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Abstract

Dysfunctional CD8" T cells, which have defective production of antitumor effectors, represent
a major mediator of immunosuppression in the tumor microenvironment. Here, we showed that
SUSD2 was a negative regulator of CD8" T cell antitumor function. Susa2”'~ effector CD8* T
cells showed enhanced production of antitumor molecules, which consequently blunted tumor
growth in multiple syngeneic mouse tumor models. Through a quantitative mass spectrometry
assay, we found that SUSD?2 interacted with interleukin-2 receptor a (IL-2Ra.) through sushi
domain-dependent protein interactions and that this interaction suppressed the binding of 1L-2,
an essential cytokine for the effector functions of CD8* T cells, to IL-2Ra.. SUSD2 was not
expressed on regulatory CD4™ T cells and did not affect the inhibitory function of these cells.
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Adoptive transfer of Susd2™/~ chimeric antigen receptor T cells induced a robust antitumor
response in mice, highlighting the potential of SUSD2 as an immunotherapy target for cancer.

Results

Despite the recent development of immune checkpoint blockade (ICB) as a revolutionizing
cancer treatment, only a small fraction of patients gains sustained clinical benefit from

this therapy!. The decline of immune function in effector CD8* T cells, a key feature of
immunosuppressive tumor microenvironment (TME) in cancer patients who show resistance
to ICB23, is largely responsible for the failure to achieve durable clinical response. The
existence of multiple immune checkpoint molecules means that individual targeting of single
molecules cannot override the compensatory signals from the other inhibitory receptors*>
and there is an urgent need to identify new target(s) to rejuvenate CD8* T cell antitumor
immunity, either alone or in combination with existing ICB treatments.

The growth factor interleukin 2 (IL-2) drives the expansion of activated human T cells®
and regulates the effector and memory responses of mouse and human CD8* T cells’ 8.
The high-affinity IL-2 receptor (IL-2R) is a heterotrimeric complex composed of IL-2Ra.,
IL-2R@ and the common -y chain®11, IL-2Ra contains two sushi domains (SD), which

are required for IL-2 binding with IL-2Ra12. IL-2Ra is required for the expansion and
functions of effector and memory CD8" T cells, but not in the priming of naive CD8*

T cells!3-15, In addition, the lack of IL-2 signaling leads to dysregulated T cell activation
and autoimmunity, due to the essential role of IL-2 in the generation and maintenance of
CD4* regulatory T cells (Tyeg cells)18. As such, the therapeutic potential of IL-2 on CD8* T
cell-mediated immunotherapy has been counteracted by the suppressive effect of Tyeq cells
on antitumor immunityl’. Enhancement of 1L-2 signaling selectively on CD8* T cells, but
not Tyeq cells, may facilitate the antitumor response of CD8 T cells.

SUSD?2 is a single-pass type 1 membrane protein with a SD located on its C-terminus?8. SDs
are based on a B-sandwich structure and mediate protein-protein interaction!®. Expression of
SUSD2 has been reported in a variety of human cancers, such as breast, ovarian, non-small
cell lung, gastric and colorectal cancer2%-26, Expression of SUSD2 in cancer cells correlates
either positively or negatively with tumor growth, depending on the cancer type20-26, but the
role of SUSD?2 in the antitumor immunity remains unknown. Here, we found an inhibitory
effect of SUSD2 on the antitumor function of CD8* T cell by modulating IL-2Ra signaling.
SUSD2 was selectively expressed in effector CD8* T cells, but not in CD4™ T cells, and
uniquely inhibited CD8* T cells.

Antitumor immune responses are improved in Susd2~~ mice

Gene profiling assays found that high expression of SUSD2 correlated with tumor
growth in an experimental colitis-associated colorectal cancer model?”. Susd2~/~ mice
generated on a C57BL/6 genetic background by deleting all 15 exons of the Susd2
gene (Extended Data Fig. 1a,b) had no apparent defects in growth and development,
including fertility, breeding, body weight or behavior (data not shown). Analyses of
the adaptive and innate immune system found no alteration in the number of NK1.1*
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NK cells, CD3*CD4* and CD3*CD8* T cells, CD19* B cells, CD4*CD25* Treg

cells, CD11b*F4/80* macrophages, CD11b*CD11c* conventional dendritic cells (DCs),
CD11b*Ly6C* monocytes or CD11b*Ly6G* neutrophils in the spleens of naive Susd2/-
mice (Extended Data Fig. 1c-j), suggesting no change in global immune cell populations

at steady state. In multiple syngeneic mouse tumor models, including allografts of MC38
colorectal cancer (Fig. 1a), EG7 thymoma (Fig. 1b) and ovalbumin-expressing B16 (B16-
OVA) melanoma (Fig. 1c) in the right flanks, tumor growth was significantly blunted in
SusdZ™!~ mice compared to wild-type C57BL/6 mice. These observations indicated that loss
of SUSD?2 inhibited syngeneic tumor growth.

To examine the immune profiles in the TME, we performed single-cell RNA sequencing
(scRNA-seq) in CD45* immune cells isolated from MC38 tumors in wild-type and Susa2~
mice at day 18 post-inoculation. Unsupervised clustering identified 18 distinctive clusters
that represented various immune cell populations, including macrophages, DCs, neutrophils,
NK cells, T cells and B cells (Fig. 1d and Supplementary Table 1). Among the five clusters
representing CD8* cells (clusters 3-7), we found opposite changes between cluster 3 and
cluster 6 in Susad2™~ mice compared to wild-type mice (Fig. 1e), indicating that SUSD2
might affect the differentiation of intratumoral CD8* T cell subsets. Sub clustering of CD8*
T cells indicated a substantial increase in /fngt Gzmb* Cx3cri* effector-like T cells (CD8*
Teer cells, cluster 2) and a decrease in 7¢f7 PdedI* Haver2t Lag3t terminally exhausted T
cells (CD8" Ty cells, cluster 3) in tumors from Susa2/~ mice compared to those from
wild-type mice (Fig. 1f,g and Supplementary Table 2) 28-32, We also detected decreased
Tcf7" Pded1” HaverZ™ naive T cells (CD8™ Ty cells, cluster 0) and slightly increased

Tcf7" PdedI™ HaverZ Lag3™ progenitor exhausted T cells (CD8" Tgyp cells, cluster 1) in
tumors from SusdZ™'~ mice compared to those from wild-type mice (Fig. 1f,g). Further
examination of gene signature in CD8* cells indicated increased expression of various
genes encoding T cell effector molecules, such as Gzmband /fngin Susd2'~ CD8* cells
compared to wild-type CD8" cells (Fig. 1h,i). Pathway enrichment analysis discovered
higher expression of genes involved in multiple antitumor immunity-related pathways, such
as cytokine-cytokine receptor interaction, in Susa2”~ CD8* cells compared to wild-type
CDS8™ T cells (Fig. 1j). These findings suggested that SUSD2 deficiency led to an enhanced
differentiation of CD8* Tggg cells and reduced transition to CD8* Tg, cells in the TME,
which correlate with an improved control of tumor growth.

