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Integrated BATF transcriptional network regulates
suppressive intratumoral regulatory T cells
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Human regulatory T cells (Tregs) are crucial regulators of tissue repair, autoimmune diseases, and cancer.
However, it is challenging to inhibit the suppressive function of Tregs for cancer therapy without affecting
immune homeostasis. Identifying pathways that may distinguish tumor-restricted Tregs is important, yet the
transcriptional programs that control intratumoral Treg gene expression, and that are distinct from Tregs in
healthy tissues, remain largely unknown. We profiled single-cell transcriptomes of CD4+ T cells in tumors and
peripheral blood from patients with head and neck squamous cell carcinomas (HNSCC) and those in nontumor
tonsil tissues and peripheral blood from healthy donors. We identified a subpopulation of activated Tregs ex-
pressing multiple tumor necrosis factor receptor (TNFR) genes (TNFR+ Tregs) that is highly enriched in the
tumor microenvironment (TME) compared with nontumor tissue and the periphery. TNFR+ Tregs are associated
with worse prognosis in HNSCC and across multiple solid tumor types. Mechanistically, the transcription factor
BATF is a central component of a gene regulatory network that governs key aspects of TNFR+ Tregs. CRISPR-Cas9–
mediated BATF knockout in human activated Tregs in conjunction with bulk RNA sequencing, immunophenotyp-
ing, and in vitro functional assays corroborated the central role of BATF in limiting excessive activation and pro-
moting the survival of human activated Tregs. Last, we identified a suite of surface molecules reflective of the
BATF-driven transcriptional network on intratumoral Tregs in patients with HNSCC. These findings uncover a
primary transcriptional regulator of highly suppressive intratumoral Tregs, highlighting potential opportunities
for therapeutic intervention in cancer without affecting immune homeostasis.
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INTRODUCTION
Regulatory T cells (Tregs) are essential for immune homeostasis. The
development, maintenance, and function of Tregs depend on the
transcription factor forkhead box protein 3 (FOXP3) (1). Individu-
als who lack FOXP3 expression develop immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked (IPEX) syndrome,
a severe autoimmune lymphoproliferative disease that is fatal
without bone marrow transplantation (2). However, in the tumor
microenvironment (TME), tumor-infiltrating lymphocyte Tregs
(herein referred to as TILTregs) exert immune suppressive functions
and subsequently inhibit immune-mediated tumor clearance, sug-
gesting that immunotherapies should inhibit the suppressive func-
tion of TIL Tregs specifically to enhance antitumor immunity
without affecting immune homeostasis (3, 4).
An elevated frequency of Tregs within a tumor is associated with

an adverse prognosis across many cancers (5–9). The current
methods of targeting Tregs in the clinic are direct Treg depletion, tar-
geting costimulatory or coinhibitory receptors, halting Treg

migration into the TME, and inducing Treg fragility (10–14).
However, immune-related adverse effects such as pneumonitis
and colitis were seen in clinical studies of Treg-targeted therapies
(15–17). A major limitation underlying the autoimmune toxicity
and limited efficacy observed with Treg therapies in the clinic is
an inability to target TIL Tregs selectively, with unwanted side
effects resulting from inhibition of Tregs in the periphery or
because the function of antitumor effector T cells is also impaired
(12, 18).
We recently reported on the immune landscape of head and

neck squamous cell carcinoma (HNSCC) (19). We found that TIL
Tregs are phenotypically heterogeneous in the HNSCC TME and
that only a small subset of TIL Tregs exhibited effector-like pheno-
types. Identifying genes that are specific to TIL Treg, but that are not
present in peripheral Tregs nor effector T cells, is a strategy toward
identifying molecules that could be potentially targeted for thera-
pies aiming to modulate immunosuppressive Tregs in the TME spe-
cifically. FOXP3, alone or in combination with the interleukin-2
(IL-2) receptor α-chain (IL2RA/CD25), is commonly used to
detect TIL Tregs in tumor samples by immunohistochemistry and
flow-based studies, but these approaches may be limited by the
ability to incorporate an extended number of additional markers
that allow identification of functionally active Tregs in the TME
(20–22) or other distinctive gene expression signatures. In this
study, we leveraged single-cell RNA sequencing (scRNA-seq) tech-
nology to provide a detailed view of the heterogeneity of Tregs in the
TME by profiling CD4+ T cells from tumors and peripheral blood
mononuclear cells (PBMCs) taken from patients with HNSCC and
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comparing them with CD4+ T cells isolated from inflamed tonsil
tissues from patients with tonsilitis and from non-inflamed tonsil
tissues from patients with sleep apnea and with healthy donor
(HD) PBMCs. We identified a subset of activated TIL Tregs that ex-
pressed multiple tumor necrosis factor receptor (TNFR) member
genes, including TNFRSF4 (OX40), TNFRSF9 (4-1BB), and
TNFRSF18 (GITR) (herein referred to as TNFR+ Tregs). TNFR+
Tregs were highly enriched in a variety of tumor types compared
with nontumor tissues and are associated with worse prognosis
across solid tumors. Using single-cell analysis approaches and
graph-based modeling, we generated a comprehensive map of
gene regulatory networks (GRNs) that govern TIL Treg phenotypes.
We found that basic leucine zipper ATF-like transcription factor
(BATF), an activator protein-1 (AP-1) superfamily transcription
factor (TF), is a central component of a GRN that controls the tran-
scriptional signature of TNFR+ Tregs. Knockout (KO) of BATF in
cultured human activated Tregs with CRISPR-Cas9 in conjunction
with immunophenotyping corroborated the central role of BATF
in regulating activation and function of activated TIL Tregs. Bulk
RNA sequencing (RNA-seq) and in vitro functional assays further
interrogated the roles of BATF in human activated Tregs. The role of
BATF in TNFR+ Tregs was further corroborated in human Tregs
under continuous T cell receptor (TCR) stimulation and hypoxic
conditions (i.e., conditions that mimic the persistent antigenic stim-
ulation and metabolic stress in the TME). Our analyses highlighted
the regulatory roles of BATF with several surface markers differen-
tially expressed on HNSCC TIL Tregs, including 4-1BB, OX40,
GITR, CD74, CD96, and CD39. These findings revealed a distinct
transcriptional signature of an intratumoral Treg subpopulation that
is associated with worse prognosis, identified distinct surface
markers that define functionally suppressive Tregs within the
TME, and provide insights into immunotherapeutic targets for
the treatment of solid tumors.

RESULTS
HNSCC TIL Tregs have distinct transcriptional signatures
compared with CD4+ conventional T cells and
peripheral Tregs
We recently reported on the immune landscape of HNSCC (19). To
identify gene signatures and molecular pathways that are specific to
human TIL Tregs over peripheral Tregs and effector T cells, CD4+
conventional T cells (Tconv, CD4+CD25lowCD127high) and CD4+
Tregs (CD4+CD25highCD127low) were sorted from nontumor in-
flamed tonsils from patients with tonsilitis and HD PBMCs and
profiled by scRNA-seq (fig. S1). We integrated these data with the
raw sequencing data obtained from TIL CD4+ T cells from the pre-
viously published HNSCC scRNA-seq dataset (19) as well as the se-
quencing data for CD4+ T cells isolated from non-inflamed tonsils
from patients with sleep apnea (Fig. 1A and fig. S2, A and B). After
filtering for quality control and data integration by Seurat v4 pipe-
line, we were able to obtain 51,195 CD4+ T cells from 26 patients
with HNSCC, 6 patients with tonsilitis, 5 patients with sleep
apnea, and 10 HDs (data file S1, tab data S1) (23). After applying
nonlinear dimension reduction using uniform manifold approxi-
mation and projection (UMAP) and Louvian graph–based cluster-
ing, CD4+ T cells from various origins were partitioned into 19
clusters (fig. S2A). Most cells were grouped together on the basis
of their cell types and cell origins, whereas several clusters retained

both Tconv and Tregs from the same tissue source. Moreover, some
clusters aggregated one of the cell types from different cell origins,
suggesting that there were tissue-intrinsic signatures and phenotyp-
ic overlap between CD4+ T cells (Fig. 1, B and C, and fig. S2B). For
instance, both Tconv and Tregs from HD PBMCs expressed high
levels of TCF7 and S1PR1, and Tconv and Tregs from both inflamed
and non-inflamed tonsils were enriched in FOS and DUSP1 (fig.
S2C and data file S1, tab data S1). We detected relatively higher
levels of IL7R and TCF7 expression in tonsil Tconv from patients
with sleep apnea compared with those from patients with tonsilitis.
In addition, higher expression of CTLA4, TNFRSF1B, and IFITM1
in tonsil Tconv from patients with tonsilitis, compared with the non-
inflamed controls, suggested a more inflamed signature of CD4+
Tconv in patients with tonsilitis (fig. S3, A to E). This inflamed
tissue signature was further confirmed by enrichment of pathways
involving CD28 costimulation signaling, nuclear factor κB (NF-κB)
signaling, and IL-12 family signaling in CD4+ Tconv from patients
with tonsilitis (fig. S3, F to I). However, although we detected the
expression of TNFRSF4 and TNFRSF18 in HNSCC PBMC Tregs,
they were increased in HNSCC TIL Tregs compared with HNSCC
PBMC Tregs and nontumor tonsil tissue Tregs (fig. S2C).
To characterize TIL Treg-specific signatures further, we exam-

