitis virus (LCMV)-specific CD8+ T cells and revealed that the differentiation 

of heterogeneous CD8+ T cell subsets was driven by distinct gene regulatory networks 

and enhancer repertories.34–36 This raises an important question of what key chromatin 

remodeling events are required for cell-fate decisions in forming TEFF versus TEXH subsets.

The SWI/SNF complex is a multiunit chromatin remodeling complex that utilizes the energy 

of ATP hydrolysis to modulate chromatin architecture and regulate gene expression by 

sliding and displacing nucleosomes.37–40 The SWI/SNF complex exists in three distinct 

assemblies: canonical BAF (cBAF), polybromo-associated BAF (PBAF), and the non-cBAF 

(ncBAF) complex.37,38 These complexes are critical in T cell development, activation, 

proliferation, and differentiation.41–43 The chromatin remodeling activity of cBAF has been 

found to regulate CD4+ selection and enhance Th1 and Th17 differentiation.41,44,45 In 

addition, ncBAF is shown to promote the expression of Foxp3 in regulatory T (Treg) cells.46 

More recently, the role of cBAF in CD8+ T cell differentiation and function has been 

unraveled by CRISPR screens.47,48 The deletion of Arid1a, a cBAF component, led to 

memory cell properties in CD8+ T cells that can be exploited to improve the efficacy of 

cancer immunotherapy.47,48 However, the detailed mechanisms by which BAF complexes 

regulate cell-fate decisions between effector and exhausted CD8+ T cells remain unknown.

In this study, we investigated the role of the PBAF complex in CD8+ T cell expansion 

and differentiation during chronic LCMV infection and cancer. We demonstrate that PBAF 

restricts expansion and promotes TPRO-to-TEXH transition during chronic viral infection 

and cancer. Mechanistically, transcriptomic and epigenomic profling revealed that the 

altered gene expression and epigenetic landscape caused by the loss of PBAF favored 

proliferation, survival, effector cell differentiation, and limited T cell exhaustion. Single-cell 

multiomics further demonstrated the underlying chromatin structure changes accounting for 

the increased proliferative potential and preferential cell-fate commitment of the TPRO cells 

toward TEFF in the absence of the PBAF complex. Lastly, harnessing the role of PBAF in 

regulating expansion and effector cell-fate decision, we demonstrated increased antitumor 

function of PBAF-defcient CD8+ T cells in a preclinical melanoma model.
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RESULTS

Loss of Arid2 promotes expansion and TPRO-to-TEFF differentiation transition of LCMV-
specific CD8+ T cells

To determine if PBAF deficiency affected CD8+ T cell clonal expansion and differentiation 

during chronic viral infection, we infected Arid2fl/fl VavCre+ mice with LCMV Clone13 

(Cl13) and assessed CD8+ T cell responses on day 21 post-infection (p.i.). Arid2 is a 

subunit unique to the PBAF complex whose genomic deletion results in defective assembly 

of the PBAF complex.49 CD8+ T cells specific to the LCMV GP33-41 epitope were 

measured by H-2Db tetramer. In the spleen, Arid2fl/fl VavCre+ mice had a significantly 

higher frequency and number of GP33-41 tetramer+ CD8+ T cells compared with their 

counterparts in Arid2+/+VavCre+ control mice (Figures S1A–S1C). Notably, Arid2-defcient 

mice exhibited a significant increase in the frequency of CX3CR1
+ (TEFF) LCMV-specific 

CD8+ T cells, which was accompanied by a decrease in the frequency of Ly108+ (TPRO) 

and CX3CR1−Ly108− (TEXH) in the spleen (Figure S1D), compared with their control 

counterparts, suggesting a potential role of the PBAF complex in orchestrating the expansion 

and subset distribution of CD8+ T cells during chronic viral infection.

In the Arid2fl/fl VavCre+ mice, Cre recombinase gene expression is under the control of 

Vav1 promoter that is constitutively active in hematopoietic cells throughout their lifespan.50 

Although phenotypically, the differences in hematopoietic compartments between Arid2-

defcient and wild-type groups were largely unchanged (Figures S1E–S1G), we sought to test 

the intrinsic role of the PBAF complex in CD8+ T cells during chronic infection. To this 

end, we generated mixed bone marrow (MBM) chimeric mice that restricted Arid2 deletion 

in CD8+ T cells (Figures 1A and S2A–S2C). We infected these chimeric mice with LCMV 

Cl13 and examined the virus-specific CD8+ T cell responses. On day 21 p.i., deletion of 

Arid2 resulted in a significantly higher frequency and number of GP33-41 tetramer+ CD8+ 

cells in the spleen (Figures 1B–1D). This increased proliferative burst was also observed 

in blood (Figure 2G). Importantly, loss of Arid2 in CD8+ T cells resulted in a significant 

increase in the frequency of the TEFF subset, which was accompanied by a significant 

reduction in both TEXH and TPRO subsets (Figure 1E). Consistent with the increased clonal 

expansion, loss of Arid2 resulted in an increased number of virus-specific CD8+ T cells 

in all three subsets (Figure 1F). Interestingly, despite the increase in absolute number and 

frequency of the TEFF subset, the expression levels of key inhibitory receptors such as PD-1, 

TIM-3, and LAG3 remained largely unchanged (Figure 1H). However, PBAF deficiency 

rendered a modest increase in effector function. GP33–41 peptide stimulation ex vivo showed 

a slightly higher frequency of interferon γ (IFNγ)+ CD8+T cells from Arid2−/− mice than 

their counterparts (Figure 1I). Additionally, Arid2-deficient CD8+ T cells also exhibited 

a modest increase in granzyme B expression relative to their wild-type controls (Figure 

1J). The sheer increase of virus-specific TEFF CD8+ T cells in Arid2−/− mice resulted 

in higher viral control (Figure 1L). Lastly, Arid2-defcient CD8+ T cells had significantly 

reduced expression of the TFs TCF-1 and TOX (Figure 1K), whereas no change in the 

expression of the TFs T-bet and Eomes was observed. Subset-specific analysis of TFs 

demonstrated a reduction in the expression of TCF-1 and TOX in all three major subsets 

following the loss of PBAF (Figures S2D–S2E). Collectively, these results demonstrate that 
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Arid2 normally restrains clonal expansion and promotes TPRO-to-TEXH differentiation of 

virus-specific CD8+ T cells during chronic infection.

PBAF restricts the late-phase expansion of virus-specific CD8+ T cells

To determine if the phenotypic changes in Arid2-deficient CD8+ T cells are truly PBAF 

dependent, we decided to include Pbrm1, another subunit unique to the PBAF complex, 

in the investigation. To do this, we used a direct CRISPR-Cas9 delivery method by 

electroporation of the Cas9-gRNA ribonucleoprotein complex51 into naive CD8+ P14 cells 

that express a T cell receptor (TCR) transgene specific for the LCMV GP33-41 epitope 

to delete Arid2 and Pbrm1. The validation of Arid2 and Pbrm1 deletion was performed 

by tracking of insertions or deletions (indels) by decomposition (TIDE) assay (Figures 

S3A–S3C) and western blot (Figure S3D), respectively. Next, we transferred the sgArid2, 

sgPbrm1, or scrambled-control gRNA (sgCtrl) electroporated P14 CD8+ T cells into three 

separate groups of naive congenic mice and subsequently infected them with LCMV Cl13 

(Figure 2A). To demonstrate the role of PBAF in the clonal expansion of virus-specific 

CD8+ T cells, we examined the frequency of P14 cells in peripheral blood mononuclear 

cells (PBMCs) on days 8, 15, and 21 p.i. Although a similar clonal expansion was observed 

on day 8 p.i., the frequency and number of both Arid2- and Pbrm1-deleted P14 CD8+ T 

cells were significantly higher than their wild-type counterparts after the establishment of 

chronic exhaustion31 (days 15 and 21 p.i.) (Figures 2B–2D). Consistently, the frequency 

and numbers of PBAF-deficient P14T cells in spleen and inguinal lymph nodes (iLNs) 

were significantly increased compared with the wild-type control P14 T cells on day 21 p.i. 