Flow cytometry analysis of MC38 tumors at day 18 post-inoculation indicated the
frequencies of immune cells, including CD11b*F4/80* macrophages, CD11b*CD11c* DCs,
CD11b*Ly6C* monocytes, CD11b*Ly6G™* neutrophils and NK1.1* NK cells, among the
CD45* tumor-infiltrating leukocytes were similar between wild-type and SusdZ2™/~ mice
(Extended Data Fig. 2a-e). In contrast, a significantly increased percentage of CD8* T

cells (20% versus 14% of CD45* cells), but not CD4* T cells or Foxp3* Teq cells, were
detected in M38 tumors in SusdZ”/~ compared to wild-type C57BL/6 mice (Fig. 2a,b). The
production of IFN-y, GzmB and TNF was significantly enhanced in intratumoral CD8* T
cells from SusdZ™'~ mice compared to wild-type mice (Fig. 2c), while intratumoral NK cells
generated similar amounts of IFN-y and CD4* T cells generated similar amounts of IFN-y,
GzmB and TNF in SusdZ”/~ mice and wild-type mice (Extended Data Fig. 2f,g), indicating
an elevated antitumor immune response uniquely in Susa2/~ CD8* T cells. Enhanced

Nat Immunol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 4

production of IFN-y, GzmB and TNF in intratumoral Susd2”/~ CD8* T cells compared to
wild-type CD8* T cells was also observed in mice challenged with EG7 or B16-OVA cells
(Fig. 2d,e).

Multi-dimensional flow cytometry assay with a panel of 32 lineage- and T-cell state specific
markers indicated that Susd2”~ CD8* T cells localized substantially more in subcluster 1
and subcluster 2, which were defined as CD8* Tggg cells based on the enriched expression
of IFN-y, TNF, CXCR3 and KLRG1, and less in subclusters 12, 13, 14 and 19, which were
defined as CD8" Ty cells, based on the high expression of Tim-3, TOX, Lag3, CD38

and CD39, compared to wild-type CD8* T cells (Fig. 2f-h and Extended Data Fig. 2h,i).
Susdz'- CD8* T cells were also significantly increased in subcluster 7, which was defined
as TCF1NPD-1*Tim-3"CD8* Texp cells (Fig. 2g,h). Depletion of CD8* T cells completely
abolished the improved control of MC38 tumor growth in Susa2~/~ mice compared to
wild-type mice (Fig. 2i), suggesting that enhanced CD8* Tggr cell function was a key
contributor to the control of tumor growth in SusdZ™/~ mice.

Next, we asked whether Susd2/~ CD8* T cells exhibited altered expression of immune
checkpoint molecules#®. Expression of PD-1 and LAG-3428 was similar in intratumoral
wild-type and SusdZ”/~ CD8* T cells in mice challenged with MC38, EG7 or B16-OVA
cells (Extended Data Fig. 2j-I). MC38 tumor growth was significantly delayed in Susd2™/~
mice treated with PD-L1 Ab compared to similarly treated wild-type mice (Fig. 2j), which
translated into extended survival (Fig. 2j). Despite tumor growth showing minimal response
to PD-L1 Ab treatment in wild-type mice33, tumor growth was significantly attenuated and
survival was improved in PD-L1 Ab-treated Susa2~ mice challenged with either EG7 (Fig.
2k) or B16-F10 (Fig. 2I) cells. Moreover, MC38 tumors exhibited a significantly delayed
growth, alongside increased survival in Susa2/~ mice compared to wild-type mice treated
with PD-1 Ab (Fig. 2m). In sum, deletion of Susd2 synergized with PD-1 and PD-L1
blockade treatments to improve antitumor immunity.

Susd2~- CD8* T cells show enhanced antitumor function

Next, we examined whether SUSD2 directly modulated CD8* T cell function. In various
immune cell populations sorted from the spleen of naive C57BL/6 mice, CD8" T cells

had the highest amount of SusdZ2transcript (Fig. 3a). Highest amounts of SUSD2 mRNA
and protein were also detected in human CD8* T cells isolated from peripheral blood
mononuclear cells (PBMCs) (Fig. 3b,c). Stimulation with CD3-CD28 Abs induced a marked
increase in the amount of SusdZ2transcript in sorted mouse CD8* T cells, whereas mouse
CD4* T cells exhibited a moderate increase at day 3 post-stimulation (Fig. 3d,e). SUSD2
mRNA and protein were also augmented in human CD8* T cells by stimulation with
CD3-CD28 Abs (Fig. 3f,g). Increased Susa2 mRNA expression was detected in CD8* T
cells, but not CD4* T cells, infiltrating the MC38 tumors compared to splenic CD8* T cells
(Fig. 3h). Therefore, SUSD2 was highly expressed in mouse and human CD8* T cells and
its expression was further upregulated by TCR activation.