ined differentially expressed genes and published gene sets in
HNSCC TIL Tregs compared with Tregs in nontumor tissue, in pe-
ripheral blood from patients with HNSCC and Tconv from all sites.
In particular, HNSCC TIL Tregs expressed ICOS; CD27; and TNFR
members TNFRSF4, TNFRSF9 (the gene encoding 4-1BB), and
TNFRSF18, which reflected a specific activated Treg phenotype.
These TIL Tregs were also enriched for a gene set associated with
noncanonical TNFR2-NF-κB pathway (Fig. 1, D and E and data
file S1, tab data S2) (21, 24). In addition to up-regulation of IL-10
signaling, we also detected selective expression of CTLA4, TIGIT,
and ENTPD1 (gene for CD39) in HNSCC TIL Tregs, highlighting
a potentially more suppressive phenotype of Tregs in the HNSCC
TME compared with tissue Tregs and peripheral Tregs (Fig. 1, D
and E). Type I/II interferon (IFN) response signatures, including
ISG15, IFI6, IFI16 (Fig. 1D), and a gene set associated with response
to IFN-γ (Fig. 1E) were observed in HNSCC TILTregs, implying that
Tregs undergo functional specialization after activation in the TME.
Through cross-checking all differentially expressed genes in
HNSCC TIL Tregs with a published human TF database (25), we
identified six TFs highly expressed in HNSCC TIL Tregs, including
BATF, CREM, CARD16, SOX4, IRF7, and STAT1 (Fig. 1D). By con-
trast, HD PBMC Tregs were characterized by naïve Treg signatures
including high levels of TCF7 and S1PR1 (Fig. 1D) as well as gene
sets associated with EZH2, FOXP3, early differentiation, and naïve
T cell pathways (Fig. 1E and fig. S2C). Tonsil tissue Tregs exhibited
an early activation phenotype by up-regulating FOS and gene sets
associated with histone modifications, chromatin organization,
and mitogen-activated protein kinase (MAPK) activation (Fig. 1E
and fig. S2C). In addition, a heat shock response gene set and asso-
ciated genes were highly enriched in Tregs from tonsils (Fig. 1E and
fig. S2C). Althoughwe detectedmRNA expression of BATF in tonsil
Tregs from patients with tonsilitis, it was increased in HNSCC TIL
Tregs compared with tonsil tissue Tregs from patients with tonsilitis
or sleep apnea (fig. S3J). We observed similar gene expression pro-
files in nontumor tonsil Tregs from patients with sleep apnea or ton-
silitis and distinct from those in the HNSCC TME, suggesting a
specific gene expression signature of TIL Tregs compared with
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Fig. 1. Intratumoral CD4+ T cells have distinct transcriptional signatures. (A) Schematic of the experimental setup. Live Tconv and Tregs from HD blood and tonsil
tissues were sequenced using 10X Genomics 30 based scRNA-seq. scRNA-seq data were integrated with data from a previous study (19). We leveraged multiple bioin-
formatic approaches to identify cell types and states, infer drivers of differentiation, and reconstructed GRNs using SCENIC and causal MGM. (B) UMAP embedding and
clustering of 51,195 CD4+ T cells from matched TILs and PBMCs from patients with HNSCC (n = 26), tonsil tissues from patients with tonsilitis (n = 5), tonsil tissues from
patients with sleep apnea (n = 6), and HD PBMCs (n = 10). UMAP embedding of 51,195 CD4+ T cells were color-coded by cell type and cell origin. (C) Two-dimensional
galaxy plots of CD4+ T cells were grouped by cell origins, and lighter color is indicative of a higher density of cells across sample groups. (D) A heatmap of gene signatures
differentially expressed in HNSCC TIL Tregs compared with all other cells. The expression is scaled by transforming the gene expression in each population to zero mean,
and unit SD is shown in the heatmap. (E) Selected gene sets that were highly enriched in subsets of Tregs were visualized on a heatmap. Tregs were grouped on the basis of
the cell origin. The z-score of gene sets in each Treg subset was calculated by R package Singleseqgset. Similarly, the enrichment score is scaled by row. KEGG, Kyoto
Encyclopedia of Genes and Genomes. PTEN, phosphatase and tensin homolog.
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inflamed and non-inflamed tissues (fig. S3, K to P). These analyses
provided an overview of expression signatures differentially en-
riched in HNSCC TIL Tregs versus Tregs in nontumor tissues and
the periphery and the distinct transcriptional signatures from
Tconv from various tissue sites.

TNFR+ Tregs are a distinct differentiation state and correlate
with worse prognosis in patients with HNSCC
To characterize the heterogeneity of Tregs within the HNSCC TME
and understand the context-dependent mechanisms modulating
different Treg subsets in the HNSCC TME, we refined the Treg anal-
ysis by partitioning them into 13 subclusters (Fig. 2A; fig. S4, A and
B; and data file S1, tab data S3). We also performed pseudotemporal
modeling of differentiation using RNA velocity (26). The inferred
pseudotemporal ordering indicated a differentiation trajectory
across Treg clusters (Fig. 2B and fig. S4C). On the basis of the pseu-
dotime trajectory, canonical marker genes and gene sets that asso-
ciated with distinct T cell state transitions defined 13 clusters,
characterized as naïve/memory Tregs (clusters 1 to 5), early activated
Tregs (clusters 6 to 8), TNFR+ Tregs (clusters 9 to 12), and IFN+ Tregs
(cluster 13) (Fig. 2, B to D, and fig. S4, C and D). For instance, Treg
clusters 1 to 5 were identified as naïve/memory Tregs by up-regula-
tion of SELL (gene encoding L-selectin), CCR7, and TCF7 as well as
gene sets associated with ribosome and naïve T cell signatures
(Fig. 2D and fig. S4D). In addition to enhanced expression of
FOS, JUN, and BCL2, gene sets associated with T cell activation in-
cluding phosphorylation of β-actin, activation of AP-1 family sig-
naling, and MAPK3/ERK activation were highly enriched in Treg
clusters 6 to 8. We found two Treg subsets that are highly activated
and characterized by the up-regulation of gene sets associated with
coinhibitory receptor programmed cell death protein 1 (PD-1) and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) signaling
and TNFRSF-induced noncanonical NF-κB pathway. These signa-
tures were confirmed by expression levels of TNFR super family
members [TNFRSF4, TNFRSF18, and TNFRSF1B (gene encoding
TNFR2)] and coinhibitory/stimulatory receptors [ICOS, CTLA4,
and PDCD1 (gene encoding PD-1)] (Fig. 2D and fig. S4D).
However, genes and gene sets associated with IFN-stimulated re-
sponses (IFIT3, ISG15, and IFI6) were exclusively enriched in
cluster 13 (IFN+ Tregs) (Fig. 2D and fig. S4D). In addition, cells
within cluster 13 highly expressed genes associated with T helper
cell type 1 (TH1) phenotype, including TBX21 (gene encoding T-
bet), CCL4, CCL5, and IFNG (gene encoding IFN-γ), suggesting a
specialized function of Tregs for TH1-related and antiviral immune
responses (fig. S4D) (27–29). We also detected augmented expres-
sion of CD39 and CD27 in Treg clusters 9 to 12 (TNFR+ Tregs), which
highlighted different programs regulating activated Treg function in
the TME. A pseudotemporal ordering by RNA velocity further re-
vealed that the TNFR+ Tregs and IFN+ Tregs were the most terminally
differentiated Treg subpopulations (fig. S4E). Most cells identified as
TNFR+ Tregs and IFN+ Tregs were predominantly enriched in the
HNSCC TME, whereas nontumor tonsil tissues were enriched in
naïve/memory and early activated Tregs, demonstrating both
tumor-specific and overlapping phenotypes of Tregs in the TME
versus nontumor tissues (fig. S4F).
To determine whether the enrichment of Treg subpopulations

was related to survival outcomes of patients, we performed survival
analysis using clinical data and bulk RNA-seq expression data from
the Cancer Genome Atlas (TCGA). We scored each patient for the

