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BHLHE40 Regulates the T-Cell Effector Function
Required for Tumor Microenvironment Remodeling and
Immune Checkpoint Therapy Efficacy
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ABSTRACT
◥

Immune checkpoint therapy (ICT) using antibody blockade of
programmed cell death protein 1 (PD-1) or cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) can provoke T cell–dependent anti-
tumor activity that generates durable clinical responses in some
patients. The epigenetic and transcriptional features that T cells
require for efficacious ICT remain to be fully elucidated. Herein, we
report that anti–PD-1 and anti–CTLA-4 ICT induce upregulation
of the transcription factor BHLHE40 in tumor antigen–specific
CD8þ and CD4þ T cells and that T cells require BHLHE40 for
effective ICT in mice bearing immune-edited tumors. Single-cell
RNA sequencing of intratumoral immune cells in BHLHE40-
deficient mice revealed differential ICT-induced immune cell
remodeling. The BHLHE40-dependent gene expression changes
indicated dysregulated metabolism, NF-kB signaling, and IFNg
response within certain subpopulations of CD4þ and CD8þ

T cells. Intratumoral CD4þ and CD8þ T cells from BHLHE40-
deficient mice exhibited higher expression of the inhibitory recep-
tor gene Tigit and displayed alterations in expression of genes
encoding chemokines/chemokine receptors and granzyme family
members. Mice lacking BHLHE40 had reduced ICT-driven IFNg
production by CD4þ and CD8þ T cells and defects in ICT-induced
remodeling of macrophages from a CX3CR1þCD206þ subpopu-
lation to an iNOSþ subpopulation that is typically observed during
effective ICT. Although both anti–PD-1 and anti–CTLA-4 ICT
in BHLHE40-deficient mice led to the same outcome—tumor
outgrowth—several BHLHE40-dependent alterations were specific
to the ICT that was used. Our results reveal a crucial role for
BHLHE40 in effective ICT and suggest that BHLHE40 may be a
predictive or prognostic biomarker for ICT efficacy and a potential
therapeutic target.

Introduction
Antitumor immunity induced by anti–CTLA-4 and/or anti–PD-1

immune checkpoint therapy (ICT) requires effector T cells (Teff)

directed against tumor antigens (1–5). T cells undergo epigenetic,
transcriptional, and post-transcriptional modifications to become
Teff (6–8). Basic Helix-Loop-Helix Family Member E40 (BHLHE40,
also called DEC1) is a transcription factor expressed in both non-
hematopoietic and hematopoietic cells that can promote or repress
transcription (9, 10). BHLHE40 is upregulated in T cells by select
cytokines (11, 12) and by activation, with CD28-signaling further
enhancing BHLHE40 expression (13). In models of infectious disease
and autoimmunity, BHLHE40 regulates Th1, Th2, and Th17 cytokine
production, with a key role in promotingGM-CSF and repressing IL10
production (11, 13–19). The mechanisms by which BHLHE40 pro-
motes or suppresses transcription are incompletely understood. In
mouse CD4þ T cells, BHLHE40 can suppress Il10 transcription,
possibly by binding to an enhancer region in Il10 that is also the
target of transcriptional activators (10, 16, 20). InGM-CSF–expressing
human memory CD4þ T cells, BHLHE40 facilitates inflammatory
gene expression by directly dampening expression ofZC3H12D, which
encodes an RNase capable of degrading inflammatory transcripts, and
indirectly inhibiting miR-146a, a negative regulator of NF-kB signal-
ing (21). BHLHE40 can also interact with other transcription factors
such as TBET and RUNX1 to mediate transcriptional activation of
target genes (22, 23). Specifically, activation of Ifng transcription by
BHLHE40 can be mediated by TBET-dependent and -independent
mechanisms (15, 23).

In models of melanoma, BHLHE40 has been found to be required
for IFNg production by invariant natural killer T (iNKT) cells activated
witha-galactosylceramide (23). It also has been shown that BHLHE40
regulates the mitochondrial metabolism required for production of
sufficient acetyl-CoA for histone acetylation and maintenance of
transcriptionally active chromatin domains in tissue resident memory
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T cells (Trm) and tumor-infiltrating lymphocytes (TIL) (12). This study
also revealed that BHLHE40 is required for reinvigoration of TIL upon
anti–PD-L1 ICT, however, the role of BHLHE40 in CD4þ, as well as
CD8þ, T cells, during anti–PD-1 or anti–CTLA-4 ICT has yet to be
fully defined.

Herein, we report that ICT upregulates Bhlhe40 in both CD4þ and
CD8þ T cells and that T cells require BHLHE40 for antitumor effector
function and response to anti–PD-1 or anti–CTLA-4. Single-cell RNA
sequencing (scRNAseq) analysis revealed that ICT-treated tumor-
bearing BHLHE40-deficient mice have altered remodeling of intratu-
moral lymphoid and myeloid cells, including a profound absence of a
shift from a CX3CR1þCD206þ macrophage subpopulation to an
iNOSþ subpopulation that is typically observed in wild-type (WT)
mice during effective ICT. These differences observed in the absence of
BHLHE40 were associated with gene expression changes implicating
dysregulated T-cell metabolism, NF-kB signaling, and IFNg response,
along with defects in IFNg production by BHLHE40-deficient CD4þ

and CD8þ T cells.

Materials and Methods
Mice

All mice used were on a C57BL/6 background. WT C57BL/6J,
CD4-Cre (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ), LysM-Cre (B6N.129P2
(B6)-Lyz2tm1(cre)Ifo/J), Bhlhe40 knockout (KO) (B6.129S1(Cg)-
Bhlhe40tm1.1Rhli/MpmJ), OT-I T-cell receptor (TCR) transgenic
(Tg(TcraTcrb)1100Mjb/J) and OT-II TCR transgenic (B6.Cg-Tg
(TcraTcrb)425Cbn/J) mice were purchased from Jackson Labs. All
in vivo experiments used 8- to 12-week-old female or male mice (to
match the sex and strain of the tumors). All mice were housed in a
specific pathogen-free animal facility. Bhlhe40–/– (ten generations
backcrossed to the C57BL/6 background) and Bhlhe40f/f mice have
been previously reported (11, 16, 24). For experiments using
conditional Bhlhe40 KO mice, Bhlhe40f/f littermates were used as
controls. All animal studies were performed in accordance with,
and with the approval of the Institutional Animal Care and Use
Committee (IACUC) of Washington University (St. Louis) and The
University of Texas MD Anderson Cancer Center (Houston, TX).

Tumor cell lines
The MCA-induced sarcomas used in this study were generated in

female C57BL/6 WT (the edited, progressor 1956 MCA sarcoma cell
line) or Rag2�/� (the unedited, highly immunogenic 1969 MCA
sarcoma cell line) mice and were banked as low-passage tumor cells
as previously described (25). Both sarcoma cell lines were obtained
from Robert Schreiber (Washington University School of Medicine,
St. Louis, MO) in January 2020. The B16 murine melanoma cell line
expressing the full-length chicken ovalbumin (herein referred to as
B16-OVA)was obtained from StephanieWatowich (TheUniversity of
Texas MD Anderson Cancer Center, Houston, TX) in October 2020.
Tumor cell lines were found to be free of common mouse pathogens
and Mycoplasma as assessed by IDEXX IMPACT I mouse pathogen
testing [PCR evaluation for: Corynebacteriumbovis, Corynebacterium
sp. (HAC2), Ectromelia, EDIM, Hantaan, K virus, LCMV, LDEV,
MAV1, MAV2, mCMV, MHV, MNV, MPV, MTV, MVM, Myco-
plasma pulmonis, Mycoplasma sp., Polyoma, PVM, REO3, Sendai,
TMEV] in December 2020. Tumor cell lines from the same cryopre-
served stocks that were used in this study tested negative for Myco-
plasma and were authenticated and found to be free of nonmouse cells
as assessed by mouse cell STR profiling in December 2021 (IDEXX
CellCheck mouse 19 plus Mycoplasma spp. testing).

Tumor transplantation
MCA sarcoma cell lines and B16-OVA melanoma cells were

propagated in R-10 plus BME media [RPMI media (HyClone/Cytiva:
catalog no. SH30096.02) supplemented with 1% L-glutamine, 1%
penicillin–streptomycin, 1% sodium pyruvate, 0.5% sodium bicarbon-
ate, 0.1% 2-mercaptoethanol, and 10% FCS (HyClone/Cytiva: catalog
no. SH30070.03HI)]. Upon thawing, tumor lines were passaged 3 to
6 times before experimental use. Prior to injection, cells were washed
extensively, resuspended at a concentration of 6.67�106 cells permL in
endotoxin-free PBS forMCA sarcoma cell lines and at a concentration
of 2.67�106 cells permL in endotoxin-free PBS for B16-OVA cells and
then 150mL (1�106 cells per mouse for MCA sarcomas and 0.4�106

cells per mouse for B16-OVA) injected subcutaneously into the flanks
of recipientmice. Tumor cells were >90% viable at the time of injection
as assessed by Trypan blue exclusion. Tumor growthwas quantified by
caliper measurements and expressed as the average of two perpen-
dicular diameters. Lack of survival was defined asmouse death ormean
tumor diameter size of 20 mm.