(Figures 2E–2H).

To dissect the possible mechanisms by which the PBAF complex regulates CD8+ T cell 

proliferation during the late phase of chronic LCMV infection, we performed bulk RNA 

sequencing (RNA-seq) on Pbrm1- and Arid2-deleted P14 CD8+ T cells and their wild-type 

counterparts sorted on day 21 p.i. Principal-component analysis (PCA) demonstrated a 

distinct transcriptomic profile of sgCtrl compared with Arid2- and Pbrm1-deleted CD8+ 

T cells (Figures 2I and 2J). Furthermore, gene set enrichment analysis (GSEA) indicated 

that pathways involved in cell cycle progression, cell proliferation, DNA repair, and 

chromatin stability were significantly upregulated, whereas pathways related to apoptosis 

were downregulated in PBAF-deleted CD8+ T cells (Figures 2K–2M). One of the gene 

sets consistently upregulated following Arid2 and Pbrm1 deletion was the targets of E2F 

TFs, including Cenpf, Cdc25b, Top2a, and Cdkn1a (Figures S3F and S3G), which are 

actively involved in cell cycle regulation, DNA synthesis, DNA repair, and apoptosis.52 

Taken together, our transcriptomic and cellular analyses suggest that PBAF restricts the 

expansion of virus-specific CD8+ T cells by regulating cell proliferation and apoptosis 

pathways at the late phase of chronic infection.

PBAF promotes TPRO-to-TEXH transition during chronic LCMV infection

To elucidate whether abrogation of the PBAF complex using CRISPR/ribonucleoprotein 

(RNP) recapitulates the phenotypic changes observed in Arid2-deficient CD8+ T cells in the 

bone marrow chimeric model (Figure 1), we deleted Arid2 and Pbrm1 in P14 CD8+ T cells 

and assessed their cellular responses on day 21 p.i. In accordance with our mixed BMC 
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experiments, we observed a significant increase (~2-fold) in the frequency of TEFF cells 

and a proportional reduction of TPRO and TEXH subsets (Figures 3A and 3B). Furthermore, 

consistent with the increased expansion of virus-specific CD8+ T cells, loss of PBAF led 

to an increase in the overall absolute numbers of cells in all three subsets, with the highest 

magnitude increase of TEFF compared with TPRO and TEXH subsets (Figure 3C). These 

results further support our finding regarding the role of PBAF in restricting expansion and 

TPRO-to-TEFF differentiation during chronic viral infection. To ensure that the change in 

phenotype is restricted to the loss of PBAF in adoptively transferred P14 cells, we assessed 

the endogenous CD8+ T cells specific to the LCMV GP276-286 epitope measured by the 

H-2Db tetramer. On day 21 p.i., no difference in the frequency and subset distribution of the 

GP276-specific CD8+ T cells was observed in the recipient mice that received Arid2- and 

Pbrm1-deleted P14 cells compared with their control counterparts (Figure S3E).

Interestingly, loss of PBAF in CD8+ T cells did not alter the expression of phenotypic 

markers related to T cell exhaustion, such as TIM-3 and LAG3, and effector function, 

such as KLRG1 and KLRD1 (Figure 3D). The expression of PD-1 was modestly lower 

in Arid2- and Pbrm1-deleted CD8+ T cells (Figure 3D). Consistently, we observed a 

significant reduction in the expression of another exhaustion marker, CD101, in Arid2- 

and Pbrm1-deleted CD8+ T cells, suggesting reduced terminal exhaustion in the absence of 

PBAF. Although we observed a similar capacity of degranulation, IFNγ, and granzyme B 

production between the wild-type and Arid2- or Pbrm1-deleted P14 CD8+ T cells (Figures 

S3G and S3H), the Arid2- and Pbrm1-deleted P14 CD8+ T cell-recipient mice had a 

significantly lower serum viral load compared with their wild-type counterparts (Figure 3F). 

This suggests that a sheer increase of virus-responding TEFF CD8+ T cells in the absence of 

PBAF most likely accounts for the improved viral control. Finally, loss of Arid2 and Pbrm1 

resulted in a significant reduction in expression of the TFs TCF-1 and TOX, whereas the 

expression of T-bet and Eomes was largely unchanged (Figure 3E).

To dissect the possible mechanisms by which the PBAF complex regulates CD8+ T cell 

differentiation, we performed bulk RNA-seq on Pbrm1- and Arid2-deleted P14 CD8+ T cells 

and their wild-type counterparts sorted on day 21 p.i. GSEA showed that Pbrm1-deficient 

CD8+ T cells exhibited higher effector CD8+ T cell signatures at the whole transcriptional 

level (Figures 3G and 3H). Notably, one of the key pathways significantly downregulated 

in Pbrm1- and Arid2-deleted CD8+ T cells was the type I IFN response pathway. Genes 

involved in IFN response, including Ifi44, Gbp10, Usp18, Oas3, Stat1, and Irf7, were most 

downregulated in Pbrm1- or Arid2-deleted CD8+ T cells (Figures 3J and S3F). Collectively, 

our data suggest that PBAF promotes transcription of key exhaustion associated programs 

such as type I IFN (IFN-I) to promote TPRO-to-TEXH differentiation of the virus-specific 

CD8+ T cells.

PBAF regulates chromatin accessibility associated with cell survival and IFN response

PBAF as a chromatin remodeling complex is known to regulate gene expression 

by orchestrating chromatin-accessible regions (ChARs) and gene transcription 

activity.18,40,46,53–56 To illustrate the genome-wide changes of ChARs regulated by the 

PBAF complex, we performed assay for transposase-accessible chromatin sequencing 

Kharel et al. Page 6

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(ATAC-seq) on sgCtrl and Pbrm1- and Arid2-deleted P14 CD8+ T cells fluorescence-

activated cell sorted (FACS) from LCMV Cl13-infected recipient mice at day 21 p.i. 

PCA and correlation heatmap showed large similarities between the chromatin landscapes 

of Pbrm1- and Arid2-deficient CD8+ T cells, which were distinct from the sgCtrl group 

(Figures 4A and 4B). Unsupervised clustering of all significantly different peaks (adjusted 

p value [p-adjust] < 0.05) showed a cluster of ChARs that lost accessibility when Pbrm1 
or Arid2 was deleted in CD8+ T cells (Figure 4C, cluster 1). Consistent with the flow 

cytometry and RNA-seq analysis, ChARs associated with the TEXH signature such as Tox 
and Cd101 were less accessible in Pbrm1- and Arid2-deficient groups compared with 

their control counterparts (Figure 4C, cluster 1). More strikingly, ChARs associated with 

multiple apoptosis-regulating genes including Bik and Fas showed significant reduction in 

accessibility (Figure 4D, top panels). In line with the reduced IFN-I response pathways 

observed by RNA-seq, reduced chromatin accessibility was also observed at the genetic loci 

associated with IFN response genes, including Irf5 and Ifnar2 (Figure 4D, bottom panels).

To delineate TFs whose binding activities could be regulated by PBAF, we compared 

ChARs from Pbrm1- and Arid2-deleted CD8+ T cells with those from control counterparts. 

Compared with the control, 2,005 and 4,561 ChARs were gained and lost, respectively, in 

the absence of Pbrm1, and 3,423 and 2,684 ChARs were gained and lost, respectively, in 

the absence of Arid2 (Figure 4E). With these differentially accessible regions, we performed 

motif enrichment analysis. Strikingly, CTCF/CTCFL motifs were highly enriched in the 

peak sets that gained accessibility when Pbrm1 or Arid2 was CRIPSR deleted (Figures 

4F and 4G). The CTCF motif was found in over 40% of the regions that were only open 

in Pbrm1- or Arid2-deficient CD8+ T cells. Furthermore, IRF motifs (IRF1, IRF2, IRF3, 

IRF4, IRF8, ISRE) were much more enriched in the lost ChARs, which suggests that 

PBAF may maintain the accessibility of IRFs. These observations suggest a potential PBAF- 

and IFN-involved mechanism that may contribute to CD8+ T cell exhaustion. Overall, the 

analysis of chromatin accessibility suggests that PBAF regulates chromatin permissiveness 

at gene loci, regulating the survival and exhaustion of CD8+ T cells during chronic viral 

infection.