enrichment of Treg signatures derived from HNSCC scRNA-seq
data and used the enrichment score as a reference profile to
impute Treg enrichment in bulk RNA-seq datasets by CIBERSORTx
(30). Gene sets representing Treg enrichment were derived from the
top 200 differentially expressed genes in each Treg subpopulation.
We found that high enrichment of TNFR+ Tregs in patients with
HNSCC was associated with worse progression-free survival
(PFS), suggesting that this TIL Treg subpopulation suppresses anti-
tumor immunity in HNSCC (Fig. 2E). By contrast, the enrichment
of early activated Tregs or IFN+ Tregs did not show association with
survival (Fig. 2E). Although the enrichment of naïve/memory Tregs
was also associated with poorer survival of patients, these naïve/
memory Treg signatures were not tumor specific because they
were observed in the periphery and nontumor tissues (Fig. 2E
and fig. S4F). The frequency of TNFR+ Tregs was not correlated
with CD8+ T cells, CD4+ Tconv, or natural killer (NK) cells in the
HNSCC TME (Fig. 2F). In addition, the enrichment of each Treg
subpopulation did not show correlation with each other (fig.
S5A). Fisher’s exact test indicated that there was no association
between the enrichment of TNFR+ Tregs with overall Treg infiltra-
tion, patients’ clinical stage, or human papillomavirus (HPV)
status of patients with HNSCC (fig. S5B). To assess whether the
TNFR+ Treg signature used in the survival association analysis is
shared by other cell types, we calculated the enrichment score for
the TNFR+ Treg signature in other immune cell types present in
the HNSCC TME. Minimal enrichment scores were identified in
other immune cell types, further suggesting that the association of
TNFR+ Tregs and survival outcomes of patients with HNSCC was
not confounded by the gene signatures of other Treg subpopulations
or other cell types. (Fig. 2G). After correcting the clinical stage,
overall Treg infiltration, HPV status of patients, tumor infiltrations
of CD8+ T cells, CD4+ Tconv or NK cells as covariates, the associa-
tion between worse PFS and high TNFR+ Treg enrichment remained
in a multiple variable survival analysis, indicating that the associa-
tion of TNFR+ Tregs and patient survival outcomes was not con-
founded by tumor infiltration of other cell types or clinical
factors (Fig. 2H).

GRN inference revealed critical transcriptional circuit
controlling TNFR+ Treg subpopulation
Cell state transitions during T cell activation are governed by TFs
and their associated cofactors, which work together to regulate
gene expression and cell function. To determine transcriptional reg-
ulators critical to TIL Tregs at each cell state, we systematically as-
sessed the genes that are likely to be governed by TFs in each Treg
subpopulation by applying SCENIC (31) to infer TF activity and
downstream target genes (Fig. 3A and data file S1, tab data S4).
Naïve/memory Tregs were highly enriched with well-known TFsme-
diating T cell homeostasis including KLF2 and FOXP1 (32, 33),
whereas regulons governed by EGR1 and AP-1 family TFs (FOSB
and FOS), known as important regulators of T cell activation and
early response to TCR engagement, were detected in early activated
Tregs (34). In activated Treg subsets, enrichment of regulons IRF2,
TBX21, and EOMES was increased in IFN+ Tregs, reflecting the spe-
cialized Treg function for helper T cell responses (28, 35, 36). Reg-
ulons governed by BATF, EPAS1, and noncanonical NF-κB pathway
genes including NFKB2, RELB, and BCL3 showed enhanced activ-
ities in TNFR+ Tregs (Fig. 3A). NF-κB family genes are well-known
for regulating Treg function and development (37–39). EPAS1,
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Fig. 2. Intratumoral Tregs are heterogeneous in the HNSCC TME and regulated by distinct transcriptional programs. (A) A UMAP embedding of 9688 Tregs across all
samples. Thirteen clusters were identified by Louvian graph–based unbiased clustering. (B) Pseudotime was derived from RNA velocity and visualized on a UMAP em-
bedding, which revealed a differentiation process across Treg clusters. (C) Tregs were annotated by cell state and visualized in a UMAP embedding. (D) Gene set enrichment
analysis across Treg clusters identified distinct phenotypes of Tregs. Specifically, clusters 1 to 5 are associated with naïve/memory Treg phenotype, clusters 6 to 8 have an
early activated Treg phenotype, clusters 9 to 13 exhibit an activated Treg phenotype, clusters 9 to 12 are enriched for TNFRmember genes, and cluster 13 has IFN response
genes and a TH1-like expression signature. The enrichment score is scaled by row. (E) Association of the enrichment of each Treg subpopulation with survival outcomes of
patients with HNSCC was calculated and visualized on Kaplan-Meier curves. Hazard ratio (HR) is calculated bymonovariate Cox proportional regression, and the P value is
calculated by likelihood ratio test. (F) Scatterplots of correlation between the frequency of TNFR+ Tregs and CD8

+ T cells, CD4+ Tconv, and NK cells. Pearson correlation
coefficient (R) and P values (P) are calculated between TNFR+ Tregs and each cell type. The proportion of each type among all lymphocytes in the HNSCC TME is shown. (G)
Violin plot of the TNFR+ Treg signature in other cell types in the HNSCC TME. (H) Multivariable analysis of the enrichment of TNFR+ Tregs and PFS outcomes.
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which encodes the hypoxia-inducible factor 2A, has been recently
described for its role in moderating the development and function
of Tregs (40, 41). Although BATF was identified as a driver of key
regulons in Tregs, it is unknown what transcriptional regulation(s)
or Treg subpopulations are governed by expression of genes con-
trolled by this TF.
Limitations of scRNA-seq technologies, such as dropouts, sto-

chastic variation of gene expression at the single-cell level, and
the relatively low expression of some TFs, can hamper the detection
of TFs orchestrating cellular identity and function. Despite the
minimal gene expression ofNFKB2,RELB, and BCL3, regulons gov-
erned by these TFs were enriched with several TNFR members and
showed differential enrichment in TNFR+ Tregs (fig. S6, A and B).
Moreover, we found that multiple downstream target genes were
shared by top enriched regulons in each Treg subpopulation, sug-
gesting a synergistic regulation of TFs controlling Treg identity, ac-
tivation, and function in the TME. We integrated the top five
regulons into combined GRNs and discovered distinct signaling
pathways that are specific to each Treg subpopulation (figs. S7 and
S8, A to D). Reactome pathway analysis showed that forkhead box
class O (FOXO)–mediated signaling and RUNX3-mediated signal-
ing were enriched in the GRN identified in naïve/memory Tregs (fig.
S8A). In early activated Tregs, cell cycle checkpoint, cellular response
to stimuli, and NOTCH-mediated signaling in the GRN represented
the pathways vital for Treg proliferation and activation (fig. S8B). In
addition to TNFR members mediating noncanonical NF-κB

pathway, we also observed that the GRN from TNFR+ Tregs are
highly involved in cell apoptosis and IL-4/IL-13 and IL-10 signaling
pathways, and the GRN from IFN+ Tregs plays important roles in
type I/II IFN responses, cell death, and antigen presentation signal-
ing (fig. S8, C and D).
We next used directed mixed graphical modeling (MGM) and

fast causal inference-Max (FCI-MAX) (42) to define the central reg-
ulatory circuit controlling the GRN of TNFR+ Tregs. Genes with
near-zero variance and low overall nonzero values were filtered
out, and normalized gene expression data from TNFR+ Treg were
used as input. All downstream targets of the top five enriched reg-
ulons in TNFR+ Tregs were used to construct an undirected network
by using MGM. The central regulatory network was imputed using
FCI-MAX by connecting the key transcriptional regulators and
downstream targets within the undirected network. We found
that BATF is central to the TNFR+ Treg GRN by having the most
connections compared with other genes (Fig. 3B). In addition,
BATF was predicted to regulate multiple key signatures of
HNSCC TIL Tregs as previously defined. For instance, BATF is di-
rectly linked to costimulatory/inhibitory receptors TNFRSF4,
TNFRSF9, TNFRSF1B, CD27, ICOS, IL2RA, and CTLA4, which
have been shown to be important in TIL Treg activation and func-
tion. Furthermore, we found that the chemokine receptor CXCR6
and T cell apoptosis signaling molecules CFLAR (gene encoding
c-FLIP) and PIM3 were directly connected to BATF in the regula-
tory circuit, demonstrating a potential role for BATF in controlling

Fig. 3. An integrated BATF transcriptional network regulates key phenotypes of TNFR+ Tregs. (A) The top five regulons differentially expressed in each Treg statewere
ranked by log2 fold change and visualized on a heatmap. The regulons were generated by using SCENIC with all Tregs (n = 9736) in the dataset. The regulon score was
calculated by using AUCell in R, and the regulon score of each Treg subpopulation is scaled by row. The top five regulons were determined by their log2 fold change. (B)
The GRN of TNFR+ Tregs. The GRNwas constructed using directedMGM and FCI-MAXmodeling with TFs and downstream targets from the top five regulons in TNFR+ Tregs.
The direct connections between BATF and target genes are colored in red.
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TIL Treg migration and survival (Fig. 3B) (43–45). Together, we
identified that TNFR+ Tregs were a distinct differentiation state com-
pared with other Treg subpopulations, showed distinct gene expres-
sion signatures, and that this activated subpopulation was associated
with worse prognosis of patients with HNSCC. By constructing the
regulatory networks from scRNA-seq, we identified specific GRNs
that govern Treg phenotypes in HNSCC across cell states and in-
ferred a transcriptional circuit centered around BATF that is
central to TNFR+ Tregs in the TME.