Next, we challenged total splenocytes from Susa2/~ OT-1 mice with the cognate antigen
peptide OVA57.064. Susd2™'~ CD8* OT-1 T cells generated significantly higher amounts
of IFN-y, GzmB and TNF (Fig. 3i-k and Extended Data Fig. 3a), as well as significantly
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attenuated cell apoptosis, as assayed by staining with 7-AAD and annexin V, after antigen
stimulation for 3 days (Fig. 31), compared to wild-type CD8" OT-I T cells. RNA-seq in
splenic CD8* T cells isolated from wild-type or SusdZ~/~ OT-I mice stimulated or not with
OVA 57064 for 3 days (Extended Data Fig. 3b-e and Supplementary Table 3,4) detected
elevated expression of genes encoding T cell effector molecules, including /fng, Prf1,

Tnfa, Gzmc, in OVAy57.0g4-activated Susad2”~ compared to wild-type CD8* OT-I T cells
(Extended Data Fig. 3d,e and Supplementary Table 4). Susd2”~ CD8" OT-I T cells also
exhibited enhanced cytotoxicity towards OVA peptide-pulsed MC38, EG7 or B16-OVA cells
compared to wild-type CD8" OT-I T cells (Fig. 3m). In antigen-presenting assay, wild-type
or SusdZ”'~ bone marrow-derived dendritic cells (BMDCs) pulsed with OVA257.064 Were
cultured with CD8* T cells isolated from wild-type or Susd2”~ OT-1 mice34. Susd2'~
CD8* T cells generated significantly higher amounts of IFN-y, regardless of the BMDC
genotypes, compared with wild-type CD8* T cells (Extended Data Fig. 3f), suggesting the
inhibitory effect of SUSD2 was intrinsic to the CD8* T cells. Production of IFN-y, GzmB
or TNF was similar in CD4* T cells isolated from wild-type or Susd2/~ OT-11 mice when
total splenocytes were challenged with the cognate antigen OVA323.339 (Extended Data Fig.
4a), while Susdz!- Treg cells expressed similar amounts of Foxp3 protein (Extended Data
Fig. 4b) and had a comparable capacity to block the proliferation of naive CD4" T cells
(Extended Data Fig. 4c) compared to wild-type Ty cells, suggesting that loss of SUSD2 did
not affect the function of CD4* T cells or Treg cells.

To evaluate the antitumor function of Susa2/~ CD8* T cells in vivo, we primed Thy1.2*
wild-type or Susd2”= OT-1 T cells with OVA257.064 for 3 days and intravenously transferred
them into Thy1.1* congenic wild-type mice challenged with EG7 tumor cells 7 days before
cell transfer. While transfer of wild-type OT-1 T cells resulted in reduced tumor growth
compared to mice injected with PBS as control, transfer of Susa2/~ OT-1 T cells led to
complete eradication of EG7 tumor growth in all mice examined (Fig. 3n), suggesting a
superior antitumor response by SusadZ”/~ compared to wild-type OT-1 T cells. Transferred
SusaZ™!= OT-1 T cells showed higher tumor infiltration and elevated production of IFN-y,
GzmB and TNF compared to wild-type OT-1 T cells (Fig. 30). Moreover, more intratumoral
SusdZ!= OT-1 T cells had a TCF1*PD-1*Tg,p cell phenotype and a markedly decreased
TCF17PD-1*Tim-3* Tgyt cell phenotype compared to wild-type OT-I T cells (Fig. 3p,q),
suggesting an attenuated transition of Susa2”~ T cells to terminal exhaustion. Collectively,
these results suggested that Susa2/~ CD8* T cells provided a superior antitumor effect,
presumably through enhanced production of cytotoxic factors.

SUSD2-IL-2Ra interaction requires SD

Because SUSD?2 contains a short (16 amino acids) undefined cytoplasmic tail, suggesting
that SUSD2 may not initiate intracellular signaling directly, we investigated whether
SUSD2 modulated CD8* T cell effector function through its interaction with cell surface
protein(s). To determine the interactome of SUSD2 in CD8* T cells, we retrovirally
transduced SusdZ'~ OT-1 T cells with a \/5-tagged mouse Susd?2 or empty vector

as control, followed by V5 agarose immunoprecipitation and liquid chromatography
coupled to tandem MS (LC-MS/MS). Susd2 was detected only in the precipitates from
Susd2-reconstituted SusadZ”'~ OT-1 T cells (Fig. 4a,b). IL-2Ra was highly enriched in
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the precipitates from Susa2-reconstituted Susd2/~ OT-1 cells compared to those from
SusdZ™!= OT-1 cells reconstituted with empty vector, based on the number of peptides
(indicating the identification confidence) and the number of peptide-spectrum matches
(PSMs, indicating the abundance) (Fig. 4a and Supplementary Table 5). Susd2 and IL-2Ra
coimmunoprecipitated from SusaZ-reconstituted cells activated by OVA57.064 for 3 days
(Fig. 4c), while Susd2 did not pulldown IL-2Rp, common -y chain or IL-15Ra (Fig.

4c¢,d), suggesting a specific interaction between Susd2 and IL-2Ra.. The authenticity of the
IL-2Ra band was verified by immunoblotting of 293T cells expressing Flag-tagged IL2RA
(Flag-1L2RA) (Extended Data Fig. 5a) using both human IL-2Ra. (sc-365511) and Flag Abs
(Extended Data Fig. 5b). In 293T cells co-transfected with plasmids expressing V5-SUSD2
and Flag-1L2RA, SUSD2 co-immunoprecipitated with IL-2Ra. (Fig. 4e,f) and colocalized
with IL-2Ra on the cell surface (Fig. 4g). Overexpressed V5-SUSD?2 also pulled down
endogenous IL-2Ra in human Jurkat T cells (Fig. 4h), indicating that IL-2Ra interacted
with SUSD2 in mouse and human cells.

Because both SUSD2 and IL-2Ra contain a SD (Fig. 4b), which is known to mediate
protein-protein interactionl®, we next tested if the interaction between SUSD2 and IL-2Ra
was mediated by the SD. In 293T cells co-expressing a SUSD2 mutant protein lacking

the SD (SUSD22SD) and IL-2Ra, we could not detect an interaction between SUSD2ASD
and IL-2Ra (Fig. 4i). Deletion of SD1 in IL-2Ra resulted in the loss of SUSD2-IL-2Ra
interaction, while deletion of SD2 in IL2-Ra had no effect in 293T cells co-expressing the
mutant IL-2Ra proteins and SUSD2WT (Fig. 4j). These observations indicated that SUSD2
interacted with IL-2Ra, and the interactions was mediated by the SD in both proteins.

