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SUMMARY

Local environmental factors influence CD8* T cell priming in lymph nodes (LN). Here, we
sought to understand how factors unique to the tumor-draining mediastinal LN (mLN) impact
CD8* T cell responses toward lung cancer. Type-1 conventional dendritic cells (DC1) showed a
mLN-specific failure to induce robust cytotoxic T cells responses. Using regulatory T (Treg) cell
depletion strategies, we found that Treg cells suppressed DCL1 in a spatially coordinated manner
within tissue-specific microniches within the mLN. Treg cell suppression required MHCII-
dependent contact between DC1 and Treg cells. Elevated levels of IFN+y drove differentiation
Treg cells into Ty1-like effector Treg cells in the mLN. In patients with cancer, Treg cell Ty1-
polarization, but not CD8*/Treg cell ratios, correlated with poor responses to checkpoint blockade
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immunotherapy. Thus, IFN+y in the mLN skew Treg cells to be Ty1-like effector Treg cells,
driving their close interaction with DC1 and subsequent suppression of cytotoxic T cell responses.
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INTRODUCTION

Cytotoxic CD8" T cells are essential for anti-tumor immunity!-2. Naive CD8" T cells
acquire cytotoxic function following priming by type-1 conventional dendritic cells (DC1)
in the tumor-draining lymph nodes (tdLN)3-2. DC1 prime naive T cells by providing three
distinct stimulatory signals®. Signal 1 is cognate antigen, cross-presented on the major
histocompatibility complex class | (MHCI) on DC14°:7:8, Signal 2 comprises costimulatory
ligands, such as CD80 and CD86, expressed on activated DC19-13, and signal 3 refers to
cytokines, including DC-derived interleukin-12 (IL-12), that promote differentiation into
cytotoxic T lymphocytes (CTL)-17. The functional capacity of activated CD8" T cells
depends on the abundance, timing and context of these signals on DC118-22,

Distinct T cell activation trajectories established early after priming can have long-term
effects on the quality of CD8* T cell responses. For instance, elevated TOX expression
four days post-chronic viral infection mediates commitment to the T cell exhaustion
program23, In lung cancer, priming induces a T cell dysfunction program that prevents
CTL differentiation and drives resistance to immune checkpoint blockade (ICB) therapy?4.
Hence, DC1-derived signals available during priming are instrumental for shaping the
quality of the anti-tumor T cell response?®.

The local environment regulates DC capacity to prime T cell responses?®. At baseline,

DC have low expression of signals 2 and 3 and are poorly stimulatory?6-29, In the

absence of signals 2 and 3, cognate antigen-presenting DC induce T cell tolerance,
characterized by initial proliferation with failed accumulation and eventual T cell deletion30-
32 Exposure to danger signals, such as tumor-derived dsDNA, promotes DC maturation

and expression of signal 2 and 3 molecules?’~2°, DC stimulatory capacity can be regulated
by other immune cells, most notably by regulatory T (Treg) cells. Treg cells inhibit DC
maturation and cause decreased expression of signals 2 and 33339, Treg cell-mediated
suppression of DC stimulatory capacity in tumors can blunt protective anti-tumor CD8* T
cell responses384041 Additionally, tissue-specific factors and microanatomical niches in the
draining LN influence DC ability to prime distinct T cell subsets*2. For instance, DC in

lung and gut LN can imprint tissue-specific homing receptor expression on T cells*3-45,
Moreover, DC can skew T cell responses towards effector, tolerance, or memory programs
in a tissue-specific manner#647, Within a draining LN, the microanatomical location of
DC1 and CD8* T cells during priming dictates T cell exposure to stimulatory signals and
influences effector differentiation?849. Thus, several environmental factors can impact the T
cell activation program induced during priming.
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How tissue-specific immunoregulatory mechanisms influence anti-tumor T cell responses
remains poorly understood. In this study, we sought to uncover lung cancer-specific
mechanisms driving dysfunctional tumor-reactive CD8" T cells during T cell priming??.

By comparing T cell responses in the mediastinal (mLN) and inguinal (iLN) LN that
drained lung and flank tumors, respectively, we determined that Treg cells in the mLN
restrained DC1-mediated priming of CTL more effectively than their counterparts in the
iLN. Treg cell-driven suppression of DC1 caused dysfunctional CD8* T cell responses
against lung tumors and required MHCII-dependent contact between Treg cells and DC1.
Suppressive, clonally-expanded Ty1-like Treg cells were preferentially induced in the mLN
in response to the tissue-specific abundance of interferon-gamma (IFN-y). Blockade of IFNy
was sufficient to repolarize Treg cells and rescue CTL responses against lung tumors. Thus,
tissue-specific induction of Ty1-like Treg cells that suppress DC1-mediated CTL priming
could represent a critical barrier to anti-tumor immunity.

DC1 in mLN prime dysfunctional CD8" T cells against lung KP tumors

To study how priming of CTL is restrained in lung cancer?4, we compared T cell responses
against tumors growing orthotopically in the lungs or subcutaneously in the flanks. We
used the KrasG22P Trp5371~ (KP) lung adenocarcinoma cell line, engineered to express the
model antigen SIHINFEKL fused to ZsGreen (KP-zSI1IN)2430, \We examined activation of
SIIN-reactive CD8* T cells in the mLN and iLN 7 days post-tumor implantation (Figure
1A). Despite comparable accumulation in both LN, SIIN-reactive T cells primed in the mLN
failed to express effector differentiation markers CD25 and Granzyme B (GzmB) (Figure
1B), consistent with prior work?4. This dysfunctional phenotype contrasted with the robust
expression of effector molecules on SIIN-reactive T cells primed in the iLN (Figure 1B).
Induction of CTL in the iLN was underscored by the increased expression of TIM3 relative
to the mLN (Figure 1C).

We validated that the observed phenotypic and functional differences?* were independent of
TCR signal strength using an /n vivo priming assay. SIIN-reactive OT-1 T cells activated in
the mLN exhibited robust proliferation, yet reduced expression of CD25, GzmB, and TIM3
(Figures 1D-F;S1A-B). We affirmed that the dysfunction phenotype was not specific to the
SIIN antigen using KP-SIY (SIYRYYGL) cells?* (Figures S1C-E).

Given the importance of cross-presenting DC1 for mounting anti-tumor immune
responses*°1, we next tested whether DC1 were the dominant DC subset priming tumor-
reactive T cells in both LN. SIIN-reactive T cell activation against both lung and flank
tumors was severely impaired in Batf3/~ mice, lacking DC14 (Figures 1G-1;S1F-K). We
further validated the requirement of DC1 for priming tumor-reactive T cells in the mLN
using the XCRIPTR mouse model®? (Figures 1J-L) and KP-SIY tumor cells (Figures S1L-
M). Since DC2 can also prime productive anti-tumor CD8" T cell responses®3, we compared
the functional capacity of DC1 and DC2 for activating CD8" T cells. Using ZsGreen (ZsG)
fluorescence as a readout for tumor antigen uptake, we isolated ZsG* and ZsG~ DC1 and
DC2 from both tdLN for ex vivo co-cultures (Figure SIN). ZsG* DC but not ZsG~ DC
induced robust T cell proliferation, confirming that tumor-associated antigen was restricted
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to the ZsG* fraction (Figure S10-P). While both ZsG* DC subsets could activate T cells,
only ZsG* DC1 induced productive priming, resulting in enhanced T cell proliferation
and accumulation (Figure S10-P). These data indicate that DC1 were the main DC subset
activating tumor-reactive CD8* T cells in both tdLN.

DC1 in tumor-draining mLN have high signal 1, but low signals 2 and 3

DC exist in distinct functional states with varied expression of signals 1 (antigen), 2
(costimulation) and 3 (cytokines), which shape the quality of anti-tumor immunity®3:54,
Since DC1 primed phenotypically distinct CD8" T cell responses in the tumor-draining
mLN and iLN (Figures 1A-L;S1A-M), we hypothesized that tissue-specific differences in
DC1 states mediated the distinct priming outcomes. Therefore, we characterized signals 1, 2
and 3 on tumor-derived ZsG* DC1 in both tdLN (Figures 2A-B).

ZsG* DC1 abundance was increased in the mLN compared to the iLN, with similar ZsG
intensity, suggesting no defect in DC1 ability to engulf tumor debris and migrate to the
tumor-draining mLN (Figure 2C). ZsG* DC1 from both LN also had equal ability to

prime naive CD8* T cells ex vivo (Figures SIN-P), underscoring that DC1 from the mLN
were not deficient in signal 1. Expression of CD80 and CD86 was reduced, while CD40
was unchanged on ZsG* DC1 from mLN compared to those in the iLN (Figure 2D).
Further, ZsG* DC1 from the mLN produced less IL-12 relative to their counterparts in

the iLN (Figure 2E). Since low expression of signals 2 (CD80 and CD86) and 3 (IL-12)

is characteristic of immature DC2°%6, we examined the maturation markers MHCII and
CCR?7. Both molecules were highly expressed on ZsG* DC1 from the mLN (Figure 2F). We
concluded that tumor-derived DC1 in the mLN were highly mature and provided sufficient
signal 1, yet had reduced expression of CD80, CD86 and IL-12, required for priming of true
CTL.

Since mature DC can acquire immunoregulatory molecules (mregDC) and suppress anti-
tumor immunity following engulfment of tumor debris®*, we examined mregDC markers
(CD40, IL-12 and PD-L1)%4. We observed similar expression of CD40 (Figure 2D) while
IL-12 and PD-L1 were reduced on ZsG* DC1 from mLN relative to iLN (Figures 2E;S1Q-
R). Further, the mLN-specific decrease in CD80, CD86 and IL-12 expression (Figures 2D-
E) was also detected on ZsG~ DC1 (Figures S1S-U), suggesting a tissue-specific suppression
distinct from the mregDC program.

Reduced expression of CD80, CD86 and IL-12 on DC1 from the tumor-draining mLN
(Figures 2D-E;S1S-U) could indicate DC1-intrinsic tissue-specific suppression. However,
the tissue-specific differences in signal 2 and 3 on DC1 (Figures 2D-E;S1S-U) were no
longer detectable in naive mice (Figures S1V-X), suggesting that the suppressed phenotype
was not an intrinsic property of DC1 in the mLN. Additionally, in contrast to the mLN-
specific induction of dysfunctional CD8* T cells /n vivo (Figures 1D-E), ZsG* DC1 from
both LN primed CTL with a similarly high expression of CD25 and GzmB ex vivo (Figures
S1Y-Z). Thus, the dysfunctional CD8* T cell responses in the tumor-draining mLN did

not result from DC1-intrinsic defects, but instead a DC-extrinsic, mLN-specific and tumor-
dependent factor restrained CTL activation /n vivo.
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Treg cells can induce CD8* T cell dysfunction and DC1 suppression

Treg cells can suppress DC stimulatory capacity by depleting surface molecules CD80 and
CD8634:35.37-39 Given the low expression of CD80 and CD86 on ZsG* DC1 from tumor-
draining mLN (Figure 2D), we hypothesized that Treg cells inhibited DC1 and thereby
caused dysfunctional CD8* T cell responses in the mLN.