TNFR+ Tregs are enriched in multiple solid tumor types and
regulated by similar transcriptional programs
To validate whether this TNFR+ Treg subpopulation is distinct to the
HNSCC TME, we isolated Tregs from matched tumors and blood
from four patients with non–small cell lung cancer (NSCLC), one
patient with small cell lung cancer (SCLC), and four patients with
melanoma (Fig. 4A and fig. S9A). Unbiased clustering revealed six
Treg clusters that were evenly mixed with Tregs from melanoma and
lung cancer and that exhibited distinct enrichment from Tregs from
TILs or peripheral blood (Fig. 4B and fig. S9B). Cell states of Tregs
were characterized by using RNAvelocity to evaluate differentiation
and identifying genes associated with each Treg subpopulations
(Fig. 4C and fig. S9, C and D). We found that clusters 4 to 6 were
predominantly enriched with TIL Tregs and expressed Treg activa-
tion–related immune markers, including ICOS, CD27, and TIGIT
(fig. S9, E to G). Cluster 6 was highly enriched with TNFR+ Treg sig-
natures identified in the HNSCC TME, whereas cells in cluster 5
expressed IFN+ Treg signatures (Fig. 4, D and E, and fig. S9, G to
N). Next, we quantified the activity for each regulon derived from
HNSCC TNFR+ Tregs in the TIL Treg analyses in this dataset (46).
Consistent with our analysis of HNSCC Tregs, the regulon governed
by BATF was up-regulated in TNFR+ Tregs (cluster 6) in the tumors
from patients with lung cancer and melanoma (Fig. 4F).
In addition, we isolated Tregs from a previously published dataset

(47) involving breast cancer, colorectal cancer, lung cancer, and
ovarian cancer and interrogated their gene expression signatures
and pseudotime trajectory (Fig. 4, G and H, and fig. S10A). We
found that Tregs in clusters 6 and 7 expressed TNFR members and
BATF, in agreement with our analyses of other tumor types (Fig. 4, I
to K, and fig. S10B). By contrast, TIL Treg cluster 5 expressed high
levels of IFN-stimulated genes (ISF15, IFI16, and IFI44L) as well as
markers associated with T cell activation (ICOS and CD69) (Fig. 4K
and fig. S10B). Consistent with our previous analyses, we observed
that regulons governed by BATF, NFKB2, BCL3, RELB, and EPAS1
showed the highest activity scores in TNFR+ Tregs (Fig. 4L).
To investigate whether TNFR+ Tregs are present in both squa-

mous cell carcinoma (SCC) and non-SCC histology types, we
grouped TIL Tregs by histological types of cancers (fig. S11A). We
found that TNFR+ Tregs were enriched in patients with adenocarci-
noma or SCC (fig. S11B). In addition to a similar expression level of
BATF, we also observed comparable BATF regulon enrichment and
TNFR+ Treg enrichment scores in TNFR+ Tregs from patients with
adenocarcinoma or SCC (fig. S11, C and D). The expression of
BATF, BATF regulon activity, and TNFR+ Treg enrichment scores
were also further confirmed in TNFR+ Tregs in patients with invasive
ductal carcinoma or large cell carcinoma, suggesting that TNFR+
Tregs and the associated BATF regulatory network were not cancer
subtype specific (fig. S11, E to G).

The enrichment of TNFR+ Tregs was correlated with worse PFS
for patients with NSCLC and melanoma (Fig. 4M). By acquiring
data from the Genotype-Tissue Expression Project (GTEx) and im-
puting the enrichment of Treg subpopulations within normal
tissues, we found higher enrichment of TNFR+ Tregs in solid
tumors compared with normal lung and normal skin (sun
exposed) (Fig. 4N). These observations show that at least a subset
of activated TIL Tregs have a distinct transcriptional signature
versus Tregs present in normal tissues. The transcriptional programs
modulating TNFR+ Treg function revealed by GRN construction are
not specific to the HNSCC TME but are also present in other cancer
types. These findings confirm that TNFR+ Tregs are enriched inmul-
tiple cancers compared with normal tissues, inferring an immuno-
suppressive role in the TME.

BATF functions as a transcriptional nexus of human
activated Tregs
Our system approach can identify key TFs that modulate cellular
functions in TIL Tregs, but it is crucial to experimentally validate
the inferred GRNs. To investigate the impact of BATF on the ex-
pression of regulon members in the TNFR+ Tregs and validate our
network prediction from scRNA-seq analyses, we used a CRISPR-
Cas9 ribonucleoprotein (CRISPR RNP) KO approach that was de-
veloped to specifically target cultured primary human Tregs (fig. S12,
A and B) (48). Given the challenge of isolating an adequate number
of activated TIL Tregs from patients with cancer and the limitations
of current CRISPR-Cas9 editing technology for targeting low
numbers of human T cells, we used ex vivo expanded human
primary Tregs isolated from umbilical cord blood as a surrogate to
interrogate the impact of BATF deletion at the transcriptional,
protein, and functional levels. CRISPR RNPs targeting BATF or
scrambled control RNPs (functional RNPs loaded with scrambled
guide RNAs) were electroporated into expanded human Tregs.
After a 3-day TCR stimulation post-electroporation, the expression
levels of BATF, surface and intracellular proteins, and cytokines
were evaluated by multiparameter flow cytometry. A robust reduc-
tion in the BATF protein level was observed in BATF KO activated
Tregs compared with the scrambled control (Fig. 5, A and B). These
data suggested that the CRISPR RNP KO approach successfully
altered BATF RNA and protein levels and allowed us to examine
the effects of BATF disruption in human primary activated Tregs.
To dissect the phenotypic and functional effects of BATF in

human activated Tregs, we performed RNA-seq of BATF KO activat-
ed Tregs and scrambled controls from six cord blood samples.
Results from principal components (PC) analysis revealed that
PC1 stratified Tregs by BATF KO versus scramble control (Fig. 5C
and fig. S12C). Genes associated with T cell migration (CCR7,
CXCR6, and S1PR1), cytokines (IFNG, IL10, and IL13), and cyto-
kine receptors (IL23R and IL1RL1) were the strongest drivers of
PC1 observed between BATF KO activated Tregs and the scrambled
control, suggesting an important role of BATF in activated Treg traf-
ficking and function (Fig. 5D). To further characterize the functions
of BATF in HNSCC intratumoral TNFR+ Tregs, we evaluated all dif-
ferentially expressed genes of TNFR+ Tregs from the HNSCC
scRNA-seq dataset and interrogated their transcriptional changes
in BATF KO activated Tregs. In addition to the reduction of
CXCR6 and CCR7, we observed gene sets associated with Treg mi-
gration down-regulated in BATF KO activated Tregs compared with
scrambled control, including chemokine receptors signaling during
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Fig. 4. TNFRSF-activated Tregs are highly enriched in solid TME comparedwith nontumor tissues and associated with worse prognosis across solid tumors. (A) A
UMAP embedding of 1294 Tregs in TILs and PBMCs from patients with melanoma (n = 4), NSCLC (n = 4), and SCLC (n = 1). Six clusters were identified by Louvian graph–
based unbiased clustering. (B) A stacked barplot of percentage of Tregs in each cluster showed that Tregs from lung cancer and melanoma were distributed across six
clusters. (C) Pseudotime derived from RNAvelocity was visualized in a UMAP embedding, suggesting that Tregs in cluster 6 were at later pseudotime and more terminally
differentiated. (D) Tregs were annotated by cell state and visualized in a UMAP embedding based on the cell state–related canonical marker genes, gene sets, and pseu-
dotime inference. (E) The relative expression of selected canonical marker genes is visualized on a heatmap. (F) The top five regulons differentially expressed in each Treg
cluster ranked by log2 fold changewere visualized on a heatmap. (G) A UMAP embedding of 7045 Tregs in TIL from patients with ovarian cancer (n = 5), lung cancer (n = 8),
breast cancer (n = 14), and colorectal cancer (n = 7). Seven clusters were identified by unbiased clustering. (H) A stacked barplot of percentage of Tregs in each cluster
highlights the distribution of Tregs from each tumor type. Clusters 6 and 7weremixedwith Tregs across tumor types. (I) Pseudotime inferred by Slingshot was visualized in a
UMAP embedding. (J) Tregs were annotated by cell state and visualized in a UMAP embedding. (K) The relative expression of selected canonical marker genes is visualized
on a heatmap. (L) The top five regulons differentially expressed in each Treg cluster ranked by log2 fold change were visualized on a heatmap. The gene expression and
enrichment score are scaled by transforming the expression or enrichment score in each population to zero mean, and unit SD is shown in the heatmap. (M) Associations
of the enrichment of each Treg subpopulation with survival outcomes of patients with NSCLC and melanoma were calculated and visualized on Kaplan-Meier curves.
Hazard ratio is calculated by monovariate Cox proportional hazard regression, and the P value is calculated by likelihood ratio test. (N) The enrichment of TNFR+ Tregs
visualized in box plots was inferred using Cibersortx on datasets from the TCGA and GTEx. The inferred proportion of TNFR+ Tregs among all cells within each tissue score is
shown. A pairwise comparison between each tissue source is calculated by a nonparametric Wilcoxon signed rank test. P values: ****P ≤ 0.0001.
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T cell polarization and NTN1 signaling (Fig. 5E). NTN1 encodes
Netrin-1, which is a neuronal guidance molecule that was shown
to increase Treg infiltration to lung tissues of mice with lung ische-
mia-reperfusion (49). These data suggested a potential role of BATF
in Treg infiltration into the TME.We also detected a complex impact
of BATF deletion in human activated Tregs, including up-regulation
of gene sets associated with signaling of SMAD2/3, WNT signaling,

and the TNFRSF/NF-κB pathway, as well as the down-regulation of
gene sets associated with special AT-rich sequence-binding protein-
1 (SATB1) and MAPK signaling pathways (Fig. 5E). Moreover,
BATF KO activated Tregs exhibited an increase in TCR signaling–
related genes (HLA-DQA1 and CD82) and NF-κB signaling–
related gene TRAF1, which further indicated the important role
of BATF in controlling Treg activation (Fig. 5F). In addition to a