Single-cell multiomics reveals PBAF-regulated exhaustion and proliferation programs in a 
subset-specific manner

To gain further insights into how the PBAF complex regulates dynamic chromatin structure 

changes and examine how PBAF deficiency alters the transcriptional and epigenetic profiles 

of CD8+ T cells, we performed single-cell multiomics analysis on PBAF-deficient CD8+ T 

cells and their wild-type counterparts (Figure 5A). Consistent with previously published 

work15 our multiome data revealed three distinct clusters: progenitor (Tcf7, Il7r, and 

Slamf6), effector (Zeb2), and exhausted (Lag3, Havcr2, Nr4a2), which was consistent for 

both gene expression (Figure S4B) and chromatin accessibility (Figure S4C). Consistent 

with our previous findings, we found an increased proportion of the effector cluster, with a 

corresponding decrease in the proportion of both the progenitor and exhausted clusters, in 

the absence of Arid2 or Pbrm1 (Figure 5C).
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To examine patterns of gene regulation across each subset with and without PBAF, we 

found all differentially expressed genes and differentially accessible chromatin regions with 

an p-adjust of less than 0.05. We then applied K-means clustering to sort these genes and 

chromatin regions into distinct patterns of expression on a heatmap (Figures 5D and 5E). A 

cluster of genes (RNA heatmap cluster 1) and peaks (accessibility heatmap cluster 4) that are 

classically associated with the TEXH subset such as Tox and Nr4a2 and the IFN-I pathway 

was differentially enriched between the sgCtrl and PBAF-deleted CD8+ T cells (Figures 

5D and 5E). Interestingly, the TEXH signature was expressed in the progenitor cluster, but 

only in wild type. To quantify this expression pattern more accurately, we took the top 

100 differentially expressed genes within the progenitor, effector, and exhausted subsets 

from our previously published dataset (GEO: GSE129139) and applied them to Arid2- and 

Pbrm1-deleted CD8+ T cells using Seurat’s module score function (Figure S4D). Notably, 

PBAF-deficient CD8+ T cells had a lower exhausted module score in the TPRO cluster than 

the wild-type control cells (Figure 5F). Conversely, in the absence of PBAF, the progenitor 

cells had an increased effector module score (Figure 5G). Overall, this indicates that PBAF 

plays an important role in maintaining the exhaustion signature starting from the progenitor 

stage.

Lastly, we examined how PBAF alters apoptotic and proliferative profiles using the same K-

means clustering approach of differentially expressed genes and chromatin regions (Figures 

5D and 5E). Notably, we observed a decrease in the expression of apoptotic markers 

(Bcl2l11, Casp3) within the PBAF-deficient progenitor cluster (Figures 5D and 5E), whereas 

other apoptotic markers (Bik, Casp4) had decreased expression regardless of the cluster 

(Figures 5H, 5I, and S4E). Furthermore, there was a cluster of genes (RNA expression 

cluster 6) and peaks (peak accessibility heatmap cluster 2) associated with proliferation-

related markers (Cdc25a, Cdkn2d) that was enriched in PBAF-deficient cells within the 

progenitor and effector subsets (Figures 5D and 5E). Moreover, this group of genes also 

had progenitor-associated TFs, such as Lef1 and Bach2, which possibly suggests that in the 

absence of PBAF, effector cells may retain some progenitor-like properties (Figures 5D and 

5E). Collectively, our results suggest that during chronic viral infection, PBAF maintains 

the permissive chromatin landscape of TEXH genes to determine the TEXH cell fate from 

TPRO. Furthermore, PBAF determine the chromatin accessibility of genes associated with 

apoptosis and proliferation in the TPRO subset to regulate the clonal expansion of CD8+ T 

cells at the late phase of chronic infection.

PBAF-dependent TF motif accessibility regulates CD8+ T cell differentiation and 
proliferation

To further delineate the possible PBAF-modulated transcriptional programs that regulate 

the cell-fate decision of virus-specific CD8+ T cells, TF motif accessibility was examined 

with chromVAR deviation scores. These scores identify TF binding motifs enriched in 

differentially accessible chromatin regions, which we use for examination of how TF 

activity may change across clusters and conditions.57 First, we confirmed that chromVAR’s 

definition of motif accessibility aligned well with previously known subset-specific 

enhancer programs. Specifically, TCF-1, T-bet, and IRF4 binding motifs were enriched 

in the progenitor, effector, and exhausted clusters, respectively (Figure S5A). In order to 
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understand the role of PBAF in driving T cell exhaustion, we next assessed how motif 

accessibility is modulated by the PBAF complex. To do this, we found significantly different 

chomVAR scores and clustered them using K-means clustering (Figure 6A). We observed 

the most striking differences within the progenitor cluster among wild-type and Arid2- and 

Pbrm1-deleted groups. Of note, we found a group of motifs associated with exhaustion, 

such as IRF2,58 IRF4,25 IRF7,26 and FLI159 (motif accessibility heatmap cluster 2) (Figure 

6A) present in the exhausted cluster. The group of exhausted motifs showed a reduced 

accessibility in the PBAF-deficient TEXH subset. Interestingly, this group of exhaustion 

motifs was also present in the progenitor subset, but only in the sgCtrl group. Additionally, 

a cluster containing STAT1 and STAT2 (motif accessibility heatmap cluster 4), which 

are both known TFs involved in IFN-I response,58,60,61 showed enriched accessibility in 

the progenitor subset (Figure 6A). Interestingly, this cluster of motifs lost accessibility 

in the sgArid2 or sgPbrm1 groups, suggesting that PBAF modulates the IFN-I response, 

starting from the progenitor stage. Given the largest differences taking place within the 

progenitor population, we next examined the motif accessibility within the progenitor 

cluster specifically and identified major differences between wild-type and PBAF-deficient 

CD8+ T cells (Figures 6A, 6B, and S5B). Consistent with previously reports showing 

that NFAT is a critical TF for establishing an exhaustion cell fate,28 a reduction in NFAT 

motif accessibility (NFATC1, NFATC2, NFATC3, NFATC4, NFAT5) was observed in the 

absence of PBAF (Figures 6A, 6B, and S5B). Conversely, we found a group of motifs 

that had increased accessibility in the absence of PBAF, mostly within the effector clusters 

(chromatin accessibility heatmap cluster 1) (Figure 6A). Specifically, we observed increased 

accessibility of Stat5a and Runx3 motifs (Figures 6A, 6B, and S5B). Importantly, Stat5 

signaling can epigenetically rewire exhausted CD8+ T cells to a more durable effector-like 

state under chronic antigenic stress.62 Additionally, Runx3 has been shown to drive effector 

differentiation.59 Overall, these data suggest that PBAF regulates the accessibility of TF 

families in a subset-dependent manner, which is necessary for promoting T cell exhaustion 

while restricting effector differentiation.

