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findings provide evidence for an
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SUMMARY

While immunotherapy has revolutionized cancer treatment, its safety has been hampered by immuno-
therapy-related adverse events. Unexpectedly, we show that Mediator complex subunit 1 (MED1) is required
for T regulatory (T,eg) cell function specifically in the tumor microenvironment. T,.4 cell-specific MED1 dele-
tion does not predispose mice to autoimmunity or excessive inflammation. In contrast, MED1 is required
for T,eg cell promotion of tumor growth because MED1 is required for the terminal differentiation of effector
Treg cells in the tumor. Suppression of these terminally differentiated T,eq cells is sufficient for eliciting anti-
tumor immunity. Both human and murine T4 cells experience divergent paths of differentiation in tumors
and matched tissues with non-malignant inflammation. Collectively, we identify a pathway promoting the dif-
ferentiation of a T,eq cell effector subset specific to tumors and demonstrate that suppression of a subset of
T,y cells is sufficient for promoting antitumor immunity in the absence of autoimmune consequences.

INTRODUCTION

Tregulatory (T eg) cells are a subset of immunosuppressive CD4*
T cells, defined by expression of the transcription factor FOXP3,
that are critical for maintaining immune homeostasis.' Impor-
tantly, T,og cell infiltration and suppressive function in tumors,
especially when enhanced relative to CD8" T cell infiltration, is
prognostic of poor outcomes in patients across various tumor
types.*® Treg Cells are thought to promote tumor growth through
a variety of mechanisms. These include the production of immu-
nosuppressive cytokines (IL-10, IL-35, and transforming growth
factor p),% ' modulation of their microenvironment (CD25, CD39,
and CD73),"" cytotoxic function (granzymes and perforin), im-
mune-inhibitory molecules (CTLA-4 and programmed cell death
1 [PD-1]),'%"® and expression of growth factors and ligands (am-
phiregulin, neuropilin-1, and others).'*"* It is not well understood
whether all T.q cells exercise all these functions or whether het-

erogeneous populations of T4 cells use discrete, tumor-pro-
moting functions.

While targeting Teg cells presents a reasonable immunothera-
peutic strategy for cancer, it is currently challenging to target the
lineage-determining transcription factor FOXP3. Moreover, this
approach is unfavorable because systemic depletion of T,eg cells
leads to deleterious autoimmunity.'® Current immunotherapies,
such as CTLA-4 and PD-1 targeted checkpoint blockade, have
experienced success but are often accompanied by severe im-
mune-related adverse events (irAEs) that can necessitate cessa-
tion of therapy.'”?° PD-1 blockade has even been shown to
amplify T4 cell function and enhance the hyper-progression of
tumors in some cases.’® These issues highlight the need to iden-
tify alternative tumor-specific nodes for diminishing tumor immu-
nosuppression without eliciting irAEs.

Prior work has demonstrated that T..4 cells in tumors have
increased expression of animmunosuppressive program relative
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Figure 1. MED/1 is dispensable for T,.4 cell function across inflammatory contexts

(A) Foxp3YFP=°re (control) and Foxp3Y " ~°/Med 1™ (Med17®9~KO) mice were aged to 12-14 months and bodyweights were measured. (n = 611 for control and
n = 819 for Med1797® for male and female, respectively.)

(B) Representative hematoxylin and eosin (H&E) staining from organs of mice in (A).

(C) Representative photograph of mice aged to 18 months.

(D) CD45.1 CD4™ Tcony cells were either transferred in alone or with Tq cells isolated from control or Med179-KO mice to induce colitis. Body weight displayed
relative to start (n = 5 per group).

(E) Representative H&E staining from colons of mice in (D).

(F)EAE was induced by immunization with MOG peptide. Disease incidence was tracked per group during experiment.

(G) Clinical scores measured during EAE (n = 10 control and n = 9 Med1797K%),

(H) Representative flow plots of FOXP3 expression of CD4 T cells within the CNS.

() Summary of (H) (n = 7 control and n = 7 Med179-K%),

(legend continued on next page)
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to the periphery.®?'~2° These programs are similarly enhanced in
tissues relative to the periphery and are regulated by transcription
factors BATF, IRF4, and FOXM1.7"?#?%27 Whether T,eg cells in
tumors acquire effector programs relative to tissues is largely
unknown.

Unexpectedly, we discovered that MED1 promotes the differ-
entiation and function of a discrete tumor-supportive population
of Treg Cells and, thus, presents a node for designing specific im-
munotherapies. MED1 is a subunit of the Mediator complex,
which transduces signals from transcription factors to the RNA
polymerase Il complex to drive transcription.?®>> MED1 has
been shown to be important for specific developmental and dif-
ferentiation processes including adipocyte development,
invariant natural killer T (iINKT) cell development, and luminal
cell differentiation.**° Because MED1 regulates discrete differ-
entiation processes at the transcriptional level, and, more impor-
tant, we have identified MED1 as an interacting protein of
USP22, a deubiquitinase critical for T,y cell functions,’® we
hypothesized that MED1 may be critical for a tumor specific
Treg cell differentiation path or function. Indeed, CRISPR screens
performed by our laboratory have suggested Mediator complex
subunits may be important in regulating Teg cell functions.®’
While the majority of Mediator complex subunits are required
for Mediator complex function, and by extension cellular viability,
MED1 is a non-essential subunit,*® thus enabling us to study it in
Treg Cells. Importantly, the role of MED1 or the Mediator complex
in regulating T4 cell function has never been described.

Surprisingly, MED1 is dispensable for normal T,.q cell develop-
ment, maintenance, and function, as well as control of inflamma-
tion stemming from colitis, experimental autoimmune encepha-
lomyelitis (EAE), or influenza. At the molecular level, MED1 is
dispensable for regulating chromatin accessibility of intratumoral
Tweg cells, but required for transcription of a tumor T.4 cell
effector program associated with transcription factors BATF,
IRF4, FOS, and JUN. Finally, analysis of murine and human
Treg cells isolated from tumors and matched inflamed but non-
malignant tissue revealed distinct differentiation of T,eq cell pop-
ulations. These findings highlight that a differentiated, tumor-
specific Treg cell population is present in various cancers and
may be targeted to elicit antitumor immunity without risking
autoimmunity.

RESULTS

MED1 is dispensable for T,.4 cell maintenance of
immune system homeostasis

To elucidate MED1’s control of T4 cell function, we generated
Treg cell-specific MED1 knockout mice (Med179K%) py
crossing Foxp3"™FC® mice with Med1™ mice.*® Where
Med1™°9-KO mjce are shown, Foxp3Y™"~C" mice are used as
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controls. We confirmed efficient, T4 cell-specific deletion of
MED1 by western blot (Figure S1A). Med1™97K° animals
demonstrated normal thymocyte development, similar T.eq4 cell
proportions in peripheral lymphoid organs and similar FOXP3
levels (Figures S1B-S1G).

Deletion of MED1 did not alter CD44 and CD62L expression in
the CD8™ T cell compartment (Figures STH-S11). CD4* FOXP3™ T
conventional (T¢ony) cells in spleens demonstrated a small in-
crease in the CD44" CD62L'"° compartment (Figure S1J). The to-
tal number of splenocytes was comparable between control and
Med1Te9-KO mjce (Figure S1K). Interestingly Med179~K° mice
showed slightly higher proportions of CD44™ CD62L" Teg cells™
in some peripheral lymphoid organs (Figure S1L). The small in-
crease in proportion of CD44" CD62L" CD4* FOXP3™ Teony Cells
may be due to reported leakiness among CD4* T cells in Cre re-
combinase expression under control of the Foxp3 promoter.*’

We directly tested the suppressive function of control and
MED1-deficient T4 cells through an in vitro T,.g cell-suppres-
sive assay (Figures STM-S1N) and found no differences.*
Last, we subjected control and MED1-deficient T..g cells to
genome wide bulk RNA sequencing. We found no differences
in several molecules with reported functions in T4 cells
including Ctla4, ll2ra(CD25), and Foxp3, but with a modest
decrease in /10 expression (Figure S10). However, IL-10
expression by T4 cells has been shown to be dispensable for
control of systemic autoimmunity*® and its modest reduction ap-
pears to be insufficient to impair T,.4 ability to control adoptive
transfer-induced colitis in RAG1-deficent mice. These results
indicate that MED1 is dispensable for T4 cell functions in im-
mune homeostasis.

MED1 is dispensable for T,.4 cell function across
multiple inflammatory contexts
Treg cell function is essential for suppressing autoimmunity and
limiting tissue injury during infection (Figure S2A).2%**"%° In addi-
tion, mice with defects in T4 cell function are expected to
show signs of visible inflammation as they age.”’ We aged
Med179C mice and control mice to 52-60 weeks of age
and found no difference in bodyweight between Med1Te9-K°
and control mice, no abnormal lymphocyte infiltration, and no
evidence of systemic inflammatory disorder (Figures 1A and
1B), indicating that MED1 is not essential for suppressing ag-
ing-related inflammation at least to the age of 14 months. Prior
work indicates that, if IL-10 expression was severely compro-
mised in T.q cells, this would be evident by lung inflammation
by this point.** Mice displayed no outward signs of inflammatory
disorder, such as hunched posture, even at 18 months of age
(Figure 1C).

To further investigate the role of T4 cell-intrinsic MED1 in
maintaining immune homeostasis, we used a model of T cell

(J) FOXP3 protein expression in CD4* FOXP3* CD25* T cells in the CNS. Values are normalized to controls. (n = 5 control and n = 5 Med1797X9))
K) Percentage of cytokine producing CD4* FOXP3- Tconv cells in the CNS. (n =5 controland n =5 Med1Tre9-KO),

L) Mice were inoculated with influenza virus and monitored over course of disease. Body weight relative to starting (n = 8 controls and n = 6 Med

1 Treg— KO)_

M) Heart rate measured in beats per minute (BPM) (n = 8 controls and n = 6 Med1779-X%),

F), (G), (), (J), and (L-N) use unpaired two-tailed Student’s t test at experiment conclusion. Bars represent + SEM. Points on graph represent individual mice.