In vivo antibody treatments
For ICT, tumor-bearing mice were treated intraperitoneally with

200mg of anti–PD-1 or anti–CTLA-4, used alone or in combination on
days 3, 6, 9, and 12 post tumor transplant. For experiments where
tumors were harvested on day 9,mice were treated on days 3 and 6 post
tumor transplant; and for tumors harvested on day 11, mice were
treated on days 3, 6, and 9 post tumor transplant. For controls, mice
were injected with 200 mg of IgG2a isotype control antibodies. For
antibody depletion studies, 250 mg of control mAb, anti-CD4, or anti-
CD8a was injected intraperitoneally into mice at day �1 and every
7 days thereafter until day 20. For in vivo experiments, “In vivo
Platinum”-grade antibodies that were verified to be free of mouse
pathogens (IDEXX IMPACT I mouse pathogen testing) were pur-
chased from Leinco Technologies: anti–PD-1 (rat IgG2a clone RMP1–
14), anti–CTLA-4 (murine IgG2b clone 9D9), anti-CD4 (rat IgG2b
clone GK1.5), anti-CD8a (rat IgG2b clone YTS169.4), and isotype
controls (rat IgG2a clone 1–1, mouse IgG2a clone OKT3, and rat
IgG2b clone 1–2).

Tetramers
Peptide–MHC class I monomers refolded with an ultraviolet light

(UV)-cleavable conditional ligand were prepared in-house as previ-
ously described (7). Briefly, recombinant H-2Kb heavy chain and
human b2 microglobulin light chain were produced in Escherichia
coli as inclusion bodies and refolded in the presence of a UV-cleavable
peptide (SIINFE-J-L, where J represents 3-amino-3-(2-nitro) phenyl-
propionic acid (Peptide 2.0). Monomers were captured by anion
exchange (HiTrap Q HP, GE), biotinylated, and purified by gel
filtration FPLC. UV-induced ligand exchange with mutant Lama4
(mLama4) peptide was performed as described previously (7). OVA-I
(SIINFEKL)-H-2Kb-PE andmutant Lama4-H-2Kb-PE tetramers were
additionally obtained from the Baylor College of Medicine MHC
Tetramer Production Facility.

Tumor and spleen harvest
Established tumors were excised from mice, minced and treated

with 1mg/mL type IA collagenase (Sigma: catalog no. C9891) in HBSS
(Hyclone/Cytiva: catalog no. SH30588.02) for 45 minutes at 37�C.
Cells were washed thrice. Red blood cells were lysed using ACK lysis
buffer (Gibco: catalog no. A1049201). To remove aggregates and
clumps, cells were passed through a 40-mm strainer. Spleens were
harvested, crushed, and vigorously resuspended to make single-cell
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suspensions. To remove aggregates and clumps, cells were passed
through a 70-mm strainer and subsequently through a 40-mm strainer.

Quantitative RT-PCR
RNAwas extracted from sorted T cells using RNAeasy PlusMini Kit

(Qiagen: catalog no. 74034). One-hundred micrograms of RNA was
reverse-transcribed and subjected to qPCR using the SuperScript III
Platinum Two-Step qRT-PCR Kit with SYBR Green (Invitrogen:
catalog no. 11744500). qPCR was performed on the StepOne Real-
Time PCR System (Applied Biosystems). Each sample was run in
triplicate for each gene and the cDNA from each sample was divided
equally per reaction in a 20 mL volume. The qPCR conditions were as
follows: 50�C for 2 minutes and 95�C for 2 minutes, followed by 40
cycles of 95�C for 15 seconds and 60�C for 30 seconds. Melting curve
analysis was performed to confirm a single amplicon. Differences in
gene expression were determined using the equation 2–DDCt, where the
Ct value of Bhlhe40 was subtracted from the Ct value of the Gapdh
control to yield the DCt value. For each sample, the DCt value of
Bhlhe40 done in triplicate was averaged and compared to give one
DDCt value per sample. Mouse quantitative RT-PCR primers for
Bhlhe40 were as follows: forward primer-50 ACGGAGACCTGT-
CAGGGATG30 and reverse primer-50GGCAGTTTGTAAGTTTC-
CTTGC30. Mouse quantitative RT-PCR primers for Gapdh were as
follows: forward primer-50AGGTCGGTGTGAACGGATTTG30 and
reverse primer-50TGTAGACCATGTAGTTGAGGTCA30 (Integrated
DNA Technologies, custom order).

Reanalysis of published scRNAseq
Published scRNAseq data [Gene Expression Omnibus (GEO):

GSE119352; ref. 26] of intratumoral CD45þ cells from mice bearing
T3 murine MCA-induced sarcomas treated with control mAb, anti–
PD-1, anti–CTLA-4, or anti–PD-1 and anti–CTLA-4 were reanalyzed
using the same pipelines and parameters as previously described (26).
Single-cell explorer [an open-source project for processing and
visualization of scRNAseq data developed by the Artyomov Lab
(WashingtonUniversity; https://artyomovlab.wustl.edu/shiny/single_
cell_explorer/)] was used to visualize and generate plots in Fig. 1 and
Supplementary Fig. S1.

scRNAseq
scRNAseq library generation

Droplet-based 50 end massively parallel scRNAseq was performed
by encapsulating sorted live CD45þ tumor-infiltrating cells into
droplets and libraries were prepared using Chromium Next GEM
Single-cell 50 Reagent Kit v2 (10x Genomics: catalog no. 100263)
according tomanufacturer’s protocol. The generated scRNAseq librar-
ies were sequenced using an Illumina NovaSeq6000 S2 flow cell.

scRNAseq alignment, barcode assignment, and unique molecular
identifier counting

The Cell Ranger Single-Cell Software Suite available at https://
support.10xgenomics.com/single-cell-gene-expression/software/over
view/welcome was used to perform sample demultiplexing, barcode
processing, and single-cell 50 counting. Cellranger mkfastq was used to
demultiplex raw base call files from the NovaSeq6000 sequencer, into
sample-specific fastq files. Files were demultiplexed with 81.9% to
97.1% perfect barcode match, and 90%þ q30 reads. Afterward, fastq
files for each sample were processed with Cellranger count, which was
used to align samples to mm10 genome, filtered, and quantified. For
each sample, the recovered cells’parameterwas specified as 10,000 cells
that we expected to recover for each individual library.

Preprocessing analysis with Seurat package
The Seurat pipeline was applied to each dataset following tutorial

specifications from https://satijalab.org/seurat/articles/archive; ver-
sion 3.2 and https://hbctraining.github.io/scRNA-seq_online/. For
each experiment, data from all groups were merged into a single
Seurat object, and integration was performed using the reciprocal
principal component analysis (PCA) workflow to identify integration
anchors. After integration, genes that were expressed in fewer than 3
cells and cells that contained fewer than 500 transcripts (unique
molecular identifiers; UMI) were excluded. In addition, cells that had
fewer than 250 or more than 5,000 genes (for the day 9 experiment) or
fewer than 250 or more than 4,000 genes (for the day 11 experiment)
were excluded. Cells with high content of mitochondrial transcripts
(more than 20% for the day 9 experiment and more than 10% for
the day 11 experiment) were also excluded from analysis. The cutoffs
used were set based on the characteristics of the cell population in
each dataset. Data were normalized using LogNormalize method
(counts for each cell divided by the total counts for that cell, multiplied
by the scale factor of 104 and natural-log transformed using log1p).
PCA was performed on about 4,000 genes with PCA function. A
uniform manifold approximation and projection (UMAP) dimen-
sional reduction was performed on the scaled matrix (with most
variable genes only) using the first 30 PCA components to obtain a
two-dimensional representation of the cell states. For clustering,
we used the function FindClusters that implements SNN (shared
nearest neighbor) modularity optimization–based clustering algorithm
on 30 PCA components, leading to 19–23 clusters.

Identification of cluster-specific genes and marker-based
classification

To identify marker genes, the FindAllMarkers function was used
with likelihood-ratio test for single-cell gene expression. To charac-
terize clusters, we used ImmGen database. For heatmap representa-
tion, mean expression of markers inside each cluster was used. To
compare gene expression for the clusters inside cohorts (e.g., T cells,
macrophages) we used FindMarkers function to calculate average log2
fold change and identify differentially expressed genes between each
pair of experimental conditions using a Wilcoxon rank-sum test for
calculating P values and Bonferroni correction for Padj values.