We used FoxP3PTR miced” to examine the impact of constitutive Treg cell depletion on
SIIN-reactive CD8* T cell responses in the tumor-draining mLN and iLN (Figure 3A).
Expression of CD25 and GzmB on tumor-reactive T cells was markedly increased upon Treg
cell depletion in both LN (Figure 3B). The rescue of both CD25 and GzmB expression on
tumor-reactive T cells was greater in the mLN (Figure 3C), suggesting a more profound Treg
cell suppression in the mLN compared to the iLN. While other tissue-specific suppressive
factors cannot be fully excluded, these data provided a strong rationale to study the role of
Treg cells in shaping the quality of tumor-specific T cell responses in the mLN.

As constitutive Treg cell ablation causes severe autoimmunity®’, we further assessed the
impact of transient Treg cell depletion. Transient depletion likewise restored CTL priming in
the mLN (Figures 3D-G). Transient Treg cell depletion also led to an increased expression
of CD80 and CD86, but not IL-12 on ZsG* DC1 from the mLN (Figures 3H-J). Similar
effects were observed in the iLN (Figures SIAA-AC). Therefore, Treg cells suppressed
tumor-reactive T cell responses and DC1 stimulatory capacity in both LN, however, their
inhibition of CTL priming was more potent in the mLN.

Treg cells from the tumor-draining mLN restrain cytotoxic T cell priming by suppressing
DC-derived signals 2 and 3

As DC1 were required for T cell priming in the mLN (Figure 1) and Treg cells suppressed
CTL differentiation (Figure 3), we hypothesized that mLN Treg cells restrained CD8* T cell
priming by inhibiting DC1. To delineate the effects of DC1 and Treg cells on CD8* T cell
priming, we utilized reductionist ex vivo co-cultures of naive OT-1 T cells with ZsG* DC1
and Treg cells isolated from the tumor-draining mLN (Figure 4A; see methods for details).
Treg cells caused a stark reduction in CD25 and GzmB expression on OT-1 T cells at low
Treg:OT-1 T cell ratios (Figures 4B-D), while CD8" T cell proliferation was only mildly
reduced (Figures 4D:S2A-B). The resulting CD25!°% GzmB!°" phenotype recapitulated the
CD8™ T cell dysfunction phenotype observed /n vivo (Figure 1E). To test whether Treg cells
required DC1 to induce dysfunctional CD8* T cells, we used plate-bound anti-(a)CD3 and
aCD28 to stimulate OT-I T cells (Figure 4A). In the absence of DC1, the same number

of Treg cells minimally impacted CD25 and GzmB expression on OT-I T cells (Figures
4C-D). Thus, Treg cells could redirect DC1-mediated priming of CTL towards dysfunction
yet required the presence of DCL1 for this suppression.

To ascertain whether CD8™ T cell states from the ex vivo co-cultures (ZsG* DC1:0T-I
+ Treg cells, Figures 4A-D) and the /n vivo priming assay (mLN versus iLN, Figures
1D-F) were comparable beyond phenotypic markers, we performed single-cell RNA
sequencing (ScCRNA-seq) of ex vivo-primed T cells (Figure S2C). We examined the
differentially expressed genes (DEG) between CD8" T cells primed by DC1 in the
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presence or absence of Treg cells (Figure S2D; Table S1). Treg cell presence led to

reduced expression of transcripts associated with effector function (GzmB, 1/2ra, 1112rb1
and //12rb2) and increased expression of transcripts associated with inhibition of effector T
cell differentiation (Sell, Pecam1, Lefl, Tcf71l, Slprl, Sipr4) and T cell fate decisions (K/72,
KIf3) on CD8" T cells?458-64 (Figure S2D). The transcriptional profiles of T cells primed
ex vivo in the presence or absence of Treg cells strongly correlated with the published
RNA-seq2* of T cells primed /7 vivo in the KP-tumor-draining mLN or iLN, respectively
(Figures S2E-F). This result indicated that transcriptional differences between mLN- and
iLN-primed T cells were largely conserved in T cells primed ex vivo.

Next, we directly compared the functional suppressive capacity of mLN and iLN Treg cells.
Consistent with the /n vivo Treg cell depletion data (Figure 3A-C), both mLN and iLN

Treg cells inhibited CD25 and GzmB expression on primed CD8* T cells (Figures 4E-G).
However, mLN Treg cells induced more potent suppression than iLN Treg cells, regardless
of whether ZsG* DC1 were isolated from the mLN or iLN (Figures 4E-G;S2G-H). Tissue-
specific differences in Treg cell-intrinsic suppressive capacity were only detectable in

the DC1:Treg:OT-1 T cell co-cultures, as the aCD3/a.CD28-based co-cultures revealed
comparable suppression (Figures S21-J).

To compare DC suppression effects of mLN and iLN Treg cells in a controlled setting,

we established co-cultures of mature bone marrow-derived-DC (BM-DC) derived from
p40-IRES-e YFPIL-12 reporter mouse bone marrow and Treg cells sorted from the tumor-
draining mLN and iLN (Figures 4H; see methods for details). Consistent with the /n

vivo data (Figures 2D;31;S1AB), both mLN and iLN Treg cells suppressed CD80 and
CD86 expression on BM-DC (Figures 41-J). However, mLN Treg cells inhibited CD80

and CD86 expression more effectively (Figures 41-J), mirroring /n vivo differences in DC1
costimulatory molecule expression in the mLN and iLN (Figure 2D). Treg cells from the
iLN induced increased I1L-12 suppression compared to Treg cells from the mLN (Figure
4K), in contrast to the /n vivo observation (Figure 2E). This discrepancy could be explained
by a lack of effector T cells in this assay as T cell-derived IFNy induces 1L-12 expression®.

Insufficiency of DC-derived stimulatory signals can prevent differentiation of CTL1819.31,
If Treg cell-mediated inhibition of signals 2 and 3 on DC1 caused dysfunctional priming of
CDS8™ T cells in the mLN, then providing signals 2 and 3 exogenously should restore CTL
priming. Using ZsG* DC1:Treg:OT-I T cell co-cultures, we found that singular addition

of aCD28 (signal 2) or IL-12 (signal 3) induced a partial increase of GzmB and high
expression of CD25, respectively (Figures 4L-M). However, combining aCD28 and IL-12
led to a synergic effect, completely restoring both GzmB and CD25 expression (Figure 4M).
We then examined the impact of aCD28 and IL-12 treatment on CD8* T cell priming in the
mLN of lung tumor-bearing mice (Figure 4N). Consistent with ex vivo results, we observed
that the combination of aCD28 and IL-12 induced robust CD25 and GzmB expression on
the tumor-reactive CD8* T cells (Figure 40). Thus, Treg cells in the tumor-draining mLN
caused dysfunctional priming of CD8* T cells due to an enhanced ability to suppress DC1
stimulatory signals.

Immunity. Author manuscript; available in PMC 2024 February 21.
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Treg cells suppress CD8* T cell priming in the mLN via direct interaction with DC1

Treg cells can suppress DC stimulatory molecules in a contact-dependent or independent
manner3435, To first evaluate the spatial arrangement of Treg cells and DC1 during CD8* T
cell priming, we performed immunofluorescence (IF) staining of tumor-draining mLN and
iLN from XCRI1PTR.Venus mice after adoptive transfer of CD45.1* OT-1 T cells (Figure 5A).
We identified XCR1* DC1, tumor-reactive OT-I T cells and Treg cells using the endogenous
Venus signal, CD45.1 and FoxP3 markers, respectively (Figure 5B; see methods for details).
We focused our analysis on the OT-1 T cell microniches, defined as circular regions centered
at OT-I T cell clusters that contain at least one DC1 (Figure 5B; see methods for details),
and evaluated Treg:DC1 proximity by measuring the distance from each Treg cell to its
closest DC1. The microniche-associated Treg cells and DC1 were closer to each other in

the tumor-draining mLN compared to the iLN (Figures 5B-C;S2K). This spatial proximity
of Treg cells and DC1 in the mLN was a microniche-specific effect, since outside of
microniches the Treg:DC1 distance was increased (Figure 5C). Microniches in the mLN and
iLN were similar in size, and the Treg:DC1 ratio within microniches was also not increased
in the mLN (Figure 5D). Increased Treg cell suppression in the mLN was likely driven

by the physical proximity of Treg cells and DC1 involved in tumor-specific CD8* T cell
activation.

To test whether Treg cell-mediated suppression of DC1 required direct cell:cell contact, we
abrogated their MHCII-dependent interactions. Antibody-mediated MHCII blockade in ex
vivo ZsG* DC1:Treg:OT-I T cell co-cultures completely reversed the Treg cell suppression
phenotype (Figures 5E-F), suggesting that MHCII accessibility on DC1 was critical for

the Treg cell-mediated suppression of CD8* T cell priming. To test the effect of MHCII
ablation on DC1 stimulatory capacity /7 vivo, we generated WT: H2-AbI™'~ mixed bone
marrow chimeras (BMCs) and compared the phenotypes of WT and H2-Ab1~ ZsG* DC1
within the tumor-draining mLN (Figures 5G;S2L-M). MHCII deletion resulted in increased
expression of CD80, CD86 and IL12 on ZsG* DC1 /n vivo (Figures 5H-1), indicating that
Treg cell-mediated suppression effects were conferred to DC1 through MHCII-dependent
interactions.

We then examined the impact of DC1-specific MHCII deletion on CD8" T cell priming

in vivo. We generated WT, Batf3'=:WT and Batf3'~: H2-Ab1'~ mixed BMCs to compare
the effect of MHCII* DC1 (in WT and Batf3/~:WT BMCs) and MHCII~ DC1 (in Batf3"!
~:H2-AbI- BMCs) on CD8* T cell priming (Figures 5J;S2N-0). DC1-specific MHCII
deletion in Batf3'~:H2-AbI'~ BMCs restored the priming of CTL in the mLN compared
to control BMCs (Figure 5K). We independently validated this result using XCRPTR-WT
and XCRPTR: H2-Ab17!~ mixed BMCs (Figures 5L;S2P-Q). Consistently, the DC1-specific
MHCII deletion led to effective priming of CTL in the tumor-draining mLN (Figure

5M). Therefore, MHCII-dependent Treg:DC1 interactions caused DC1 suppression and the
associated CD8" T cell dysfunction in the context of lung tumors.