SUSD2 negatively regulates IL-2R signaling

Because IL-2 signaling regulates effector function of CD8" T cells’:8:35:36 we next
investigated whether SUSD?2 interfered with IL-2 signaling through the IL-2R. Stimulation
of naive CD8* T cells with the -y chain family cytokine IL-2, IL-7 or IL-15 only induced

a slight increase in the expression of SusdZ, in contrast to the strong upregulation of

Susa2 gene transcription in TCR-activated CD8* T cells (Extended Data Fig. 6a). When
OVA57.064-activated OT-1 T cells were rested overnight before stimulation with either
IL-2, IL-7 or IL-157, IL-2-treated Susd2”~ OT-1 T cells showed enhanced phosphorylation
of STATS5, an essential transcription factor downstream of 1L-2 signaling38, and elevated
production of GzmB compared to IL-2-treated wild-type OT-I T cells (Fig. 5a,b and
Extended Data Fig. 6b), while IL-7- or IL-15-treated wild-type and Susad2”/~ OT-1 T cells
induced the same amount of p-STAT5 and GzmB (Fig. 5a,b and Extended Data Fig. 6c,d).
p-STATS was comparable in IL-2-treated wild-type and Susd2™/~ Treg cells (Extended Data
Fig. 6€), suggesting that SUSD2 specifically affected IL-2R signaling in CD8" T cells.
Blocking Abs for IL-2 (clone JES6-1A12)13 or IL-2Ra (clone PC61), but not blocking
Abs for IL-2Rp (clone TM-B1), abolished the elevated production of IFN-y and GzmB in
SusaZ™!= OT-1 T cells stimulated with a suboptimal dose (200 ng/ml) of OVA57.264 (Fig.
5¢,d). The enhanced production of IFN-y (Extended Data Fig. 6f) and increased apoptosis
(Fig. 5e) of Susd2'~ CD8" T cells cocultured with OVA,57.264-pulsed were attenuated by
blocking antibodies against IL-2 or IL-2Ra, but not IL-2Rp. Cell surface expression of
IL-2Ra was similar between wild-type and SusdZ/~ OT-I T cells (Fig. 5f), indicating that
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enhanced IL-2 signaling in Susd2/~ OT-1 T cells was not due to elevated expression of
IL-2Ra..

Based on the crystal structure of IL-2 in complex with IL-2Ra., IL-2 engages IL-2Ra.
along the length of SD112, To test the hypothesis that SUSD2 competitively blocked the
SD-dependent binding of IL-2 to IL-2Ra., we performed an IL-2 binding assay using
biotinylated IL-2 in 293T cells that overexpressed V5-SUSD2 and/or Flag-IL2RA. We

did not detect direct binding between SUSD2 and biotinylated IL-2, but overexpression

of V5-SUSD?2 significantly decreased binding of biotinylated IL-2 to overexpressed Flag-
IL2RA (Fig. 5g). Increased binding of biotinylated IL-2 to OVAs7.og4-activated SusdZ™/~
OT-I T cells was observed compared to similarly-treated wild-type OT-I T cells (Fig.

5h), suggesting that SUSD2 negatively regulated IL-2R signaling by interfering with 1L-2-
IL-2Ra binding.

Selective targeting of IL-2/IL-2 Ab immune complexes on IL-2 receptors improves IL-2
immunotherapy against tumors13:37:38_ To examine the impact of SUSD2 on IL-2R signaling
during an antitumor response /n vivo, we compared the efficacy of IL-2/IL-2 Ab complexes
in limiting the growth of B16-F10 tumors in wild-type and Susa2/~ mice. We used an
IL-2Ra-targeting complex (IL-2/Abcpos, which is mouse IL-2 complexed with IL-2 Ab,
clone JES6-1A12) and a CD122-targeting complex (IL-2/Abcpi22, mouse IL-2 complexed
with IL-2 Ab, clone S4B6-1)13:37 |L-2/Abcpas had a minimal effect on tumor growth in
wild-type mice compared to PBS injection, as previously reported3’ (Extended Data Fig.
6g), but significantly blunted the growth of B16-F10 tumors in Susd2”/~ mice (Extended
Data Fig. 6g), while IL-2/Abcp122 caused a similar reduction of tumor growth in wild-
type and Susa2”~ mice (Extended Data Fig. 6h). IL-2/Abcps-treated Susad2™'~ mice had
significantly increased percentages of intratumoral CD8* T cells that produced IFN-y,
GzmB and TNF compared to IL-2/Abcpos-treated wild-type mice (Extended Data Fig. 6i-
k). Collectively, these findings indicated an inhibitory effect of SUSD2 on IL-2R function.

SUSD?2 inhibits CD8* T cell antitumor function via SD

We next inquired whether the interaction between SUSD2 and IL-2Ra was required for the
inhibitory effect of SUSD2 on CD8* T cell activation. In OVA,s57.og4-activated Susad2/
OT-I T cells retrovirally transduced with GFP-tagged full-length SUSD2 (SUSD2FL-GFP),
SUSD2ASD_GFP or EV-GFP with about 50% of transduction efficiency (Fig. 6a), we
observed decreased production of IFN-y and GzmB (Fig. 6b,c) and increased apoptosis (Fig.
6d) in GFP* OT-1 T cells reconstituted with SUSD2FL-GFP, but not with SUSD2ASP-GFP
compared to cells reconstituted with EV-GFP. Moreover, transduction of Susd2/~ OT-1 T
cells with SUSD2FL-GFP, but not SUSD22SP-GFP, inhibited the binding of biotinylated
IL-2 to SusdZ'~ OT-1 T cells (Fig. 6e) and IL-2-induced STAT5 phosphorylation (Fig. 6f).
These results suggested that loss of SUSD2 interaction with IL-2Ra ablated its inhibitory
effect on CD8* T cell effector function in vitro.