T-cell population analysis
To examine T cells, clusters expressing Cd8b1 and/or Cd4 were

extracted from aggregated samples. Clusters extracted for day 9
scRNAseq analysis were T_15.d9 and Treg_16.d9 and for day 11
scRNAseq analysis were gd_15.d11, CD8_16.d11, CD8_17.d11,
CD8_18.d11, CD4_19.d11, Treg_20.d11, and Mki67hi_21.d11. Iden-
tification of most variable genes, PCA, UMAP, clustering, and marker
selection analysis were performed as described above. Pearson corre-
lation (PC) coefficients were used as the measure of relationship
between expression of Bhlhe40 and other genes in reclustered T cells
from day 9 posttransplant and day 11 posttransplant, from both
Bhlhe40þ/þ and Bhlhe40–/–mice treated with ICT or control antibody.

Ex vivo T-cell stimulation
For PMA/ionomycin T-cell stimulation, cells from tumors, isolated

as described above (in Tumor and spleen harvest section), were
enriched for CD4þ and CD8þ cells using the Miltenyi Biotec Mouse
CD4þ Enrichment Kit (catalog no. 130–104–454) and Mouse CD8þ

T Cell Enrichment Kit (catalog no. 130–104–075), respectively,
according to the manufacturer’s protocols. Cells were then incu-
bated with 10 ng/mL of PMA (Millipore: catalog no. 5.00582.0001)
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and 1 mg/mL of ionomycin (Fisher: catalog no. BP25271) in the
presence of BD GolgiPlug (BD Biosciences: catalog no. 555028) for
6 hours at 37�C. Cells were then stained for IFNg (as described
below in Flow cytometry section).

For OVA peptide restimulation of intratumoral T cells, CD4þ

and CD8þ cells were enriched using the Miltenyi Biotec Mouse
CD4þ Enrichment Kit (catalog no. 130–104–454) and Mouse CD8þ

T Cell Enrichment Kit (catalog no. 130–104–075), respectively,
according to the manufacturer’s protocols. T cells were stimulated
with na€�ve irradiated splenocytes from WT mice (isolated as
described above in Tumor and spleen harvest section) pulsed with
1 mmol/L of OVA-SIINFEKL (Peptide 2.0, custom order), or OVA-
II (ISQAVHAAHAEINEAGR) peptide (Peptide 2.0, custom order),
respectively, in the presence of BD GolgiPlug for 6 hours at 37�C.
Cells were then stained for IFNg (as described below in Flow
cytometry section).

For longitudinal monitoring of Bhlhe40 expression in TCR trans-
genic CD4þ and CD8þ splenic T cells upon antigen-specific acti-
vation, CD8þ T cells from spleens of na€�ve 8-week-old female OT-I

mice and CD4þ T cells from spleens of na€�ve 8-week-old female
OT-II mice were isolated as described above (in the Tumor and
spleen harvest section) and enriched using the Miltenyi Biotec
Mouse CD8þ Enrichment Kit and Mouse CD4þ T Cell Enrich-
ment Kit, respectively, according to the manufacturer’s protocols.
Splenocytes from na€�ve 8-week-old female C57BL/6J mice were
pulsed for 2 hours at 37�C with 1 mmol/L of OVA-I-SIINFEKL or
OVA-II (ISQAVHAAHAEINEAGR) peptide (Peptide 2.0, custom
order) and then washed twice with R10 þ BME media. Enriched
CD8þ OT-I or CD4þ OT-II T cells were cocultured with OVA-I-
SIINFEKL or OVA-II–pulsed splenocytes, respectively. Individual
wells were harvested at 24, 48, 72, and 96 hours poststimulation for
mRNA analysis. For anti-CD3 and anti-CD28 T-cell stimulation
experiments, CD4þ or CD8þ splenic T cells were isolated from
na€�ve male C57BL/6J mice and stimulated with plate-bound anti-
CD3 (1 mg/mL) alone or with soluble anti-CD28 (5 mg/mL) for
72 hours in R-10 plus BME media. Purified anti-mouse CD3e (clone
145–2C11) and purified anti-mouse CD28 (clone 37.51) were
purchased from BioLegend.
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Figure 1.

Subsets of intratumoral myeloid and lymphoid cells express Bhlhe40. A, Bhlhe40 mRNA expression in intratumoral mLama4-specific CD8þ T cells sorted from T3
sarcoma–bearing WT mice treated with anti–CTLA-4, anti–PD-1, or both anti–CTLA-4 and anti–PD-1. B, tSNE plot from merged treatment data of exclusively
intratumoral lymphocytes showing Bhlhe40 expression within indicated lymphoid subpopulations identified by scRNAseq in the T3 MCA sarcoma. C, Violin plots
showing Bhlhe40 expression in T3 intratumoral lymphoid cells by cluster and treatment. D, Heatmap displaying normalized expression of select genes in T3
intratumoral lymphoid cells by cluster and treatment. E, Tumor growth in Bhlhe40–/– or Bhlhe40þ/þ mice transplanted with 1956 sarcoma cells and subsequently
treated with control, anti–CTLA-4, anti–PD-1, or both anti–CTLA-4 and anti–PD-1. F, Cumulative Kaplan–Meier survival curves for the 1956 tumor–bearing Bhlhe40–/–

or Bhlhe40þ/þ mice treated as in E. For A, each dot represents 5 pooled mice harvested on day 11 posttransplant and assessed independently (N ¼ 3; � , P < 0.05,
unpaired t test).B–D, scRNAseqdatagenerated inGubin et al (39)were reanalyzed forBhlhe40 expression. Data inE arepresented as average tumor diameter�SEM
of 5 mice per group and are representative of at least four independent experiments. Data in (F) are cumulative survival curves from 4 independent experiments
of 3–5 mice per group [��� , P < 0.001 (log-rank (Mantel–Cox) test)].
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Flow cytometry
For flow cytometry, cells were stained for 5minutes at room

temperature with rat anti-mouse CD16/32 (mouse BD Fc Block; clone
2.4G2, BD Biosciences) at 1 mg/million cells and then surface
stained for 20 minutes at 4�C. Surface antibodies were diluted in
FACS staining buffer (PBS with 2% FCS, 2 mmol/L EDTA, and 0.05%
NaN3; Sigma). Anti-mouse CD64-BV421 (clone X54–5/7.1, BioLe-
gend; 1:200 dilution), anti-mouse Ly6G-Alexa Fluor 700 (clone
1A8, BD Biosciences; 1:400 dilution), anti-mouse CD4-BV711 (clone
RM4–5, BioLegend; 1:200 dilution), anti-mouse CD8a-BV786
(clone 53–6.7, BioLegend; 1:200 dilution), anti-mouse CX3CR1-FITC
(clone SA011F11, BioLegend; 1:1,000 dilution), anti-mouse CD90.2/
Thy1.2-PE/Cy7 (clone 30-H12, BioLegend, 1:500 dilution), anti-
mouse CD8b-PerCP/Cy5.5 (clone YTS156.7.7, BioLegend; 1:200 dilu-
tion), anti-mouse PD-1-BV421 (clone 29F.1A12, BioLegend; 1:200),
anti-mouse LAG-3-PerCP/Cy5.5 (clone C9B7W, BioLegend; 1:200),
anti-mouse CD3e-APC (clone 145–2C11, BioLegend; 1:200 dilution),
anti-mouse I-A/I-E-BV650 (clone M5/114.15.2, BioLegend; 1:3,000
dilution), anti-mouse CD24-BV711 (clone M1/69, BD Biosciences;
1:500 dilution), anti-mouse CD11c-BV786 (clone HL3, BD Bios-
ciences; 1:400 dilution), anti-mouse F4/80-BUV395 (clone T45–
2342, BD Biosciences; 1:400 dilution), anti-mouse CD64-APC (clone
X54–5/7.1, BioLegend; 1:400 dilution), anti-mouse CD45 BV605
(clone 30-F11, BioLegend; 1:800 dilution), anti-mouse CD25-PC
(clone 3C7, BioLegend; 1:200 dilution), and anti-mouse CD11b-
APC (clone M1/70, BioLegend; 1:400 dilution) were used for surface
staining at the indicated dilutions. Zombie NIR Viability dye (BioLe-
gend: catalog no. 423105) was added at 1:500 during surface staining.

For intracellular staining, surface-stained cells were fixed and
permeabilized with BD Fixation and Permeabilization Kit (BD Bio-
science: catalog no. 555028). Fixed and permeabilized cells were then
stained with anti-mouse Mrc1 (CD206)-PE-Cy7 (clone C068C2,
BioLegend; 1:400 dilution) and anti-mouse iNOS/NOS2-PE (clone
CXNFT, Thermo Fisher; 1:400 dilution) for 30 minutes at 4�C.

For FOXP3 staining, surface-stained cells were fixed and per-
meabilized using the eBioscience FOXP3/Transcription Factor
Staining Buffer Set (eBioscience/Thermo Fisher Scientific: catalog
no. 00–5523–00). Fixed and permeabilized cells were then stained
with anti-mouse FOXP3-FITC (clone FJK-16s, Thermo Fisher
Scientific; 1:100 dilution) for 30 minutes at 4�C.