(
(
(
(N) Oxygen saturation was measured by pulse oximeter (n = 8 controlsand n =6 Med1T7re9 KO). (A), (D), and (K) used two-way ANOVA with multiple comparisons.
(
(

*p < 0.05, **p < 0.01.) Related to Figures S1 and S2.
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transfer mediated colitis.”> MED1-deficient and MED1-sufficient
CD45.2" T4 cells achieved comparable efficacy in suppressing
CD45.1* CD4" Teony cell-induced colitis (Figures 1D and 1E). This
is evident in that CD45.1* T.ony cell transfer alone caused colitis
symptoms, including body weight loss and colonic inflammation
(Figures 1D and 1E). Further analysis of mesenteric lymph node
T cells revealed that the production of inflammatory cytokines
interferon (IFN)-y and IL17A by CD45.1" Tqny cells was compa-
rable between mice receiving T,g cells from either control or
Med1797K9 mice (Figure S2B). Additionally, CD45.2* T4 cells
from control or Med1™97%° mice showed a similar ability to
retain FOXP3 expression, demonstrating that MED1 deficiency
does not impair Teq cell lineage stability (Figure S2C), which
has been shown to possibly be pathogenic in some human auto-
immune conditions.>® These data suggest that MED1 is not
required for T4 cell functions in protection from adoptive trans-
fer Tcony Cell-mediated colitis or maintenance of T4 cell stability.

We next sought to define the contribution of MED1 to T4 cell
function in orthogonal settings of inflammation with an EAE
model of multiple sclerosis.’**> We found no differences in dis-
ease incidence or clinical score between control and
Med1Te9-KO mice (Figures 1F and 1G). Although there was a
slight decrease in T4 cell infiltration in the CNS, there were no
differences in T4 cell expression of FOXP3, or CD4™ Tgony cell
and CD8" T cell production of inflammatory cytokines
(Figures 1H-1K, S2D-S2G). Additionally, we observed no in-
crease in inflammatory cytokine production between T4 cells
from control and Med1™97K° mice demonstrating deletion of
MED1 does not skew T4 cells toward a pathogenic phenotype
(Figure S2H).°¢

Finally, to test the recently described tissue protective role Teq
cells,’**° we challenged control and Med1™97K° mice with
influenza virus. Med17®97X° animals showed similar weight
loss and alterations in arterial O, saturation compared to control
animals (Figures 1L-1N). This indicates that MED1 is dispens-
able for T4 cell maintenance of body weight and respiratory
function during influenza infection.

¢ CellP’ress
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Collectively, these data demonstrate that MED1 is largely
dispensable for T,4 cell function in homeostatic settings, acute
models of inflammation across tissues, and lung tissue protec-
tion during influenza infection. While many T4 cell functions
are commonly used in homeostatic, autoimmune inflammatory
conditions, infections, and tumor microenvironments, our
data indicate that MED1 may control tumor-specific function of
Treg cells.

MED1 is required for T,.4 cell suppression of tumor
growth in a CD8* T cell-dependent manner but not
intratumoral T, .4 cell accumulation

In contrast with homeostatic and non-malignant inflammatory
conditions, we found that T,.4 cell-specific deletion of MED1 re-
sulted in reduced tumor volume and weight in syngeneic models
of B16 melanoma, EG7 lymphoma, and RM1 prostate cancer
(Figures 2A-2D), demonstrating that MED1 is specifically
required for T4 cell promotion of tumor growth. Next, we sought
to understand whether T4 cells were unable to accumulate in
tumors, or whether their function was compromised within tu-
mors. MED1 deletion did not affect T,.4 cell accumulation and
FOXP3 expression in tumors, as T,eg cells comprised similar pro-
portions of live cells across conditions and tumor models
(Figures S3A-S3F). Despite equal T4 cell accumulation and
FOXP3 expression, CD8* T cell infiltration was significantly
increased in tumors grown in Med1™97° animals (Figures
S3D-S3I). Additionally, IFN-y secretion was slightly increased
in RM1 tumor-infiltrating CD8" T cells (Figures S3J-S3K). These
data suggest that MED1, independent of FOXP3 expression, is
crucial for T,4 cell-mediated suppression of CD8* T cell infiltra-
tion in tumors.

To further investigate the role of MED1 in suppressing estab-
lished tumor growth, we bred Med?™" animals with mice
harboring Foxp3°GFP~CreERT2 gng ROSA265CCAG-tdTomato gj|gg
(Med17e97K%)_ This allows inducible MED1 deletion in T,eq cells
and lineage tracing of all FOXP3* cells (Figures 2E and S4A). In
experiments using Med17®97'KC mice, control mice were

Figure 2. MED1 is required for T,.4 cell promotion of tumor growth

(A) B16 tumors were implanted into flanks of Foxp3"F~°® (controls) and Foxp3"™"~°"*/Med1™" (Med179%®) mice between 8 and 16 weeks of age. and

measured for volume. (n = 12 control and n = 11 Med179-K%),

B) EG7 tumors were implanted into flanks and measured for volume. (n = 5 control and n = 6 Med179-KO)

C) RM1 tumors were implanted into flanks and measured for volume. (n = 4 controls and n = 5 Med179=0))

D) Tumor weights from B16, EG7, and RM1 tumors. (Respectively, for B16, EG7, and RM1 tumors: n = 8, 5, and 4 for controls and n= 11, 6, ad 5 for Med 179K
E) Experimental setup for tumor experiments using Foxp3°¢7F—CreERT2 | ROSA26S0rCAG-tdTomate (control) Med 1™, Foxp3°SFP~CreERT2 and ROSA26S0rCAG-tdTemato

F) RM1 tumors were implanted into flanks and measured for volume. (n = 14 controls and n = 13 Med179-K®)

G) Representative photograph of RM1 tumors.

H) Tumor weights from RM1 tumors (n = 14 controls and n = 13 Med1779K0),

1) Representative flow plots of CD4 and CD8 expression within the CD45" cells within RM1 tumors.

(J) CD45" CD3e* CD4* FOXP3~, CD45* CD3e+ CD8", and of CD45* CD3e* CD4" FOXP3™ T cells proportion of total live cells from RM1 tumors (n = 6 controls and
n = 7 Med1T7e0-KO),

(K) Representative flow plots of Teony (FOXP3™ tdTomato™), ex-FOXP3 (FOXP3™ tdTomato™), tdT* T,eg (FOXP3* tdTomato®), tdT™ T,eq (FOXP3* tdTomato®) within
the intratumoral CD4" T cell compartment.

(L) Summary data of (K) (n = 4 controls and n = 5 Med179-K9),

(M) Representative flow plots of IFN-y production within intratumoral CD8* T cell compartment.

(N) Summary data of M (n = 6 controls and n = 6 Med17¢9"K%),

(O) RM1 tumors were implanted in mice. IgG control or a-CD8 depleting antibody treatment started on day 5. (n = 4 for each group.) (A-C), (F), (H), and (Q-T) use
unpaired Student two-tailed t test at experiment conclusion. (D), (J), (L), and (O) used two-way ANOVA with multiple comparisons. Bars represent + SEM. Points
on graph except for (S) represent individual mice. (“p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.) Related to Figures S3, S4, and Table S1.

(
(
(
(
(Med1Te9K9) with inducible MED1 deletion and FOXP3 lineage trace.
(
(
(
(
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homozygous for Foxp3°GFP~CreERT2 gnq ROSA26S0rCAG-tdTemato
alleles and also administered tamoxifen. We confirmed that
MED1 was efficiently and specifically deleted in CD4* tdTomato*
but not tdTomato™ T cells (Figures S4B and S4C), and that CD4*
FOXP3™ T.ony and CD8* T cells were not altered in naive and
memory compartments by deletion of MED1 in T,eq cells (Figures
S4D and S4E).

We then inoculated RM1 tumors in mice and administered
tamoxifen to induce MED1 deletion once tumors were palpable
with an average size of 50-100 mm? (Figure 2E). We observed
that deletion of MED1 in T,g cells, even after tumors were initi-
ated, dramatically suppressed tumor growth and, to a similar
extent to tumors grown in mice with constitutive T,.q cell-specific
MED1 deletion (Figures 2F-2H). As a control, mice without
tamoxifen administration showed no phenotype when inocu-
lated with tumors (Figures S4F-S4H). We observed a significant
increase in CD8" T cell infiltration in tumors, but unaltered
Treg cell infiltration (Figures 21 and 2J). Lineage tracing analysis
revealed that the proportions of T¢on (FOXP3™ tdTomato”), ex-
FOXP3 (FOXP3™ tdTomato®), tdT + T,eq (FOXP3* tdTomato®),
tdT™ Treg (FOXP3™ tdTomato®) within the intratumoral CD4*
T cell compartment were similar, confirming that MED1 is not
required for maintenance of FOXP3 expression and T.g cell
identity in the tumor microenvironment (Figures 2K and 2L).
Despite this, CD8"* T cell cytotoxic function was enhanced, as
documented by increased IFN-y production in Med1 797K
mice (Figures 2M and 2N). While the myeloid compartments
are largely comparable, we did observe a small decrease in
myeloid-derived suppressor cell infiltration and a decrease in
programmed cell death ligand 1 expression by tumor-associated
macrophages (Figures S4l and S4J). We also found that induc-
ible deletion of T,y MED1 led to decreased EG7 tumor growth
and increased granzyme B and IFN-y production in CD8" tu-
mor-infiltrating lymphocytes (Figures S4K-S40). We did not
see yet an obvious increase in CD8" T cell infiltration at the point
of euthanasia, which may be due to kinetics of MED1 deletion
and EG7 tumor progression.