Interestingly, we found that CTCF had the largest increase in motif accessibility across 

the Arid2- and Pbrm1-deleted T cells when compared with wild-type CD8+ T cells across 

all clusters (Figure 6C). In CD8+ T cells, CTCF has been shown to regulate the genomic 

reorganization necessary for CD8+ effector function through genes, such as Tbx21, Ifng, 

and Klrg1.63 To investigate this idea further, we examined the differentially accessible 

regions that had a CTCF-binding motif present. We found that in the absence of PBAF, 

several effector-related genes such as Ifngr1, Batf, and Cx3cr1 all had more accessible 

chromatin regions that contained a CTCF motif (Figure 6D). Additionally, it has also 

recently been described that TCF-1 and its homolog LEF1 bind to CTCF to undergo 

homeostatic proliferation in response to antigen.64 Interestingly, we noticed that some cells 

in the effector cluster continued to express Tcf7 and Lef1, specifically in the absence of 

PBAF (Figures S5E and S5F). Prior studies on terminally differentiated T cells indicated 

that ectopic expression of TCF-1 could induce a more progenitor like state.65 Lastly, in 

the PBAF-deficient CD8+ T cells, CTCF-binding motifs were found in more accessible 

chromatin regions with cell cycle-related genes such as E2f2, Cdc20, Cdc25b, and Cdkn1a 
(Figures 6D, S5C, and S5D), suggesting the possible mechanisms of increased cellular 
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proliferation associated with reorganized chromatin structure. Together, these observations 

indicate that a fraction of PBAF-deficient effector cells retain “progenitor” properties 

and obtain some capacity to restrain from terminal differentiation through 3D-chromatin 

structure changes.

Loss of PBAF promotes expansion and limits exhaustion of tumor-specific CD8+ T cells to 
confer tumor control

Harnessing the effects of perturbation of PBAF on T cell expansion and exhaustion, we 

decided to test if deleting PBAF in CD8+ T cells could improve tumor control. To do this, 

we employed the B16-F10 melanoma tumor cells expressing the LCMV GP33-41 epitope 

(referred to as B16-GP33 hereafter) (Figure 7A). Remarkably, by day 7 after adoptive 

cell transfer (ACT), the recipients of Arid2-deleted P14 CD8+ T cells had a significantly 

lower tumor burden compared with the control group (Figure 7B). To investigate the 

tumor-specific CD8+ T cell response, we isolated CD8+ T cells on day 8 after ACT 

and observed a significant increase in the frequency and cell number of Arid2-deficient 

CD8+ P14 cells in the tumor and draining lymph nodes (Figures 7B–7D, S6A, and S6B). 

Strikingly, Arid2-deficient P14 cells displayed a significant reduction in the expression 

of PD-1 and LAG3 and a significant increase in the expression of CXCR6 (Figure 7E). 

Together, these findings indicate that the loss of Arid2 generates less exhausted, highly 

proliferative tumor-infiltrating effector CD8+ T cells, resulting in improved tumor control.

To determine whether the loss of PBAF complex activity promotes effector differentiation 

and limits exhaustion as observed in chronic viral infection, we performed multidimensional 

flow cytometry to fully characterize the heterogeneity of tumor-specific CD8+ T cells. We 

observed an overall reduction in expression of TCF-1, PD-1, and TIM-3 and increased 

expression of effector genes such as CXCR6 and CX3CR1 in Arid2-deleted CD8+ T cells 

(Figure S6C). Notably, tumor-specific CD8+ T cells grouped distinctly into three major 

clusters as visualized by uniform manifold approximation and projection (UMAP) (Figures 

7F and 7G). Our analysis identified the presence of a stem-like cluster that exhibited high 

expression of TCF-1 (Figure S6D), an exhaustion subset expressing PD-1 (Figure S6E), 

and an effector-like subset that coexpressed CXCR6 and CD44 (Figures S6F and S6G). We 

observed a significant increase in the frequency of the effector like CXCR6+CD44+ cluster 

in the tumor from Arid2-deleted CD8+ T cell recipients compared with the control (26.2% 

versus 8.72%) (Figures 7H and 7I). The increased effector differentiation was accompanied 

by a reduction in the frequency of PD-1+ and TCF-1+ clusters in Arid2-deleted CD8+ T 

cells (Figures 7H and 7I). Intriguingly, Arid2-deleted CD8+ T cells coexpressed CX3CR1, 

CXCR6, and KLRD1 in the TCF-1+ progenitor cluster, suggesting that loss of PBAF results 

in retention of “progenitor” properties in effector cells (Figure 7J). Moreover, the PD-1+ 

cluster in Arid2-deficient CD8+ T cells displayed reduced expression of TIM-3, LAG3, and 

PD-1, further suggesting that perturbation of PBAF sufficiently limits T cell exhaustion 

(Figure 7J). Lastly, the loss of Arid2 promoted the expression of KLRD1 and inhibited 

TCF1 and TOX expression in the CXCR6+CD44+ cluster, further indicating an increased 

effector profile of tumor-specific CD8+ T cells following PBAF deletion (Figure 7J).
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Finally, to compare the wild-type and Arid2-deleted CD8+ T cell response independent of 

the tumor volume, we cotransferred an equal number of congenic sgCtrl and sgArid2 P14 

CD8+ T cells into B16-GP33-bearing recipient mice (Figure S6H). At day 8 after ACT, we 

isolated tumor-infilitrating lymphocytes (TILs) and assessed CD8+ T cell response. Notably, 

Arid2-deleted CD8+ T cells exhibited a significant increase in the number and frequency 

of tumor-specific Arid2-deficient CD8+ T cells compared with their wild-type counterparts 

(Figures S6I–S6K). Furthermore, Arid2-deficient CD8+ T cells consisted lower frequency 

of PD-1+TOX+ CD8+ T cells compared with the sgCtrl group. This suggests that given 

the same tumor microenvironment, Arid2 deficiency confers higher proliferative capacity 

and reduced terminal exhaustionin tumor-responding CD8+ T cells than their wild-type 

counterparts. Of note, consistent with the chronic infection model, we did not notice any 

significant difference in the expression of granzyme B between the control group and the 

Arid2-deleted CD8+T cells Figure S6N). Collectively, our data demonstrate that the PBAF 

complex plays an important role in regulating expansion and promoting exhaustion in 

tumor-specific CD8+T cells. Perturbation of PBAF complex activity in CD8+ T cells renders 

higher proliferative capacity and reduced exhaustion, which makes PBAF an attractive target 

for cancer immunotherapy.

DISCUSSION

In this study, we identified a previously unappreciated role of the PBAF complex in CD8+ 

T cell differentiation during chronic viral infection and cancer. We demonstrated that 

PBAF as a chromatin remodeling complex restrained clonal expansion and promoted T cell 

exhaustion at the expense of effector cell differentiation during chronic LCMV infection. 

Our multiomics analyses demonstrated that the PBAF-mediated epigenetic landscape 

regulated cell cycle progression and apoptosis and favored exhaustion-related transcription 

programs, such as the IFN-I response. To harness this new knowledge, we performed ACT 

experiments with Arid2-deleted CD8+ T cells and found increased tumor control mediated 

by heightened effector cell proliferation and limited exhaustion. Overall, these findings 

improve our understanding of how PBAF-regulated chromatin changes affect the cell-fate 

decision during CD8+ T cell differentiation. Targeting PBAF complex activity could lead to 

therapeutic designs to overcome T cell exhaustion in treating chronic infection and cancer.

Despite playing a critical role in T cell development, proliferation, and activation, the role of 

BAF complexes in CD8+ T cell differentiation has been understudied. Recently loss of the 

cBAF complex was reported to preserve the memory potential of CD8+ T cells and prevent 

terminal differentiation.47,48 This distinct function of the cBAF complex from the PBAF 

complex (this study) suggests a lineage-specific role of the BAF complexes in regulating 

the chromatin organization to determine CD8+ T cell fate. Additionally, the ncBAF complex 

was recently identified as the key regulator of Foxp3 and Treg lineage stability.46 It remains 

to be investigated whether the ncBAF complex also plays distinct role in regulating the 

differentiation trajectories of CD8+ T cells during chronic infection and cancer. Given 

the availability of pharmacological BAF inhibitors and their reported CD8+-intrinsic and 

-extrinsic tumor suppression, elucidating molecular mechanisms of how BAF complexes 

coordinately regulate CD8+ T cell differentiation will likely gain more attraction in the 

future.
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Our single-cell multiomics analysis revealed that CTCF gene expression, chromatin 

accessibility, and its motif binding score were noticeably shifted from TPRO and TEXH 

subsets to the TEFF subset in the absence of PBAF. Coincident with this redistribution of the 

CTCF-binding motif was increased chromatin accessibility and gene expression of Tcf7 and 