To determine whether the Susd2-IL-2Ra interaction modulated the antitumor effector
function of CD8* T cells /n7 vivo, we adoptively transferred Thy1.2* Susd2™'~ OT-1 T cells
transduced with SUSD2FL-GFP, SUSD2ASP-GFP or EV-GFP into Thy1.1* mice challenged
with EG7 tumor cells 7 days before cell transfer. While SUSD2FL-GFP Susd2/~ OT-1 T
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cells exhibited impaired capacity to control EG7 tumor growth, SUSD22SD-GFP Susdz/~
OT-I T cells controlled tumor growth at levels comparable to EV-GFP Susd2/~ OT-I

T cells (Fig. 6g). SUSD2FL-GFP, but not SUSD22SP-GFP SusdZ™/~ OT-1 T cells had
attenuated tumor infiltration, decreased production of IFN-y, GzmB and TNF (Fig. 6h)

and significantly decreased about 42% of CD8* Tgp cell (Fig. 6i) and increased about 77%
of CD8" Tgy7 cells (Fig. 6j) compared to EV-GFP Susad2”~ OT-1 T cells. This indicated
that the SUSD2-IL-2Ra interaction was required for the inhibitory role of SUSD2 on the
antitumor effector function of CD8* T cells (Extended Data Fig.8).

Deletion of Susd2 improves antitumor efficacy of CAR T cells

To evaluate the potential of SUSD2 as an immunotherapy target for cancer, we investigated
its role in regulating the antitumor efficacy of human CD19 (hCD19)-targeting CAR T
cells. The mouse EL4 thymoma cell line was engineered to express hCD19 (Extended

Data Fig. 7a) and wild-type or Susd2/~ CD8* T cells were retrovirally transduced with

a second-generation CAR containing a portion of hCD19 single chain variable fragment
(ScFv) fused with the signaling domains from mouse CD28 and a mouse CD3( sequence in
which the first and third ITAMs had been inactivated3?. Sorted CAR T cells with a 98% live
cell purity were transferred into Rag2”~ mice that have been inoculated with EL4-hCD19
tumor cells 7 days before CAR T cell transfer (Extended Data Fig. 7b). While wild-type
CAR T cells restrained tumor growth before day 13 post tumor cell inoculation, tumor
growth rebounded at day 13, leading to similar survival in Rag2~ mice with or without
wild-type CAR T cell transfer (Fig. 7a). Transfer of Susd2/~ CAR T cells significantly
reduced tumor growth at day 16 post tumor cell inoculation and translated in improved
survival compared to wild-type CAR T cells (Fig. 7a). We detected enhanced production of
IFN-y, GzmB and TNF as well as improved cell survival in intratumoral Susd2’~ CAR T
cells compared to wild-type CAR T cells (Fig. 7b,c). Intratumoral Susd2”~ and wild-type
CAR T cells had similar expression of PD-1 or LAG3 (Fig. 7d,e). As such, deletion of
SUSD2 in CAR T cells lead to an improved antitumor response in an EL4-hCD19 tumor
model.

Next, we depleted endogenous SusaZin wild-type CAR T cells using Cas9 nucleoprotein
(RNP) complex electroporation®® (Extended Data Fig. 7c). Transfer of Susa2-depleted
CAR T cells in Rag2~~ mice resulted in improved control of EL4-hCD19 tumors and
increased survival compared to transfer of wild-type CAR T cells (Fig. 7f). We observed
increased production of IFN-y, GzmB, TNF and IL-2 (Fig. 7g) and increased percentages
of TCF1*PD-1"CD8* Tg,p cells and decreased percentages of TCF1"PD-1*Tim-3* CD8*
TexT in Susd?-depleted CAR T cells compared to wild-type CAR T cells (Fig. 7h,i),
suggesting that therapeutic deletion of SUSD2 improved effector function of CAR T cells
and counteracted the differentiation of terminally exhausted CAR T cells.

Discussion

This study showed an inhibitory effect of SUSD2 on IL-2R signaling, consequently leading
to an inhibition of the antitumor function of CD8* T cells. We found that SUSD2 interacted
with IL-2Ra via a sushi domain-dependent manner and interfered with I1L-2-mediated
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effector functions of CD8" T cells. Deletion of SUSD2 in adoptively transferred Tggr cells
and CAR T cells led to an improved antitumor efficacy, suggesting a targetable relevance of
SUSD?2 in immunotherapy for cancer.

IL-2 was originally discovered as a T cell growth factor with a robust effect to promote

the expansion of cytotoxic CD8* T cells®36. Clinical studies revealed promising results for
IL-2 therapy in cancer patients®! 42, However, an intrinsic challenge of IL-2-based cancer
immunotherapy is the activation of cytotoxic CD8* T cells in peripheral sites, which causes
undesirable tissue damage. We found that, among various immune cell types, SUSD2 was
highly expressed in CD8" T cells and was further upregulated when CD8* T cells migrated
from the secondary lymphoid organ into the TME. Therefore, based on the inhibitory effect
of SUSD2 on IL-2R signaling, blockade of SUSD2 may preferentially enhance the survival
and function of antitumor CD8* T cells and avoid the activation of peripheral CD8" T cells.
Meanwhile, since our current animal model employed a whole-body gene deletion strategy,
we are not able to completely rule out potential function of SUSD2 in cellular compartments
other than CD8™ T cells. Further development of genetic model with conditional gene
deletion is warranted to examine the role of SUSD2 in individual cell types.

Both experimental studies in tumor animal models and clinical cancer studies have
characterized CD8" T cell exhaustion in the TME#3. With the rapid advancement in scRNA-
seq technology, compelling evidence shows the existence of distinct subtypes of exhausted
CD8™ T cells, namely TCF-1*PD-1* Tim-3"Tgyp cells and TCF-1"PD-1*Tim-3*Tg, cells
30.31.44 cD8* Teer cells with high expression of antitumor effectors, such as IFN-y

and granzymes, are critically required for the execution of the antitumor response30-32,
Intratumoral CD8" Tgyp cells can either differentiate into CX3CR1* CD8* Tggr cells

or TexT cells via distinct transcriptional, epigenetic and metabolic programs30:3144 One
strategy to improve CD8" T cell antitumor response might be to promote the conversion of
Texp to Tegr cells and minimize the differentiation of T, cells. IL-2R signaling potently
activates the effector responses of CD8* T cells’ and IL-2 in combination with PD-L1 Ab
therapy can rejuvenate TgyT cells in a chronic virus infection model#®. Therefore, targeting
IL-2R signaling, either alone or in combination with other ICB therapies, represents a
promising approach to escalate the antitumor function of CD8* T cells, while minimizing

T cell exhaustion. Our scRNA-seq assay indicated an increased percentage of CD8* Tggr
cells and decreased percentage of Tgyr cells in tumor-bearing Susa2”~ mice, highlighting a
promising therapeutic potential of SUSD2 to reverse T cell exhaustion.