Thl-like Treg cells expand in tumor-draining mLN

It remained unclear what tissue-specific factor(s) caused Treg cells to be more suppressive in
the mLN compared to the iLN. Since increased suppression is often associated with a greater
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Treg cell abundance®6:67, we enumerated Treg cells in both tdLN. However, Treg cells were
equally abundant (Figures 6A-B) and SIIN-reactive CD8*/Treg cell ratios did not correlate
with increased suppression observed in the tumor-draining mLN (Figure S3A).

Treg cells are heterogeneous and have distinct tissue-specific functional specializations
and TCR repertoires®®, which could influence their suppressive capacity. To characterize
their transcriptional states, we performed scRNA-seq paired with TCR-seq on Treg cells
sorted from mLN and iLN of tumor-bearing and naive mice (Figure 6C). We obtained high
quality transcriptomes for 16,249 Treg cells (Figure S3B) and recovered TCRp sequences
from 55.4% of cells, TCRa sequences from 23.1% of cells, and paired TCRp and TCRa
sequences from 14.4% of cells (Figures S3C-D). Initial unsupervised analysis identified four
clusters of Treg cells, and we focused subsequent analysis on three clusters of activated
Treg cells that exhibited reduced expression of markers and gene sets associated with
naive T cells (Figures S3E-1)69-71. Among activated Treg cells, we identified four clusters,
including Treg cells enriched for transcripts associated with early activation (NMr4al, Egri,
Egr2, Myc, Dusp), proliferation (Mki67, TopZa, Stmnl, Cenpf, Birc5) and two activated
Treg cell clusters (activated c1: Cxcr3, Icos, Tigit, Prdm1, Ctla4, activated c2: Rorc, Ccré,
I110ra, 1118r1, Tgfbr2) (Figures 6D-E; Table S2)7273, Activated c1 Treg cells were markedly
enriched in both tdLN compared to the naive LN, suggesting that this transcriptional
program was induced in response to tumor (Figure S3J). As Treg cells can suppress in an
antigen-specific manner’75 and expand clonally in response to tumors’6-78, we evaluated
their clonal expansion. Treg cells expanded clonally in both tdLN, but not in either of the
naive LN (Figures 6F-G). The degree of overall clonal expansion was comparable between
tumor-draining mLN and iLN and restricted to the activated c1 Treg cell cluster (Figures
6F-G).

To evaluate Treg cell specificity, we analyzed CDR3 sequences within activated c1 Treg
cells. Four public TCRp sequences were recovered independently from Treg cells in
multiple mice and shared across mLN and iLN (Table S3). These sequences were often
formed by distinct nucleotide rearrangements, demonstrating a convergence in the TCR
repertoire (Table S3). These sequences were much more likely to exhibit clonal expansion
than other CDR3p sequences (Figure S3K) and were entirely absent from the naive iLN
or mLN (Table S3), despite a comparable degree of sequence recovery (Figures S3C-D).
These data suggested that the Treg cells analyzed here were responsive towards tumor-
associated antigens present in both tdLN. While these data did not exclude the possibility
that TCR repertoire differences could affect Treg cell suppressive capacity, they suggested
that features other than the TCR might be dominant in mediating Treg cell suppressive
functions.

The phenotype of activated c¢1 Treg cells correlated with increased functional suppression
capacity (Figures S3L-M), which prompted us to interrogate transcriptional differences in
activated c1 Treg cells from the mLN and iLN (Figure 6H; Table S4). Activated c1 Treg
cells from the mLN differentially expressed transcripts associated with immunosuppression
(Nro1, Fgl2and Nr5e)79-81) IFN response and Tyl-polarization (/fagrl, Cxcr3, Thx21,
Cybb and Ptpn11)82-84 while their iLN counterparts were enriched for transcripts
associated with T cell activation (/cosand Gent1)8°:88 and Treg cell survival and stability
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(Cd2and Satb1)87-88 (Figure 6H). Additionally, since T2-like Treg cells can effectively
suppress anti-tumor immunity89:9, we examined expression of canonical Ty1-, Ty2- and
Tn17-polarizing transcription factors (76x21, Gata3 and Rorc, respectively) on activated
cl Treg cells. Consistently, 7bx21 expression was increased in the tumor-draining mLN
of all analyzed mice, while Gata3and Rorc were similarly expressed (Figure S3N). Thus,
activated c1 Treg cells were Ty1-polarized in the tumor-draining mLN.

Further flow characterization of Treg cells in the two tdLN revealed increased expression
of natural Treg cell markers neuropilin 1 (NRP1) and Helios and effector activation
markers PD-1 and CTLA-4 on Treg cells from the mLN (Figures 61-J;S4A-B). Suppressive
molecules NRP1, CTLA-4, CD39 and CD73 were differentially expressed on mLN Treg
cells, while TGF-b1 and CD25 were highly expressed on iLN Treg cells (Figures 6J;S4A-
D), suggesting qualitatively distinct modes of suppression. Ki67 and FoxP3 expression was
similar (Figure S4E). Consistent with sSCRNA-seq results, Ty1-like markers CXCR3 and T-
bet were differentially expressed on mLN Treg cells (Figures 6K). Analysis of T-bet, Gata3
and RORyt expression confirmed the Tyl-polarization, as T-bet was most highly expressed
on both bulk and CD44* CD62L~ effector Treg (eTreg) cells in the mLN compared to

the iLN (Figures 6L;S4F) and the frequency of T-bet" CXCR3* T1-like eTreg cells was
increased in the mLN (Figure S4G). Treg cells in the mLN acquired a Ty1-like effector
phenotype enriched in a distinct set of suppression molecules.

As Treg cells directly interacted with DC1 in the mLN (Figure 5), we tested whether DC1
regulated the Treg cell response. While Treg cells expressed PD-1 and CTLA-4 similarly in
WT and Batf3/~ mice, T-bet was decreased and the frequency of T-bet* CXCR3* T1-like
eTreg cells was reduced in the absence of DC1 (Figure S4H-L). Thus, DC1 were required
for the Tyl-polarization of eTreg cells in the mLN.

Since IFN-regulated transcripts and proteins were preferentially expressed on Treg cells
from the mLN compared to the iLN (Figures 6H;6K-L;S4F-G), we hypothesized that IFN-
sensing induced Tw1-like Treg cells in the mLN. We used WT: /fnar1™=, WT: Ifngr1~~
and WT: /fngr1™"~ Ifnar1™'~ mixed BMCs91.92 to compare the phenotypes of WT and IFN
receptor-deficient (KO) Treg cells within the tumor-draining mLN (Figures 7A;S5A-B).
While Ifnarl deletion induced a modest reduction in T-bet and had no impact on CXCR3
expression on Treg cells, Ifngrl deletion caused a severe reduction of both T-bet and
CXCR3 expression (Figures 7B:S5C), consistent with published data82. Although FoxP3,
CD25, PD-1, CTLA-4 and CD73 expression was unaffected by IFN receptor deletion,
CD39 was reduced on Ifngrl-deficient Treg cells in the mLN (Figures S5D-E). Expression
of Tyl markers and CD39 on Treg cells was largely dependent on IFNvy-sensing in the
tumor-draining mLN.

We then tested whether induction of T1-like eTreg cells similarly depended on IFN-
sensing in both tdLN. We generated FoxP3PTR-GFP: Ifnar1!-, FoxP3PTREGFP: [fngr1!-
and FoxP3PTR-EGFP: Ifnar1~I~ Ifnar1~'~ mixed BMCs using congenically-labeled hosts and
compared phenotypes of donor-derived WT and IFN receptor-deficient (KO) eTreg cells
within the tumor-draining mLN and iLN (Figures S5F-G). These BMCs enabled us to
exclude host-derived Treg cells and verify that these radio-resistant cells did not confound
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our analysis. Consistent with earlier analysis of bulk Treg cells (Figures 7B;S5C), eTreg cell
expression of T-bet and CXCR3 in the mLN depended on IFNy-sensing (Figures S5H-1).
Similarly, Ifngrl but not Ifnarl ablation blunted T-bet and CXCR3 expression on eTreg cells
in the tumor-draining iLN (Figures S5H-1). Although T-bet* CXCR3* T1-like eTreg cells
were preferentially enriched in the WT immune fraction of the mLN relative to the iLN
(Figure S5J), as shown before (Figure S4G), their frequency was comparable between mLN
and iLN when Ifngr was ablated (Figure S5J). Hence, the T1-like eTreg cell program was
IFN-y-dependent in both LN, but was predominantly induced in Treg cells of the mLN.

Since induction of Ty1-like eTreg cells relied on IFN-y-sensing, we hypothesized that

the mLN-specific enrichment in Ty1-like eTreg cells could result from a tissue-specific
difference in IFN+y abundance. Indeed, IFN+y was 3.78-fold more enriched in the tumor-
draining mLN compared to the iLN (Figures 7C-D). In contrast, IL-2 abundance was
comparable between the two tdLN (Figures S6A-B). Further, IFN-y measurements from
naive LN mirrored those from tdLN, as IFNy was more abundant in the mLN compared
to matched iLN of naive mice (Figures 7E-F). The mLN-specific enrichment in IFN-y
was independent of tumor presence and was determined by the anatomical location of the
LN. As lung microbiome-dependent IFN signals can impact lung-specific immunity®3, we
tested whether the tissue-specific differences in IFNy would be maintained in germ-free
(GF) mice. Unlike in specific-pathogen free (SPF) mice, the amount of IFN+y in the mLN
and matched iLN of naive GF mice was equalized (Figure 7G). Therefore, observed mLN-
specific abundance of IFN-y was caused by the presence of commensal bacteria.

mLN-specific enrichment in IFN+y drives induction of Tyl-like Treg cells and the associated
dysfunctional T cell responses against lung cancer

Treg cells in the mLN expressed the chemokine receptor CXCR3 (Figure 6K), which guides
intranodal positioning of effector T cells and facilitates interactions with DC%4-9. To test
whether CXCR3 was functionally required for Treg cells to suppress CTL responses against
lung tumors, we generated FoxP3PTR:WT and FoxP3PTR-Cxcr3™~ mixed BMCs. We
treated both groups with DT to compare the suppressive effects of CXCR3-deficient Treg
cells (in FoxP3PTR:Cxcr3!~ BMCs) and WT Treg cells (in FoxP3PTR”WT BMCs) on CD8*
T cell priming (Figure S6C). Treg cell-specific deletion of CXCR3 has no impact on the
CD8™ T cell phenotype in the tumor-draining mLN (Figures S6D-E), suggesting that several

redundant chemokine receptor/ligand pathways might promote Treg:DC communication®’~
99