Lef1 in the TEFF subset when PBAF activity is abrogated. Given that Tcf7 and Lef1 should 

normally be silenced while TPRO transitions to the terminal TEFF subset, this unexpected 

gene activity suggests that the reorganized chromatin structures may favor effector cell 

differentiation without losing some progenitor features, such as CTCF-TCF-1-dependent 

proliferative potential as previously reported.64 This may also account for the increased 

clonal size observed in PBAF-deficient CD8+ T cells. Interestingly, although constitutive 

CTCF-binding sites are well regarded for maintaining invariable chromatin architecture, 

more recent studies indicate that a considerable fraction of CTCF occupancy is dynamic 

(i.e., variable across cell types) and lineage specific.66–69 The dynamic CTCF binding 

was reported to colocalize with lineage-specific TFs at the key cis-regulatory elements 

(CREs), governing hematopoiesis69 and CD8+ T cell homeostasis.64 More intriguingly, the 

recently identified association of BRG1 with CTCF and cohesion complex70,71 suggests 

that SWI/SNF chromatin remodeling complexes could regulate the accessibility of dynamic 

CTCF-binding sites.38,72 Thus, it would be exciting to investigate if PBAF could regulate 

CD8+ T cell differentiation through the CTCF-regulated structure changes of CREs.

Our high-dimensional flow cytometry analysis identified three clusters of tumor-infiltrating 

CD8+ T cells that phenotypically resembled the three major subsets observed during chronic 

viral infection. It is, however, important to note that there were differences in CD8+ 

T cell subset definition between cancer and chronic viral infection. Recently, CD8+ T 

cells expressing CXCR6 have been identified as highly proliferative and functional tumor-

infiltrating CD8+ T cells that promote tumor control. Using this knowledge, we identified an 

effector-like subset expressing CXCR6, along with high KLRD1 and CD44 expression.73,74 

Despite the different surface receptor, we observed similar phenotypic changes in PBAF-

deleted CD8+ T cells from an LCMV Cl13 infection and tumor model.

Limitations of the study

Our research indicates that there are slight variations in the characteristics of Arid2- 

and Pbrm1-deleted CD8+ T cells. We could not accurately determine deletion efficiency 

between Arid2 and Pbrm1 gRNAs due to the lack of commercially available western blot 

antibodies to detect Arid2. Additionally, we were unable to obtain data to demonstrate the 

genomic localization of the PBAF complex, which would enable us to identify the precise 

molecular mechanism by which the PBAF complex regulated expansion and TPRO-to-TEXH 

differentiation. Therefore, the changes in the chromatin accessibility observed following the 

loss of PBAF cannot be used as conclusive evidence of PBAF-mediated epigenetic changes. 

Another caveat of this study is that the heterogeneity of CD8+ T cells is limited to only three 

defined subsets, and recent advances have demonstrated the presence of an intermediate 

subset26 and a new progenitor subset expressing CD62L.20 Therefore, it is likely that the 

PBAF complex plays a bigger role in determining the cell fate of CD8+ T cells during 

chronic infection.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Weiguo Cui 

(Weiguo.cui@northwestern.edu).

Materials availability—No new reagents were generated in this study.

Data and code availability

• The Single Cell Multiome ATAC + Gene Expression, Bulk RNA sequencing and 

Bulk ATAC sequencing data have been deposited at Gene Expression Omnibus 

(GEO): GSE and are publicly available as of the date of publication. Accession 

numbers are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice, mixed bone marrow chimeras and LCMV infection—Four-to eight-week-old 

female C57BL/6 and female C57BL/6 CD45.1 congenic mice were purchased from Charles 

River. Female Vav-cre+; Arid2flox/flox mice were kindly provided by Dr. Nan Zhu (Medical 

college of Wisconsin, Milwaukee, WI). Mixed bone marrow chimeras were generated by 

reconstituting lethally irradiated CD45.1/CD45.2 CD8α−/− mice (10 male and 5 female) 

with bone marrow from CD45.1 CD8−/− and wildtype CD45.2 or Arid2−/− Cd45.2 donors 

mixed at 7:3 ratio (Figures S2A–S2C). All donor mice were female. To establish chronic 

infection, 2 × 106 PFU LCMV Cl13 was intravenously injected into each mouse. LCMV 

Cl13 was prepared by a single passage on BHK21 cells and viral titers were determined by 

plaque formation assay on Vero cells. All animal husbandry and experiments were approved 

by the Institutional Animal Care and Use Committee (IACUC) at the Medical College of 

Wisconsin and Northwestern University.

METHOD DETAILS

CRISPR/Cas9 RNP transfection and adoptive cell transfer—CRIPSR/RNP 

transfection was performed as previously described.51 RNP electroporation was performed 

with naive CD8+ T cells (for LCMV Cl13 infection), or total CD8+ T cells (for tumor 

experiments) isolated from spleens of donor P14 mice using EasySep immunomagnetic 

negative selection kits from STEMCELL. Briefly, Cas9 (Alt-R S.p. Cas9 Nuclease, IDT) 

and sgRNAs (Synthego) were combined and incubated at RT for 10 min. For each target, 

two sgRNAs was used to increase knockout efficiency. Electroporation was performed using 

the 4D-NucleofectorTM 4 Core Unit and P3 primary cell 4D-NucleofectorTM5 X kit S 

with program DN100. Following the electroporation, cells were kept in an incubator for 10 

min at 37°C. For LCMV Cl13 infection studies, 2,500 cells were immediately adoptively 

transferred to naive C57BL/6 recipient mice via i.v. injection followed by LCMV Cl13 
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infection. For tumor studies, the cells were activated with anti-CD3 and anti-CD28 for 3 

days and 1x106 cells were adoptively transferred to separate groups of tumor-bearing mice. 

For co-transfer tumor experiments, cells were mixed at a 1:1 ratio (1x106) before adoptive 

transfer.

Tumor cell lines and tumor inoculation—B16-F10 cells from ATCC were used to 

generate B16-GP33 tumor cell line expressing the LCMV Cl13 GP33-41 peptide. Tumor 

cells were cultured in DMEM media (Corning) supplemented with 10% (v/v) FBS and 

Geneticin selective antibiotics at a final concentration of 200 μg/mL. Melanoma tumors 

were established by subcutaneously injecting 0.5 × 105 B16-GP33 cells at the right flank of 

C57BL/6 mice. For tumor growth experiments, mice were randomly assigned to different 

treatment groups. Tumor growth was monitored by calipers every other day, and tumor 

volume was calculated as [length × (width)2]/2.

Immune cell isolation from tumors—Tumors were dissected, cut into 2–3 mm 

sections, and digested in complete RPMI media containing 10% FBS, 0.7 mg/mL 

collagenase I (Worthington, Lakewood, NJ, USA), 100 μg/mL bovine pancreatic DNase 

type I, grade II (Sigma-Aldrich, St. Louis, MO, USA), and 5 mM MgCl2 (Sigma-Aldrich) 

for 1 h at 37°C while shaking. Tumors were then passed through a cell strainer and immune 

cells were isolated via gradient centrifugation with LymphoPrep (Stem Cell Technologies, 

Vancouver, BC, Canada, USA).

Flow cytometry—Lymphocytes isolated from spleen, blood, and lymph nodes were 

stained with H-2Db/GP33 (MHC class I tetramer) or congenic markers (CD45.1/CD45.2), 

together with antibodies against cell surface antigens for 30–60 min at 4°C. For Granzyme 

B and cytokine staining, cells were then fixed with the paraformaldehyde Fixation Buffer 

(Biolegend) for 20 min at RT. For transcription factor staining, cells were fixed with True-

Nuclear Transcription Factor Buffer Set (Biolegend) overnight at 4°C. Intracellular and 

transcription factor stains were performed in Intracellular Staining Permeabilization Wash 

Buffer (Biolegend). Flow cytometry data were acquired on an LSRII, FACSCelesta or Cytek 

Aurora flow cytometer and analyzed using FlowJo or Cytobank.