These data indicate that MED1 is essential for T,eq cell sup-
pression of CD8" T cell antitumor immunity, but not T,eg cell infil-
tration and FOXP3 expression in the tumor microenvironment.
Supporting this conclusion, CD8" T cell depletion largely abol-
ished the reduced RM1 tumor growth in Med1™®97KC mice
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(Figure 20). Collectively, these data indicate that MED1 is
dispensable for T,.q cell trafficking and accumulation in tumors;
however, it is required for T,eq cell-mediated suppression of anti-
tumor immunity in a CD8" T cell-dependent manner.

MED1 promotes a specific effector T,q cell
differentiation program in the tumor microenvironment
Intratumoral T cells exist in several distinct functional states.®’
Because MED1 fundamentally regulates transcription during
development and differentiation, we hypothesized that
Med179-KO mice might fail to generate one or more tumor-
promoting Ty cell populations. We isolated T, cells from
RM1 tumors in control and Med17¢9K° mice on day 15 before
tumor size divergence to minimize the influence of differences
in the tumor microenvironment on T, cell transcriptomes
(Figures 2F and S5A). Single cell RNA sequencing of 25,279
total T4 cells revealed 10 distinct clusters, supporting previ-
ous findings®” of heterogeneous Treg cell populations within
tumors (Figure 3A). The identity of T,sg cells was confirmed
by visualization of Foxp3 and //2ra expression on UMAP plots
(Figure S5B). Comparison of T4 cells between conditions re-
vealed that a higher proportion MED1-deficient T,y cells
skewed toward cluster 1, whereas a lesser proportion skewed
toward cluster 4, and frequency across other clusters was
comparable (Figures 3B and 3C). Further analysis of cluster-
specific markers revealed that cluster 1 was most consistent
with a central like T,eq cell population®® with relatively higher
expression of KiIf2, Tcf7, Ccr7, ll7ra, and S1pr1 (Figures 3D
and S5C). Cluster 2, T helper 2 (Th2)-like T,y cells, were
high in Gata3, Areg, I110, Ctla4, and ll2ra expression, but
showed no appreciable difference between control and
Med179-KO mice (Figures 3C, 3D, and S5D)°° indicating
that MED1 is not essential for the generation of this Th2-like
effector subset. This is consistent with the lack of phenotypes
in the colitis model and influenza models, which are highly
dependent on Tg cell production of IL-10 and amphiregulin,
respectively (Figures 1D, 1E, 1L-1N)."*°%%% T 4 cells in clus-
ters 4 and 5 were consistent with previously described tumor
effector Teq cell phenotypes, showing relatively high expres-
sion of Lag3, Tigit, Ccr8, Tnfrsf4, Tnfrsf9, and Ctla4 (Figures
3D, S5E, and S5F).°":%? Importantly, depletion of these sub-
sets®%* or decrease of their suppressive molecules, such as

Figure 3. MED1 is essential for optimal differentiation of specific T,.4 cell effector populations

A) Integrated UMAP clustering of Tq cells isolated from RM1 tumors.

¢
(B) UMAP diagrams of T, cells isolated from RM1 tumors in control (9,838 cells) and Med17¢~'° mice (15,441 cells).

(C) Cluster proportion of total T,.q cells from condition (n = 2 biological replicates, each biological replicate contains cells pooled from 2-3 separate mice).
(D) Dot plot representing gene expression and percent expression within cells from each cluster.

(E) Module scores comparing T4 cells from control and Med1T®970 within clusters. Clusters with the highest expression of module are outlined.

(

(

(

(

F) Module scores portrayed on UMAP plots.
G) Pseudotime representation portrayed on integrated UMAP plot.
H) Ridge plot depicting pseudotime by condition.

1) Representative flow plot of CCR7 and IL7Ra expression in intratumoral T,q cells.

(J) Summary data from (I) (n = 5 from controls and n = 6 Med179~'K%),

(
(

K) Representative flow plot of TIGIT and ICOS expression in intratumoral T4 cells.
L) Summary data from (K) (n = 5 from controls and n = 6 Med17°9~'%)_(C) used two-way ANOVA with multiple comparisons. (D) used Wilcoxon test to find genes

overrepresented in clusters, all genes displayed showed p adjusted of less than 0.05 and log,(fold change) of greater than 0.4. (E) used the Mann-Whitney test to
detect differences greater than 0.1 between conditions within clusters. (H) used the Mann-Whitney test. (J) and (L) use unpaired Student two-tailed t test.

(*p < 0.05, **p < 0.01, ***p < 0.0001.) Related to Figure S5.
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TIGIT,®" has been demonstrated to be sufficient for impeding
tumor growth. Additionally, cluster 4 and 5 T4 cells showed
a high expression of NR4A family members (Figure S5G), sug-
gesting recent T cell receptor engagements.®”:%*

Beyond proportional differences, we attempted to gain insight
into whether the function of specific T,y cell subsets was
compromised by MED1 deletion. To do so, we used the module
scoring function within Seurat (Figure 3E).°° Several recent
studies have identified a tumor specific T4 cell signature that
we used to create a tumor-specific suppressive module based
on Lag3, Tigit, Tnfrsf18(GITR), Tnfrsf4 (OX40), Icos, Havcr2
(TIM-3), and Ccr8 expression.>?>*” We found that that the tu-
mor-specific suppressive module was most highly expressed
by clusters 4 and 5. MED1-deficient T4 cells had a significantly
lower expression of this module in cluster 5, in addition to the
reduced frequency of cluster 4 T4 cells (Figures 3C-3F). We
also constructed module scores for central T,.4 cells based on
II7r, Ccr7,S1pr1, Foxp1, KiIf2, KIf6, and Tcf7 (TCF1) and cytokine
production based on Ebi3(IL35), 110, Areg, and Tfgb1 expres-
sion. We found that the central module associated most strongly
with cluster 1 and that the cytokine module associated most
strongly with cluster 2 (Figures 3E and 3F). Together, these
data indicate that MED1 is essential for the generation or main-
tenance and suppressive functions of a tumor-specific effector
Treg cell population in the tumor.

Due to the range of T,e4 cell phenotypes we observed, we
sought to define the potential trajectories for effector T4 cell dif-
ferentiation within tumors using Monocle3 (Figure 3G).°° After
ordering cells in pseudotime, central T4 cells (cluster 1) were
situated toward the beginning of the trajectory,®” whereas tumor
suppressive T4 cells (clusters 4 and 5) represented the most
differentiated cells (Figure S6H). We then observed that MED1-
deficient T,oq cells had significantly reduced pseudotime values
and thus represented less differentiated T4 cells relative to
MED1-sufficient T4 cells (Figure 3H). These data indicate that
MED1 is required for optimal terminal T4 cell differentiation spe-
cifically in the tumor microenvironment, which supports our dis-
covery of MED1-deficient T,q cells being held in a central state
(cluster 1), but a lesser ability to differentiate into a tumor-sup-
pressive state (clusters 4 and 5). Indeed, genes (Ccr7, Ii7r,
S1pr1, and Tcf7) associated with cluster 1 and MED1-deficient
Treg Cells had negative correlations with pseudotime whereas
genes (Icos, Tigit, Tnfrsf18, and Irf8) that associated with clusters
4 and 5 had positive correlations with pseudotime (Figure S5I).
To confirm that MED1-deficient T4 cells experience impaired
differentiation, we performed flow cytometry. Intratumoral
Treg Cells from Med 1797 KO mice possessed a greater proportion
of central-like CCR7", IL7Ra" T, cells and a lower proportion of
effector-like TIGIT", ICOS™ T, cells (Figures 31-3L).

Collectively, we show that T,q cells may continue to differen-
tiate within tumors to a terminal effector T,.q cell population, and
that MED1 is required for optimal development of a specific tu-
mor-promoting population. Importantly, MED1 is dispensable
for the generation of Th2-like effector and other T,q cell subsets.
This additionally supports that targeting a subset of T,g cells or a
subset of T4 cell functions is sufficient for impeding tumor
growth.
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MED1 enforces transcription of T4 cell effector genes
independent of chromatin accessibility or transcription
factor expression

The Mediator complex is an essential piece of transcription ma-
chinery that is a co-activator for transcription factors and
required for RNA polymerase llI-dependent transcription. While
most Mediator complex subunits are required for Mediator
complex function and thus cellular viability, MED1 is not.*® We
sought to understand at what level MED1 enables differentiation
to an effector T, cell population, so we used a multi-faceted
approach comparing chromatin accessibility, gene transcrip-
tion, and protein expression between MED1-deficient and
MED1-sufficient Teg cells in spleens and tumors (Figures 4A
and S6A). We reasoned that examining chromatin accessibility
would tell us one of two things: either (1) genomic regions
responsible for T,e4 cell effector function are less accessible in
Med17¢9 KO or (2) MED1 is dispensable for regulating accessi-
bility but is essential for enhancing transcription. Principal
component analysis of ATAC-sequencing data revealed that
the Trg cell microenvironment (spleen versus tumor) played
a substantially more important role (62% variance) in regulating
chromatin accessibility than did MED1 (<7% variance) (Figures
4B and S6B). Additionally, differential accessibility analysis of
MED1-deficient and sufficient intratumoral T.eq cells revealed
fewer than 20 genes with significant differences in chromatin
accessibility in either direction (Figure S6C). These data are
consistent with prior reports of MED1 function in adipocytes,
where MED1 does not regulate chromatin accessibility, but
does regulate RNA polymerase Il recruitment and transcription
of certain genes.*® Unfortunately, the limited number of intratu-
moral Tcq4 cells precludes us from testing how RNA polymerase
Il or specific transcription factor recruitment to the genome dif-
fers in MED1-deficient cells. We did, however, find that MED1
regulated transcription of effector T4 cell genes through pseu-
dobulk analysis of our small conditional RNA sequencing data
with the MAST framework (Figures S6D-S61).°® Despite display-
ing comparable chromatin accessibility, mMRNA expression of
effector T,oq cell genes such as Tigit and Tnfrsf18(GITR), and
Icos was significantly reduced in intratumoral MED1-deficient
Treg cells (Figures 4C and 4D).