As IFN~y cytokine and IFN-y-dependent Ty1-like Treg cells were enriched in the mLN
(Figures 6K-L;7A-F;S5C;S5H-J), we tested whether IFN-y-sensing could regulate Treg cell
ability to suppress CTL priming. We generated FoxP3°TR-\WT and FoxP3PTR: Ifngr1~!-
mixed BMCs and treated the mice with DT to evaluate the impact of the Ifngrl-deficient
Treg cells (in FoxP3PTR: Ifngri~'~ BMCs) or WT Treg cells (in FoxP3PTR-WT BMCs)

on CD8* T cell priming in the tumor-draining mLN (Figures S6F-G). Compared to the
control, Ifngrl ablation on Treg cells led to increased CD25 expression on CD8* T cells
primed in the mLN (Figures 7H-I). This 2.24-fold increase (+0.374 SEM) (Figures 7H-I)
was comparable to the 3.32-fold difference in CD25 expression (+0.947 SEM) between
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iLN and mLN-primed T cells (Figure 1E). Although GzmB and TIM3/TCF1 expression
was unchanged (Figures 71;S6H), the partial rescue was encouraging, as roughly half of all
immune cells in FoxP3PTR: Ifngr1~~ BMCs were Ifngrl-deficient, including DC1, which
depend on IFNy for IL-12 production®*95, In the absence of DT treatment, CD8" T cells
primed in the mLN of FoxP3PTR-WT and FoxP3PTR: Ifngri~'~ BMCs exhibited unchanged
CD25 expression (Figures S61-K), indicating that the observed rescue effect (Figure 71) was
driven by Treg cell-specific ablation of IFNy-sensing.

We then evaluated whether antibody-mediated IFN+y blockade could counter the IFN-y-rich
environment of the mLN and rewire Treg cell polarization and CD8* T cell priming.

Since IFNvy plays an important role in CD8" T cell effector differentiation100-102 we
administered IFN+y blockade early post-tumor implantation and evaluated priming of
adoptively-transferred T cells (Figure 7J). IFN-y blockade caused increased CD25, GzmB
and TIM-3 expression on the OT-1 T cells in the tumor-draining mLN (Figure 7K),

but had no impact in the tumor-draining iLN (Figures S7A-B), underscoring that this
immunoregulation was tissue-specific. Additionally, IFN-y blockade caused decreased T-bet
expression in both mLN and iLN Treg cells, while leaving the total number of Treg

cells unchanged (Figures 7L;S7C). Transient IFNy blockade was sufficient to rescue CTL
priming and alter the Treg cell phenotype in the IFN-y-rich environment of the tumor-
draining mLN.

To examine whether the IFN-dependent T1-like Treg cells correlated with blunted anti-
tumor immunity in humans, we reanalyzed a sScRNA-seq dataset of tumor-infiltrating T

cells from human melanomal%3. Treg cell expression of the IFN response program and
either 7BX21 or CXCR3transcripts strongly correlated with 1CB resistance in these patients
(Figures 7M;S7D). The CD8*/Treg cell ratio did not associate with ICB response (Figure
7M), suggesting that the Treg cell quality, rather than quantity, determined anti-tumor
immunity outcomes. Combined with our published finding that lung cancer-specific CD8* T
cell dysfunction drives ICB resistance?4, these data suggested that IFN-y-dependent Ty1-like
Treg cells correlated with ICB resistance in humans and mice.

DISCUSSION

We established that Ty1-like eTreg cells in the lung tumor-draining mLN restrained
activation of anti-tumor CTL and induced a dysfunctional CD8* T cell state.
Mechanistically, Treg cells in the tumor-draining mLN suppressed DC1 stimulatory signals
needed to drive successful CTL differentiation. The suppression was mediated via MHCII-
dependent contact between Treg cells and DC1 and was associated with the mLN-specific
Th1-like eTreg cell program characterized by increased T-bet and CXCR3 expression.
Tnl-like eTreg cells were induced by IFN-y, which was preferentially enriched in the tumor-
draining mLN. Antibody-mediated IFN-y blockade could counter the naturally increased
IFN-y abundance in the mLN, resulting in Treg cell repolarization and enhanced CTL
responses against lung tumors. Additionally, IFNy-induced Ty1-like Treg cells correlated
with ICB resistance in patients with cancer. Collectively, our data suggested that T1-like
eTreg cells acted on DC1 in the tdLN to prevent priming of CTL responses against lung
tumors.
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Mounting evidence suggests that the tissue site of tumor growth can influence anti-tumor
immunity104105_ By directly comparing T cell responses mounted against KP tumor cells
implanted into the lungs or flanks of mice, we identified a Treg cell-driven lung-specific
mechanism of immunosuppression. Lung tumor growth led to IFNy-dependent Ty1-like
eTreg responses associated with highly potent suppression capacity and enhanced spatial
proximity to DC1. These findings are consistent with prior reports describing the importance
of IFNy-sensing Ty1-like Treg cells for suppressing autoimmunity in type-1-diabetes and
graft-versus-host diseasel96-198 |n addition to restraining CTL priming locally in the lung
tdLN, we predict that this Treg cell state could systemically suppress anti-tumor immunity
and potentially blunt secondary tumor control, as shown in prior studies%°.

We found that Ty1-like eTreg cell responses in the lung setting were driven by the mLN-
specific abundance in IFNvy, which was induced by commensal bacteria. Consistent with

our findings, the lung microbiome can directly impact lung-specific immunoregulatory
mechanisms?10 as well as anti-tumor immunity11. The microbiome has further been
reported to regulate the suppression capacity and frequency of Treg cells112113 | ocal
immune populations that respond to commensal bacteriall4, such as unconventional T

cells, have been described to migrate to the draining LN and shape conventional T cell
responses in a tissue-specific manner!1®. It remains to be determined which cells mediate the
mLN-specific abundance in IFN+y observed in this study.

Our observations do not exclude the possibility that Treg cell-independent tissue-specific
factors might also contribute to the immunosuppressive microenvironment of the tumor-
draining mLN. For instance, tumors from different anatomic sites differ in local nutrient
availabilityl16, and the local metabolic environment directly regulates DC and T cell
functions in cancerl17-121 |t is plausible that differential nutrient availability in the tumor-
draining iLN and mLN could further promote the qualitatively distinct T cell responses
observed in our study.

Establishment of protective anti-tumor immunity requires a breach of immune tolerancel2?,
however, the mechanisms that maintain peripheral tolerance in cancer remain poorly
understood. We uncovered a mechanism of MHCII-dependent Treg cell-mediated DC1
suppression that restrained the activation of a protective anti-tumor T cell response in

the tdLN. Ty1-like eTreg cells were the critical mediators of this CD8" T cell tolerance.
Although we described this mechanism in the context of lung tumors, MHCII ablation on
DC1 can similarly disrupt peripheral tolerance of CD8" T cells specific to a keratinocyte-
derived self-antigen in the skin123, Thus, this peripheral tolerance mechanism is likely
generalizable and not restricted to the lung setting. The preferential induction of peripheral
tolerance in response to KP lung tumors but not flank tumors suggested that distinct tissue
sites might have different tolerance setpoints. Since differential IFN-y abundance regulated
Treg cell phenotypes and suppression capacity, tissue-specific availability of cytokines might
influence the tolerance setpoint in different contexts. Further research is needed to discern
additional stimuli that regulate peripheral tolerance at different anatomic sites. An improved
mechanistic understanding of peripheral tolerance regulation could inspire new therapeutic
approaches to disrupt immune tolerance against cancer and boost protective anti-tumor
immunity.
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LIMITATIONS OF STUDY

Our results strongly support the conclusion that IFNy-sensing by Treg cells leads to
enhanced suppression in the mLN. Refined studies utilizing mouse models that harbor
Treg cell-specific /fagr1~'~ are needed to fully elucidate the molecular mediators of
this suppression. Additionally, it is important to further validate this immunoregulatory
mechanism in the context of human biology using immune cell co-cultures and spatial
analyses of Treg cells, DC1 and CD8" T cells in tdLN of patients.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Stefani Spranger (spranger@mit.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The scRNA-seq data generated in this study has been deposited to the GEO database
(GSE216086), and code used to process and analyze scRNA-seq data was made

available at https://github.com/duncanmorgan/kptumors_immunity and is archived at https://
doi.org/10.5281/zenodo.7331914. Code used for the spatial analysis of IF images was

made available at https://github.com/awedwards/DC-Treg-CD8T-interactions-project. Any
additional information required to reanalyze the data reported in this paper is available from
the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6 mice were purchased from Taconic Biosciences or Jackson Laboratories. H2-
AbI7~ mice were purchased from Taconic Biosciences. Batf3 /=, FoxP3PTREGFP pqp-
IRES-eYFP, Ifnar1™!=, Ifngri™=, Ifngr1™"~ Ifnar1™~, Cxcr3™=, Thy1.1* and CD45.1* mice
were purchased from Jackson Laboratories and bred in-house. TCR-transgenic OT-1 RagZ2™/
~ and XCRIPTR-Venus mice were bred and maintained in-house. All mice were housed
under specific pathogen free conditions at the Koch Institute animal facility. Mice were
gender-matched and age-matched to be 6-12 weeks old at the time of experimentation. All
experimental animal procedures were approved by the Committee on Animal Care at MIT.

Cell lines and tumor injections

KP-zSIIN and KP-SIY were cultured at 37°C and 5% CO, in DMEM (GIBCO)
supplemented with 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (GIBCO),
and 1X non-essential amino acids (GIBCO). For tumor implantation, tumor cells were
harvested by trypsinization (GIBCO), washed twice with 1X PBS (GIBCO), resuspended in
PBS and 2.5x10° tumor cells were injected subcutaneously or intravenously.
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METHOD DETAILS

Generation of expression vectors and modified tumor cell lines

The pLV-EFla-IRES-puro vector (Addgene no. 85132) was linearized by digestion

with BamHI and EcoRl restriction enzymes (NEB). The ZsGreen-SIINFEKL insert was

generated using the pCAGGS_ZsGreen_minOVA construct (a gift from Max Krummel at
UCSF), then cloned into the linearized pLV-EF1la-IRES-puro vector using the In-Fusion
cloning kit (Takara Bio). The resulting pLV-EFla-ZsGreen-SIINFEKL-IRES-puro construct
was amplified and sequenced for accuracy. The KP-zSIIN cell line was genetically
engineered to stably express ZsGreen-SIINFEKL using lentiviral transduction of the KP
parental tumor line (a gift from Tyler Jacks) with the pLV-EFla-cerulean-SIIN-SIY-IRES-
puro construct. KP-zSIIN cell line was puromycin (GIBCO) selected and further FACS-
sorted to enrich for cells with maximal expression of ZsGreen. Generation of the KP-SIY
cell line was previously described?4.