The long-term efficacy of CAR T therapy in cancer is severely limited by the conversion
of transferred Tggr cells to Teyt cells. An experimental approach to block the terminal
exhaustion of CAR T cell would represents a promising strategy to improve the efficacy
of CAR T cell therapy. We found that depletion of endogenous Susa2 gene in wild-type
CAR T cells resulted in an improved control of tumor growth, increased effector function
and decreased T cell death and terminal exhaustion, providing a promising base for further
investigations in human CAR T cells.

SUSD?2 is also expressed in certain types of cancers20-26, Clinical studies have reported
either positive or negative correlations between SUSD2 expression in tumor cells and
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a positive prognosis in cancer patients, depending on the type of cancer29-26, Further
investigations are required to fully characterize the role of SUSD2 in tumor cells.

In summary, our results provide a mechanistic link between the SUSD2-modulated
IL-2R signaling and the antitumor effector function of CD8" T cells and expand our
current understanding of molecular mechanisms driving immunosuppression in the TME.
Considering the rapid advancements in the development of immunotherapy antibodies,
blockade of SUSD2 by neutralizing antibody could represents a new therapeutic
approach for cancer. Moreover, because SUSD2 modulates CD8* T cell effector function
independently of PD-1, blockade of SUSD2 seems suitable for combinatorial therapy,
especially for tumors resistant to PD-1 therapy.

293T (CRL-3216), MC38 (RRID: CVCL_B288), B16-F10 (CRL-6475), EL4 (TIB39), EG7
(CRL-2113), Jurkat (TIB152) and Phoenix Eco Packaging cell (CRL-3214) were purchased
from ATCC, B16-OVA (SCC420) was obtained from Sigma-Aldrich and Platinum-E (Plat-
E) (RV-101) was obtained from Cell Biolabs. 293T, MC38 and B16-OVA cells were
cultured in DMEM medium (Gibco) supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich), 1% glutamine (Gibco), 1% sodium pyruvate, 1% non-essential amino acids
(Gibco), 100 1U/ml penicillin and 100 pg/ml streptomycin (Gibco). EL4, EG7, B16-F10,
and Jurkat cells were grown in RPMI-1640 (Gibco) supplemented with 10% FBS, 1%
glutamine, 1% sodium pyruvate, 1% non-essential amino acids, 100 IU/mL Penicillin and
100 pg/mL Streptomycin. All cell lines were maintained at 37°C, 5% CO,. Buffy coats from
healthy donors were purchased from the Gulf Coast Regional Blood Center and PBMCs
were isolated by Ficoll-Paque (17-1440-03, GE Healthcare) density centrifugation.

SusdZ™!~ mice were generated by Cyagen Biosciences using a CRISPR/Cas9-mediated
genome engineering strategy (details in Extended Data Fig. 1a). C57BL/6J (000664), Thy1.1
(000406), RagZ™~ (008449) and OT-I (003831) mice were obtained from the Jackson
Laboratory. OT-11 mice have been previously described 46. Susd2/= OT-1 and SusdZ™/~
OT-11 mice were generated by crossing Susa@2”~ with OT-1 and OT-II mice, respectively.
All mice were housed in standard rodent micro-isolator cages and acclimated to study
conditions for at least 7 days before manipulation. Mice were kept in animal rooms
maintained on 12 hr light/dark cycle, temperature and humidity-controlled, between68-74
°F and 30-70% respectively. All /n vivo experiments were performed in according with the
guidelines established by The Ohio State University and National Institute of Health Guide
for the Care and Use of Laboratory Animals and the Institutional Animal Care and Use
Committee (IACUC) (Protocol: 2018 A00000022-R1).

Tumor cell inoculation

Eight to ten-week-old male and female mice were inoculated subcutaneously with 1x106
MC38, EG7 or B16-OVA cells in the right flank. For adoptive T cell transfer experiments,
1x10% EG7 cells were inoculated subcutaneously into Thy1.1 mice (day 0). On day 7 post
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inoculation, mice were adoptively transferred with 4x10% WT or Susd2”~ OT-1 T cells
via tail vein. For CAR T transfer experiments, 1x108 EL4-hCD19 cells were inoculated
subcutaneously into RagZ~'~ mice (day 0). On day 7 post inoculation, mice were injected
with 5x10% WT or Susd2'~ CAR T cells. For CD8* T cell depletion, WT or Susd2™/~
mice were treated with 200 ug of control IgG (clone LTF-2, Bio X cell) or CD8 Ab
(clone 2.43, Bio X cell) at day 0, 7 and 14 post tumor inoculation. For PD-L1 or PD-1
blockade, WT or SusdZ”/~ mice were intraperitoneally injected with 250 ug of control 1gG
or PD-L1 Ab (clone 10F.9G2, Bio X Cell) or PD-1 Ab (clone RMP1-14, Bio X Cell)

at day 7, 10 and 13 post tumor inoculation. For IL-2/Ab complex treatment, mIL-2 (1.5
ug, Peprotech) complexed with either IL-2Ab (7.5 ug; JES6-1A12, Bio X cell) or IL-2/
IL-2 Ab (7.5 pg; S4B6-1, Bio X cell) was administered intraperitoneally at day 7, 9, 11,
and 13 post tumor inoculation. Tumor volume were calculated using the formula mms3 =
(Lengthxwidthxwidth/2).