We then analyzed the expression of a subset of these genes
through flow cytometry of splenic and intratumoral T4 cells.
We found that there was elicitation of an effector program in tu-
mors relative to spleens, but that MED1 deficiency compromised
the expression of effector molecules specifically in the tumor
Treg cells (Figures 4E-4G). Through gene set enrichment anal-
ysis,®® we found no significant enrichment of FOXP3 target
genes, supporting the notion that effector T4 cell differentiation
occurs independent of FOXP3 (Figures S6H and S6l). Interest-
ingly, we did not find differences in the expression of transcrip-
tion factors (IRF4, IRF8, and HELIOS) thought to control expres-
sion of effector T,eg cell genes (Figures S6L-S60). Neither did we
find that MED1 protein expression was different in tumor
Treg Cells relative to splenic T4 cells (Figure S6P). This suggests
that MED1 does not control expression of transcription factors
involved in effector T,e4 cell function, but rather controls their
transcriptional activity. Therefore, MED1 seems to regulate
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Figure 4. MED1 promotes transcription of T,.4 cell terminal differentiation program independent of chromatin accessibility
(A) Experimental schematic of ATAC-sequencing and pseudobulk RNA sequencing experiments.

(B) Principal component analysis plot of ATAC-sequencing peaks based on Deseq?2 output.

(C) ATAC-sequencing tracks of effector T4 cell genes.

(legend continued on next page)
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effector T,q cell functions largely through gene transcription, in-
dependent of modulating chromatin accessibility.

Because we observed minimal differences in chromatin
accessibility, we hypothesized that MED1 may act as co-acti-
vator for transcription factors to drive expression of effector
genes. To infer these transcription factors, we filtered the acces-
sible regions in intratumoral T4 cells down to those 10 KB up-
stream or downstream of the transcription start sites of genes
significantly downregulated due to MED1-deletion. Of the
71,468 accessible peaks, 2,003 were in regions associated
with MED1 regulation (Figure 4H). We then used Hypergeometric
Optimization of Motif EnRichment to find transcription factor mo-
tifs significantly enriched in this subset of peaks.’® We found that
the peaks were significantly enriched for the ETS (erythroblast
transformation specific), basic leucine zipper, zinc finger, and
IFN-regulatory factor (IRF) family of motifs (Figure 41). Moreover
we found that targets of transcription factors implicated in tumor
Treg cell differentiation, BATF, FOSL2, IRF4, and IRF8, were spe-
cifically enriched in the peak set (Figures 41, S6D-S6G).>2"?? In
contrast, while MED1 is known to be a co-activator for nuclear
receptors (NRs) in other cell types, we found no enrichment for
the NR family of motifs indicating that MED1 plays a cell type-
specific role in T,eg cells distinct from its function in other con-
texts.?®"""2 Consistent with our discovery of unaltered propor-
tion of Th2-like T,eq cells, we did not find significant enrichment
of motifs for GATAS or RORY, suggesting that MED1 is dispens-
able for the generation of Th2-like T4 cells.

Collectively, these data demonstrate that, although MED1 is
dispensable for modulating chromatin accessibility of T4 cells,
it is essential for enforcing transcription of specific effector
Treg cell transcription factors within tumors.

Murine and human T,.4 cells experience divergent paths
of differentiation in tumors relative to inflammation
Through our use of syngeneic tumor models and various in vivo
models of inflammation, we infer that MED1 promotes tumor-
specific functions of T,eq cells. We must acknowledge, however,
that these models all occur in different tissues and begin with
different stimuli, including T cell transfer, immunization, and
infection. To further characterize MED1’s role in promotion of
Teg Cell suppression of antitumor immunity, we used two models
that induce inflammation using the same chemical stimuli and
occur in the same tissue. We first used a spontaneous model
of cancer that uses a combination of azoxymethane and dextran
sodium sulfate (DSS) to induce colitis-associated cancer
(CAC).”® In this model, the administration of chemical carcinogen

Cell Reports Medicine

is followed by repeated cycles of DSS to form tumors, recapitu-
lating human CAC development (Figure 5A). After 12 weeks,
we observed decreased tumor burden, decreased tumor num-
ber per colon, decreased individual tumor size, and a small in-
crease in colon length in Med179-K° mice (Figures 5B-5F).
Med1797%0 mice did not show a difference in the severity of
clinical colitis symptoms as measured by the disease activity in-
dex, but did show a statistically insignificant trend toward
increased survival, likely due to reduced tumor burden
(Figures 5G and 5H). Although we did not observe an increased
severity of colitis, we wondered whether a mild increase in coli-
tis-associated inflammation may be driving the reduced tumor
growth in Med1™97%° mice. To assess this possibility, we
compared control and Med1™®97K° mjce in a DSS model of
acute colitis (Figure 5l). Importantly, we found no significant dif-
ference in the disease activity index, colon length, body weight
decrease, histological evidence of inflammation, number of infil-
trating T cells, or production of inflammatory cytokines
(Figures 5J-50, S7TA-S7E). Moreover, we did not see significant
differences in tumor effector T,e4 cell molecules TIGIT or ICOS
expression, despite a small decrease in GITR expression
(Figures S7F-S7H). Nevertheless, the tumor effector program
does not seem to be elicited in colonic inflammation to the
same extent as in syngeneic tumor models (Figure S7TF-S7H,
5E-5@G). Last, we did not see significant differences in central
Treg cell populations in DSS colitis (Figure S7I). Collectively,
these data suggests that the T, cells required for promoting tu-
mor formation and growth in colons are distinct from those con-
trolling colitis associated inflammation.

To dissect the divergent functional programs, we compared
wildtype T,y cells isolated from colons of mice with DSS-
induced colitis with T,sg cells from colon-associated tumors in
mice with CAC (Figure 6A). Integrated analysis of single cell
RNA-sequencing data from 10,692 total T4 cells revealed 8
distinct clusters of cells (Figure 6B). T4 cells from tumors ex-
hibited major overlap with those from inflamed colons indicating
a considerable portion of T4 cell phenotype is dictated by in-
flammatory status and anatomic location (Figures 6C, 6D, and
S8A). Noticeably, T4 cells isolated from tumors were overrepre-
sented represented in cluster 5. Importantly, cluster 5 was
marked by expression of Ccr8, Tnfrsf18, Tnfrsf4, and Tnfrsf9.
Ikzf2, Kirg1, and, overall, a tumor-specific signature similar to
that in clusters 4 and 5 from syngeneic tumor models, which fre-
quency or suppressive gene expression are reduced by MED1
deletion (Figures 3E, 6E, and S8A). We then confirmed this signa-
ture (Lag3, Tigit, Tnfrsf18(GITR), Tnfrsf4 (OX40), Icos, Havcr2

(D) Gene expression of effector T4 cell genes MED1-deficient intratumoral T4 cells relative to MED1-sufficient intratumoral T,q cells from pseudobulk RNA

sequencing using MAST package.

(E) Representative flow plots of TIGIT expression in intratumoral T4 cells and summary data of splenic and intratumoral T,q cells (n = 5 from controls and n = 6

Med1Tveg—IKO).

(F) Representative flow plots of GITR expression in intratumoral T,e4 cells and summary data of splenic and intratumoral Teq cells (n = 5 from controls and n = 6

Med1Tveg—IKO).

(G) Representative flow plots of ICOS expressions in intratumoral T,q cells and summary data of splenic and intratumoral T,q cells (n = 5 from control and n = 6

Med.ITreg—lKO).

(H) Quantification of ATAC-sequencing peaks =10 KB from transcription start sites of significantly downregulated genes in MED1-deficient intratumoral T,q cells.
(l) Transcription factor motif analysis on peaks from (H). Performed in Hypergeometric Optimization of Motif EnRichment. Gene expression differences were
calculated with the MAST package. (E-G) used two-way ANOVA with multiple comparisons. | used HOMER to calculate motif enrichment, g-values are reported.

(**p < 0.01, ***p < 0.0001.) Related to Figure S6.
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Figure 5. MED1 is required for T,.4 cell promotion of colon tumor growth, but dispensable for control of colonic inflammation
(A) Experimental setup for colitis-associated-cancer model induced by azoxymethane (AOM)/dextran sodium sulfate (DSS) treatment.
(B) Tumor burden per colon (n = 10 controls and n = 13 Med1797K%),

(legend continued on next page)
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(TIM-3), and Ccr8) was elevated specifically in cluster 5 through
module scoring (Figure 6F). Noticeably, Batf and Irf4 expression
were not restricted to cluster 5, supporting the notion that these
transcription factors program general effector T,.q cell functionin
tissues, rather than only in tumors (Figure S8E).

Similar to our single-cell RNA sequencing data of T,.q cells in
syngeneic tumors, we identified a central-like T,.q cell population
(cluster 1) with relatively higher expression of Kif2, Tcf7, Ccr7,
and S7pr1 in both colitis and CAC (Figures S8A and S8B). In
addition, we identified a distinct cluster marked by expression
of Maf,” Il17a, 1110, Ctla4, and Lag3. likely representing an
effector Th17-like T..g cell population (cluster 2) (Figures S8A
and S8C).”® While cluster 2 was more prevalent in tumors it still
comprised a relatively high proportion (20%) of T4 cells identi-
fied in acute colitis (Figure 6D).