Adoptive transfer of T cells

The /n vivo priming assay was adapted from Horton et a/24. Briefly, OT-1 T cells were
isolated from spleens and LN of O7-/ Rag2!~ CD45.1* mice, labeled with CTV dye
(Invitrogen) following manufacturer’s instructions and at least 108 (for flow analysis) or
precisely 2.5x10* cells (for immunostaining) were transferred retro-orbitally (7.0.) to mice
with KP-zSIIN tumors at day 7 post-tumor implantation. Transferred OT-I T cells were
analyzed in tdLN of recipient mice 3 days later. Frequency of proliferated T cells was
quantified as the percentage of cells that had undergone one or more rounds of division,
gated using an unstimulated, CTV-labeled sample as the undivided reference control. The
T cell proliferation index was quantified as the total number of divisions divided by the
number of cells that went into division using the proliferation modeling function in FlowJo
v10.5.3 software (TreeStar).

Tissue processing for flow cytometry, cell sorting and ELISpot

LN were either directly mashed through a 70 pum filter into RPMI (GIBCO) for T cell
analysis, or processed using a method adapted from Ruhland et a/124 for DC analysis

and sorting. For the latter, LN were pierced with sharp forceps, incubated for 15 min

at 37°C in digestion buffer (250 pg/ml Liberase (Sigma-Aldrich) and 50 pg/ml DNase
(Sigma-Aldrich) in RPMI (GIBCO)), then pipetted up and down vigorously, followed by

a second 15 min incubation at 37°C. The LN cell mixture was filtered through a 70 pm
filter to generate a single cell suspension. For sorting, LN cells were next incubated with
aCD16/CD32 (clone 93, BioLegend) in FACS buffer (PBS (GIBCO) with 1% FBS (Atlanta
Biologicals) and 2 mM EDTA (Invitrogen)) for 15 min at 4°C to prevent non-specific
antibody binding, then washed with FACS buffer. The cells were then incubated with
PE-labeled antibodies (aCD19-PE clone 1D3 and aCD3e-PE clone 17A2 if only DC were
sorted, or aCD19-PE alone if Treg cells were also sorted, Biolegend) in FACS buffer for

10 min at 4°C, followed by negative selection using anti-PE microbeads (Miltenyi Biotec)
according to manufacturer’s instructions, prior to staining for FACS. Lungs and flank tumors
were dissected, minced, then incubated in digestion buffer for 40 min at 37°C and mashed
through a 70 um filter to generate a single cell suspension. Spleens were dissected and
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directly mashed through a 70 um filter to generate a single cell suspension. ACK Lysing
Buffer (GIBCO) was used to lyse red blood cells in lungs and spleens (lysis performed for
2 min on ice, followed by two washes with PBS), prior to staining for flow or plating for
ELISpot.

Flow cytometry and FACS staining

Cells were resuspended in FACS buffer (PBS (GIBCO) with 1% FBS (Atlanta Biologicals)
and 2 mM EDTA (Invitrogen)) containing Fixable Viability Dye eFluor 780, eFluor 506

or eFluor 405 (eBioscience) to distinguish live and dead cells and aCD16/CD32 (clone

93, BioLegend) to prevent non-specific antibody binding, and incubated for 15 min at

4°C. Cells were then washed with FACS buffer and stained for surface proteins using
fluorophore-conjugated antibodies resuspended in FACS buffer at the specified dilutions
(Table S5) for 20 min at 4°C. Following surface staining, cells were washed twice with
FACS buffer and analyzed directly or fixed for downstream intracellular staining and/or
analysis the next day. Cell fixation was achieved using the Foxp3 Transcription Factor
Fixation/Permeabilization buffer (eBioscience) when staining for transcription factors, or
the Cytofix/Cytoperm Fixation/Permeabilization buffer (BD Biosciences) when staining
for cytokines, following manufacturer’s instructions. Brefeldin A (BioLegend) was added
to all buffers prior to fixation when staining for cytokines. After fixation, cells were
washed twice with FACS buffer, stained for intracellular proteins (antibodies and dilutions
specified in Table S5) in FACS buffer overnight at 4°C and then washed twice with

FACS buffer prior to flow analysis. To obtain absolute counts of cells, Precision Count
Beads (BioLegend) were added to samples following manufacturer’s instructions. Flow
cytometry sample acquisition was performed on a LSR Fortessa cytometer (BD), and the
collected data was analyzed using FlowJo v10.5.3 software (TreeStar). For cell sorting, the
surface staining was performed as described above under sterile conditions, and cells were
acquired and sorted into co-culture media (RPMI (GIBCO) containing 10% FBS (Atlanta
Biologicals), 1% penicillin/streptomycin (GIBCO), 1X non-essential amino acids (GIBCO)
and 1X B-mercaptoethanol (GIBCO)) using a FACSAtria 11 sorter (BD). For CD8* T cell
analysis, cells were pre-gated on live, singlets, CD45%, CD3e*, CD4-, CD8* (and CD45.1*
if congenically labeled) markers. For DC analysis and cell sorting, cells were pre-gated on
live, singlets, CD45", CD19-, CD3e~, NK1.1~, Ly6C-, MHCII*, F4/80~, CD11c* and ZsG*
if appropriate (also autofluorescence™ in lungs to exclude autofluorescent CD11c™ alveolar
macrophages). For Treg cell analysis, cells were pre-gated on live, singlets, CD45", CD3e",
CD8~, CD4" and FoxP3* markers (and eTreg cells were further defined as CD44* CD62L-
Treg cells). For cell sorting, Treg cells were gated as live, singlets, CD45*, CD3e*, CDS8",
CD4* and CD25M9" and an example gating strategy is shown in Extended Data S1A.

SlIN-tetramer staining

To identify SIIN-reactive CD8" T cells, PE-conjugated SIIN tetramer was added during the
surface staining step in the flow cytometry methods described above. PE-conjugated SIIN
tetramer was assembled in-house using biotinylated peptide-MHC monomer (NIH Tetramer
Core Facility) and PE-streptavidin (Invitrogen) following the NIH tetramerization protocol,
and titrated to empirically determine the optimal staining concentration.
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In vivo mouse treatments

For DT-mediated cell depletion, DT (Sigma-Aldrich) was diluted in PBS (GIBCO) and
administered intraperitoneally (/.p.) to deplete FoxP3* Treg cells in FoxP3°7R mice,
FoxP3PTRIWT and FoxP3PTR] Ifngr1~~ BMCs (1ug DT/mouse) or XCR1* DC1 in
XCRIPTR mice, XCRIPTRIWT and XCRIPTRIH2-Ab1~ BMCs (0.5ug DT/mouse) at

the indicated timepoints. For /n vivo treatments, mice were injected with 100 ug aCD28
antibody /p. (clone 37.51, Bio X Cell), 1.42x10~11 mol IL-12 protein fused to murine serum
albumin r.0. (IL-12-MSA, manufactured in-house) or 200 pg IFNvy antibody 7p. (clone
XMG1.2, Bio X Cell) at the indicated timepoints.

IFNy ELISpot

ELISpot plates (EMD Millipore) were coated overnight at 4°C with aIFNy capture antibody
(BD Biosciences). Plates were washed and blocked with complete media (DMEM (GIBCO)
supplemented with 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (GIBCO),
and 1X non-essential amino acids (GIBCQO)) for 2 hr at room temperature (RT). Splenocytes
were plated in complete media at 106 cells/well in the presence or absence of 160 nM
SIINFEKL peptide (Invivogen). As a positive control, splenocytes were plated in complete
media containing 100 ng/ml PMA (Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-Aldrich).
Plates were incubated overnight at 37°C and 5% CO,, then developed using the mouse IFNy
ELISpot kit (BD Biosciences), following manufacturer’s protocol.

Treg cell transcription factor analysis

To accurately compare differences in Treg cell transcription factor expression, lung and
flank KP-zSIIN tumors were implanted into Thy1.2* and Thy1.1* mice, respectively, and
tdLN from congenically-labeled mice were combined for downstream processing and flow
analysis. Relative expression of transcription factor expression were quantified as the ratio of
gMFI values for matched Thy1.2* mLN-derived and Thy1.1* iLN-derived fractions of bulk
or eTreg cells, as indicated. The experiment was repeated with reversed congenic marker
assignments, i.e. using tdLN samples from Thy1.1* lung- and Thy1.2* flank-tumor-bearing
mice, to ensure reproducibility, and the data were pooled. The same experimental approach
was used to evaluate transcription factor expression in Treg cells from WT and Batf3/~ lung
tumor-bearing mice.

Generation of BMC mice

Host mice were irradiated with 500 rad, allowed to recover for 3 hr, and subsequently
irradiated again with 550 rad. The next day, BM was harvested from the femur and tibia

of donor mice, depleted of T cells using CD90.2 microbeads (Miltenyi Biotec), washed
twice with PBS and 107 cells were injected 0. into the irradiated host mice. For mixed
BM chimeras, 10 total cells of a 50:50 mixture of BM from donor mice was transferred. A
period of at least 6 weeks was allowed for engraftment prior to the start of experiments.