Fig. 5. CRISPR/Cas9-RNP KO
reveals that BATF regulates
human activated Tregs by multiple
signaling pathways. (A and B)
Human primary Tregs isolated from
cord blood were CRISPR-edited and
then cultured with TCR stimulation
for 3 days. (A) Representative flow
staining of Tregs showing BATF
protein level in nontargeting
scrambled control and unperturbed
control Tregs. (B) The BATF expression
by median fluorescence intensity
(MFI) in Tregs (n = 8) is shown. Each
dot indicates an individual replicate.
Bars indicate the median of expres-
sion, and error bars represent 1 SD.
(C to G) RNA-seq was conducted on
BATF KO activated Tregs (n = 6) and
scrambled control from the same
donor. (C) PCA of the transcriptome
of the scrambled control and BATF
KO activated Tregs. Human activated
Tregs were stratified by PC1. (D)
Weightings of the genes that were
the strongest drivers of PC1 were
visualized on a bar plot. (E) Selected
gene sets that were enriched in
human BATF KO activated Tregs were
visualized on a dot plot. Genes are
differentially expressed in both
TNFR+ Tregs from scRNA-seq and
BATF KO activated Tregs in bulk RNA-
seq selected as input to the gene set
enrichment analysis. Dots are
colored by the false discovery rate
(FDR)–adjusted P value, and dot
sizes are scaled by the number of
significantly up-regulated genes
within each gene set (<0.1% FDR).
(F) The relative expression of the top
20 up/down-regulated genes differ-
entially expressed in both TNFR+

Tregs and BATF KO activated Tregs
were visualized on a heatmap. The
gene expression is scaled by row. (G)
Dot plots showing the expression
levels of BCL2 and BID in BATF KO
activated Tregs and scrambled con-
trols from eight individual replicates.
Data in (B) were analyzed by a ratio
paired t test, and the FDR P values in
(G) were calculated by Wald test. P
values: **P < 0.01; ***P < 0.001, ****P
< 0.0001. ns, not significant.
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reduction of BCL2 expression in BATF KO activated Tregs, we found
gene sets associated with apoptosis highly up-regulated in BATFKO
activated Tregs along with increased expression of BID, an antagonist
of BCL2, suggesting that BATF is essential for activated Treg survival
(Fig. 5, E to G). Together, by interrogating the impact of BATF dis-
ruption on genes that are selectively modulated in intratumoral
TNFR+ Tregs, we found that BATF is a critical regulator mediating
multiple signaling pathways in human activated Tregs. These data
suggested that BATF functions to limit excessive activation of
human activated Tregs and promotes activated Treg survival and
trafficking.

BATF regulates the suppressive function of human
activated Tregs
Given these observations, we hypothesized that BATF might also
modulate the suppressive function of human activated Tregs. Al-
though the protein level of FOXP3 and CD25 remained unchanged
with BATF deletion, we observed an increase of suppressive func-
tion of BATF KO activated Tregs, demonstrating that human activat-
ed Tregs maintained their identity with BATF deletion and that the
impact on Treg-suppressive function is independent of FOXP3 sig-
naling (Fig. 6, A to C). Consistent with these results, BATF KOTregs
exhibited an increased activated phenotype exemplified by in-
creased expressions and proportions of cells expressing the costimu-
latory receptors such as ICOS, OX40, and 4-1BB on Tregs (Fig. 6, D
to F). We also detected an increased proportion of human activated
Tregs expressing coinhibitory receptor LAG3, inhibitory cytokine
IL-35 subunit EBI3, and IL-10, highlighting the increased suppres-
sion after BATF deletion in activated Tregs (Fig. 6, G to I, and fig.
S12D). The number of human activated Tregs expressing NRP1
and the per-cell expression level of NRP1+ Tregs were enhanced by
BATF ablation, indicating an important role for BATF in regulating
Treg stability (Fig. 6J and fig. S12E) (50). These results were consis-
tent with their transcript levels in BATF KO Tregs from bulk RNA-
seq (fig. S12F). Together, these findings revealed a critical role of
BATF in modulating the stability of activated Tregs and functioning
independently of FOXP3 to control activated Treg-suppressive
function.

Tregs given continuous TCR stimulation under hypoxia
mirror intratumoral TNFR+ Tregs and are regulated by BATF
A recent study has shown that continuous TCR stimulation under
hypoxia (low oxygen levels) resulted in severe T cell dysfunction
consistent with a T cell exhaustion phenotype (51). We then
adapted this in vitro system to mimic the persistent antigenic stim-
ulation and metabolic stress in the TME and interrogate the role of
BATF in Tregs under these conditions. Briefly, Tregs were isolated
from cord blood and stimulated with magnetic beads coated with
anti-CD3/anti-CD28 for 24 hours in the presence of IL-2, then
washed, and split into four conditions (fig. S13A). Cells were ex-
panded with IL-2 only (“acute” TCR stimulation) or cocultured
with anti-CD3/anti-CD28–coated beads and IL-2 (“continuous”
TCR stimulation). These Tregs under acute or continuous TCR acti-
vation were cultured in either normoxic (18.6% O2) or hypoxic
(1.5% O2) gas atmosphere conditions for 10 days. We observed an
increase in BATF in Tregs after continuous TCR stimulation under
hypoxia compared with Tregs exposed to continuous TCR stimula-
tion or hypoxia alone (Fig. 7, A and B). In addition, we detected a
higher frequency of TNFR family members (4-1BB and GITR) on

Tregs given continuous TCR stimulation under hypoxia compared
with other conditions (Fig. 7, C and D). We also observed that
LAG-3 and PD-1 were highly expressed on Tregs given continuous
TCR stimulation under hypoxia, consistent with the phenotype of
TNFR+ Treg in our scRNA-seq analyses above (Fig. 7, E and F, and
fig. S4D). In addition, we also detected a substantive increase in
molecules associated with T cell exhaustion (TIM-3 and TOX) in
Tregs given continuous TCR stimulation under hypoxia (Fig. 7, G
and H). Although KI67 was increased in Tregs given continuous
TCR stimulation, there was no difference between normoxic and
hypoxic conditions (Fig. 7I). Together, human Tregs cultured in
this in vitro system mirrored many of the features of intratumoral
TNFR+ Tregs, suggesting that this system provides an opportunity to
interrogate the role of BATF in TNFR+ Tregs.
To further assess whether BATF serves as a nexus for modulating

TNFR+ Tregs, BATF deletion was conducted by CRISPR RNP KO in
human Tregs with continuous TCR stimulation under hypoxia at day
10 (fig. S13, A and B). After 48-hour repeated TCR stimulation in
hypoxia post-electroporation, a substantive reduction of BATF was
observed after CRISPR targeting compared with the scrambled
control (Fig. 7, J and K). Consistent with our previous analyses,
we detected increased expression of 4-1BB, GITR, and OX40 in
BATF KO Tregs, further confirming the important roles of BATF
in modulating the activation of TNFR+ Tregs (Figs. 6, F and G,
and 7, L to N).