To gain insight into the transcriptional orchestrators of the
divergence of the cluster 2 and cluster 5 effector T4 cells, we
performed a differential expression analysis and identified tran-
scription factors lkzf2, Bmyc, Rel, Nr4a1, and Nr4a2 associated
with cluster 5, whereas Maf and /kzf3 associated with cluster 2
(Figure S8F). To infer key mediators of this differentiation path,
we performed a trajectory analysis and used the graph test func-
tion in Monocle3 (Figure 6G). The graph test computes Moran’s |
for all genes expressed, determining spatial autocorrelation,
which indicates whether a gene is associated with pseudotime
with statistical significance. From this analysis, we identified
Jun and Fos (AP-1 family members) and lkzf2 (HELIOS) as key
mediators of the differentiation path, leading to tumor-specific
Treg cells in cluster 5 (Figure 6H). These transcription factor’s
binding motifs were also enriched in intratumoral MED1 regu-
lated peaks suggesting MED1 may enable differentiation along
this path in concert with JUN, FOS, and IKZF2 (Figures 4l
and 6H).

Finally, we sought to confirm whether our findings in mice were
consistent with human disease. We used a previously published
dataset’” that compared intratumoral T cells in patients with
head and neck squamous cell carcinoma (HNSCC) with T cells
from non-malignant, inflamed tissue in the oral mucosa (OM)
(Figure 6l). We isolated the T4 cells from the dataset based
on positive CD4, FOXP3, and IL2RA expression and negative
IL2 expression (Figure S8H) and performed an integrated anal-
ysis to compare human T4 cell tissue heterogeneity to our
mouse data (Figure S8I). Importantly, this analysis identified a
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cluster of T.q cells, displaying a tumor-specific suppression
signature (cluster 5, TIGIT BATF, TNFRSF4, and TNFRSF18),
were enriched in HNSCC relative to inflamed OM tissues similar
to our findings in mice (Figures 6J-6L).

Collectively, these data suggest, independent of tissue type
and inflammation, that tumors promote the development of a
specialized effector T,q cell subset.

DISCUSSION

The importance of T,q cells in maintaining immune system ho-
meostasis juxtaposed against their role in promoting tumor
growth has posed challenges to targeting T4 cells for cancer
therapies. Given the indispensable role of T,.q cells in preventing
autoimmunity, suppression of T.4 cells is anticipated to elicit
autoimmune inflammatory responses. Indeed, checkpoint
blockade immune therapy can cause fatal autoimmune inflam-
matory effects in patients with cancer.® Our study identifies tu-
mor-intrinsic T,eq cell differentiation as a therapeutic niche for
eliciting antitumor immunity without triggering autoimmune con-
sequences. We present a study of the Mediator complex in Teg
cells and find that MED1 is dispensable for maintaining FOXP3
expression and immune system homeostasis in adult mice. Sur-
prisingly, suppression of MED1 in T,.4 cells antagonized tumor
growth and enhanced CD8" T cell infiltration and function.

We discovered that MED1 drives a tumor-specific T4 differ-
entiation program crucial for suppressing CD8* T cell antitumor
immunity. Through our study, we identified highly differentiated
populations of tumor T4 cells that displayed enhanced expres-
sion of suppressive molecules such as Tigit, Tnfrsf18, Tnfrsf9,
Icos, and Ccr8. Similarly, others have shown that this ICOS™,
CCR8" T,q cell subset exhibits superior suppressive capacity
when compared with other T,y cells.”*®"%> MED1-deficient
Treg Cells were able to traffic to tumors and establish multiple
functional T4 cell subsets, but failed to generate adequate tu-
mor immunity suppressing T.eg Cell subsets. Previous studies
have focused on the differentiation of T,eq cells from lymphoid or-
gans, to blood, to tumor, suggesting that T..4 cells may arrive at
tumors fully differentiated.?’-*® Our data support the model”® that
posits that T,eq cells get primed in lymphoid tissues, but experi-
ence their final diversification at the tissue site. Further work
could explore how different populations of T4 cells enter,
respond to specific antigens, localize, and traffic out of tumor

(C) Tumor number per colon (n = 10 controls and n = 13 Med1797K0),

(D) Individual tumor volume (n = 10 controls and n = 13 Med179~K%)_ Points represent individual tumors.

(E) Colon length (n = 10 controls and n = 13 Med1797K%),

(F) Representative photographs of opened colons from control and Med17°9-X° mijce.
(G) Disease activity index measured weekly. (n = 10 controls and n = 13 Med179-K0)

(H) Survival of mice during duration of experiment.
(I) Experimental setup for DSS treatment for colitis induction.

(J) Disease activity index measured at experiment conclusion (n = 8 controls and n = 8 Med1T'eg’K°).

(K) Colon length (n = 5 controls and n = 5 Med179-K9),

(L) Bodyweight relative to start (n = 8 controls and n = 8 Med1797K9),

(M) Summary of histological score (n = 5 controls and n = 5 Med179-K9),
(N) Representative hematoxylin and eosin staining from the colons of mice.

(0) Quantification of infiltrating lamina propria lymphocytes (n = 9 controls and n = 9 Med179-K°), (B-E), (J), (K), and (M) use unpaired Student’s two-tailed t test at
experiment conclusion. (G), (L), and (O) used two-way ANOVA with multiple comparisons. Bars represent + SEM. Points on graph except for (D) represent

individual mice. (‘p < 0.05, **p < 0.01, ***p < 0.0001.) Related to Figure S7.
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Figure 6. Murine and human T,.4 cells experience divergent paths of differentiation in tumors relative to inflammation

(A) Experimental setup for colitis-associated-cancer model and colitis experiments.

(B) Integrated UMAP clustering of T,eq cells isolated from tumors and colons.

(C) UMAP diagrams of T,eq cells isolated from tumors and colons.

(D) Cluster proportion of total T4 cells from different conditions (n = 2-3 biological replicates per condition, each biological replicate contains cells pooled from 2
to 8 separate mice). p values of less than 0.1 are displayed.

(E) Feature plots of cluster 5 enriched genes.

(F) Tumor-specific suppressive module score violin plot and UMAP plot.

(legend continued on next page)
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sites, which may explain differences we saw in intratumoral
Treg Cells in our study. Indeed, other groups have used single
cell T cell receptor sequencing to demonstrate highly suppres-
sive Teq cell populations may be clonally expanded.®”®

At the molecular level, we have shown that MED1 is an essen-
tial factor for promoting the transcription of a tumor-suppressive
Treg cell program independent of the chromatin landscape. Our
analysis has revealed MED1 likely acts as a co-activator for
well described tissue-programming transcription factors, such
as IRF4 and BATF,”"?? and implicated factors such as AP-1
family members and IKZF2 as more specific determinants of tu-
mor effector T,eq4 cell differentiation. Importantly, we show that
MED1 does not regulate the expression of transcription factors,
but rather the expression of a subset of their target genes. We
could not dissect whether this stems from limited transcription
factor recruitment to target sites or a limited ability to recruit po-
lymerase Il to target sites due to technical limitations stemming
from limited amounts of intratumoral T.4 cells, where we
focused our study. Based on prior studies of MED1 function in
adipocyte expansion, however, we hypothesize this is due to
impaired Mediator complex function and compromised ability
to recruit RNA polymerase 11.°° Interestingly, this demonstrates
that MED1 exercises divergent roles from other Mediator com-
plex subunits, which CRISPR screens have identified as regula-
tors of FOXP3 expression, unlike MED1.%”-"* Our CRISPR screen
based on the changes in FOXP3 expression did not show an
enrichment of MED1.%” Consistently, our discovery here is that
MED1 deletion does not alter FoxP3 levels. This highlights the
complexity of the Mediator complex and the potential for differ-
ential confirmations of Mediator complexes to exercise distinct
functions within T,eq cells.

Our study highlights the potential to identify precision immu-
notherapies by interrogating T4 cells in similar but distinct set-
tings. By analyzing T,e4 cells from colons in colitis and tumors
from colitis-associated cancer, we were able to identify diver-
gent effector programs within the T4 cell compartment. The
MAF-controlled T,.q4 cell subset is associated with IL-10 produc-
tion and essential for maintaining intestinal homeostasis, as pre-
viously described.”>"®"® Depletion of this T,eq cell subset would
likely lead to severe colitis if attempted in patients with colon
cancer. Our analysis revealed a divergent T4 cell subset consis-
tent with the tumor-suppressive signature we previously
described. Depletion of this subset, through suppression of
MED1 or its activating pathways, could potentially aid in the
treatment of colon cancer without compromising intestinal
homeostasis, and CCR8 depletion of the tumor suppressive
Treg Cell subset has indeed been used successfully in mouse
models of MC38 colon adenocarcinoma.®®

Cell Reports Medicine

The targeting of tumor-specific T,eg cell differentiation repre-
sents a therapeutic strategy for cancer that alleviates the detri-
mental autoimmune consequences of current effective immuno-
therapies. MED1 represents a node in this pathway and
highlights the opportunity to more completely dissect divergent
Treg cell functions based on situational and environmental
context. One potential strategy for preventing tumor specific
suppressor Tq differentiation is through modulation of MED1
function. Phosphorylation of MED1 is known to regulate its ability
to promote transcription, but it is unclear how phosphorylation of
MED1 influences its activity in T,eq cells.?® Cyclin-dependent ki-
nase 7 (CDK?7), which phosphorylates MED1, currently has inhib-
itors in clinical trials that may have dual chemotherapeutic and
immunotherapeutic effects.®’®* Dissecting the influence of
CDK? directly on MED1 in intratumoral T4 cells is challenging,
however, due to the promiscuous kinase activity of CDK7 and
the robust tumor-intrinsic effect of the drug. Further study of
Treg cells through comparisons in different contexts may eluci-
date additional precision immunotherapeutic strategies with
situational specificity.