Focus forming assay for virus titer quantification—Serum was isolated, snap-

frozen on dry ice, and subsequently stored in an −80°C freezer. Vero cells were seeded 

in a 96-well plate at a density of 30,000 cells/well and cultured overnight. Serum samples 

were added to Vero cells (1:25 dilution) and incubated at 37°C, 5% CO2 for ~20 h. Infected 

cells were detected by probing with rat anti-LCMV nucleoprotein InVivo MAb clone VL-4 

(BioXCell BED106), followed by goat anti-rat IgG2a-FITC (BethylA110-109F). Clusters of 

infected cells (foci) were counted by IncuCyte S3 Live-Cell Analysis System and reported as 

focus forming units (FFU).

TIDE assay—The TIDE assay was performed as previously described. Briefly, DNA was 

extracted from cells (DNeasy Blood and Tissue kit, QIAgen catalog no. 69506) and PCR 

was used to amplify the expected sgRNA target site, which was then purified (QIAquick 

PCR Purification kit, QIAgen catalog no. 28106) and analyzed by Sanger sequencing.
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Bulk RNA sequencing and data analysis—CD45.1+ CD8 P14 T cell were FACS-

sorted from the spleens of LCMV Cl13-infected mice at day 21 p.i. Total RNA was purified 

with RNeasy Plus Micro Kit (Qiagen) and used for preparing RNA-seq libraries following 

the SMART-seq2 protocol82 and sequenced on an Illumina NextSeq 500 sequencer. 

Raw sequencing data was first processed by nf-core/rnaseq pipeline (v3.8.1)83 with the 

default settings. Sequencing reads were aligned to GRCm38 mouse genome by Salmon.84 

Differential analysis was then performed with DEseq2 (v1.36.0) (Love MI, 2014). Gene Set 

Enrichment Analysis (GSEA) was performed with clusterProfiler (v4.4.4)85 and gene set 

database msigdbr (v7.5.1).86,87 ggplot2 (v3.4.0) was used for plotting.

ATAC sequencing and data analysis—A total of 50,000 FACS-sorted P14 T cells 

from LCMV Cl13-infected mice at day 21 p.i were used for ATAC-seq library construction 

following the Omni-ATAC protocol.88 Paired-end sequencing of the libraries was performed 

on an Illumina NextSeq 500 sequencer. Raw sequencing data were first processed by nf-
core/atacseq pipeline (v1.2.2)83 with the default settings. Sequencing reads were aligned to 

GRCm38 mouse genome by BWA.89 MACS290 was used for peak calling with a threshold 

of FDR >0.05 and consensus peaks that were found in at least two replicates were kept 

for downstream analysis. Differential analysis was then performed with DEseq2 (v1.36.0).91 

Preprocessed data were analyzed with DiffBind (v3.6.5)92 to identify the open chromatin 

regions uniquely accessible in the consensus peaks sets of each condition. The identified 

condition specific peak sets were then exported in bed file format for motif analysis and 

gene annotation using Homer (v4.1.0).93 Peak tracks were visualized by IGV viewer.94,95

Single cell multiomic sequencing—CD45.1+ CD8 P14 cells were FACS-sorted from 

the spleen and inguinal lymph nodes of mice at day 21 post LCMV Cl13 infection. Nuclei 

were isolated and processed with the Chromium Single Cell Multiome ATAC + Gene 

Expression Reagent Kit following manufacture’s manual (10x genomics). Two separate sets 

of libraries, Gene expression (GEX) and ATAC, were generated from each sample. GEX 

libraries were sequenced on an Illumina NextSeq 500 sequencer and ATAC libraries were 

sequenced on an Illumina NovaSeq 6000 sequencer by Linda T. and John A. Mellowes 

Center for Genomic Sciences and Precision Medicine at Medical College of Wisconsin.

Single cell multiomic sequencing analysis—Raw sequencing data were downloaded 

from Illumina BaseSpace. The “mkfastq” and ’count” functions from CellRanger-arc 
(v2.0.2) (10x Genomics) were used to demultiplex and covert data to a gene-barcode 

matrix. Reads were aligned to the mm10 reference genome. Analysis was performed in 

R (v4.2.1) using the package Seurat (v4.2.0)77,78,79 and Signac.96 The package ggplot2 
(v3.3.6) was used to generate figures while the package tidyverse (v1.3.2) used to organize 

data. Quality control was performed on each modality independently, using standard 

approaches for RNA and ATAC-seq data. Quality control filtrated out low quality cells 

with a high percentage of mitochondrial genes in the transcriptome (>6%). High quality 

cells were determined to have between 200 and 2000 unique genes and between 3000 

and 70000 peaks, which removed background noise and doublets. Log normalization and 

variable-feature identification were performed for each sample individually. We then used 

the FindIntegrationAnchors function to overlay the datasets. When scaling gene expression 
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values, cell cycle scores were regressed. T cell receptor genes were removed from variable 

features. Chromatin accessibility counts were normalized using term frequency inverse 

document frequency (TF-IDF). Dimensionality of chromatin data was reduced by singular 

value decomposition. The resultant LSI (latent semantic indexing) and RNA anchors were 

used to integrate across samples with IntegrateEmbeddings() function. We then calculated 

Weighted Nearest Neighbors (WNN) and visualized this through dimensionality reduction 

by uniform manifold approximation (UMAP). To analyze motifs, position frequency 

matrices were downloaded from the JASPAR2020 database.97 Motif activities per cell were 

calculated using the RunChromVAR function in Signac.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism 9 for macOS. A two-tailed Students’ t-test 

was used to calculate statistical significance between two independent conditions. A p-value 

of <0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PBAF complex restricts expansion of virus-specific CD8+ T cells during 

chronic infection

• Loss of PBAF promotes TPRO-to-TEFF transition during chronic infection and 

cancer

• PBAF regulates motif accessibility of transcription factors that drive T cell 

exhaustion

• PBAF-deficient CD8+ T cells confer higher viral and tumor control
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Figure 1. PBAF restricts expansion and promotes exhaustion of LCMV-specific CD8+ cells
(A) Mixed bone marrow (MBM) chimeric mice reconstituted with CD45.1 CD8α−/− and 

wild-type CD45.2 or Arid2−/− CD45.2 were infected with LCMV clone 13 (Cl13) and 

analyzed on day 21 p.i.

(B) Representative flow plots showing the frequency of GP33+ splenic CD8+ T cells in 

MBM chimera mice.

(C–G) Summary data showing the proportion, subset distribution, and total number of 

GP33+ splenic CD8+ T cells in MBM chimera mice.
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(H) Summary data displaying the per cell expression (geometric mean fluorescence intensity 

[gMFI]) of PD-1, LAG3, and TIM3 in GP33+ splenic CD8+ T cells.

(I) Representative flow plots and summary data showing the proportion of IFN-γ+CD8+ T 

cells.

(J) Representative flow plots and summary data showing gMFI of granzyme B in GP33+ 

splenic CD8+ T cells.

(K) Summary data showing the gMFI of TCF1, T-bet, Eomes, and TOX in GP33+ splenic 

CD8+ T cells.

(L) Scatterplot displaying viral load in the sera.

Summary data (mean ± SEM) are pooled from 2 experiments with at least 3 mice/group/

experiment. Data are representative of two independent experiments. *p < 0.05, **p < 0.01, 

***p < 0.0001.
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Figure 2. PBAF regulates expansion of virus-specific CD8+ T cells during the late phase of 
infection
(A) CD45.1+P14+CD8+ T cells transduced with sgCtrl and Arid2 or Pbrm1 guide RNA were 

adoptively transferred into CD45.2+ C57BL/6 mice that were subsequently infected with 

LCMV Cl13.

(B) Representative flow plots showing the frequency of control and Arid2- or Pbrm1-deleted 

CD8+ T cells on days 8 and 21.

(C and D) Proportion and frequency of CD45.1+ cells in PBMCs on days 8, 15, and 21.
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(E–H) Frequency and absolute numbers of CD45.1+ cells in lymph nodes and spleen on day 

21 p.i.