For intracellular cytokine staining of lymphocytes, cells were iso-
lated, then restimulated and incubated at 37�C for 6 hours with
GolgiStop. Cells were then washed and stained for 5minutes at room
temperaturewith Fc block at 1mg/million cells and then surface stained
for 30 minutes at 4�C, and then fixed and permeabilized with BD
Fixation and Permeabilization Kit. Fixed and permeabilized cells were
then stained with anti-IFNg-APC (XMG1.2, BioLegend; 1:200 dilu-
tion) for 30 minutes at 4�C.

All flow cytometry was performed on the LSR Fortessa X-20 (BD
Biosciences) and analyzed using FlowJo software (v. 10.6.1, TreeStar).

FACS
For sorting of tetramer-positive CD8þ T cells, intratumoral cells

were stained for 5minutes at room temperature with Fc block at 1 mg/
million cells and then were stained with mLama4-H-2Kb-PE or OVA-
I-257–264-H-2Kb-PE tetramers in FACS buffer for 15 minutes at
37�C. Surface antibodies against CD45 (clone 30-F11, BioLegend;
1:800 dilution), CD90.2/Thy1.2 (clone 30-H12, BioLegend, 1:500
dilution), and CD8b (clone YTS156.7.7, BioLegend; 1:200 dilution)
as well as Zombie NIR Viability dye were then added and tetramers
plus surface antibodies were incubated for 30 minutes at 4�C. Cells

were washed twice with FACS buffer and sorted gating on live
CD45þCD90.2/Thy1.2þCD8bþH-2Kb-tetramerþ cells. For sorting of
intratumoral CD8þPD-1þLAG-3þT cells and CD4þPD-1þLAG-3þ

T cells, intratumoral cells were stained for 5minutes at room
temperature with Fc block at 1 mg/million cells. Surface antibodies
against CD45 (clone 30-F11, BioLegend; 1:800 dilution), CD90.2/
Thy1.2 (clone 30-H12, BioLegend, 1:500 dilution), CD4 (clone
GK1.5, BioLegend, 1:200), CD8b (clone YTS156.7.7, BioLegend;
1:200 dilution), LAG-3 (clone C9B7W, BioLegend, 1:200 dilution),
and PD-1 (clone 29F.1A12, BioLegend, 1:200 dilution) as well as
Zombie NIR Viability dye were then added. Cells were incubated for
30 minutes at 4�C. Live CD45þThy1.2þCD8bþPD-1þLAG-3þ and
live CD45þThy1.2þCD4þPD-1 LAG-3þ cells were then sorted on a
BD FACSAria II (BD Biosciences). Sorted cells were pelleted and
processed for RNA analysis. The purity of the sorted cells for
scRNAseq was greater than 97% as assessed during postsort cellular
analysis.

Peptides
Mutant Lama4 (VGFNFRTL), OVA-I-257–264 (SIINFEKL) and

OVA-II-323–339 (ISQAVHAAHAEINEAGR) peptides were custom
ordered from Peptide 2.0. All peptides were HPLC purified to >95%
purity.

Statistical analysis
Samples were compared using an unpaired, two-tailed Student t test,

two-way ANOVA, or log-rank (Mantel–Cox) test unless specified
otherwise.

Data and software availability
Data files for the scRNAseq data reported in this article have

been deposited in the GEO database. The accession number is GEO:
GSE192546. Software used in this study is available online:
current version of Cell Ranger: https://support.10xgenomics.com/
single-cell-gene-expression/software/downloads/latest; Seurat 4.0:
https://satijalab.org/seurat/; ggplot2 3.3.3: https://ggplot2.tidy
verse.org/index.html; and ImmGen: https://www.immgen.org. All
other data generated in this study are available within the article and
its Supplementary Data files.

Results
ICT upregulates Bhlhe40 in CD4þ and CD8þ T cells

We previously documented transcriptional and protein changes
within mutant neoantigen–specific CD8þ TIL in mice bearing the
MCA-induced T3 sarcoma line treated with control mAb or
ICT (1, 26, 27). RNAseq revealed a significant upregulation of the
transcription factorBhlhe40 exclusively in tumor-specific, neoantigen-
reactive CD8þ TIL in mice treated with anti–CTLA-4, alone or in
combination with anti–PD-1. We confirmed Bhlhe40was upregulated
in CD8þ TILs recognizing the T3-specific neoantigen mLama4 (1) in
mice treated with anti–CTLA-4, alone or in combination with anti–
PD-1 (Fig. 1A). Reanalysis of scRNAseq profiling of the intratumoral
immune cells in T3 tumor–bearing mice treated with control mAb or
ICT (26) revealed expression ofBhlhe40 in bothmyeloid and lymphoid
populations (Supplementary Fig. S1A–S1C). Further analysis of
reclustered lymphocytes identified previously (26) revealed Bhlhe40
expression correlated with the transcriptionally-defined activation/
functional T-cell status (Fig. 1B–D). With ICT treatment, Bhlhe40
transcript was highly expressed in CD8_s1, a cluster defined by
transcripts upregulated by TCR stimulation such as the negative
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regulatory molecules Havcr2 (TIM-3), Lag3, and Pdcd1 (PD-1).
Within CD4þ Teff cells, CD4_s2 expressed high levels of Bhlhe40 and
transcripts consistent with T-cell activation, as well as Ifng. CD4_s1
also expressed activation/functional markers (to a lesser extent than
CD4_s2), and expressed Bhlhe40, in particular upon ICT. In addition,
two clusters composed of both CD4þ and CD8þ T cells, Mki67hi and
T activated (Tact) expressed Bhlhe40. Tact cells displayed relatively low
Bhlhe40 expression with control treatment, but much higher expres-
sion with ICT treatment, accompanied by a substantial increase in
Ifng expression. Altogether, these results indicate that Bhlhe40 is
transcriptionally upregulated with ICT in CD4þ and CD8þ TILs that
display hallmarks of activation and function.

BHLHE40 is essential for ICT-mediated tumor regression
For further study, we chose a different MCA sarcoma cell line [as

opposed to T3 (129S6 background)] to match the genetic background
of Bhlhe40–/–mice (C57BL/6), the 1956 cell line. Injection of 1956 cells
into syngeneic WT or Bhlhe40–/– mice treated with control mAb
resulted in subsequent tumor outgrowth (Fig. 1E). When 1956
tumor–bearing Bhlhe40þ/þ WT mice were treated with anti–PD-1 or
anti–CTLA-4, nearly all mice rejected tumors and survived 50 ormore
days (Fig. 1E and F). In contrast, the majority of 1956 tumor–bearing
Bhlhe40–/– mice treated with anti–PD-1 and/or anti–CTLA-4 dis-
played tumor outgrowth and reached endpoint by day 50 (Fig. 1E
and F), indicating that BHLHE40 is critical for ICT efficacy.

We then assessedwhetherBhlhe40–/–mice couldmediate regression
of unedited, highly immunogenic tumors that are rejected spontane-
ously, even in the absence of ICT, by using the 1969MCA sarcoma line
derived from aRag2–/–mouse (25).When 1969 cells were transplanted
into WTmice rendered immunodeficient by anti–CD4 and anti–CD8
depletion, tumors grew progressively (Supplementary Fig. S2A–S2C);
whereas all WT immunocompetent mice rejected 1969 tumors.
Bhlhe40–/– mice were also able to reject the 1969 tumor, indicating
that BHLHE40-deficient mice can spontaneously reject highly immu-
nogenic tumors despite a profound deficiency in ICT efficacy against
immune-edited tumors.

T cells require BHLHE40 for ICT-mediated rejection
To delineate which cells require BHLHE40 for effective ICT, we

usedCD4-CreþBhlhe40f/f(Bhlhe40DT)mice that lack BHLHE40 in both
CD4þ and CD8þ T cells (15, 16), and LysM-CreþBhlhe40f/f mice that
lack BHLHE40 in monocytes, mature macrophages, and granulo-
cytes (17). 1956 sarcomas grew progressively when injected into
Bhlhe40f/f (CD4-Cre–negative Bhlhe40f/f) mice treated with control
mAb, whereas they were rejected in most Bhlhe40f/f mice treated with
ICT (Fig. 2A andB). In contrast, Bhlhe40DTmice displayed outgrowth
of 1956 tumors, even when given ICT (Fig. 2A and B). ICT-treated
LysM-CreþBhlhe40f/fmice, however, were able to reject 1956 tumors,
indicating BHLHE40 is dispensable in LysMþ myeloid cells during
ICT (Supplementary Fig. S2D–S2F). Together, these results reveal that
BHLHE40 is selectively required in T cells for effective ICT.