Limitations of the study

Our study demonstrates that MED1 promotes T,oq cell function
specifically in the tumor microenvironment in a CD8" T cell
dependent manner. We did not provide data on whether this is
occurring through other intermediate cell types, although recent
work indicates myeloid and endothelial cells may be important
downstream effectors of T4 cells. We additionally were unable
to discern what the specific molecule, ontological factor, or
physiochemical factor making MED1 specific to tumor T4 cell
function, largely due to the limited T,.4 cell number that can be
obtained from tumors. Last, technical challenges precluded us
from discerning MED1 genomic localization in tumor T,eq cells.
MED1 is a factor that loosely binds chromatin, thus retaining
its genomic localization requires fixation, which paradoxically
makes techniques such as CUT&TAG lose the low-input advan-
tage it normally provides.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE

o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability

(G) Pseudotime representation portrayed on integrated UMAP plot and specific trajectory toward cluster 5.
(H) Graph test results from Monocle 3. Moran’s | plotted for genes from least to greatest. Transcription factors above 0.2 labeled.
(I) Experimental setup from (Loo et al.”*). CD3* T cells were isolated from patients, then Treg Cells were subset during analysis based on positive CD4, FOXP3, and

IL2RA expression and negative /L2 expression.
(J) UMAP plots of T4 cells from HNSCC and inflamed OM.

(K) Cluster proportion of total T,eq cells from different conditions (n = 4 biological replicates per condition). p values of less than 0.1 are displayed.

(L) Tumor-specific suppressive module score violin plot and UMAP plots for human data. (D) and (K) used two-way ANOVA with multiple comparisons. (F) and
(L) used one-way ANOVA with Dunnet’s multiple comparisons test to compare cluster 5 to all clusters. (I) uses the graph test (Moran’s ) to test for genes with
multi-directional and multi-dimensional spatial autocorrelation. Related to Figure S8.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-MED1 Cell Signaling Technologies #51613
anti-GAPDH Cell Signaling Technologies #5174
blocking CD16/32 antibody BiolLegend #101301
BV785 CD4(GK1.5) BioLegend #100453
BUV563 CD4(GK1.5) Becton Dickinson #612923
BV510 CD8(53-6.7) BioLegend #100751
BUV805 CD8(53-6.7) Becton Dickinson #612898
BUV CD45(30-F11) Becton Dickinson #564279
PerCP/Cy5.5 CD45(QA17A26) BioLegend #157612
PE CD25(A18246A) BioLegend #113704
APC/Cy7 CD44(IM7) BioLegend #103028
PE/Cy7 CD62L(MEL-14) BioLegend #104418
APC CD45.1(A20) BioLegend #110714
PerCP/Cy5.5 CD45.2(104) BioLegend #109828
PerCP/Cy5.5 CD45RB (C363-16A) BiolLegend #103314
PerCP/Cy5.5 IL-7Ra(A7R34) BioLegend #135022
BV421 CCR7(4B12) BioLegend #120120
PE/Cy7 TIGIT(1G9) BioLegend #142108
APC-eFluor 780 ICOS(C398.4A) Thermofisher Scientific #47-9949-82
APC GITR(DTA-1) BioLegend #126312
FITC FOXP3 (FJK-16s) Thermofisher Scientific #11-5773-82
PE/Cy7 IFNy (XMG1.2) BioLegend #505826
PE IL17A(TC11-18H10.1) BioLegend #506904
APC GM-CSF(MP1-22E9) BioLegend #505414
APC IRF8(V3GYWCH) Thermofisher Scientific #17-9852-82
Pacific Blue IRF4(IRF4.3E4) BioLegend #646418
APC/Cy7 HELIOS(22F6) BioLegend #137236
R718 TCF-1(S33-966) Becton Dickinson #567587
CD8 depleting antibody Bio X Cell #53-6.72
Isotype control Bio X Cell #2A3
Bacterial and virus strains

mouse-adapted influenza A virus (A/WSN/33 [H1N1] Dr. Benjamin D. Singer N/A
Chemicals, peptides, and recombinant proteins

Tamoxifen Millipore Sigma #T5648

Cell Trace Violet Thermofisher Scientific #C34557

RPMI

CD3/CD28 activation beads
Fetal Bovine Serum

Mouse IL2
Penicillin/Streptomycin
MOG?%>5* peptide
Freund’s Complete Adjuvant
Pertussis toxin

Cytiva

Miltenyi Biotec

R&D Systems

PeproTech

Thermofisher Scientific

EZ Biolabs

Santa Cruz Biotechnologies
List Biologicals

#SH30255.02
#130-095-925
#511150
#212-12
#15140122
#cp7203
#sc-24018
#180

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Azoxymethane Millipore Sigma #A5486
Dextran sodium sulfate Thermofisher Scientific #611361000
RIPA Buffer Millipore Sigma #20-188
protease inhibitors Millipore Sigma #4693132001
Laemmli sample buffer Thermofisher Scientific #A32957
Fixable Viability Dye eFluor 450 Thermofisher Scientific #65-0863-18
Fixable Viability Dye eFluor 506 Thermofisher Scientific #65-0866-14
Fixable Viability Dye eFluor 660 Thermofisher Scientific #65-0864-14
Fixable Viability Dye eFluor 455UV Thermofisher Scientific #65-0868-14
Phorbol 12-myristate 13-acetate Millipore Sigma P8139
lonomycin Millipore Sigma 19657
Monensin BioLegend 420701
Collagenase type 4 Worthington Biochemical #1.S004189
HBSS Thermofisher Scientific #14170120
Ficoll-Paque Millipore Sigma #GE17-5446-02
Percoll Cytiva #17089101
10% formalin Millipore Sigma #HT501128-4L
TDE1 enzyme lllumina #20034197
Critical commercial assays

CD8" T cell negative selection kit (mouse) Stem Cell Technologies Cat#19853
CD4™" T cell negative selection kit (mouse) Stem Cell Technologies Cat#19765
Lamina propria dissociation kit (mouse) Miltenyi Biotec #130-097-410)
CD45* TIL isolation kit (mouse) Stem Cell Technologies #100-0350
Dead cell removal kit (mouse) Stem Cell Technologies #17899)
CD4* selection kit Il (mouse) Stem Cell Technologies #18952

DNA Clean and Concentrator-5 Zymo Research D4004
Deposited data

scRNA-sequencing data (RM1 Intratumoral This manuscript GSE237966
T regulatory cells)

ATAC-sequencing data (Splenic and RM1 This manuscript GSE237966
Intratumoral T regulatory cells)

scRNA-sequencing data (Colitis and Colitis- This manuscript GSE237966
associated cancer T regulatory cells)

Human oral mucosa and head and neck Yuan et al.”’ GSE163633
squamous cell carcinoma

Experimental models: Cell lines

B16-F10 Melanoma ATCC #CRL-6475
RM1 Prostate Cancer Cells ATCC (Dr. Jindan Yu) #CRL-3310
EG7 Lymphoma Dr. Bin Zhang N/A
Foxp3/Transcription Factor Staining Buffer Set Thermofisher Scientific #00-5523-00

Experimental models: Organisms/strains

Foxp3YFP=°" mice
FOXpSeGFP—CreERTZ mice
ROSA26SorCAG-tdTomato e

Med 1V mice

Rag1™1Mem mice

B6.SJL-Ptprc® Pepc®/BoyJ mice

Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Janardan K. Reddy?°
Jackson Laboratory
Jackson Laboratory

stock no. 016959
stock no. 016961
stock no. 007908
N/A

stock no. 002216
stock no. 007908

Software and algorithms

FlowJo v10
Seurat v4.2.1

e2 Cell Reports Medicine 5, 101441, March 19, 2024

Becton Dickinson

Sava et al.®®

https://www.flowjo.com/
https://satijalab.org/seurat/
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Rv4.1.0 Cran Project https://cran.r-project.org/bin/windows/base/

SCTransform V2

MAST v1.24

scCustomize v1.1.1

Monocle v3

Gene set enrichment analysis v4.2.3
Cell Ranger

Bowtie v2

MACS2
Bedtools v2.28
HTSeg-count 0.11.1

Kwiatkowski et al.?*
Whiteside et al.®?

Laaker et al.®®
Schmitt et al.>®
Kidani et al.%®
10X Genomics

Manglani et al.*®

Hao et al.®”
Choudhary and Satija®®
Marsh et al.®°

https://satijalab.org/seurat/articles/
sctransform_v2_vignette.html

https://bioconductor.org/packages/
release/bioc/html/MAST.html

https://samuel-marsh.github.io/scCustomize/
https://cole-trapnell-lab.github.io/monocle3/
http://www.gsea-msigdb.org/gsea/index.jsp
https://www.10xgenomics.com/

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://github.com/macs3-project/ MACS
https://bedtools.readthedocs.io/en/latest/

https://htseq.readthedocs.io/en/
release_0.11.1/count.html

DESeq2 Zheng et al.”® https://bioconductor.org/packages/release/
bioc/html/DESeqg2.html

HOMERvV4.11 Van Damme et al.%* http://homer.ucsd.edu/homer/

Prism v9 Graphpad https://www.graphpad.com/
scientific-software/prism/

Other

PAGE gels BioRad #4561085

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Deyu Fang

(fangd@northwestern.edu).

Materials availability

No new materials were generated during this work. Mice generated are available upon request. Direct requests to Deyu Fang (fangd@

northwestern.edu).