Flow cytometry

Tumors were minced into small fragments and digested with 1 mg/mL collagenase IV

and 50 U/mL DNase I for 30 min at 37°C. Samples were mechanically disaggregated

and filtered with 70-um cell strainers. Single cell suspensions were treated with purified
CD16/32 Ab (clone 93; BioLegend), and then stained with fluorochrome-conjugated Abs,
including CD11b, F4/80, CD11c, Ly6C, Ly6G, CD3, CD4, CD8, CD8, CD25, Thy-1.1,
Thy1.2, NK1.1, CD19, PD-1 and LAGS3. For intracellular staining of p-STATS5, cells were
fixed with 2% paraformaldehyde for 10 min at room temperature and then incubated in
pre-chilled methanol for 20 min at 4°C for permeabilization. Cells were washed 3 times
with PBS containing 2% FBS and 1mM EDTA and then stained with p-STAT5 Ab. For
intracellular cytokine staining of tumor-infiltrating lymphocytes, cells were stimulated /in
vitro with PMA (50 ng/ml, Sigma-Aldrich) and ionomycin (500 ng/ml, Sigma-Aldrich) in
the presence of GolgiPlug and GolgiStop (BD Biosciences) for 4 h, and then surface stained
as aforementioned. Cells were then fixed and permeabilized using BD Cytofix/Cytoperm
(BD Biosciences) and stained with IFN-y, GzmB, TNF and IL-2 Abs. For intranuclear
Foxp3 or TCF-1 staining, single-cell suspensions were stained with Abs against cell-surface
antigens as aforementioned, fixed and permeabilized using Foxp3 Fix/Perm Buffer Kit
(BioLegend), followed by staining with Foxp3 Ab or TCF-1 Ab. For cell apoptosis analysis,
cells were resuspended in the annexin-V Binding Buffer and then stained with annexin-V
and 7-AAD viability solution (BioLegend) for 15 min at 25°C.

To characterize CD8™ cells in the TME, multi-dimensional flow cytometry assay with

a panel of 32 lineage- and T-cell state specific markers (CD45, CD3, CD8, CD4,

CD11b, NK1.1, Foxp3, Tim-3, PD-1, CD25, CD62L, CD69, CD44, Lag3, Vista, TIGIT,
CD27, CD38, CD39, KLRG1, ICOS. CD95, CD103, CXCR3, TOX, TCF-1, Ki67,
EOMES, IFN-y, TNF, GzmB) was performed, as previously described 4. Data were
acquired in a 5-Laser Cytek Aurora System. Analysis was performed using OMIQ data
analysis software (www.omig.ai) (Omiq). Uniform Manifold Approximation and Projection
(UMAP) algorithm was applied for dimension reduction and visualization of the data after
concatenating all samples. Cells were then clustered based on their marker expression using
the FlowSOM package 48. Heatmaps of median marker expression were generated to further
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understand the features of each cluster. Differences in the abundance of the clusters between
the two groups were determined with EdgeR.

CD4*, CD8*, CD11b* and CD19* cells were sorted from mouse splenocytes. Human CD4",
CD8*, CD14* and CD19* cells were sorted from PBMCs. Mouse Treg cells were isolated
using the Mouse CD4*CD25" Regulatory T Cell Isolation Kit (130-091-041; Miltenyi).
Human Treg cells were isolated from PBMCs by EasySep Human CD4*CD127'%CD25*
Regulatory T Cell Isolation Kit (18063; STEMCELL Technologies). Cells were sorted using
a 100-um chip on a MA900 Multi-Application Cell Sorter (SONY) in PBS with 2% FBS.

MC38 tumor single cell suspensions were stained with 7-AAD and CD45 Ab and sorted
(BD FACSArria Fusion Cell Sorter). Live CD45* cells were processed using the inDrops V3
scRNA-seq platform, as previously described 4°. inDrops Libraries were sequenced on the
NextSeq Ilumina Platform, paired-end mode. The raw sequences (FASTQ format; four WT
and four KO) were aligned and quantified using the CellRanger (v3.0.2) pipeline against
the pre-built 10X mouse reference genome (mm10). For each dataset, a cell was considered
as low quality or abnormal and removed based on (i) less than 200 expressed genes, (ii)
fewer than 200 or higher than 4,000 total features, and (iii) mitochondria content higher
than 90%. We then performed the integrative analysis using the Seurat (v3.0) pipeline.

Data integration was performed on the top 2,000 highly variable genes in each sample

via canonical correlation analysis. Cell clusters were identified using the top five principal
components (PCs) with a resolution of 0.5 in Louvain clustering. All cell clusters were
manually annotated according to the expression of curated marker genes. Differentially
expressed genes (DEGs) were identified in each cell cluster using the Wilcoxon rank test
built in Seurat, with log-fold change as 0.25 and adjusted p-value as 0.05. We further subset
those cells with Cd8a, Trbcl, and Trbc2 expression from the integrated data. The subset
data was re-scaled and re-clustered with the top five PCs and a resolution of 0.2 in Louvain
clustering, and further annotated as Ty cells, Tggg cells, Teyp cells, and Tgy cells based on
manually curated CD8* T cell markers. DEGs in the subset data were identified similarly as
described above.

Bulk RNA-seq

CDS8™ T cells were isolated by the EasySep Mouse CD8* T Cell Isolation Kit (STEMCELL
Technologies) from total splenocytes of either WT or Susd2™'~ OT-I mice left untreated

or stimulated with OVA,57.064 for 3 days. RNA was extracted using TRIzol Reagent
(Invitrogen) and were further quantified using Qubit Fluorometer, and those with RIN values
> 7 were used for RNA isolation using NEBNext Poly mRNA Magnetic Isolation Module
(#E7490L, New England Biolabs, NY). Subsequently, purified mRNAs were fragmented for
10 minutes. cDNAs were synthesized and amplified for 12 PCR cycles using NEBNext®
Ultra™ 11 Directional (stranded) RNA Library Prep Kit for lllumina (E7760L; NEB) with
NEBNext Multiplex Oligos Index kit (6442L; NEB). Distributions of the template length
and adapter-dimer contamination were assessed using an Agilent 2100 Bioanalyzer and
High Sensitivity DNA kit (Agilent Technologies). The concentration of cDNA libraries was
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determined using Invitrogen Qubit dsDNA HS reagents and read on a Qubit Fluorometer
(Thermo Fisher Scientific), and cDNA libraries were paired-end 150bp format sequenced

on a NovaSeq 6,000 SP system (lllumina). Bulk RNA-seq profiling was performed on eight
samples (four WT and four KO). Quality control and data trimming of the raw sequences
were performed via fastp (v0.23.2), and reads alignment was performed using HISAT2
(v2.1.0) to map sequence to the mouse reference (Mus_musculus. GRCm38.99). Samtools
(v1.10) was used to convert and sort bam files, and subread (v2.0.1) was used to quantify
reads to generate gene expression count matrix. DEG analysis was performed using DESeq2
(v1.32.0). Genes with log-fold change greater than 1.5 and p-value less than 0.05 were
considered as DEGs in each comparison.