Ex vivo T cell priming co-cultures

DC and Treg cells were FACS-sorted from LN as described above (LN from many mice
were pooled to reach appropriate cell yield). SIIN-reactive CD8* T cells were isolated
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from spleens and LN of naive OT-1 TCR-transgenic mice using the untouched CD8* T cell
isolation kit (Miltenyi Biotec), following manufacturer’s instructions. Isolated CD8* OT-1 T
cells were washed twice with PBS and stained with CTV dye (Life Technologies) following
manufacturer’s instructions. For DC:OT-1 co-cultures, 5x108 sorted ZsG* or ZsG~ DC were
cultured with 5x10* dye-labeled CD8* OT-1 T cells, respectively (1:10 DC:T cell ratio). For
ZsG* DC1:Treg:OT-I T cell suppression co-cultures, 5x103 sorted ZsG* DC1 were cultured
with 5x10* dye-labeled CD8* OT-I T cells, in the presence or absence of 6.25x10°2 sorted
Treg cells (1:8 Treg:OT-I ratio), unless indicated otherwise. For Treg:OT-1 suppression
co-cultures performed without DC1, various numbers of Treg cells were cultured with 5x104
dye-labeled CD8" OT-I T cells (at the indicated Treg:OT-I ratios) on aCD3/aCD28-coated
plates. Antibody-coated plates were coated overnight at 4°C with 0.2 ug/ml aCD3 (clone
145-2C11, BD Biosciences) and 0.5 pg/ml aCD28 (clone 37.51, BD Biosciences) in PBS,
washed with PBS, then blocked with co-culture media (RPMI (GIBCO) containing 10%
FBS (Atlanta Biologicals), 1% penicillin/streptomycin (GIBCO) and 1X p-mercaptoethanol
(GIBCOQ)) for at least 30 min at RT, prior to adding cells. For all ex vivo T cell priming
co-cultures, cells were resuspended in co-culture medium, added to V-bottom tissue culture-
treated 96-well plates and cultured at 37°C and 5% CO», for 3 days. Following co-culture,
cells were stained and analyzed by flow cytometry. Frequency of proliferated T cells was
quantified as the percentage of cells that had undergone one or more rounds of division,
gated using an unstimulated, CTV-labeled sample as the undivided reference control. The T
cell proliferation index was quantified as the total number of divisions divided by the the
number of cells that went into division using the proliferation modeling function in FlowJo
v10.5.3 software (TreeStar). Expression of T cell activation markers was also assessed

by flow staining as described. For co-culture experiments performed in the presence of
additional biomolecules, 5 pg/ml aCD28 (clone 37.51, BD Biosciences), 10 nM 1L-12
(using IL-12-MSA fusion protein generated in-house) or 10 ug/ml aMHCII (clone M5/114,
Bio X Cell) were added at the beginning of co-culture where indicated.

Generation of BM-DC

BM-DC generation protocol was adapted from de Mingo Pulido er a/125. BM was harvested
from the femur and tibia of p40-/RES-e YFP mice, passed through a 70 um filter, ACK-
lysed and cultured at a density of 2x106 cells/ml in RPMI (GIBCO) supplemented with
10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (GIBCO), 25 mM HEPES
(GIBCO), 1X non-essential amino acids (GIBCO), 10 mM sodium pyruvate (GIBCO),

1X B-mercaptoethanol (GIBCO), 100 ng/ml recombinant human FLT3-L (Bio X Cell), and
5 ng/ml recombinant mouse GM-CSF (BioLegend) for 6 days at 37°C and 5% CO5. On

day 6, floating and semi-adherent cells were collected as BM-DC, frozen in 10% DMSO
(Sigma-Aldrich) in FBS (Atlanta Biologicals) and stored in liquid nitrogen.

BM-DC:Treg cell co-cultures

Treg cells were FACS-sorted from LN as described above. Frozen p40-/RES-e YFP BM-
DC were thawed and cultured in RPMI (GIBCO) supplemented with 10% FBS (Atlanta
Biologicals), 1% penicillin/streptomycin (GIBCO), 25 mM HEPES (GIBCO), 1X non-
essential amino acids (GIBCO), 10 mM sodium pyruvate (GIBCO), 1X p-mercaptoethanol
(GIBCO), 100 ng/ml recombinant human FLT3-L (Bio X Cell), and 5 ng/ml recombinant
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mouse GM-CSF (BioLegend) for 2 days at 37°C and 5% CO,. BM-DC were then washed
in PBS and cultured overnight in 1 ug/ml Poly(1:C) (Invivogen) in co-culture media (RPMI
(GIBCO) containing 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin (GIBCO)
and 1X p-mercaptoethanol (GIBCO)) at 37°C and 5% CO5, to generate mature BM-DC.
On the next day mature BM-DC were collected and washed twice with PBS, prior to
addition to assays. For BM-DC:Treg cell co-cultures, 2x10* mature BM-DC and 2.5x10%
sorted Treg cells were resuspended in co-culture medium with 10 nM IL-2 (using IL-2-MSA
fusion protein generated in-house), added to V-bottom tissue culture-treated 96-well plates
and cultured at 37°C and 5% CO, for 24 hr. Following co-culture, cells were stained

and analyzed by flow cytometry. A representative gating strategy of BM-DC1 is shown in
Extended Data S1B.

Tissue section preparation and immunostaining

Imaging

Adapted from Gerner et a/126. LN were harvested, fixed in periodate-lysine-
paraformaldehyde buffer (0.05 M phosphate buffer containing 0.1 M lysine, 2 mg/ml
NalO4, and 1% of paraformaldehyde (Electron Microscopy Grade), pH 7.4) overnight at
4°C, followed by cryoprotection in 30% sucrose in PBS for 24 hr at 4°C. LN were then
carefully cleaned of fat, embedded in 100% OCT in cryomolds, shap-frozen by floating

the cryomolds on a solution of 2-methylbutane cooled by dry ice and stored at —-80°C

until processing. Frozen LN were completely sectioned (10 um thickness) using Cryostar
NX70 (Thermo Scientific) to make sure that imaged tissue cross-sections contained all
representative LN regions. Tissue sections were left to dry for 30 min at RT, post-fixed

in ice-cold acetone for 10 min at —20°C, then left to dry again for 30 min at RT and

stored at —20°C. For immunostaining, sections were first warmed to RT, washed twice with
PBS and incubated with blocking buffer (PBS containing 1% bovine serum albumin, 1%
normal mouse serum, 10% normal goat serum, and 0.3% Triton X-100) for 2 hr at RT.
Tissue sections were then stained with primary antibody (chicken polyclonal aGFP, 1:1000;
abcam) diluted in blocking buffer for 2 hr at RT, washed three times with wash buffer (PBS
with 0.3% Triton X-100), followed by staining with secondary antibody (goat anti-chicken
AF488 1:500, Jackson ImmunoResearch) diluted in blocking buffer for 1 hr at RT. Next,
samples were washed three times with wash buffer and stained with fluorophore-conjugated
antibodies (FoxP3-AF750 clone 1054C, 1:100, R&D Systems; CD45.1-APC clone A20,
1:100, Biolegend) diluted in blocking buffer for 1 hr at RT. Then, nuclei were counterstained
with 1.5 um propidium iodide (1:1000, Sigma-Aldrich) diluted in wash buffer for 10 min at
RT, followed by a wash in PBS. Samples were mounted using ProLong Diamond Antifade
Mountant (Thermo Fisher Scientific).

Tissue sections were imaged using the TissueFAXS Plus automated slide scanning system
(TissueGnostics, USA) combining a Zeiss Axio Imager 2 upright microscope with a
Marzh&user motorized stage (Marzhduser Wetzlar). We utilized the Zeiss 20x Plan-Neofluor
0.5 N.A. air objective, in combination with filters sets (from Chroma Technology, USA)
with the following specifications: AF488 (470/24) ET470/30x T495lpxr ET515/30m, AF750
(740/20) ET740/40x T770lpxr ET780Ip, multiband dichroic qTexasRed/qCy5 (550/15,
640/30). A Lumencor Spectra 3 LED light engine (500 mW per channel) provided
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excitation. Fluorescence images were captured using a Hamamatsu Orca Flash 4.0 V2
cooled digital CMOS camera C11440-22CU. Exposure times were 94 ms for AF488, 146
ms for AF750, 10 ms for gTexasRed and 48 ms for qCy5 channels. Tissue sections were
acquired as z-stacks in a process called extended focus, with a 3 um step size, including
one step above and one step below the focal plane. Extended focus takes each in-focus area
of each image within the z-stack and combines those regions into a single image. Image
processing included stitching performed using the TissueFAXS capture/control software.

Image processing and spatial analysis

Images were exported as single channel TIFF files using the TissueFAXS Viewer software
(TissueGnostics USA) and downstream image analysis was completed in Imaris software
v9.7.2 (Bitplane) and using custom scripts in Python. Imaris Surface objects were created
for FoxP3* Treg cells (smoothing sigma = 0.5um, intensity threshold = 17.2, seed point
diameter = 3.00um, seed point quality filter = 1.0), XCR1*" DC1 (smoothing sigma =
0.20um, background subtraction rolling ball radius = 5.00um, background subtraction
threshold = 8.69, seed point diameter = 5.00um, seed point quality threshold = 2.07,

size threshold >= 50.0 voxels), CD45.1* CD8* OT-1 T cells (smoothing sigma = 0.5um,
intensity threshold = 16.7, seed point diameter = 6.00um, seed point quality threshold =
4.87, area threshold >= 11.5um?) and CD45.1* CD8" OT-1 T cell clusters (smoothing sigma
= 0.5um, intensity threshold = 9.12, area threshold > 300um?). Surfaces for FoxP3* Treg
cells, XCR1* DC1 cells and CD45.1* CD8" OT-1 T cells were further segmented using

the “Split touching objects” function. A surface was also made for the entire lymph node
using the nuclear channel (smoothing sigma = 5.00um, intensity threshold = 10.0). For each
surface set, the surface area and centroid coordinates were exported and collated across
images. For each CD8* OT-I T cell cluster surface, the area of the cluster was used to
calculate the radius. The microniche area for each CD8" OT-I T cell cluster was defined
using the radius of the CD8* OT-1 T cell cluster plus 5um, 10um, 15um and 20um. Distance
matrices encoding the distance between the centroid of the CD8* OT-1 T cell cluster and
centroids all DC1 and Treg cells in the image were generated. These distance matrices were
thresholded using the microniche radius to find the DC1 and Treg cells that were positioned
within each microniche. Finally, a new distance matrix was calculated between the DC1
and Treg cells within each microniche to find the minimum distance from each Treg cell

to a DC1. Code made available: https://github.com/awedwards/DC-Treg-CD8T-interactions-
project. Example images of the segmentation and the microniche analysis workflow are
provided in Extended Data S1C-F.