BATF regulates the cell surface phenotype of TNFR+ Tregs
TNFR member genes have been reported in TIL Tregs and are asso-
ciated with a late differentiated state found in various cancer types
(19, 52). Although several agonistic antibodies of TNFR members
are under development to target Tregs in the TME, these therapeutic
targets may also modulate circulating Tregs and cause immune-rel-
ative adverse events (12, 53, 54). Identifying additional surface
markers expressed on TNFR+ Tregs is thus warranted to aid future
development of immunotherapies with activity specifically in the
TME. We were able to detect multiple genes that were differentially
expressed on TNFR+ Tregs compared with other Treg subpopula-
tions, including CD96, CD39, and CD74 and TNFR super family
genes (TNFRSF9 and TNFRSF4) (Fig. 8A). We observed reduction
of CD96 and CD39 in BATF KO activated Tregs and a higher fre-
quency of GITR, CD83, and CD74 (Fig. 8B). The differential expres-
sion (DE) changes of CD39 and CD83 were further confirmed in
BATF KO Tregs with continuous TCR stimulation in hypoxia (fig.
S13, C and D). We next sought to evaluate whether these cell
surface markers were reflective of the BATF-driven TNFR+ Tregs
in patients with cancer. To assess this, we interrogated PBMCs
and TILs from six patients with HNSCC and found higher frequen-
cy and increased expression of BATF, OX40, 4-1BB, and GITR on
TIL Tregs compared with Tregs in HNSCC PBMCs and HD PBMCs
(fig. S14A). The preferential expression of BATF, OX40, 4-1BB, and
GITR in HNSCC TIL Tregs remained when comparing with Tregs in
the periphery as well as CD8+ T cells and CD4+ Tconv in the HNSCC
TME (Fig. 8, C to G, and fig. S14, B to D). In addition, OX40, 4-1BB,
and GITR were coexpressed with BATF in HNSCC TILTregs, which
supported the notion that BATF modulated the identity and activa-
tion of TNFR+ Tregs (Fig. 8, E to G, and fig. S14, B to D). We also
observed that CD96, CD39, and CD74 were highly expressed in
HNSCC TIL Tregs compared with peripheral Tregs, CD8+ T cells
and CD4+ Tconv in the HNSCC TME and showed a coexpression
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Fig. 6. BATFmodulates the suppressive function of human activated Tregs. (A) Tabulation of FOXP3 (top) and CD25 expression (bottom) in BATF KO activated Tregs (n =
7) and scrambled control from the same donor. Data were reported as fold change normalized to marker MFI of nontargeting scrambled control groups. Each dot in-
dicates an individual replicate. Bars indicate themedian of expression, and error bars represent 1 SD. (B) In vitromicrosuppression assay comparing BATF KO activated Tregs
(n = 6) and scrambled control from the same donor are shown. (C) Representative CD8+ T cell proliferation in Fig. 6B at different conditions: no TCR stimulation (gray); 5-
day TCR stimulation without coculture with Tregs (yellow); 5-day TCR stimulation with CD8:Treg ratios as 4:1 and 8:1. Cell number at each condition was normalized to the
highest cell number in the plot. (D) The expression of ICOS on BATF KO activated Tregs and scrambled control were determined by flow cytometry. The percentage of Tregs
expressing ICOS was summarized on a dot plot, and the MFI of ICOS on Tregs was summarized on a bar plot. Data were pooled from five individual replicates. (E) The
expression of OX40 on BATF KO activated Tregs and scrambled control were visualized by represented flow cytometry plots from eight individual replicates. The percent-
age of Tregs expressing OX40 was summarized on a dot plot, and the MFI of OX40 on Tregs (n = 8) was summarized on a bar plot. (F) The expression of 4-1BB on BATF KO
Tregs and scrambled control were visualized by represented flow cytometry plots from seven individual replicates. The percentage of Tregs expressing 4-1BB was sum-
marized on a dot plot, and theMFI of 4-1BB in Tregs was summarized on a bar plot. (G to J) The expression of (G) LAG-3, (H) EBI3, (I) IL-10, and (J) NRP1 on BATF KO activated
Tregs and scrambled control were visualized by represented flow cytometry plots from five individual replicates. The percentage of Tregs expressing marker genes and the
MFI were summarized on a dot plot and a bar plot, respectively. Samples from the same donor were connected by solid lines. Each dot indicates an individual replicate.
Bars indicate the median of expression, and error bars represent 1 SD. Data were pooled from five to eight individual replicates. Markers that have fewer replicates than
others were subsequently incorporated into the flow panel as the study progressed. Data in (A) and (D) to (J) were analyzed by a ratio paired t test, and data in (B) were
analyzed by two-way ANOVA test. P values: ns: P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001, ****P ≤ 0.0001.
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signature with BATF in HNSCC TIL Tregs (Fig. 8, H to J, and fig.
S14, E to G). These findings revealed a distinct cell surface pheno-
type of activated Tregs regulated by BATF in the HNSCC TME,
which provides additional opportunities for therapeutic interven-
tion targeting intratumoral functionally suppressive Tregs.

DISCUSSION
Tregs are important regulators of immune homeostasis and tissue
repair but suppress antitumor immunity (1, 3, 10, 29, 55–58). A pre-
vious study revealed conserved effector Treg phenotypes that are
shared between normal tissues and melanoma (45). In contrast,
we found a Treg subpopulation that was restricted to the TME and

Fig. 7. Human Tregs cultured with continuous TCR stimulation under hypoxia mimic intratumoral BATF-driven TNFR+ Treg phenotypes. (A) Human primary Tregs
isolated from cord blood were cultured in acute TCR stimulation (acute) in normoxia (20% O2), continuous TCR stimulation (continuous) in normoxia, acute stimulation in
hypoxia (1.5% O2), and continuous stimulation in hypoxia. Representative flow cytometry plots of five individual replicates showing BATF protein level in Tregs with
continuous TCR stimulation under normoxia and hypoxia. (B) A bar plot summarizing the percentage of Tregs expressing BATF identified in Tregs in each culture condition.
The percentage of Tregs expressing 4-1BB (C), GITR (D), LAG-3 (E), PD-1 (F), TIM-3 (G), TOX (H), and KI67 (I) identified in TNFR+ Tregs (n = 5) was summarized on a bar plot.
Each dot indicates an individual replicate. Bars indicate the median of expression, and error bars represent 1 SD. (J) BATF deletion was conducted by CRISPR RNP KO in
human Tregs with continuous TCR stimulation under hypoxia at day 10. Representative flow cytometry plots of four individual replicates showing the proportion of Tregs
expressing BATF after 48-hour repeated TCR stimulation. (K) Tabulation of the percentage of Tregs expressing BATF from four individual replicates. (L toN) The percentage
of Tregs expressing 4-1BB, GITR, and OX40was summarized on a dot plot. Samples from the same donor were connected by solid lines, and each dot indicates an individual
replicate. Data were pooled from four individual replicates. Data in (B) to (I) were analyzed by a nonparametric Mann-Whitney U test, and data in (K) to (N) were analyzed
by a ratio paired t test. P values: ns: P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 8. TNFR+ Tregs express BATF-regulated surface markers preferentially in the HNSCC TME. (A) Relative expression of surface markers differentially expressed on
TNFR+ Tregs and percentage of Treg subset in the single-cell HNSCC dataset were visualized on a dot plot. (B) Frequency of CD96, CD39, GITR, CD83, and CD74 expression
determined by flow cytometry from control and BATF-null human activated Tregs from cord blood (n = 5). Samples from the same donor were connected by solid lines, and
each dot indicates an individual replicate. (C) Matched TILs and PBMCs from patients with HNSCC (n = 6) and HD PBMC (n = 5) were stained for flow cytometry phenotyp-
ing. Representative flow plot of BATF expression in TILs and PBMCs frompatients with HNSCC and HD PBMCs, normalized tomode scales as a percentage of themaximum
count. (D) Tabular summary of percentage of cells expressing BATF from patients with HNSCC (n = 6) and HD PBMCs (n = 5). (E to J) The percentage of Tregs expressing
surface markers identified in TNFR+ Tregs from matched TILs and PBMCs from patients with HNSCC (n = 6) and HD PBMCs (n = 5) is summarized on a bar plot. Each dot
indicates an individual replicate. Bars indicate the median of expression, and error bars represent 1 SD. The coexpression of BATF expression and marker genes by MFI in
HNSCC TIL Tregs was shown in scatterplots. The Pearson correlation coefficient (R) between the expression BATF andmarker genes was calculated by the MFI in HNSCC TIL
Tregs. The significance of Pearson correlation coefficient (P) was calculated by t test. Data in (B) were analyzed by a ratio paired t test, and data in (D) to (J) were analyzed by
a nonparametric Mann-Whitney U test. P values: *P ≤ 0.05; **P ≤ 0.01.
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that expressed high levels of genes encoding TNFR family member.
This Treg subpopulation was associated with worse survival in
HNSCC, melanoma, and lung cancer. These TNFR+ Tregs exhibited
a highly suppressive phenotype compared with all other Treg sub-
populations and had a distinct transcriptional program compared
with all Tconv. By further characterizing the heterogeneity of Tregs
within the tumor, our results revealed the diversity of cell states
that TIL Tregs can acquire, highlighting the urgency of understand-
ing the cell-intrinsic signaling that modulates the phenotypic state
of functionally suppressive Tregs. Our work provides a comprehen-
sive view of gene networks coordinating signaling mechanisms es-
sential for key Treg phenotypes at each state.
The reconstruction of GRN by SCENIC and directed MGM

allowed us to identify critical TFs and target genes modulating
the activation, migration, and function of Tregs that are functionally
suppressive in HNSCC TME, specifically intratumoral TNFR+ Tregs.
Validation using an additional dataset that included Tregs from lung
cancer andmelanoma as well as an independent dataset that includ-
ed Tregs from breast cancer, colorectal cancer, lung cancer, and
ovarian cancer (47) further confirmed the presence of intratumoral
TNFR+ Tregs. These findings underscore the importance of these in-
tratumoral TNFR+ Tregs and the GRN that governs this cell state
across solid tumors. The conservation of phenotypes and the
GRN governing them across distinct solid tumor types suggests
that modulation of Tregs could be broadly used to therapeutically
enhance antitumor immunity in a wide variety of tumor types.
BATF showed the highest gene expression level among all TFs in