(I) PCA plot of bulk RNA-seq of sgCtrl and sgArid2.

(J) PCA plot of bulk RNA-seq of sgCtrl and sgPbrm1.

(K) GSEA showing pathways significantly up- or downregulated in chronically infected 

Pbrm1-deficient P14 T cells.

(L and M) Enrichment plots showing representative gene sets identified in the GSEA of 

Pbrm1-deficient P14 T cells.

Summary data (mean ± SEM) in (C), (D), (G), and (H) are pooled from at least 2 

independent experiments with at least 3 mice/group per experiment. (E) and (F) are from 

one independent experiment with at least 4 mice/group. Data in (B)–(D) are representative 

of three independent experiments. (I–M) Four replicates were included in each condition. *p 

< 0.05, **p < 0.01, ***p < 0.0001. Illustration created with BioRender.com.
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Figure 3. PBAF promotes the transition of TPRO to TEXH by regulating IFN-I response
(A) Representative flow plots and summary data showing the frequency of the three subsets 

of control and Arid2- or Pbrm1-deleted CD45.1+CD8+ T cells 21 days p.i.

(B and C) Representative and summary plot displaying the frequency and numbers of the 

three subsets within control or Arid2 and Pbrm1 guide RNA (gRNA) transduced P14 CD8+ 

T cells.

(D and E) Summary data showing gMFI of LAG3, Tim3, PD-1, 2B4, KLRD1, KLRG1, 

TIGIT, TCF1, Tbet, Eomes, and TOX in CD45.1+ CD8 T cells.

Kharel et al. Page 28

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F) Plot displaying viral load in the sera from experimental mice reciving control or Arid2- 

or Pbrm1-deleted T cells.

(G) Bulk RNA-seq GSEA results showing pathways significantly up- or downregulated in 

Pbrm1-deficient P14 T cells during LCMV Cl13 infection.

(H and I) Enrichment plots showing representative gene sets identified in the GSEA of 

Pbrm1-deficient P14 T cells.

(J) Heatmap of IFN pathway-related genes with differential expression between control and 

Pbrm1-deficient conditions.

Summary data (mean ± SEM) are pooled from at least 2 independent experiments with at 

least 4 mice/group per experiment. (F) is from one independent experiment with at least 4 

mice/group. Data are representative of three independent experiments. (G–J) Four replicates 

were included in each condition. *p < 0.05, **p < 0.01, ***p < 0.0001.
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Figure 4. ATAC-seq analysis reveals chromatin accessibility regulated by PBAF
(A) PCA plot showing the top two principles delineating the genome-wide chromatin 

accessibility variations among sgPbrm1, sgArid2, and sgCtrl P14 T cells at day 21 post-

LCMV Cl13 infection. Four replicates were included in each condition.

(B) Correlation heatmap showing the similarity of chromatin accessibility profiles across 

ATAC-seq samples.

(C) Heatmap showing unsupervised clustering of differentially accessible chromatin regions. 

Number of peaks associated with genes of interest are listed under each cluster.

(D) IGV tracks showing the open chromatin regions associated with representative genes 

involved in apoptosis (Bik and Fas) and IFN response (Irf5 and Ifnar2). Differentially 

accessible regions (p-adjust < 0.05) are highlighted in red.

(E) Venn plots showing the number of overlapped and condition-specific chromatin-

accessible regions identified by occupancy analysis.

(F and G) Motifs most significantly enriched in sgPbrm1-specific (F) or sgArid2-specific 

(G) versus sgCtrl-specific ATAC-seq peak sets identified in the occupancy analysis. Dot 
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position shows the percentage of condition-specific sequences that contain the motifs. Dot 

color represents the normalized enrichment score.
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Figure 5. Single-cell multiomics reveals PBAF-regulated exhaustion and proliferation programs 
in a subset-specific manner
(A) Experimental design for multimodal analysis of the same cell with both single-nucleus 

RNA (snRNA) and scATAC-seq following chronic infection with LCMV Cl13.

(B) Weighted nearest-neighbor uniform manifold approximation and projection 

(wnnUMAP) plot of splenic GP33+ CD8+ T cells from three mice from 21 days post-LCMV 

Cl13 infection. Each dot represents one cell, and cells are colored by cluster identity.

(C) Bar graph showing cluster distribution frequencies of each sample.
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(D) Heatmap of differentially expressed genes for sgCtrl, sgArid2, and sgPbrm1 conditions 

for each cluster with K-means clustering.

(E) Heatmap of differentially expressed chromatin regions for sgCtrl, sgArid2, and sgPbrm1 

conditions for each cluster with K-means clustering.

(F) Module scores of the top 100 differentially expressed genes from previously identified 

exhausted splenic CD8+ T cells for sgCtrl, sgArid2, and sgPbrm1 in the progenitor cluster.

(G) Module scores of the top 100 differentially expressed genes from previously identified 

effector splenic CD8+ T cells for sgCtrl, sgArid2, and sgPbrm1 in the progenitor cluster. (F 

and G) p values determined by two-sided Wilcoxon rank-sum test. *p < 0.05, **p < 0.01, 

***p < 0.0001.

(H and I) Dot plot showing expression of proliferation markers. Dot size denotes the number 

of cells with a particular gene expressed, and intensity of dot color indicates the expression 

level of RNA expression (H) and transcription start site (TSS) accessibility (I).
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Figure 6. PBAF modulates motif accessibility
(A) Heatmap of differentially accessible TF motifs for sgCtrl, sgArid2, and sgPbrm1 

conditions for each cluster with K-means clustering.

(B) Volcano plot showing motifs that are differentially accessible between sgPbrm1 and 

sgCtrl in the progenitor cluster.

(C) wnnUMAP of CTCF motif accessibility represented by chromVar deviation scores.

(D) Volcano plot showing differentially accessible peaks that contain the CTCF motif 

between sgArid2 and sgCtrl.
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Figure 7. Loss of PBAF promotes expansion and limits T cell exhaustion to control tumor
(A) Experimental design.

(B) Tumor growth curves; of note, summary data are from (n = 9) sgCtrl transduced cell 

recipients and (n = 13) sgArid2 transduced cell recipients. sgCtrl transduced cell recipient 

mice that did not developed >10% of tumor volume (n = 1) were excluded from the analysis.

(C and D) Summary plot showing the frequency of CD45.1+ CD8+ T cells in the tumor and 

draining lymph node at day 8 post-ACT.
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(E) FlowJo analysis showing summary data showing the per-cell expression (gMFI) of 

LAG3, PD1, and CXCR6 in CD45.1+ CD8+ T cells.

(F-J) The phenotype of CD45.1+ CD8+ T cells in the tumor was assessed by high-

dimensional spectral flow cytometry on 12 markers using Cytobank (STAR Methods).

(F and G) Unbiased UMAP displaying clusters identified four clusters following 

concatenation of CD45.1+ CD8 T cells: (n = 6) sgCtrl transduced cells and (n = 6) sgArid2 
transduced cells.

(H and I) Frequency of the three populations displayed using Population Sunburst.

(J) Heatmap showing the mean expression of each marker in gated population.