Data and code availability

o Bulk RNA-sequencing, Single cell RNA-sequencing and ATAC-sequencing data are deposited in the Gene Expression

Omnibus. Accession number: GSE237966.

o No novel code was generated during publication. Standard tools utilized are described in method details.
o All other data available upon request and fulfilled by lead author.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Med1 floxed mice were a kind gift from Dr. Janardhan K. Reddy and generated as described previously.*® Foxp3"™"~° (stock no.

016959), Foxp3°C P ~CreERT2 (stock no. 016961), and ROSA26SorCAG-tdTemato (Aj14 stock no. 007908) mice were obtained from The
7f|/f|

Jackson Laboratory. Constitutive T Regulatory (T.eg) cell knockout mice (Med 1799 were generated by crossing Med mice
with Foxp3YFP~°" mice.
Inducible T,y cell specific knockout mice (Med179K®) were generated by crossing Med1™" with Foxp3°GFP~CreERT2 gng

ROSA26SorCAG-tdTomate mice  Deletion of MED1 was induced by oral gavage of 40 mg/ml tamoxifen (Millipore Sigma #75648) in
corn oil (Thermofisher Scientific # AC405435000) every 2-3 days to reach an effective dose of 320 mg/kg. Tamoxifen in corn oil
was administered to both control and Med179K° mice.

Rag1™™°m [ymphocyte deficient mice (stock no. 002216) and B6.SJL-Ptorc? Pepc®/Boyd (stock no. 002014) were purchased
from The Jackson Laboratory for adoptive transfer colitis experiments.
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Unless otherwise noted, mice used for experiments were aged between 8 and 16 weeks, and equal proportions of males and fe-
males were used.

Animals received water ad libitum, were housed at a temperature range of 20°C-23°C under 12-h light/12-h dark cycles, and
received standard rodent chow. These mice were maintained and used at the Northwestern University mouse facility under path-
ogen-free conditions in accordance with institutional guidelines and following animal study proposals approved by the institutional
animal care and use committees (IACUC).

In vitro T regulatory cell suppression assay

CD8* T cells were enriched from spleens of C57BL/6J mice using a CD8" T cell negative selection kit (Stem Cell Technologies
#19858) and then isolated through flow sorting. CD4™ T,eq cells were enriched using a CD4* T cell negative selection kit (Stem
Cell Technologies #19765) and then isolated through flow sorting. CD8* T cells were stained with Cell Trace Violet (Thermofisher Sci-
entific #C34557) and then 2.5x10* cells were plated per well in RPMI (Cytiva #SH30255.02) in a 96 well plate with 7.5x10* CD3/CD28
activation beads (Miltenyi Biotec #130-095-925), 10% fetal bovine serum (FBS) (R&D Systems #S11150), and 30 IU/mL IL2
(PeproTech #212-12). Varying ratios of T,q cells were incubated with CD8" T cells for 72 h and then CD8 T cell proliferation was
measured by flow cytometry analysis of Cell Trace Violet dilution.*?

Syngeneic tumor models, cell culture and tumor injections

B16-F10 melanoma cells (ATCC #CRL-6475) were purchased from ATCC. RM1 prostate cancer cells (ATCC #CRL-3310) were a
generous gift from Dr. Jindan Yu. EG7 lymphoma cells were a kind gift from Dr. Bin Zhang. All cells were cultured in DMEM (Cytiva
#SH30243.FS) with 10%FBS and 100U/ml Penicillin/Streptomycin (Thermofisher Scientific #15140122) at 5% CO, at 37°C. When
cells reached 60-80% confluency, they were washed and resuspended in 100ul of phosphate-buffered saline (PBS), then injected
subcutaneously into the right hind flanks of mice. 5x1 0* cells B16-F10 cells, 5x10* cells RM1 cells, and 1x10° cells EG7 cells were
injected per mouse. RM1 tumor experiments utilized only male mice as prostate cancer primarily affects men. Mice were monitored
daily for tumor growth. Tumor volume was measured through digital calipers along three orthogonal axes (x, y, and z), and calculated
as (xyz)/2. Mice were euthanized if tumors exceeded the 2500 mm?® tumor size limit agreed by the Institutional Review Board (IRB).
Specifically for Figure 20, 2 mice exceeding this limit at day 17 were removed. The tumor sizes of each mouse in Figures 2A, 2B, 2C,
2F, and 20 are shown in Table S1.

T cell adoptive transfer colitis model

Naive T conventional (Teon) cells (CD4" CD45.1+ CD45RB high CD257) were flow sorted from B6.SJL mice. Treg Cells were (CD4*
CD45.2+ YFP+) were flow sorted from control and Med1797%° mice. 4x10° Tn, Were retro-orbitally transferred alone or co-trans-
ferred with 1x10° T,eq cells from either control or Med17°9~X® mice into Rag1™'°™ recipient mice. Mice were measured weekly for
body weight and monitored for clinical signs of colitis. Mice were sacrificed at 8 weeks once any group dropped 20% of body weight.
Mesenteric lymph nodes were harvested for flow cytometry and colons were harvested for histology.>”

Induced experimental autoimmune encephalomyelitis (EAE) model

Per mouse, 200ug of MOG?°*>~** peptide (EZ Biolabs #cp7203) emulsified in Freund’s Complete Adjuvant (Santa Cruz Biotechnol-
ogies #sc-24018). Mice were then subcutaneously injected with 150ul of the emulsification with 75ul each on the right and left flanks.
Mice were then intraperitoneally injected with 200ng of pertussis toxin (List Biologicals #180) and then once again two days later.
Mice were assessed daily for clinical signs of EAE. Scores were given as follows: 0, no sign of disease; 1, limp tail or hindlimb weak-
ness but not both; 2, limp tail and hindlimb weakness; 3, partial hindlimb paralysis; 4, complete hindlimb paralysis; 5, Moribund state,
euthanize mouse.®® Evaluator was blinded to genotypes of mice.

Influenza model

Mice were anesthetized by intraperitoneal injection of 5% ketamine and 15% xylazine in 100ul of PBS. Mice were then intubated us-
ing a 20-gauge angiocatheter cut to a length that placed the tip of the catheter above the carina. Mice were instilled with 6.5 PFU of a
mouse-adapted influenza A virus (A/WSN/33 [H1N1]) in 50ul PBS. Mice were measured every two days for body weight, heart rate,
and oxygen saturation using the MouseOx Plus (STARR Life Sciences).

Colitis-associated-cancer model

Mice were intraperitoneally injected with a 100ul of Azoxymethane (Millipore Sigma #A5486) at 12.5 mg/kg in PBS. After 5 days mice were
treated with 5 cycles of dextran sodium sulfate (Thermofisher Scientific #611361000) (DSS) at 3% in water followed by recovery (5 days
DSS then 14 days water). Mice were monitored weekly for survival and disease activity index.’ Mice were sacrificed at the peak of cycle
5 without recovery. Colons were extracted and analyzed for tumor number and size. Tumors were then digested for T,q cell isolation.”®

Dextran sodium sulfate (DSS) model

Mice were treated with 3% DSS in water for 6 days. Mice were monitored daily for body weight changes and clinical signs of colitis.
On day 6 mouse stools were observed to calculate disease activity index.”’ Mice were then euthanized at peak of disease, colons

e4 Cell Reports Medicine 5, 101441, March 19, 2024



Cell Reports Medicine ¢ CelPress

OPEN ACCESS

were used for histology, and lamina propria were digested for T,q cell isolation.”® Scoring was as follows 0, healthy colon; 1, minimal
inflammation with minimal to no separation of crypts (generally focal affecting <10% of mucosa); 2, mild inflammation with mild sep-
aration of crypts (generally affecting 11%-25% of mucosa or mild, diffuse inflammatory infiltrates with minimal separation of crypts);
3, moderate inflammation with separation of crypts, with or without focal effacement of crypts (generally affecting 26%-50% of mu-
cosa or moderate, diffuse separation of crypts); 4, extensive inflammation with marked separation and effacement of crypts (gener-
ally affecting >50% of mucosa). Lamina propria lymphocytes were isolated using a dissociation kit as per manufacturer’s instructions
(Miltenyi Biotec #130-097-410).

METHOD DETAILS

Isolation of lymphocytes from lymphoid organs

Mice were euthanized with CO, and cervical dislocation prior to isolation of lymphoid organs. Lymphoid organs were then mashed
through a sterile 70uM nylon mesh filter. Samples were then spun down and treated with ACK lysis buffer (0.15M Ammonium chloride,
10mM Potassium bicarbonate, and 0.1mM Disodium EDTA) for 2 min. ACK lysis was then quenched with RPMI, cells were spun
down and subjected to downstream analyses.

Protein extraction and western blot

Cells were lysed in RIPA buffer (Millipore Sigma #20-188) with 1X protease inhibitors (Millipore Sigma #4693132001) and 1X phos-
phatase inhibitors (Thermofisher Scientific #A32957) for 30 min at room temperature. Lysates were then centrifuged at x15,000G for
10 min and supernatants were collected. Lysates were then mixed with sample buffer (Thermofisher Scientific #A32957), heated at
95°C for 5 min, and loaded onto PAGE gels (BioRad #4561085). Gels were transferred to nitrocellulose membranes and blocked for
1 hin 5% milk. Membranes were then incubated with anti-MED1 (Cell Signaling Technologies #51613S at 1:1000) or anti-GAPDH
(Cell Signaling Technologies #5174 at 1:1000) antibodies overnight and corresponding secondary antibodies for 1 h on the following
day. Membranes were then imaged using the ChemiDoc imaging system (BioRad #ChemiDocXRS).