TIL Tregs and was enriched in TNFR+ Tregs. Although previous
studies supported an accumulation of BATF expression during
Treg activation within the TME in several cancers (47, 59), the
role for BATF in controlling the function and activation of differ-
entiated and activated Tregs in the TME was unclear. BATF is one of
the AP-1 familymembers that has shown important roles inmany T
cell lineages (60). Within the CD4+ T cell lineage, BATF is required
for the differentiation of IL-17–producing helper T cells and plays
an important role in the development of follicular helper T cells (61,
62). Furthermore, BATF is required for differentiation of effector
CD8+ T cells (60). Studies of CD8+ T cells suggest that BATF pos-
itively regulates lineage-specific TFs including TBX21 and PRDM1
during effector cell differentiation while negatively regulating
downstream effector molecules such as IFN-γ, perforin, and gran-
zyme B (60). Conversely, increased expression of BATF in exhausted
CD8+ T cells suppresses their effector function (63). Such counter-
intuitive roles of BATF indicate distinct regulatory functions at dif-
ferent T cell states and cell subtypes. In Tregs, BATF has been found
to regulate differentiation and accumulation of tissue Tregs and
modulate the development and maintenance of adipose tissue res-
ident Tregs in murine Foxp3-mutant and Batf-deficient mouse
models (64, 65). A recent study suggested that BATF epigenetically
promotes activation of TIL Tregs, and BATF deficiency in Tregs re-
sulted in inhibited tumor growth in murine models (58). Consistent
with previous studies, we found that BATF and the BATF integrated
network play important roles in controlling key gene signatures that
regulate the differentiation and activation of TIL Tregs. However,
conditional deletion in Batf-deficient mice occurs before Treg differ-
entiation, complicating the evaluation of transcriptional and func-
tional changes in activated intratumoral Tregs. We hypothesized that
BATF exhibits distinct roles at different Treg states and plays an es-
pecially important role in highly activated Tregs. Understanding the

function of BATF in activated TIL Tregs is necessary to uncover the
distinct transcriptional regulations within the highly suppressive
Treg subpopulation. Our unbiased network analyses characterized
the high expression of BATF as characteristic of highly activated
Tregs in the TME and revealed the potential role of BATF in modu-
lating Treg migration, activation, and function within the GRN by
regulating CXCR6, TNFRSF4, TNFRSF9, RELB, ICOS, and
CTLA4, among others. Consistent with results from other T cell
subsets, BATF plays a complex role in governing human activated
Treg function. We found that BATF promotes activated Treg survival
and cellular trafficking while simultaneously limiting excessive ac-
tivation of Tregs. Perturbation of BATF signaling in Tregs results in
substantial changes of cell surface phenotypes and suppressive
function.
Our CRISPR-Cas9 RNP KO approach allowed us to experimen-

tally validate the BATF-driven GRN identified in our scRNA-seq
analyses and to determine the functional consequences of modulat-
ing this network. We leveraged an in vitro system to mimic the per-
sistent antigenic stimulation andmetabolic stress Tregs experience in
the TME. These Tregs appeared to mimic features of exhaustion,
raising the possibility that this might be a relevant phenotype for
intratumoral Tregs, highlighting the value for this system to mimic
conditions within the TME. The disruption of BATF in human
primary activated Tregs and Tregs with continuous TCR stimulation
under hypoxia resulted in distinct phenotypic changes, reflecting
the importance of the BATF-driven GRN in intratumoral TNFR+
Tregs. CRISPR-editing results revealed an enhancement of immuno-
suppression and activation in BATF KO activated Tregs accompa-
nied with increased expression of 4-1BB, OX40, ICOS, LAG3,
NRP1, and BCL2. We also observed a reduction of CD39 and
CD96, indicating that BATF functions as a transcriptional nexus
in human activated Tregs that is essential for Treg activation, func-
tion, stability, and survival. Although we went to considerable
effort to try to KO BATF in human Tregs isolated by HNSCC
samples using current CRISPR technology, we were unable to
recover enough cells with acceptable viability. Future studies
should seek to disrupt BATF in activated TIL Tregs specifically to
interrogate the roles of BATF modulating the activation and func-
tion of activated Tregs from patients with cancer.
Therapeutic targeting of TIL Tregs in cancer without affecting

immune homeostasis has been challenging. We show that TNFR+
Tregs are frequently found and are associated with worse prognosis
across numerous solid tumors. In addition, several surface markers
including CD96, CD39, and CD74 were identified on TNFR+ Tregs
that are preferentially expressed by HNSCC TIL Tregs, suggesting a
possible path to selectively targeting suppressive TIL Tregs without
causing overt autoimmunity in normal tissues. A deeper under-
standing of transcriptional networks that govern Treg function will
likely provide opportunities for the treatment of cancer and may
identify ways to promote Treg function for the treatment of autoim-
munity and inflammatory diseases.

MATERIALS AND METHODS
Study design
The objective of this study was to reconstruct transcriptional net-
works of suppressive TIL Tregs in the TME and identify key regula-
tors that control TIL Treg function and activation. Tumors from
patients with HNSCC were acquired under the University of
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Pittsburgh Cancer Institute Institutional Review Board (IRB)–ap-
proved protocol 99-069, with written informed consent obtained
from each patient. Nontumor tonsil tissues from patients with
sleep apnea or tonsilitis were collected on the same IRB-approved
protocol. Tumors from patients with lung cancer were acquired
under IRB–approved protocol MODCR19060269-008. HD periph-
eral blood was collected by venipuncture, using EDTA as the
anticoagulant.
Data file S1, tab data S5, summarizes the clinical characteristics

of participants, including their sex and age. scRNA-seq was per-
formed to characterize distinct transcriptional signatures and cell
states of TIL Tregs compared with nontumor tissue Tregs, peripheral
Tregs, and all Tconv. CIBERSORTx and TCGA survival analyses were
performed to identify subpopulations of TIL Tregs that were associ-
ated with patient survival outcomes. SCENIC, directed MGM, and
FCI-MAX were performed to construct the GRN of TNFR+ Tregs.
Bioinformatic analyses on two independent scRNA-seq datasets
were performed to validate the findings in the HNSCC TME.
CRISPR-Cas9 RNP KO was performed to perturb BATF signaling
in human primary activated Tregs. Bulk RNA-seq was performed to
globally dissect the transcriptional changes in human activated Tregs
with BATF deletion. In vitro microsuppression assays were per-
formed to interrogate the functional changes of BATF KO activated
Tregs. Flow cytometry staining with TIL and PBMC from patients
were performed to validate and identify additional surface
markers that characterize TNFR+ Tregs. Detailed method is included
in the Supplementary Materials.

Blood and tissue sample processing
PBMCs were isolated from whole blood by density gradient centri-
fugation in Ficoll/Hypaque for 20 min at 400g with the brake off.
Carryover red blood cells were lysed with BD Pharm Lyse, and
samples were then resuspended in staining buffer. Single-cell sus-
pensions from tonsil tissues were generated by mechanical disrup-
tion followed by enzymatic digestion in serum-free RPMI media.
After initial isolation from tissue, cells were passed through a
100-μm filter and spun down to yield single-cell suspensions.
Cells were stained and sorted for live CD4+ Tconv (CD4+CD25−

CD127high) and Tregs (CD4+CD25highCD127low) by fluorescence-
activated cell sorting (FACS) on the Sony MA900 at the Hillman
Cancer Center Cytometry Facility. Data file S1, tab data S6, summa-
rizes the detailed information of antibodies used for cell sorting.

scRNA-seq library preparation and sequencing
Immediately after sorting, Tconv and Tregs were centrifuged for 5
min at 500g and were resuspended in phosphate-buffered saline
(PBS) with 0.04% bovine serum albumin. Cells were then counted
using the Cellometer Auto2000 (Nexcelom) and loaded into the
10X Controller (10X Genomics) targeting a recovery of 2000 cells
per sample. The RNA capture, barcoding, cDNA, and library prep-
aration were performed according to the manufacturer’s recom-
mendations. The 10x libraries were pooled and sequenced on
either a NextSeq500 at the Health Sciences Sequencing Core at
Children’s Hospital of Pittsburgh or on a NovaSeq6000 at the Uni-
versity of Pittsburgh Medical Center (UPMC) Genome Core. Data
file S1 (tab data S1) summarizes the final cell number per partici-
pant analyzed in the study after QC.

Treg isolation and expansion
Human umbilical cord samples were collected from the umbilical
vein immediately after vaginal delivery by the Obstetric Specimen
Procurement Unit at UPMC Magee-Womens Research Institute.
PBMC isolation followed the same procedures as described above.
Tregs from cord blood PBMCs were enriched by a kit and purified
again by FACS. Freshly isolated Tregs were cultured in complete
RPMI. Tregs were expanded for 7 days. Data file S1 (tab, Data S6)
summarizes the detailed information of antibodies used for cell
sorting and T cell activation.

In vitro human Treg culture with TCR stimulation in hypoxia
Tregs from cord blood were isolated as shown above. Tregs were then
activated at 20,000 cells per 96-well round-bottom plates with an
equivalent number of Dynabeads in the presence of IL-2 (1000 U/
ml) in 200 μl of cRPMI. After 24-hour activation, Tregs were expand-
ed with IL-2 only (acute TCR stimulation) or cocultured with 10-
fold Dynabeads and IL-2 (continuous TCR stimulation). Tregs
under acute or continuous TCR activation were cultured in either
normoxic (18.6% O2) or hypoxic (1.5% O2) gas atmosphere condi-
tions for 10 days.