Because the tumor–antigen specificities of the T cells infiltrating
1956 tumors are unknown, we flow sorted intratumoral CD4þ and
CD8þ T cells that coexpressed PD-1 and LAG-3 because these surface
proteins are known to be associated with activated, antigen-specific T
cells (1, 26, 27). Expression of Bhlhe40mRNAwas significantly higher
in PD-1þLAG-3þCD8þ and PD-1þLAG-3þCD4þ TIL from mice
treated with anti–PD-1 and/or anti–CTLA-4 when compared with
those from control-treated mice (Fig. 2C and D). Longitudinal
monitoring of Bhlhe40 expression in CD8þ OT-I TCR transgenic T
cells activated by OVA257–264 SIINFEKL (OVA-I) peptide revealed

Bhlhe40 upregulation as early as 24 hours poststimulation and an
increase of almost 6-fold from baseline by 72 hours (Fig. 2E). In
OVA323–339 (OVA-II) peptide–stimulated CD4þ OT-II cells, Bhlhe40
was upregulated by 24 hours poststimulation, with expression further
increased by 48hours (Fig. 2F). To assesswhetherCD28 costimulation
of T cells amplified Bhlhe40 expression, we stimulated splenic T cells
from na€�ve WT mice with plate-bound anti-CD3 in the presence or
absence of soluble anti-CD28. Bhlhe40 mRNA was upregulated by
plate-bound anti-CD3 in both CD4þ and CD8þT cells; the addition of
anti-CD28 further increased Bhlhe40 transcript expression (Supple-
mentary Fig. S3A).

Because both CD4þ and CD8þ T cells express Bhlhe40, we assessed
whether both T-cell subsets were necessary for ICT-mediated tumor
rejection in the 1956 sarcoma model. Although control-treated mice
experienced tumor outgrowth, most ICT-treated mice experienced
complete tumor rejection (Supplementary Fig. S3B and S3C). Deple-
tion of either CD4þ or CD8þ T cells led to tumor outgrowth despite
treatment with ICT, indicating both CD4þ and CD8þ T cells are
required for ICT-mediated 1956 tumor regression.

Defective ICT-induced remodeling of intratumoral immune cells
in Bhlhe40–/– mice

To analyze the deficiencies underlying insensitivity to ICT in the
absence of BHLHE40, we performed scRNAseq on intratumoral
CD45þ cells isolated on day 9 and 11 posttransplant from 1956
tumor–bearing Bhlhe40þ/þ or Bhlhe40–/– mice treated with control,
anti–PD-1, or anti–CTLA-4 mAb (Supplementary Fig. S4A). Graph-
based clustering revealed distinct subpopulations of myeloid and
lymphoid cells on day 9 (Fig. 3A and B) and day 11 posttransplant
(Supplementary Fig. S4B and S4C), with cluster cell type identified by
expression of lineage markers (Fig. 3C; Supplementary Fig. S4D).
Bhlhe40 was expressed in myeloid and lymphoid populations, with
increased Bhlhe40 expression in certain lymphoid subpopulations
from tumor-bearing WT mice treated with ICT (Fig. 3C and D;
Supplementary Fig. S4D and S4E).

To increase the resolution of our T-cell analysis, we reclustered T
cell–containing clusters (Fig. 4A; Supplementary Figs. S4A and S5). T-
cell reclustering on day 9 (Fig. 4B–D; Supplementary Fig. S6) and day
11 posttransplant (Supplementary Figs. S5B–S5D and S7) revealed 8
and 10 clusters, respectively, whose proportions and gene expression
patterns were altered by ICT in both a BHLHE40-dependent and
-independent manner. Although the zenith of TIL presence occurs on
day 11 posttransplant in this tumor model, the main focus of our
analysis was on day 9 posttransplant, as this timepoint ensures tumor
regression has not occurred under any of the experimental conditions.

CD8þ T cells
TwoCD8þTIL clusters (CD8_1.d9 andCD8_2.d9) were among the

reclustered T cells, with anti–PD-1 ICT inducingBhlhe40 upregulation
in both clusters in WT mice. CD8_1.d9 expressed Bhlhe40 and
transcripts associated with T-cell activation and dysfunction/exhaus-
tion [Lag3, Pdcd1 (PD-1), Havcr2 (TIM-3), and Rgs16; Fig. 4B; Sup-
plementary Fig. S8]. In addition, CD8_1.d9 expressed chemokine
transcripts Ccl3 and Ccl4, along with Nkg7 and Ifng (Fig. 4B;
Supplementary Fig. S8). Overall, CD8_1.d9 cells from Bhlhe40–/–mice
expressed higher levels of Tigit (negative T-cell regulator), Cxcr3, Ccl5,
Klrc2, and Pfn1 [actin-binding negative regulator of T-cell cytotoxi-
city (28)] and two related genes: Cd5, which can negatively regulate
TCR signaling (29), and Cd6 (Fig. 4B; Supplementary Fig. S6). In
contrast, reduced expression of Lag3, Ybx3, Ndufb1-ps, and the
transcription factor–encoding genes Hif1a and Tbx21 (TBET) was
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observed in Bhlhe40–/– CD8_1.d9 (Fig. 4B; Supplementary Fig. S6). A
divergent transcript expression pattern within granzyme family mem-
bers was observed, whereby Gzmb was more highly expressed and
Gzmc and Gzmf expression was dampened in Bhlhe40–/– mice
(Fig. 4B). ICT induced an increase in Ifng expression that was
noticeably blunted in Bhlhe40–/– mice (Figs. 4B and 5A). ICT also
induced BHLHE40-dependent upregulation of glycolysis-related tran-
scripts (Pgk1, Pfkp, Hk1, Eno1, Slc2a3, and Gapdh), and two TCR
signaling–induced transcription factor genes Nr4a1 (Nur77) and
Nr4a3 in WT mice (Fig. 4B; Supplementary Fig. S6; ref. 30). Gene
set enrichment analysis (GSEA) revealed that CD8_1.d9 displayed
BHLHE40-dependent enrichment in glycolysis, IFNg response,
TNFa signaling via NF-kB, and hypoxia-related transcripts. Spe-
cific to the ICT used, anti–PD-1 induced BHLHE40-dependent
upregulation of the perforin gene (Prf1), whereas anti–CTLA-4
upregulated Csf2 (GM-CSF) and displayed enrichment for IL2–
STAT5 signaling and leukocyte transendothelial migration that was
severely diminished in Bhlhe40–/– mice (Figs. 4B and 5B). In
addition, high Il10 expression was observed in CD8_1.d9 from
anti–CTLA-4–treated Bhlhe40–/– mice (Fig. 4B). Both Csf2 and Il10
are known to be differentially regulated by BHLHE40 (11, 16).

Although anti–CTLA-4 reduced the apoptosis gene signature in
both WT and Bhlhe40–/– mice, it was more drastically diminished
by anti–PD-1 in WT mice, and it was lower than in anti–PD-1–
treated Bhlhe40–/– mice (Fig. 5B). Ingenuity Pathway Analysis
(IPA) indicated actin-based motility by Rho and RhoA signaling
upregulation within all Bhlhe40–/– treatment groups (Fig. 5C).

CD8_2.d9 was distinguished from CD8_1.d9 by overall higher
expression of Cd69, Cd7, Ly6c2, S1pr1,Gzmk, and Tcf7 (TCF-1), along
with overall lower expression of Lag3 and Havcr2 (Fig. 4B; Supple-
mentary Fig. S6 and S8). Based on transcript expression, this popu-
lation likely represents early-activated CD8þ T cells with features of
effector/effector-memory T cells (31). CD8_2.d9 also shares some
qualities with the Tcf7þCD8þ T cells that have been linked to
exhausted T-cell precursors/progenitors in chronic viral infection and
cancer (6, 32–34), whereas other transcriptional features point to
Tcf7þPdcd1þCD8þ T cells that were previously described to have
stem-like properties (35), although T_6.d9 more closely aligns with
this population. As seen in CD8_1.d9, expression of Tigit, Cxcr3, Ccl5,
and Gzmb was higher in Bhlhe40–/– mice, whereas expression of
Cx3cr1 (36), Nr4a1, Nr4a3, and Slc2a3 was reduced in Bhlhe40–/–

mice under like treatment conditions (Fig. 4B; Supplementary Fig. S6).
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Figure 2.

Bhlhe40 is selectively required in T cells for anti–PD-1 or anti–CTLA-4 ICT-mediated tumor rejection. A, Tumor growth in Bhlhe40DT or Bhlhe40f/fmice transplanted
with 1956 sarcoma cells and subsequently treated with control mAb, anti–CTLA-4, or anti–PD-1. B, Cumulative Kaplan–Meier survival curves of 1956 tumor–bearing
Bhlhe40DT or Bhlhe40f/fmice treated as in A. Bhlhe40mRNA expression in intratumoral PD-1þLAG-3þCD8þ T cells (C) and PD-1þLAG-3þCD4þ T cells (D) sorted on
day 11 posttransplant from 1956 sarcoma–bearingWTmice treated with control mAb, anti–CTLA-4, or anti–PD-1. Bhlhe40mRNA expression in CD8þOT-I T cells (E)
stimulated with 1 mmol/L OVA-I peptide and CD4þ OT-II T cells (F) stimulated with 1 mmol/L OVA-II peptide for the indicated time. Data in A are presented as
average tumor diameter � SEM of 5–6 mice per group and are representative of 3 independent experiments. Data in B are cumulative survival curves from
3 independent experiments of 5–6 mice per group [��� , P < 0.001; NS, not significant, (log-rank (Mantel–Cox) test)]. For C and D, each dot represents mice
harvested and assessed independently (N ¼ 5; � , P < 0.05; �� , P < 0.01, unpaired t test). Data in E, and F are presented as mean mRNA fold change. Bar indicates
mean � SEM (�, P < 0.05; �� , P < 0.01, unpaired t test) and are representative of 3 independent experiments.
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Bhlhe40–/– CD8_2.d9 displayed reduced expression of the apoptosis
inhibitor transcript Api5 and Cd44 (Fig. 4B; Supplementary Fig. S6).
In WT mice only, ICT induced upregulation of Eno1 and Tbx21.
As observed in CD8_1.d9, CD8_2.d9 also displayed enrichment, but
to a greater extent, of IFNg response and glycolysis genes that was
dampened in Bhlhe40–/– CD8_2.d9 (Fig. 5B).