Generation of IL-2 and IL-12 fusion proteins

Extended half-life cytokine-MSA fusions were generated as previously described27:128,
HEK?293 cells (at 1 million cells/ml) were transfected with sterile-filtered plasmid DNA (1
mg/L cell culture) using polyethylenimine (2 mg per liter cell culture) in OptiPro serum-free
medium (40 ml/L cell culture) (Thermo Fisher). His-tagged proteins were isolated from
HEK?293 supernatant using TALON Metal Affinity Resin (Takara Bio Inc.). Cytokine-fusion
proteins were then further purified by size exclusion chromatography using a HiLoad

16/600 Superdex 200 pg column on an AKTA FPLC system (GE Healthcare) that had been
pretreated for 4 hours with 1 M NaOH to remove endotoxin and subsequently equilibrated in
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sterile PBS (Corning). After purification, all proteins were buffer exchanged into sterile PBS
(Corning), 0.2 micron sterile-filtered (Pall Corporation), and confirmed to contain minimal
endotoxin (<0.1 EU per injection) usinga chromogenic LAL assay (Lonza). To confirm their
molecular weights, proteins were run alongside a Novex Prestaind Sharp Protein Ladder on
a 4-12% NuPAGE Bis-Tris protein gel (Life Technologies) with 1% MES running buffer.
Proteins were flash-frozen and stored at —80°C, but before therapeutic injection, cytokine
fusion proteins were warmed to room temperature.

Cytokine measurements in LN supernatant

LN were homogenized in T-PER Tissue Protein Extraction Reagent (Thermo Fisher
Scientific) supplemented with cOmplete™ Protease Inhibitor Cocktail (Sigma-Aldrich) and
centrifuged for 5 min at 500 g. LN supernatant was collected, flash-frozen and stored at
—-80°C. IFNvy and IL-2 cytokines were quantified via ELISA (Mouse IFNy DuoSet ELISA,
R&D Systems; Mouse IL-2 DuoSet ELISA) following manufacturer’s instructions.

Seqg-Well scRNA-seq

For scRNA-seq of ex vivo-primed T cells, CD8* OT-1 T cells and ZsG* DC1 sorted from
tumor-draining mLN were cultured alone or in the presence of Treg cells sorted from
tumor-draining mLN (added at the 1:8 Treg:OT-I ratio) as described above. After the 3-day
co-culture, cells were collected for sequencing. For sScRNA-seq of Treg cells, LN were
mashed through a 70 um filter into RPMI (GIBCO), then incubated with a CD16/CD32
(clone 93, BioLegend) in FACS buffer (PBS (GIBCO) with 1% FBS (Atlanta Biologicals)
and 2 mM EDTA (Invitrogen)) for 15 min at 4°C, washed with FACS buffer and stained with
a mix of aCD45-APC (1:200, clone 30-F11, Biolegend) and Total-seq A mouse hashtag
antibody (1:100, clone 30-F11, Biolegend) in FACS buffer to label individual mice (hashtag
labeling was only performed for tdLN, not naive LN). Cells were then washed twice in
FACS buffer and tdLN cells from multiple mice were pooled together for subsequent CD4*
T cell enrichment sing the mouse CD4" T cell isolation kit (Miltenyi Biotec), following
manufacturer’s instructions. Next, cells were stained for FACS and Treg cells were sorted as
previously described. Cells from ex vivo co-cultures and sorted Treg cells were processed
for scRNA-seq using the Seq-Well platform with second strand chemistry, as previously
described129:130 \Whole transcriptome libraries were barcoded and amplified using the
Nextera XT kit (Illumina) and were sequenced on a Novaseq 6000 (Illumina). Hashtag oligo
libraries were amplified as described previously and were sequenced on a Nextseq 550131,

Processing of cell hashing data

Cell hashing data was aligned to HTO barcodes using CITE-seq-Count v1.4.2132, To
establish thresholds for positivity for each HTO barcode, we first performed centered log-
ratio normalization of the HTO matrix and then performed k-medoids clustering with k=5
(one for each HTO). This produced consistently five clusters, each dominated by one of
the 5 barcodes. For each cluster, we first identified the HTO barcode that was dominant in
that cluster. We then considered the threshold to be the lowest value for that HTO barcode
among the cells classified in that cluster. To account for the scenario in which this value
was substantially lower than the rest of the values in the cluster, we used Grubbs’ test

to determine whether this threshold was statistically an outlier relative to the rest of the
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cluster. If the lower bound was determined to be an outlier at p=0.05, it was removed

from the cluster, and the next lowest value was used as the new threshold. This procedure
was iteratively applied until the lowest value in the cluster was no longer considered an
outlier at p=0.05. Cells were then determined to be “positive” or “negative” for each HTO
barcode based on these thresholds. Cells that were positive for multiple HTOs or were
negative for all HTOs were excluded from downstream analysis. To account for differences
in sequencing depth between samples, these steps were performed separately for each
Seq-Well array that was processed.

scRNA-seq data processing and visualization

Raw read processing of ScRNA-seq reads was performed as previously described133, Briefly,
reads were aligned to the mm10 reference genome and collapsed by cell barcode and unique
molecular identifier (UMI). Then, cells with less than 1000 (for the co-culture dataset) or
700 (for the Treg cell dataset) unique genes detected and genes detected in fewer than

5 cells were filtered out, and the data for each cell was log-normalized to account for

library size. Genes with log-mean expression values greater than 0.1 and a dispersion

of greater than 1 were selected as variable genes, and the ScaleData function in Seurat
v2.3.4134 was used to regress out the number of UMI and percentage of mitochondrial

genes in each cell. Principal components analysis was performed. The number of principal
components used for visualization was determined by examination of the elbow plot, and
two-dimensional embeddings were generated using uniform manifold approximation and
projection (UMAP). Clusters were determined using Louvain clustering, as implemented

in the FindClusters function in Seurat. In the ex vivo co-culture dataset, CD8" T cells

were specifically identified based on the expression of canonical CD8* T cell transcripts
including CD3e, CD8a, Lckand Thyl, and these CD8* T cell clusters were selected further
analysis. The CD8* T cells were reprocessed with the same processing and clustering

steps described above. DEG analysis was performed for the CD8" T cells between the two
co-culture conditions using the FindMarkers function. Gene signature scores defined as the
top 50 DEGs of the in vivo-primed CD8* T cells from tumor-draining mLN and iLLN24

were calculated using Seurat’s AddModuleScore function13® and compared between the
two co-culture conditions. In the Treg cell dataset, Treg cells were identified based on the
expression of canonical Treg cell transcripts including CD3e, CD4, FoxP3and //2ra, and the
contaminating cell clusters were removed. Naive T cell gene set signature scores89-71 were
obtained from MSigDB38 and calculated using Seurat’s AddModuleScore function!3® and
compared across Treg cell clusters. Clusters that contained activated Treg cells were selected
for further analysis. These cells were reprocessed with the same processing and clustering
steps described above. DEG analysis was performed for each cluster and between indicated
cell populations using the FindMarkers function.

Paired single-cell TCR-seq and analysis

Paired TCR-seq and read alignment was performed as previously described13”. Briefly,
whole transcriptome amplification product from each single-cell library was enriched

for TCR transcripts using biotinylated 7crband Tcra probes and magnetic streptavidin
beads. The enrichment product was further amplified using V-region primers and Nextera
sequencing handles, and the resulting libraries were sequenced on an Illumina Novaseq
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6000. Processing of reads was performed using the Immcantation software suite138.139,
Briefly, reads were aggregated by cell barcode and UMI, and UMI with under 10 reads
were discarded. ClusterSets.py was used to divide sequences for each UMI into sets of
similar sequences. Only sets of sequences that comprised greater than 90% of the sequences
obtained for that UMI were considered further. Consensus sequences for each UMI were
determined using the BuildConsensus.py function. Consensus sequences were then mapped
against TCRV and TCRJ IMGT references sequences with IgBlast. Sequences for which

a CDR3 sequence could not be unambiguously determined were discarded. UMI for
consensus sequences were corrected using a directional UMI collapse, as implemented in
UMI-tools!40. TCR sequences were then mapped to single cell transcriptomes by matching
cell barcodes. If multiple 7craor Terbsequences were detected for a single cell barcode,
then the corresponding sequence with the highest number of UMI and raw reads was
retained. Expanded clones were defined as multiple cells from the same mouse (i.e. with
same hashtag signal where hashing antibodies were used) containing identical CDR3p
junction nucleotide sequences. Clonal size was defined as the number of cells from a given
mouse (identified based on the hashtag signal where hashing antibodies were used) that
share the same CDR3p junction nucleotide sequence.

Re-analysis of dataset from Sade-Feldman et al. (Cell 2018)

Patient characteristics and sScRNA-seq of tumor-infiltrating immune cells from metastatic
melanoma patients published by Sade-Feldman er /193 were downloaded from the

Gene Expression Omnibus (GEO, accession GSE120575). This dataset was processed

as previously described!41, Briefly, a Seurat v3.0.0134 object was created such that the
counts slot and data slot were populated with TPM counts and log(TPM+1) counts,
respectively. Highly variable genes were identified (FindVariableFeatures) and the data was
scaled (ScaleData, while regressing out percentage mitochondrial content per cell and the
number of detected reads per cell) followed by dimensionality reduction with PCA using
Seurat’s standard preprocessing procedure. Clusters were determined using FindNeighbors
and FindClusters Seurat functions with 21 principal components (clustering resolution 0.6).
Subsequently, hallmark IFN response gene set signature scores!36:142 for cells within the
FoxP3* Treg cell cluster were calculated using Seurat’s AddModuleScore function35 and
compared between ICB-responders and non-responders.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (GraphPad) and R. All

data are shown as mean + SEM, unless otherwise indicated. For flow cytometry and
immunofluorescence data, statistical analyses were performed with Mann-Whitney U
(MWU) test for comparison of two groups, Kruskal-Wallis (KW) test for comparison of
more than two groups, or two-way ANOVA for multiple comparisons with *p < 0.05; **p
<0.01; ***p < 0.001; ****p < 0.0001; ns=not significant. Nonparametric tests were used
as the small sample sizes in our study did not allow us to assume a normal distribution143,
For scRNA-seq differential gene expression and pathway analyses, p-values were calculated
using a two-sided MWU test and adjusted with Bonferroni correction.
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Figure 1. DC1in mLN primedysfunctional CD8+ T cells against lung KP tumors.

(A) Experimental design for (B-C).

Page 32

(B-C) Representative flow plots and (B) numbers or CD25, GzmB, (C) TCF1 and TIM-3

expression of SIIN-reactive CD8* T cells in tdLN, day 7 post-tumor implantation (n=3

mice/group; two independent experiments).

(D) Experimental design for (E-F).

(E-F) Representative flow plots and quantified (E) CellTrace Violet (CTV)-dilution or

CD25, GzmB, (F) TCF1 and TIM-3 expression of adoptively-transferred CTV-labelled OT-I
T cells primed in tdLN, day 10 post-tumor implantation (n=3 mice/group; two independent

experiments).
(G) Experimental design for (H-1).
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(H-1) Representative flow plots and quantified abundance of (H) DC1 in lungs and (I) SIIN-
reactive CD8* T cells in mLN of tumor-bearing WT or Batf3/~ mice, day 7 post-tumor
implantation (n=3 mice/group; two independent experiments).