Cas9 RNP assembly and electroporation
crRNA and trans-activating RNA (tracrRNA) were mixed in a 1:1
ratio and incubated for 30 min at 37°C to generate crRNA–tracrR-
NA CRISPR duplex. Cas9 protein (Thermo Fisher Scientific) was
mixed with the crRNA–tracrRNA duplex and incubated for 15
min at 37°C to generate Cas9 RNP. Expanded human Tregs were pel-
leted and resuspended in P3 buffer. Then, Cas9 RNP and electropo-
ration enhancer (Integrated DNA Technologies) were added
directly to the cells and transferred to a 16-well reaction cuvette
(Lonza). Tregs were electroporated using program EH-115 on the
Amaxa 4D-Nucleofector (Lonza). Prewarmed cRPMI was immedi-
ately added to each well after electroporation. CRISPR-edited Tregs
were then rested with cRPMI supplemented with human IL-2 (200
UI/ml) for 48 hours at 37°C. CRISPR-edited Tregs and scrambled
control Tregs were then activated for 72 hours with TCR stimulation.
Data file S1, tab data S7, summarizes the sequences of guides used in
the experiments.

In vitro microsuppression assay
Naïve CD8+ T cells were isolated by a T cell isolation kit, and
antigen-presenting cells (APCs) were isolated by FACS from HD
PBMCs. Isolated naïve CD8+ T cells were then labeled with Cell-
Trace Violet (CTV; Invitrogen) for 10 min at 37°C. After a 72-
hour TCR restimulation, CRISPR-treated Tregs were purified again
by FACS. Two thousand CRISPR-edited Tregs in 50 ml of cRPMI
were seeded in the first column of a round-bottom 96-well plate.
A serial twofold dilution of Tregs was conducted for nine
columns. Two thousand APCs and 2000 CTV-labeled naïve CD8+
T cells in 50 ml of cRPMI were added separately to all wells to
change the Tregs:CD8+ T cell ratio from 1:2 to 1:1000. Fifty milliliters
of cRPMI supplemented with anti-CD3 (2 μg/ml) were then added
to all wells. Cells were cultured for 5 days at 37°C with 5% CO2.
Then, cells were spun down and stained for flow cytometry analysis.

Surface and intracellular antibody staining
CRISPR-edited Tregs, scrambled controls, and unperturbed controls
were resuspended in staining buffer and labeled with antibodies at
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1:100 for 25 min at 4°C, followed by viability staining using fixable
dye (eFluor 780 viability dye at 1:4000 or Zombie NIR at 1:2000
ratio). Cells were then spun down at 500g for 5 min and washed
with PBS. Foxp3/Transcription Factor Staining Buffer (eBioscience)
was added into cells for 60min at room temperature for cell fixation.
Cells were then washed by permeabilization buffer (eBioscience)
and labeled with antibodies for 60 min at room temperature for in-
tracellular staining. Cells were washed with permeabilization buffer
and FACS buffer. The BD LSRFortessa II flow cytometer or Cytek
Aurora was used for acquiring flow cytometry readouts, and FlowJo
V10 was used for data analysis. Data file S1, tab data S6, summarizes
the detailed information of antibodies used for flow cytometry.

Bulk RNA-seq
CRISPR-edited Tregs and scrambled controls were double-sorted
(purity, >99.5%) directly into individual wells of a 96-well plate con-
taining 2 μl of lysis buffer. The plate was spun down at 2000g for 2
min, and reverse transcription was then performed. An addition of
15-cycle complementary DNA amplification was performed after
cDNA synthesis by the KAPA Hot Start II High-Fidelity DNA Po-
lymerase. cDNA size was verified with TapeStation D5000 and
quantified by the Qubit (Thermo Fisher Scientific). Sequencing li-
braries were prepared from 1 ng of cDNA using the Nextera XT
DNA Library Prep kit (Illumina FC-131-1096), following the man-
ufacturer ’s instructions. cDNA libraries were quantified by the
KAPA library quantification kit (KAPA KK4854), and size was ver-
ified on a TapeStation D1000. Ten diluted libraries were pooled and
sequenced with the NextSeq 500/550 High Output v.2 kit.

Bulk RNA-seq data analysis
We used the R package DESeq2 (1.40.1) for downstream bulk RNA-
seq analysis (66). The batch effects between donors were corrected
by ComBat-seq (v3.36.0) (67). Genes were filtered as not expressed
if their read count was less than 10. Differential gene analysis was
done by DESeq function in DESeq2 (1.40.1). Log2 fold changes were
added into the analysis by lfcShrink function in DESeq2 (1.40.1).
Gene set enrichment analysis was performed by using R package
clusterProfiler (4.8.1) (68).

scRNA-seq data integration and clustering
We used the R package Seurat v4 for downstream scRNA-seq anal-
ysis. The dataset was split by patient and normalized using
SCTransform v1 (23). The most variable genes in each patient
were identified, and the top 2000 variable genes overlapped across
groups were selected for integration. Then, we scaled the integrated
dataset to remove confounding sources of variation by regressing
out the percentage of mitochondrial genes expressed per cell and
the number of genes per cell. Further, we used principal compo-
nents analysis (PCA) to dimensionally reduce the dataset to 30 di-
mensions and chose 1 to 20 PCs that explained the most variance in
the dataset for visualization and cell clustering. We next performed
Louvain graph–based clustering and applied a nonlinear dimen-
sional reduction method UMAP to visualize the dataset. Tconv
and Tregs were identified on the basis of the original paper and pre-
vious sorting results.

DE analysis and gene set enrichment analysis
We next used FindAllMarkers function in Seurat to run DE analysis
between different groups of T cell subpopulations depending on the

comparison. The top DE genes in each subpopulation were ranked
on the basis of the log2 fold change. We then performed the gene set
enrichment analysis to Tregs in the dataset by using the R package
singleseqgset as previously described (19). The log2 fold change in
gene expression was calculated for all genes across Treg clusters and
used as input for a variance inflation–corrected Wilcoxon rank sum
test to calculate whether the gene sets were up-regulated in a con-
certed manner within a cluster.

GRN reconstruction
To reconstruct the GRNs within Treg subpopulations, we used
SCENIC to infer regulons with normalized data matrices as input.
The regulons were generated, and the regulon activities were calcu-
lated following the pySCENIC (0.11.2) pipeline (46). We identified
the differentially activated regulons in each Treg subpopulation by
the Wilcoxon rank sum test against all the other cells. To identify
GRNs central to TNFR+ Treg subpopulation, we combined the
target genes and regulators in the top five regulons ranked by log2
fold change and used normalized data metrices as input for the
causal MGM (42). We used MGM to build a skeleton network
and then FCI-MAX to refine the network and determine correlation
(69). Signaling pathways were analyzed by Reactome (70).

Pseudotime analysis
To infer Treg developmental trajectory, we applied the RNAvelocity
algorithm to infer pseudotime for each Treg (26, 71). The differen-
tiation trajectory and pseudotime inference were performed by
scanpy (version 1.6.1) and scVelo (v0.2.4) (26). To infer the devel-
opmental trajectory of Tregs from the online published datasets, we
applied the Slingshot (72) algorithm to infer pseudotime for each
Treg. Briefly, we took the first three PCs from the PCA generated
during cell clustering procedure (as described above) and normal-
ized the dataset for input into the R package Slingshot. We used the
predefined clustering results to identify the global lineage structure
by a cluster-based minimal spanning tree, fitted principal curves to
describe each lineage, and lastly aligned cells on a pseudotime
trajectory.

Survival analysis using TCGA
To determine whether the enrichment of Treg subpopulations was
associated with survival outcomes of patients with cancer, we used
bulk RNA-seq data of patients with HNSCC, NSCLC, and melano-
ma available through TCGA. Similarly, bulk RNA-seq data of
normal lung and normal skin (sun exposed) were obtained from
GTEx. The enrichment score for each Treg subpopulation from
each patient was calculated as previously described (73, 74). The
gene set was defined by using the top 200 genes that were differen-
tially expressed in each Treg subpopulation. Enrichment scores were
calculated and used as a reference profile to deconvolute bulk RNA-
seq data from TCGA and GTEx by CIBERSORTx (30). We then
performed monovariate and multivariable analyses based on pa-
tients’ PFS.

Statistical analysis
Specific statistical analyses including Wilcoxon rank sum test for
DE gene analysis, Cox proportional hazard regression for mono-
variate and multivariable analyses, and Pearson’s correlation for
gene coexpression and Treg signature analysis were performed
using R-4.3.1. Statistical analyses, including two-way analysis of
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variance (ANOVA) test, nonparametric Mann-Whitney U test, and
ratio paired t test for flow cytometry analyses, were performed using
GraphPad/Prism v9.

Supplementary Materials
This PDF file includes:
Materials and Methods
Figs. S1 to S14

Other Supplementary Material for this
manuscript includes the following:
Data files S1 and S2
MDAR Reproducibility Checklist
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