CD4þ T cells
CD4_3.d9 was the major CD4þ Teff cluster. InWTmice, anti–PD-1

and anti–CTLA-4 increased Bhlhe40 expression to an equal or greater
extent than was observed in CD8þ TILs (Fig. 4B and C). CD4_3.d9
from Bhlhe40–/– mice was characterized by higher transcript expres-
sion of two actin-binding proteins involved in cytoskeletal rearrange-
ment (Cnn2 and Pfn1), the latter of which was also more highly
expressed in Bhlhe40–/– CD8þ clusters. Bhlhe40–/– CD4_3.d9 dis-
played reduced expression of Hif1a, Eno1, and Gapdh, paralleling
observations in Bhlhe40–/– CD8þ clusters, along with reduced expres-
sion of the IFN-induced transmembrane genes Ifitm1, Ifitm2, and

Ifitm3. A divergent expression pattern between specific chemokine
receptor transcripts was also detected, whereby Cxcr3 and Cxcr5 were
expressed higher in Bhlhe40–/– mice, whereas Cxcr6 was expressed
lower. CD4_3.d9 from Bhlhe40–/– mice treated with ICT showed
upregulation of Tigit and Cd5 (a pattern also detected in CD8þ TIL)
and the proapoptotic Bak1 gene (Fig. 4B; Supplementary Fig. S6).
Bhlhe40–/– CD4_3.d9 displayed downregulation of glycolysis, IL17
signaling, and hypoxia, with IPA revealing upregulation of RhoA
signaling (Fig. 5B and C). In contrast, CD4_3 from ICT-treated WT
mice displayed BHLHE40-dependent upregulation of Lef1, S1pr1,
Cox6a1, andmt-Nd3 and leukocyte transendothelial migration, TNFa
signaling via NF-kB, and mTOR signaling gene set enrichment
(Fig. 5B and C). Specific to the ICT used, anti–PD-1 increased
expression of Api5 (similar to CD8_2.d9), as well as Csf2, Tnfaip3,
and Tnfsf8 (CD153) that was notably absent in Bhlhe40–/– mice
(Fig. 4B; Supplementary Fig. S6). Exclusive to anti–CTLA-4,
Bhlhe40þ/þ CD4_3.d9 displayed higher Icos and lower Ctla4 as
compared with Bhlhe40–/– CD4_3.d9. CD4_3.d9 from WT mice
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Bhlhe40 is required for ICT-induced remodeling of intratumoral immune cells. A, UMAP plot from scRNAseq of intratumoral CD45þ cells harvested on day 9
posttumor transplant from 1956 tumor–bearing Bhlhe40þ/þ or Bhlhe40–/–mice treated with control mAb, anti–CTLA-4, or anti–PD-1. Cluster cell types identified via
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treated with anti–PD-1 exhibited enriched FoxO signaling, whereas
WT mice treated with anti–CTLA-4 had enrichment in calcium and
chemokine signaling and IFNa response.

Tregs
Cluster Treg_4.d9 containing Cd4þFoxp3þ Tregs displayed the

lowest Bhlhe40 transcript expression when compared to the other
T-cell clusters. Treg_4.d9 represented 0.91% and 0.33% of reclustered
cells in control mAb-treated Bhlhe40þ/þ and Bhlhe40–/– mice, respec-
tively. In anti–PD-1–treated WT mice, the percentage decreased to
0.70%, whereas WT mice treated with anti–CTLA-4 experienced a
more dramatic decrease (Fig. 4D). This is consistent with the previous
observation that the anti-CTLA-4 mAb used (9D9 mouse IgG2b)
depletes populations of CD4þFOXP3þ Tregs, which express high
levels of surface CTLA-4 (37, 38).

Additional changes occurring in the T-cell compartment
Cluster Mki67hi_5.d9 highly expressed the proliferation marker

gene Mki67 (Fig. 4A; Supplementary Fig. S8) and contained prolif-

erating CD8þ T cells with a small number of proliferating CD4þ

T cells. Similar to the other T-cell clusters, Pfn1 and Tigit were more
highly expressed in Bhlhe40–/– cells under all corresponding condi-
tions, along with Gimap4, Tox, Cd6, and Gzmb, whereas Bcl2 was
expressed at lower levels in Bhlhe40–/– mice. This cluster exhibited
pathway enrichment in regulation of RhoA signaling, signaling by Rho
family GTPases, and actin-based motility by Rho in Bhlhe40–/– mice
(Fig. 5C). Bhlhe40-dependent ICT-induced changes were also
observed, with increased Eno1, Hk1, Tbx21, and Gzmc expression
exclusively in WT mice treated with ICT (Fig. 4B). Anti–PD-1 also
induced upregulation of Ifng, whereas anti–CTLA-4 induced upregu-
lation of Gzmf, Cx3cr1, and Cd7 in WT mice. Exclusively in anti–
CTLA-4–treated Bhlhe40–/– mice, Mki67hi_5.d9 displayed enhanced
OXPHOS as indicated by GSEA (Fig. 5B).

T_6.d9 contained CD8þ T cells with a small fraction of CD4þ T
cells. This cluster expressed Tcf7 and several other transcripts previ-
ously associated with a na€�ve, central memory, or stem-like phenotype
that has been observed to be important for tumor control by ICT
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Figure 4.

Bhlhe40 regulates CD4þ and CD8þ T-cell function. Intratumoral CD45þ cells were harvested on day 9 posttumor transplant from 1956 tumor–bearing Bhlhe40þ/þ or
Bhlhe40–/– mice treated with control mAb, anti–CTLA-4, or anti–PD-1, and analyzed by scRNAseq. A, UMAP displaying reclustering of T cell–containing clusters
(middle plot) and Cd4 and Cd8 expression (bottom plot) of all experimental conditions computationally combined. B,Heatmap displaying normalized expression of
select genes in each T-cell cluster. C, Violin plot showing Bhlhe40 expression in Bhlhe40þ/þmice by cluster and treatment. D, Percentage of cells in individual T-cell
clusters by condition and treatment represented as percent of CD45þ cells.
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(Fig. 4B; Supplementary Figs. S6 and S8; refs. 31, 34, 35). This cluster
was also distinguished by expression of Gm26917 and Bcl2 (Supple-
mentary Fig. S8). Within T_6.d9, expression of Cd5, Cd6, and S1p1r
was higher in Bhlhe40–/– mice, whereas Stat1, Tox, and Tcf7 were
expressed at lower levels as compared with WT mice under all
respective treatment conditions (Fig. 4B). ICT-treated Bhlhe40–/–

mice also displayed higher Pdcd1, Havcr2, and Il10 expression. T_6.
d9 from WT mice treated with anti–PD-1 displayed enrichment in
IFNa response and IL2–STAT5 signaling (Fig. 5B). Conversely, anti–

CTLA-4 upregulated IL2–STAT5 signaling but only in Bhlhe40–/–

mice. OXPHOS gene set enrichment also diverged with each ICT
treatment, with anti–PD-1–treated Bhlhe40–/–mice displaying enrich-
ment of this gene set and anti–CTLA-4–treated Bhlhe40–/– mice
downregulating transcripts in this gene set.

Although the number of T cells was higher on day 11, T cells had
overall similar alterations between Bhlhe40þ/þ and Bhlhe40–/– mice
treated with control mAb or ICT on both days assessed (Fig. 5E;
Supplementary Fig. S5D). However, in contrast to day 9 where anti–
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Figure 5.