Flow cytometry analysis, intracellular cytokine stimulation, and cell sorting

Single cell suspensions were incubated with blocking CD16/32 antibody (BioLegend #101301) and then Fixable Viability Dye
(ThermoFisher Scientific). All staining used 0.5-5x10° cells stained in 100ul 3% FBS in PBS with antibodies at manufacturer’s recom-
mendation unless otherwise specified. Antibodies included CD4(GK1.5), CD8(53-6.7), CD25(A18246A), CD44(IM7), CD62L(MEL-14),
CD45(QA17A26), CD45.1(A20), CD45.2(104), CD45RB (C363-16A), IL7Ra(A7R34), CCR7(4B12), TIGIT(1G9), ICOS (C398.4A), and
GITR(DTA-1). Surface-directed antibodies were stained for 20 min at 4°C then washed before analysis or intracellular staining.
For detection of intracellular proteins, the Foxp3/Transcription Factor Staining Buffer Set (Thermofisher Scientific #00-5523-00)
was used. Intracellular Antibodies included FOXP3 (FJK-16s), IFNy (XMG1.2), IL17A(TC11-18H10.1), GM-CSF(MP1-22E9), IRF8
(VBGYWCH), IRF4(IRF4.3E4), HELIOS (22F6), TCF-1(S33-966). For samples requiring intracellular cytokine staining cells were first
incubated for 4 h with 25 ng/mL PMA, 0.5uM ionomycin, and 10 pg/mL monensin. All analysis was performed on a BD
LSRFortessa X-20 Analyzer and a BD FACSymphony A5-Laser Analyzer. All cell sorting was performed on BD SORP FACS Aria Il
or Miltenyi Tyto. All analysis was performed on FlowJo v10 (BD).

Isolation of tumor-infiltrating lymphocytes

Tumors were harvested from mice, weighed, and then minced into 1mm by 1mm pieces. Minced tumors were incubated with 2 mg/ml
collagenase type 4 (Worthington Biochemical # LS004189), 5mM calcium chloride, and 1% FBS in HBSS (Thermofisher Scientific
#14170120) at 37°C for 30-60 min. Tumors were then passed through an 18G needle onto a sterile 70uM nylon mesh filter. Samples
then were subjected to red blood cell lysis with ACK lysis buffer. After single cell suspensions were obtained, cells were subjected to
different enrichments based on downstream analyses required.

Prior to flow cytometry analysis most samples were subjected to density gradient centrifugation with Ficoll-Paque (Millipore Sigma
#GE17-5446-02). Samples were diluted to 20mL, then 8mL of Ficoll-Paque was added below the cell suspension, samples were spun
at x1000g for 20 min at 23°C with no breaks. Enriched cells were collected from the interphase of RPMI and Ficoll-Paque. For more
sensitive downstream analyses target cells were enriched with either the CD45* TIL kit (Stemcell Technologies #100-0350), CD4*
selection kit (Stemcell Technologies #18952), or dead cell removal kit (Stemcell Technologies #17899). Kits were used as per man-
ufacturer’s instructions.

CDS8 T cell depletion
Mice were intraperitoneally treated with 200ug of CD8 depleting antibody (Bio X Cell #53-6.72) or isotype control (Bio X Cell# 2A3) in
100ul of PBS every 3 days starting on day 5.

Isolation of central nervous system (CNS) lymphocytes

CNS lymphocytes were isolated by the following protocol.®® In brief, mice were perfused with saline, then brain, meninges, and spinal
cord were collected in cold RPMI. Tissues were minced and digested in 2 mg/ml collagenase type 4 (Worthington Biochemical
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#L.S004189) for 30 min at 37°C. Cells were then passed through a 100uM nylon mesh filter, pelleted, and resuspended in 90% Percoll
(Cytiva #17089101). Samples were then overlayed with 60% Percoll, 40% Percoll, and HBSS, then centrifuged to obtain mononu-
clear cells.

Tissue fixation and histology
Mouse tissues were fixed in 10% formalin (Millipore Sigma #HT501128-4L) and embedded in paraffin. 4um sections were stained
with hematoxylin and eosin. The images were viewed on an Olympus CX31 microscope and taken with a PixelLink camera.

Single-cell RNA sequencing

Library preparation and sequencing

Single cell library preparation and sequencing was done at Northwestern University NUseq facility core with the support of
NIH Grant (1S100D025120). Cell number and viability of single cell suspension were analyzed using Nexcelom Cellometer
Auto2000 with AOPI fluorescent staining method. Sixteen thousand cells were loaded into the Chromium Controller (10X Geno-
mics, PN-120223) on a Chromium Next GEM Chip K (10X Genomics, PN-1000127), and processed to generate single cell gel
beads in the emulsion (GEM) according to the manufacturer’s protocol. The cDNA and library were generated using the Chromium
Next GEM Single Cell 5’ Reagent Kits v2 (10X Genomics, PN-1000283) according to the manufacturer’s manual. The multiplexed
libraries were pooled and sequenced on lllumina Novaseq6000 sequencer with paired-end 50 kits using the following read length:
28 bp Read1 for cell barcode and UMI and 90 bp Read?2 for transcript. The targeted sequencing depth for gene expression is
25,000 reads per cell.

Analysis

Raw sequencing data, in base call format (.bcl) was demultiplexed using Cell Ranger from 10x Genomics, converting the raw data into
FASTQ format. Cell Ranger was also used for alignment of the FASTQ files to the mouse reference genome (mm10) and to count the
number of reads from each cell that align to each gene, generating matrix files for each sample. Matrix files were analyzed using the
Seurat R package (Seurat v4.2.1, R version 4.1.0).°" Libraries were loaded individually and filtered based on the following metrics.
Cells needed to have between 200 and 4,000 unique genes detected, less than 5% mitochondrial reads, less than 40% ribosomal
reads, and less than 0.5% hemoglobin gene reads. Technical sources of variation were then accounted for by utilizing the SCTrans-
form V2 package to normalize and integrate libraries.?® PCA was performed on variable genes and 19 principal components were
selected for UMAP construction and the FindNeighbhors tool. We performed FindClusters serially at different resolutions at settled
at 0.4 to avoid over-segmentation. Differential gene expression between clusters and conditions was performed using the
FindMarkers and FindAlIMarkers functions with the Wilcoxon Test. Module scores were assigned using the AddModuleScore func-
tion. FetchData was then used to obtain module scores for individual cells and then Wilcoxon test was used to compare modules
scores between different condition within clusters. Pseudobulk analysis between conditions was performed using the MAST pack-
age.®® Additional visualization was performed with the scCustomize package.®® Trajectory analysis and pseudotime ordering were
performed using the Monocle package.®® Graph test function was performed to calculate Morans’ | for genes regulating specific tra-
jectory within Monocle. Gene set enrichment analysis was performed using the GSEA prerank test function®® and gene sets depos-
ited from prior publication.

Bulk RNA sequencing

Sequencing

RNA sequencing was performed by the Northwestern RNA sequencing core.

Analysis

The quality of DNA reads, in fastq format, was evaluated using FastQC. Adapters were trimmed, and reads of poor quality or those
aligning to ribosomal RNA (rRNA) sequences were filtered. The cleaned reads were aligned to the Mus musculus genome (mm10)
using STAR. Read counts for each gene were calculated using htseg-count in conjunction with a gene annotation file for mm10 ob-
tained from UCSC (University of California Santa Cruz; http://genome.ucsc.edu). Differential expression was determined using
edgeR. The cutoff for determining significantly differentially expressed genes was a false discovery rate (FDR)-adjusted p value of
less than 0.05.

ATAC sequencing

Library preparation and sequencing

50,000 cells were washed in cold phosphate-buffered saline (PBS) to eliminate traces of DNase and buffer. Cell membrane was per-
meabilized with nuclear lysis buffer (10 mM tris, 10 mM NaCl, 3 mM MgCI2, and 0.5% IGEPAL-630). Then, cells were resuspended in
50uL of transposase reaction mixture (22.5uL nuclease-free water, 25uL of TD buffer and 2.5uL of TDE1 enzyme, lllumina
#20034197). Transposition was carried out at 37°C for 22 min, followed by DNA purification with DNA Clean and Concentrator-5
(Zymo Research) according to the manufacturer’s recommendation. Following purification, library fragments were PCR amplified
with Nextera XT v2 adapter primers. Multiplexed and pooled library was sequencing on the NextSeq 500 (lllumina) with 37 nucleo-
tides (nt) paired ends according to the manufacturer’s instructions.
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Analysis

Paired end ATACseq reads were aligned to the mouse genome (NCBI37/mm10) using Bowtie2°? with option “~very-sensitive-local’’.
Mitochondrial reads were excluded from downstream analysis. Peak calling was performed on each individual sample by MACS2%
with parameter “-BAMPE”". Peaks from different ATACseq replicates and samples were merged using bedtools merge.®* Merged
peaks were converted into GTF files and used for HTSeg-count.®® Pairwise comparisons of ATACseq peaks between two conditions
were performed using R package DESeq2°® with reads count of each peak calculated by HTSeg-count. For tumor focused analysis,
peaks from four replicates were merged and used for downstream analysis. Transcription start sites(TSS) of down-regulated genes
were extended 10 kb or 50 kb in both directions. ATACseq peaks fall into those regions were identified using bedtools intersect.®*
Motif search was performed using Homer’® script findMotifGenome.pl with parameter “-size given”. Incidences of specific motif in
the peaks were examined using Homer script annotatePeaks.pl with parameter “-m -mbed” set for that motif.

QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical parameters are described in the figure legends. Sample size and definition of samples are defined in figure legends. In all
figures, error bars represent SEM. Statistical analysis were performed within Prism v9. Statistical analyses related to single cell RNA-

sequencing data were performed within R. Sample sizes were not predetermined. All experiments were replicated independently at
least two times.
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