(J) Experimental design for (K-L).

(K-L) Representative flow plots and quantified abundance of (K) DC1 in lungs and (L)
SIIN-reactive CD8* T cells in mLN of control or DT-treated tumor-bearing XCRIPTR mice,
day 7 post-tumor implantation (n=3 mice/group; two independent experiments).

*p<0.05, **p<0.01, ****p<0.0001, ns=not significant; MWU (B-C,E-F,H-1,K-L). Data
shown as mean + SEM.
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Figure2. DC1in tumor-draining mLN have high signal 1, but low signals2 and 3.
(A) Experimental design for (B-F).
(B) Representative flow gating strategy for ZsG* DC1 from tdLN.
(C) (z0p) Abundance and (bottom) ZsG geometric mean fluorescence intensity (gMFI) of
ZsG* DC1 from tdLN, day 7 post-tumor implantation (LN from 3—-4 mice pooled per
datapoint; two independent experiments).
(D-F) Representative histograms and quantified expression of (D) CD80, CD86, CDA40, (E)
IL-12, (F) MHCII and CCR7 on ZsG* DC1 from tdLN, day 7 post-tumor implantation (LN
from 3-4 mice pooled per datapoint; two independent experiments).
*p<0.05, **p<0.01, ns=not significant; MWU (C-F). Data shown as mean = SEM.
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Figure 3. Treg cells can induce CD8+ T cell dysfunction and DC1 suppression in the tumor-
draining mLN.

(A) Experimental design for (B-C).

(B-C) Quantification of (B) CD25 and GzmB expression, and (C) DT-treated/control ratios
of CD25 and GzmB expression within each tdLN site for SIIN-reactive CD8* T cells from
control or DT-treated tumor-bearing FoxP3P7R mice, day 7 post-tumor implantation (n=3
mice/group; two independent experiments).

(D) Experimental design for (E-G).

(E-G) Representative flow plots and quantified (E) Treg cell number, (F) expression of
CD25, GzmB, (G) TCF1 and TIM-3 on adoptively-transferred proliferated OT-1 T cells
from mLN of control or DT-treated tumor-bearing FoxP3°7R mice, day 10 post-tumor
implantation (n=2—4 mice/group; four independent experiments).

(H) Experimental design for (I-J).
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(1-J) Representative histograms and quantified expression of (I) CD80, CD86 and (J) 1L-12
on ZsG* DC1 from mLN of control or DT-treated tumor-bearing FoxP3°7R mice, day

7 post-tumor implantation (mLN from 3-5 mice pooled per datapoint; six independent
experiments).

*p<0.05, **p<0.01, ****p<0.0001, ns=not significant; two-way ANOVA (B), MWU (C,E-
G,I-J). Data shown as mean + SEM.
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Figure 4. Treg cellsfrom the tumor-draining mL N restrain cytotoxic T cell priming by
suppressing DC-derived signals 2 and 3.
(A) Experimental design for (B-D).
(B-D) Representative flow plots of proliferation, CD25 and GzmB expression of CTV-
labelled OT-I T cells after 3-day co-culture with (B) mLN-sorted ZsG* DC1 and Treg

cells or (C) mLN-sorted Treg cells with aCD3/aCD28-stimulation; representative example

quantified in (D) (50 tdLN pooled for sorting, three independent experiments).

(E) Experimental design for (

F-G).

(F-G) Representative histograms and quantified expression of (F) CD25 and (G) GzmB

on proliferated OT-1 T cells after 3-day co-culture with mLN-sorted ZsG* DC1 and either
mLN- or iLN-sorted Treg cells (50 tdLN pooled for sorting, three independent experiments).
(H) Experimental design for (1-K).
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(I-K) Representative histograms and quantified expression of (1) CD80, (J) CD86 and (K)
IL-12 on p40-IRES-e YFPBM-DC1 after 3-day co-culture with either mLN- or iLN-sorted
Treg cells (15 tdLN pooled for sorting, two independent experiments).

(L) Experimental design for (M).

(M) CD25 and GzmB expression on proliferated OT-1 T cells after 3-day co-culture with
mLN-sorted DC1 and Treg cells at indicated culture conditions (50 mLN pooled for sorting,
four independent experiments).

(N) Experimental design for (O).

(O) CD25 and GzmB expression on SIIN-reactive CD8* T cells in tumor-draining mLN, day
10 post-tumor implantation (n=3 mice/group; two independent experiments).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; two-way ANOVA (D), MWU (F-G,I-K) or
KW (M,0). Data shown as mean + SEM.
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Figure5. Treg cells suppress CD8+ T cell priming in the mLN via direct interaction with DC1.
(A) Experimental design for (B-D) and Figure S2K.

(B) Schematic of microniche analysis for (C-D) and representative IF images of tdLN from
tumor-bearing XCRI1PTR-Venus mice, day 10 post-tumor implantation; scale bar, 20 pm.
(C-D) Distance from Treg cell to closest DC1 (C, fop) within microniche in tumor-draining
mLN and iLN or (C, botftom) in mLN within and outside of microniche, (D, fop) Treg/DC1
ratio within microniche and (D, boftorm) microniche area in tdLN; using microniche radius:
leluster + 10pum (n=4 mice/group including 399 mLN microniches and 74 iLN microniches;
representative data from one of two independent experiments).

(E) Experimental design for (F).

(F) CD25 and GzmB expression on proliferated OT-1 T cells after 3-day co-culture with
mLN-sorted ZsG* DC1 and Treg cells at indicated culture conditions (50 mLN pooled for
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sorting, four independent experiments); controls (gray bars) are the same as shown in Figure
4M.

(G) Experimental design for (H-1) and Figures S2L-M.

(H-1) Representative histograms and quantified expression of (H) CD80, CD86 and () IL-12
on WT and H2-Ab1~'~ ZsG* DC1 from mLN of tumor-bearing WT/H2-AbI™'~ BMCs, day
7 post-tumor implantation (mLN from 3—4 mice pooled per datapoint; two independent
experiments).

(J) Experimental design for (K) and Figures S2N-O.

(K) CD25 and GzmB expression on adoptively-transferred proliferated OT-1 T cells primed
in mLN of tumor-bearing WT, Batf3/-/WT or Batf3'-1H2-Ab1~ BMCs, day 10 post-
tumor implantation (n=2-5 mice/group; 1-4 independent experiments).

(L) Experimental design for (M) and Figures S2P-Q.

(M) CD25 and GzmB expression on adoptively-transferred proliferated OT-1 T cells primed
in mLN of DT-treated tumor-bearing XCRIPTRIWT or XCRIPTRIH2-Ab1"~ BMCs, day 10
post-tumor implantation (n=3-4 mice/group; two independent experiments).

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant; MWU test (C-D,K,M),
paired-MWU (H-1) or KW (F). Data shown as mean + SEM.
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Figure 6. TH1-like Treg cells expand in tumor-draining mLN.
(A) Experimental design for (B) and Figure S3A.

(B) Representative flow plots and quantified abundance of Treg cells in tdLN, day 7 post-
tumor implantation (n=3 mice/group; two independent experiments).

(C) Experimental design for (D-H) and Figures S3B-K;S3N.

(D) UMAP plots of activated Treg cells from naive and tumor-draining mLN and iLN
colored (/ef?) by tumor status and location or (righi) by cluster (tdLN, n=5 mice/group; naive
LN, n=20 mice/group).

(E) Dot plot of select marker genes for each Treg cluster displaying average expression and
frequency of expression for each gene.

(F-G) Clonal size of activated Treg cells (F) mapped onto UMAP plot and (G) graphed using
stacked bar plots arranged (/ef) by tumor status and location or (right) by cluster.

(H) Volcano plot of DEGs between activated c1 Treg cells from mLN and iLN.

Immunity. Author manuscript; available in PMC 2024 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zagorulya et al.

Page 42

(1) Experimental design for (J-L).

(J-K) Representative histograms and quantified expression of (J) PD-1, CTLA-4, (K)
CXCR3 and T-bet on Treg cells from tdLN, day 7 post-tumor implantation (n=3 mice/group;
two independent experiments).

(L) Representative histograms and transcription factor gMFI ratios for eTreg cells from
tumor-draining mLN and iLN, day 7 post-tumor implantation (n=4 mice/group; two
independent experiments).

*p<0.05, **p<0.01, ns=not significant; MWU (B,J-L), MWU with Bonferroni correction
(H). Data shown as mean + SEM.
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Figure 7. mL N-specific enrichment in | FNvy drivesinduction of TH1-like Treg cellsand the
associated dysfunctional T cell responses against lung cancer.

(A) Experimental design for (B).

(B) Representative histogram and quantified T-bet expression on WT and IFN receptor-
deficient (KO) Treg cells from mLN of tumor-bearing WT//fnarZ™'~, WT/lfngr1™~ or WT/
IfngrI™'~ Ifnar1~'~ BMCs, day 7 post-tumor implantation (n=5 mice/group; two independent

experiments).
(C) Experimental design for (D).

(D) IFN+y quantification in tdLN, day 7 post-tumor implantation (n=3 mice/group; three

independent experiments).
(E) Experimental design for (F-G).

(F) IFNy quantification in LN of naive SPF mice (n=3-4 mice/group; five independent

experiments).
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(G) IFN+y quantification in LN of naive GF mice (n=2-3 mice/group; three independent
experiments).

(H) Experimental design for (1).

(1) CD25 and GzmB expression on adoptively-transferred proliferated OT-I T cells primed
in mLN of DT-treated tumor-bearing FoxP3PTRIWT or FoxP3PTR] Ifngr1~'~ BMCs, day 10
post-tumor implantation (n=3 mice/group; three independent experiments).

(J) Experimental design for (K-L).

(K-L) Representative flow plots and quantified expression of (K) CD25, GzmB, TIM3

and TCF1 on adoptively-transferred proliferated OT-1 T cells and (L) abundance and T-bet
expression for Treg cells from mLN of control and a.lFN-y-treated tumor-bearing mice, day
10 post-tumor implantation (n=3-4 mice/group; three independent experiments).

(M) IFNG response hallmark signature scores and 7BXZ21 expression on intratumoral Treg
cells, along with CD8*/Treg cell ratios in melanoma patients, including ICB-responders (R)
and ICB-non-responders (NR)103.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns=not significant; two-way ANOVA (B,
lef)) or KW (B, middle), paired-MWU (F-G), MWU (D,I,K-L,M). Data shown as mean +
SEM, except in (M) where the median is shown.
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