Bhlhe40 deficiency alters effector phenotype of intratumoral T cells during ICT. A, Violin plot showing Ifng expression by T-cell cluster and treatment determined
using scRNAseq data from intratumoral CD45þ cells harvested on day 9 posttumor transplant from 1956 tumor–bearing Bhlhe40þ/þ (left) or Bhlhe40�/� (right)
mice treated with control mAb, anti–CTLA-4, or anti–PD-1. B, Heatmap of select enriched gene sets by T-cell cluster and condition as determined by GSEA.
C, Heatmap of select IPA pathways by T-cell cluster and condition. D, Correlation between gene expression and Bhlhe40 expression. Genes displayed are
those with a Pearson correlation coefficient (r) greater than or equal to 0.1 from day 9 (left) or day 11 (right). Genes in red indicate overlap between day 9 and
day 11 scRNAseq (P ≤ 1.5e-7 for all genes listed). E, Percent of intratumoral IFNgþCD8þ cells and IFNgþCD4þ cells as assessed by intracellular cytokine staining.
Data in E are representative of 5 individual mice per condition and represent 3 independent experiments. Bar indicates mean percent � SEM as assessed by
flow cytometry (� , P < 0.05; �� , P < 0.01; ���, P < 0.005; NS, not significant, unpaired t test).
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PD-1 induced the most robust upregulation of Bhlhe40 in subsets of
T cells, anti–CTLA-4 induced the strongest upregulation on day 11,
with the highest expression occurring in CD8þ T-cell clusters expres-
sing cytokine genes Ifng, Tnf, and Csf2, as well as in CD4þ T cells
(CD4_6.d11; Supplementary Fig. S5B and S5C).

Bhlhe40 correlation analysis (Pearson) on reclustered T cells from
day 9 and 11 revealed multiple statistically significant gene expression
correlations, including transcripts known to be regulated by BHLHE40
(e.g., Ifng and Csf2; Fig. 5D). Consistent with observations in indi-
vidual T-cell clusters, glucose metabolism transcripts (Eno1, Gapdh,
and Pgk1) and several genes that are upregulated by T-cell activation
[Tnfaip3, Nr4a3, Lag3, Havcr2, and Tnfrsf9 (CD137/4–1BB)] were
correlated with Bhlhe40 expression.

Flow cytometry analysis revealed fewer CD45þ cells as a percent
of live intratumoral cells between control mAb–treated Bhlhe40þ/þ

and Bhlhe40–/– mice on day 9 posttransplant with the same trend
observed under all treatment conditions on day 11 posttransplant
(Supplementary Figs. S9 and S10A). No major differences in the
overall intratumoral CD8þ or CD4þ Teff cells as a percent of CD45

þ

cells were observed when comparing ICT-treated Bhlhe40–/– and
Bhlhe40þ/þ mice (Supplementary Figs. S9, S10B, and S10C). We did
not detect significant quantitative differences in CD4þFOXP3þ

Tregs between Bhlhe40þ/þ and Bhlhe40–/– mice treated with control
mAb or anti–PD-1 (Supplementary Figs. S9 and S10D). However,
anti–CTLA-4 ICT reduced the percent of Tregs in both Bhlhe40–/–

and Bhlhe40þ/þ tumor–bearing mice, consistent with scRNAseq
results. Assessment of IFNg by intracellular cytokine staining
revealed the percent of intratumoral IFNgþCD8þ T cells was
increased significantly by ICT in a BHLHE40-dependent manner
(Fig. 5E). Whereas both anti–PD-1 and anti–CTLA-4 induced
more IFNg-producing CD8þ T cells in WT, but not Bhlhe40–/–

mice, only anti–CTLA-4 induced more IFNg-producing CD4þ

T cells on both day 9 and day 11 posttransplant in Bhlhe40þ/þ

mice, with Bhlhe40–/– mice again having significantly less IFNg-
expressing CD4þ T cells (Fig. 5E). Although anti–PD-1 treatment
did not increase the percentage of IFNgþCD4þ T cells at either
timepoint assessed, anti–PD-1–treated WT mice had a significant-
ly greater percentage of IFNgþCD4þ T cells as compared with
Bhlhe40–/– mice at the day 9 timepoint. Together, these results
indicate both CD4þ and CD8þ T cells require BHLHE40 for normal
IFNg production and ICT-induced changes to the tumor micro-
environment that are associated with tumor regression.

BHLHE40 is required for ICT-induced remodelingof themyeloid
cell compartment

Similar to previous observations in the T3 MCA sarcoma model
(26), ICT led to a shift in Bhlhe40þ/þ mice from Cx3cr1þMrc1þ

(CD206þ) macrophages to Nos2þ (iNOSþ) macrophages including
Nos2þCd1d1þ macrophages, as revealed by scRNAseq (Fig. 6A–C;
Supplementary Fig. S11A and S11B). These changes were completely
dependent uponBHLHE40, as subsets of intratumoralmacrophages in
ICT-treated Bhlhe40–/–mice displayed high expression of Cx3cr1with
few Nos2þ macrophages present. Furthermore, clusters containing
Nos2þ macrophages also expressed high levels of Cd274 (PD-L1) in
WT, but not Bhlhe40–/–, mice treated with ICT (Fig. 6A; Supplemen-
tary Fig. S11A and S11B).

To analyze different monocyte/macrophage populations by protein
expression, we used a myeloid cell flow cytometry panel (39). Con-
sistent with the scRNAseq data, macrophages constituted a plurality of
CD45þ cells (Supplementary Figs. S9 and S10E). ICT significantly
reduced the percentage of CX3CR1þCD206þ macrophages in

Bhlhe40þ/þ mice (Fig. 6D; Supplementary Fig. S10F). However, this
decrease was absent in Bhlhe40–/– mice treated with ICT, consistent
with scRNAseq data. Furthermore, a sharp increase in intratumoral
iNOSþmacrophages was observed in tumor-bearing Bhlhe40þ/þmice
treated with ICT (Fig. 6E; Supplementary Fig. S10G). In contrast,
control-treated tumor-bearing Bhlhe40–/–mice contained a paucity of
intratumoral iNOSþ macrophages that increased with ICT but repre-
sented only a fraction of what was observed in ICT-treated Bhlhe40þ/þ

mice. In sum, BHLHE40 is required for ICT-driven remodeling of
intratumoral macrophages from a CX3CR1þCD206þ phenotype to an
iNOSþ phenotype.

Tumor antigen–specific CD4þ and CD8þ T cells require
BHLHE40 for effector function

To extend our study to a non-MCA sarcoma line, we injected B16-
OVA melanoma cells into Bhlhe40f/f and Bhlhe40DT mice. Whereas
B16-OVA–bearing Bhlhe40f/fmice treated with either ICT displayed a
decrease in tumor growth when compared with control mAb–treated
mice, tumor-bearing T cell–deficient Bhlhe40DT mice showed no
significant reduction in tumor growth after ICT (Fig. 7A; Supple-
mentary Fig. S12A and S12B). We harvested B16-OVA tumors from
Bhlhe40f/f and Bhlhe40DT mice treated with control or ICT at day 15
posttransplant and performed peptide–MHC-I tetramer staining to
monitor tumor antigen–specific CD8þ T-cell responses. Sorted intra-
tumoral CD8þ T cells recognizing the immunodominant OVA-I
epitope (SIINFEKL) presented on H-2Kb (OVA-I tetramer–positive)
upregulated Bhlhe40 in Bhlhe40f/fmice treated with ICT and displayed
increased expression of Bhlhe40 mRNA when compared with
tetramer-negative sorted intratumoral CD8þ T cells (Fig. 7B).
Although OVA-I tetramer–positive T cells displayed the more robust
upregulation of Bhlhe40 upon ICT, an increase in Bhlhe40 expression
was also observed in tetramer-negative T cells with anti–CTLA-4
treatment. These tetramer-negative T cells are likely composed of not
only bystander T cells, but also subpopulations of T cells recognizing
shared, non-mutant antigens andother subdominant antigens (40, 41),
whichmay account for the increase in Bhlhe40 expression we observed
in OVA-I tetramer–negative populations with anti–CTLA-4 treat-
ment. It is also known that signals other than TCR ligation contribute
to Bhlhe40 upregulation in T cells (11, 12). Next, we observed a
decreased percent of intratumoral CD8þ T cells specific for OVA-I
in Bhlhe40DT mice as compared with treatment-matched Bhlhe40f/f

(Fig. 7C). Finally, we observed a reduced percentage of IFNgþ

intratumoral CD8þ T cells from ICT-treated Bhlhe40DT mice upon
restimulation with the OVA-I peptide when compared with those
from ICT-treated Bhlhe40f/f mice (Fig. 7D). In addition, intratumoral
CD4þ T cells from ICT-treated Bhlhe40DT mice restimulated with
OVA-II peptide–loaded splenocytes displayed a significant reduction
by percent in IFNgþ cells (Fig. 7E), indicating defects in both CD4þ, as
well as CD8þ, T cells in the absence of BHLHE40.