Data (mean ± SEM) in (C) and (E) are pooled and are from at least 3 mice/group/experiment 

and are representative of at least 3 independent experiments. (D) is from one independent 

experiment with 4 mice/group. Heatmaps were generated using hyperbolic arcsine (arcsinh) 

transformation against the mean expression of the combined concatenated samples. *p < 

0.05, **p < 0.01, ***p < 0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE LCMV I-A(b) GP66-77 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu

PE or APC LCMV DbGP33 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu

PE LCMV DbGP276 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu

PE LCMV DbNP396 tetramer NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu

BV711 anti-mouse CD4 BioLegend Cat# 100549, RRID:AB_11219396

BV510 anti-mouse/human CD44 BioLegend Cat# 103044, RRID:AB_2650923

APC anti-mouse CD185 (CXCR5) BioLegend Cat# 145506, RRID: AB_2561970

PE/Cyanine7 anti-mouse CX3CR1 BioLegend Cat#149016, RRID: AB_2565700

APC/Cyanine7 anti-mouse CD279 (PD-1) BioLegend Cat#, 135224 RRID: AB_2563523

PE/Dazzle 594 anti-mouse CD186 (CXCR6) BioLegend Cat# 151117, RRID:AB_2721700

PE/Dazzle 594 anti-mouse/human CD45R/B220 Antibody BioLegend Cat# 103258, RRID:AB_2564053

APC anti-mouse CD138 (Syndecan-1) Biolegend Cat# 142505, RRID:AB_10960141

FITC anti-MU/HU GL7 Antigen (T/B Cell Act. Marker) BioLegend Cat# 144604, RRID:AB_2561697

APC/Cyanine7 anti-mouse IgM Biolegend Cat# 406515, RRID:AB_10690815

PE anti-mouse CD95 (Fas) BioLegend Cat# 152608, RRID:AB_2632902

Brilliant Violet 421 anti-mouse IgD Biolegend Cat# 405725, RRID:AB_2562743

Brilliant Violet 711 anti-mouse CD8a Biolegend Cat# 100748, RRID:AB_2562100

APC anti-mouse CD223 (LAG-3) Biolegend Cat# 125209, RRID:AB_10639935

PE/Cyanine7 anti-mouse CD186 (CXCR6) Biolegend Cat# 151119, RRID:AB_2721670

CD366 (TIM3) Monoclonal Antibody (RMT3-23), FITC, eBioscience Cat# 11-5870-82, RRID:AB_2688129

TOX Antibody, anti-human/mouse, PE, REAfinity™ Miltenyi Biotec Cat# 130-120-716, RRID:AB_2801780

APC anti-T-bet Biolegend Cat# 644814, RRID:AB_10901173

PE anti-T-bet Biolegend Cat# 644810, RRID:AB_2200542

EOMES Monoclonal Antibody (Dan11mag), PE-Cyanine7 eBioscience Cat# 25-4875-82, RRID:AB_2573454

FITC Donkey anti-rabbit IgG (min. x-reactivity) Biolegend Cat# 406403, RRID:AB_893531

PE/Cyanine7 anti-mouse IFN-gamma Biolegend Cat# 505826, RRID:AB_2295770

APC anti-mouse/rat TNF-alpha Biolegend Cat# 506108, RRID:AB_2721315

APC/Cyanine7 anti-mouse CD107a (LAMP-1) Biolegend Cat# 121616, RRID:AB_10643268

PE/Dazzle 594 anti-human/mouse Granzyme B Recombinant Biolegend Cat# 372215, RRID:AB_2728382

APC/Cyanine7 anti-mouse/human CD44 BioLegend Cat# 103028, RRID:AB_830785

PE/Cyanine7 anti-mouse CD279 (PD-1) BioLegend Cat# 135216, RRID:AB_10689635

PE/Dazzle 594 anti-mouse CX3CR1 BioLegend Cat# 149014, RRID:AB_2565698

Pacific Blue anti-mouse Ly108 BioLegend Cat# 134608, RRID:AB_2188093

Pacific Blue anti-mouse CD45.2 BioLegend Cat# 109820, RRID:AB_492872

APC/Cyanine7 anti-mouse/human KLRG1 (MAFA) Biolegend Cat# 138425, RRID:AB_2566553

BV480 Rat Anti-Mouse CD8a BDbiosciences Cat# 566096, RRID:AB_2739500
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REAGENT or RESOURCE SOURCE IDENTIFIER

BV510 anti-mouse CD366 (TIM-3) BDbiosciences Cat# 747625, RRID:AB_2744191

Brilliant Violet 605(TM) anti-mouse CX3CR1 Biolegend Cat# 149027, RRID:AB_2565937

BV650 anti-mouse TIGIT BDbiosciences Cat# 744213, RRID:AB_2742062

Brilliant Violet 711(TM) anti-mouse CD186 (CXCR6) Biolegend Cat# 151111, RRID:AB_2721558

Brilliant Violet 785(TM) anti-mouse CD45.1 Biolegend Cat# 110743, RRID:AB_2563379

FITC anti-rat CD90/mouse CD90.1 (Thy-1.1) Biolegend Cat# 202504, RRID:AB_1595653

PE/Cyanine5 anti-mouse/human CD44 Biolegend Cat# 103009, RRID:AB_312960

BUV395 anti-mouse CD44 BDbiosciences Cat# 740215, RRID:AB_2739963

PE/Cyanine7 anti-mouse CD94 Biolegend Cat# 105509, RRID:AB_2632663

Bacterial and virus strains

LCMV Clone 13 Rafi Ahmed, PhD Grown in house

Chemicals, peptides, and recombinant proteins

Brefeldin A Solution (1,000X) Biolegend Cat#420601

Fixation Buffer Biolegend Cat#420801

KAVYNFATM (GP3341) peptide GenScript RP20-257

True Nuclear Transcription Factor Buffer Set Biolegend Cat#424401

Live/Dead Fixable Aqua Kit ThermoFisher Cat# L34957

Collagenase, Type 1 Worthington Cat# LS004194

DNase I Milipore Sigma Cat# 10104159001

Critical commercial assays

EasySep Mouse CD8+ T cell isolation Kit Stem Cell Cat#19853

EasySep™ Mouse Naive CD8+ T cell Isolation Kit Stem Cell Cat#19858

Chromium Next GEM Single Cell Multiome ATAC + Gene 
Expression Reagent Bundle, 4 rxns

10X Genomics Cat# 1000285

Dynabeads™ MyOne™ SILANE 10x Genomics Cat# PN-2000048

Library Construction Kit 10x Genomics Cat# PN-1000190

Dual Index Kit TT Set A 10x Genomics Cat# PN-1000215

SPRIselect Reagent Kit Beckman Coulter Cat#B23318

Kappa NGS quantification kit KAPABiosystems Cat#KK4824

NextSeq 500/550 High Output Kit v2.5 (150 cycles) Illumina Cat#20024907

HSD5000 ScreenTape Agilent Cat# 5067-5592

Agencourt AMPure XP Beckman Coulter Cat# A63880

Deposited data

Single cell ATAC + RNAseq, Bulk ATCAseq and Bulk RNAseq 
from CD45.1+ P14 CD8+ T cells, day 21 post-LCMV Cl13 
infection

This paper GSE222346

scRNAseq from GP33+ CD8 T cells, day 30 post LCMV Cl13 
infection

Zander et al.15 GSE129139

Experimental models: Organisms/strains

C57BL/6 mice Charles River N/A

CD45.1 congenic mice Charles River N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Vav-cre+; Arid2flox/flox mice Previous study Bluemn et al.75

B16-DBGP33 (B16gp33) Prévost-Blondel et al.76 Grown in house

Oligonucleotides

GCCGTTTAAGAAGATCCCTG (Arid2_gRNA#1) This paper Synthego

TCCGCCTAAAGTAGTGACTC (Arid2_gRNA#2) This paper Synthego

TGATCCATACTGAAGTGCCA (Pbrm1_gRNA#1) This paper Synthego

TCCAGAAAACTTTCGCGATG (Pbrm1_gRNA#2) This paper Synthego

Software and algorithms

Cell Ranger 6.0 10x Genomics https://support.10xgenomics.com/single-
cell-gene-expression/software/pipelines/
latest/installation

Seurat 4.0.6 Butler et al. and Stuart et 
al.77,78

https://satijalab.org/seurat/

FlowJo 10.7.1 Tree Star N/A

Prism 9 Graphpad Software N/A

Cytobank Beckman Coulter https://support.cytobank.org/hc/en-us

Signac 1.9.0 Stuart et al.79 https://stuartlab.org/signac/

Tidyverse 1.3.2 Wickham et al.80 https://www.tidyverse.org/

Complex Heatmap 3.17 Gu et al.81 https://github.com/jokergoo/
ComplexHeatmap

Biorender N/A Biorender.com
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