Discussion
Here we have demonstrated that BHLHE40 expression in T cells is

vital for anti–PD-1 or anti–CTLA-4 ICT efficacy against B16-OVA
melanoma and the 1956 edited progressively growing MCA sarcoma,
but is dispensable for spontaneous rejection of a highly immunogenic
unedited MCA sarcoma line (1969). Interrogation of the immune
tumor microenvironment by both scRNAseq and flow cytometry
demonstrated that ICT upregulated Bhlhe40 in both CD4þ and CD8þ

TIL subsets and was associated with expression of activation/effector
transcripts and proteins, with BHLHE40-deficient T cells displaying
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reduced expression of the critical cytokine IFNg . Defects in IFNg
production by BHLHE40-deficient CD8þ T cells may be attributed to
not only BHLHE40’s known role in enhancing IFNg expres-
sion (10, 23), but also may reflect poor priming, differentiation,
trafficking, or survival (12) of BHLHE40-deficient tumor antigen–
specific CD8þ T cells, as we observed fewer OVA-I–specific CD8þ

TILs in Bhlhe40DT tumor-bearing mice (Fig. 7C).
Themechanism bywhich ICT induces upregulation of BHLHE40 in

CD4þ and CD8þ T cells may diverge between anti–PD-1 and anti–
CTLA-4, as PD-1 and CTLA-4 can exert their suppression through
differing means (42). Consistent with previous findings (12, 13), we
found that CD28 costimulation enhanced upregulation of Bhlhe40 in
both CD4þ and CD8þ T cells (Supplementary Fig. S3A). Therefore, it
is possible that anti–CTLA-4 induces upregulation of BHLHE40 by
enhancing costimulation, as CTLA-4 outcompetes CD28 for B7 owing
to its higher avidity (43). In contrast, PD-1 signaling blockade with
anti–PD-1 might be directly responsible for BHLHE40 upregulation,
as PD-1 signaling has been previously shown to suppress Bhlhe40

expression (12). Other ICT-induced cues in the tumor microenviron-
ment may also contribute to Bhlhe40 expression (11).

In the absence of BHLHE40, subsets of intratumoral CD4þ and
CD8þ Teff displayed altered transcript and/or protein expression
of key molecules involved in T-cell function: cytokines/cytokine
receptors (e.g., decreased IFNg and Csf2); effector/cytolytic molecules
(e.g., increased Gzmb and decreased Gmzc and Gmzf); chemotaxis
molecules (e.g., increasedCxcr3); transcripts affecting the cytoskeleton
(e.g., increased Cnn2 and Pfn1); inhibitory receptors (e.g., increased
Cd5 and Tigit); and aerobic metabolism–related transcripts (e.g.,
decreased Cox6a1, Ndufb1-ps, and mt-Nd3); and glycolytic enzyme
transcripts (e.g., decreased Pgk1, Pfkp, Hk1, Eno1 and Gapdh). In
Bhlhe40þ/þ mice, several T-cell clusters showed marked upregulation
of multiple glycolytic enzyme transcripts (Fig. 4B; Supplementary
Fig. S5B) and a GSEA signature indicative of active glycolysis (Fig. 5B)
upon ICT that was blunted in Bhlhe40–/– mice. It was particularly
characteristic of CD8_1.d9, CD8_1.d11, and CD8_5.d11, all of which
displayed high activation and/or dysfunction/exhaustion marker
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ICT-induced remodelingof intratumoralmonocyte/macrophages requires Bhlhe40.A,Heatmapdisplayingnormalized expressionof select genes in eachmonocyte/
macrophage cluster by group determined using scRNAseq data from 1956 intratumoral CD45þ cells harvested on day 9 (left) or day 11 (right) posttumor transplant
from 1956 tumor–bearing Bhlhe40þ/þ or Bhlhe40–/– mice treated with control mAb, anti–CTLA-4, or anti–PD-1. B, Violin plots showing Cx3cr1 expression in
intratumoralmonocytes/macrophages onday9 (left) and day 11 (right) by cluster and treatment.C,Violin plots showingNos2 expression in intratumoralmonocytes/
macrophages on day 9 (left) and day 11 (right) by cluster and treatment. Flow cytometry plots of 1956 intratumoral macrophages from day 11 posttransplant showing
percent of CX3CR1þCD206þmacrophages (D) and iNOSþmacrophages (E) in Bhlhe40–/– or Bhlhe40þ/þmice treated with control mAb, anti–PD-1, or anti–CTLA-4.
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expression and the highest transcription levels of Ifng in WT mice.
CD4þ Teff, but not Tregs, displayed a similar glycolysis transcriptional
profile. While Tregs and na€�ve and memory T cells rely on
OXPHOS as the primary energy source, Teff cells additionally
require aerobic glycolysis (44, 45). The expression levels of Eno1
and Gapdh showed the most consistent correlation with Bhlhe40
in the different Teff clusters. Higher expression of glycolytic
enzymes may be driven by HIF1a, as we observed more abundant
Hif1a transcript in Bhlhe40þ/þ T cells (Figs. 4B and 5B; Supple-
mentary Fig. S5B). Interestingly, HIF1a is known to directly
activate Bhlhe40 transcription (46). Therefore, a consequence of
the loss of BHLHE40 expression may be impaired metabolic
reprogramming of the Teff cells via hypoxia-related signaling. It
should also be noted that in addition to metabolic function,
glycolytic enzymes play important regulatory roles independent of
their catalytic activity (47, 48).

Although we observed reduced expression of certain mitochondrial
complex genes (Cox6a1, mt-Nd3, and Ndufb1-ps) in the absence of
BHLHE40, we did not detect as strong of a gene signature as Li and
colleagues (12) observed in Bhlhe40–/– CD8þ TIL and Trm cells in a
lung infection model. These differences may be connected to the

different experimental models used between the studies and the level
of available oxygen for aerobic mitochondrial respiration. In addition,
the rate of glucose consumption by the tumor cells themselves affects
T-cell metabolism and function, and different tumors have unalike
rates of glucose consumption (49). Becausewe did not directlymeasure
T-cell metabolic profiles, our findings at the transcriptional level will
need to be further validated by proteomic and metabolomic profiling
for more extensive interpretation.

BHLHE40 has been shown to be important in CD4þ T cells in
infection and autoimmunity models (10). Furthermore, expression of
BHLHE40 has also been detected in aTh1-likeCD4þT-cell population
enriched in human colorectal tumors with microsatellite instability
(MSI), which generally have a more favorable response to ICT (50).
Because ICT efficacy was lost in both 1956- and B16-OVA–bearing
Bhlhe40DT mice, where both CD4þ and CD8þ T cells display Bhlhe40
deletion (15, 16), it is possible that both CD4þ and CD8þ T cells
require BHLHE40 for effective ICT, as it is now clear that CD4þT cells
play a critical role in antitumor immunity (1, 2).

We observed ICT-induced, BHLHE40-dependent macrophage
remodeling from “M2-like” CXCR3þCD206þ macrophages to “M1-
like” iNOSþ macrophages, consistent with the remodeling that we
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Figure 7.

Bhlhe40 is required for generation of functional tumor antigen–specific T cells and ICT efficacy against B16-OVAmelanoma.A, B16-OVA tumor growth in Bhlhe40DT

and Bhlhe40f/fmice treated with control mAb, anti–CTLA-4, or anti–PD-1. B, Bhlhe40mRNA expression in intratumoral OVA-I tetramer–positive or –negative CD8þ

T cells sorted from B16-OVA melanoma–bearing WT mice treated with control mAb, anti–CTLA-4, or anti–PD-1. C, Percent of intratumoral OVA tetramer–positive
CD8þ T cells in B16-OVA melanoma–bearing Bhlhe40DT and Bhlhe40f/f mice treated as in B. Percent of intratumoral IFNg-positive CD8þ T cells (stimulated ex vivo
with OVA-I peptide; D) or CD4þ T cells (E; stimulated ex vivowith OVA-II peptide) in B16-OVAmelanoma–bearing Bhlhe40DTor Bhlhe40f/fmice treated as in B. Data
in A are presented as average tumor diameter � SEM of 4–5 mice per group and are representative of at least 3 independent experiments (� , P < 0.05; �� , P < 0.01,
two-wayANOVA). Data inB arepresented asmean�SEMBhlhe40mRNA fold change. Eachdot represents aBhlhe40mRNAdatapoint fromsortedOVA-I tetramer–
positive and –negative CD8þ T cells isolated from 4–5 individual mice per group and are representative of at least 3 independent experiments. Data in D and E
are presented as mean � SEM of IFNgþ cells expressed as a percent of CD8þ T cells or CD4þ T cells as assessed by flow cytometry. For C–E, cells were gated on
live CD45þThy1.2þ andCD8þ or CD4þ T cells. ForB–E, cellswere isolated from4–5 individualmice per group on day 15 posttransplant (�, P <0.05; �� , P <0.01; NS, not
significant, unpaired t test).
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previously saw associatedwith tumor regression (26). In the absence of
BHLHE40, the percent of CX3CR1þCD206þ macrophages were
significantly higher than observed in WT mice under like treatment
conditions. This coincided with a strong reduction by percentage of
ICT-induced intratumoral iNOSþ macrophages as compared with
WT mice. Because iNOS induction in macrophages is known to
require IFNg plus an inducer of NF-kB signaling, it is possible that
reduced IFNg production by T cells in the absence of BHLHE40 or
altered NF-kB–inducing stimulus is responsible for the defects in
iNOSþ macrophages observed.

Our results reveal that BHLHE40 is essential in T cells for effec-
tive ICT. However, it remains to be seen whether this effect is broadly
applicable to different forms of immunotherapy, as our study sug-
gests BHLHE40 may be a potential biomarker for ICT efficacy or a
therapeutic target for manipulation in cell-based therapies.
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