Plasmids and molecular cloning

Commercially available expression plasmids include SUSDZ2 (OHu27875) from Genscript,
Susd? (MmCDO00315635) from the Dana-Farber/Harvard Cancer Center DNA Resource
Core %0, /L 2RA-eGFP (#86055) from Addgene, pCMV3-SP-N-Flag-m//2ra (MG50292-
NF) and pCMV3-C-Myc-MUC4 (HG16066-CM) from Sino Biological. To generate the
retrovirus vector expressing SUSDZ2, SusdZ, or Susd2 with the deletion of sushi domain
(SUSD24SD), sUSD2and Susa2 cDNA were subcloned into the pLVX-mCherry-N1
(Clontech #632562) or pMSCV-IRES-GFP I (pMIG |1, Addgene #52107) with V5 and His
tag. To generate Flag-/L2RA, IL2RA cDNA were subcloned into p3xFlag-CMV-7.1 vector.
All primers used for cloning are listed in Table S6. To generate IL2RA2SD! or |L2RAASD2
mutant, Phusion Site-Directed mutagenesis Kit was used according to the manufacturer’s
instructions (Thermo Fisher Scientific). Primers for mutagenesis PCR are listed in Table S7.
All cloned genes were checked by sequencing.

Retroviral transduction of T cells

For retrovirus generation, Plat-E cells were seeded into 10-cm dishes overnight. On

the following day, plasmid encoding pMIG 1l EV, pMIG 11-SUSD2FL or pMIG 11-
SUSD24SD and packaging plasmid pCL-Eco (Addgene #12371) were mixed along with
polyethylenimine (PEI) at a 3:1 = PEI:DNA ratio and added into the Plat-E cells overnight.
Medium was then changed and viral supernatant was collected twice in the following 72 h.
Retroviral supernatants were concentrated by PEG 8000 and immediately stored at —80°C.
For retroviral transduction, OT-1 T cells or Jurkat cells were plated in 6-well plates, OT-I
cells stimulated with 1 pg/ml OVA,57.064 for 24 h. Viral supernatant (1:1 vol/vol ratio) and 8
ug/ml polybrene (Sigma-Aldrich) were added. Spinfection was performed at 32°C for 2 h at
800xg. Media was changed after 2 h. Transduced OT-1 T cells were cultured for another 48 h
with OVA57.064 and tested in functional assays.

Antigen-presenting assay

BMDCs were loaded with 1 pg/ml OVA,57.054 at 37°C for 2 h, then washed three times

with PBS to remove excessive peptide. OT-1 T cells were harvested from spleens of WT or
SusdZ~ mice by CD8* T Cell Enrichment Kit (Miltenyi) and then co-cultured with peptide-
pulsed WT or Susd2”~ BMDCs at a 5:1 ratio in 96-well plates. In some experiments,

IL-2 (JES6-1A12), IL-2Ra (PC61) or IL-2RB (TM-B1) blocking antibody was added to the
cocultures at a concentration of 10 pg/ml.
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FACS-based in vitro killing assay

MC38, EG7 and B16-OVA cells were labeled with CFSE (C34554; Thermo Fisher
Scientific), MC38 cells were pulsed with OVA57.064 peptides at 1 pg/ml for 1 h, and used as
target cells. /n vitro activated WT or Susa2”'~ OT-I cells were collected and incubated with
peptide-pulsed MC38, EG7 and B16-OVA cells at different ratios for 4 h. The percentage of
dead cells were measured with 7-AAD staining.

In vitro Treg cell suppression assay

A total of 1x10° CFSE-labeled naive T (CD4*CD25") cells were stimulated with 1 pg/m
anti-CD3 Ab and 1 pg/ml anti-CD28 Ab. Tregs from WT and Susa2”/~ mice were isolated
with the Mouse CD4*CD25* Regulatory T Cell Isolation Kit (130-091-041, Miltenyi), and
added to the culture to achieve Treg/CD4" T cell ratios of 0.0625:1 to 1:1. CD4* T cells
only, without Tregs, were used as a positive control for T cell proliferation. Three days after
stimulation, CFSE dilution of CD4* T cells were analyzed by FACS assay.

IL-2 binding assay

RT-PCR

1x108 WT or Susd2= OT-I T cells were incubated with indicated concentration of
biotinylated IL-2 (ACRO Biosystems) in 100 pl PBS, 0.1% BSA for 20 min at 4°C.

Cells were washed 3 times with PBS and stained with streptavidin-PE (BioLegend) for

30 min at 4°C. Parallel aliquots of cells were pre-incubated with unlabeled IL-2 (500 ng/ml,
Peprotech). FACS analysis was carried out on BD FACSCanto™ Il Flow Cytometry (BD
Biosciences).

Total RNA was extracted by using Trizol reagent (Invitrogen). cDNA was synthesized
with Moloney murine leukemia virus reverse transcriptase (Invitrogen) at 38°C for 60
min. RT-PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) in
CFX Connect Real-Time PCR Detection System (Bio-Rad). The fold difference in mMRNA
expression between treatment groups was determined by 2ACt method. The primer pair
sequences of individual genes are listed in the Table S8.

Immunoprecipitation and immunoblotting

For immunoprecipitation, cells were lysed in RIPA buffer supplemented with Protease
Inhibitor Cocktail. Total protein extracts were incubated with goat anti-V5 agarose
(S190-119; Bethyl Laboratories) or anti-Flag M2 Affinity Gel (A2220; Sigma-Aldrich)
overnight at 4°C under gentle agitation. Samples were washed 5 times with cold RIPA
buffer. To elute proteins from the beads, samples were incubated with 30 pul of SDS
sample buffer at 95°C for 10 min. Protein content in the supernatant was analyzed by
immunoblotting. For immunoblotting, electrophoresis of proteins was performed by using
the NUPAGE system (Invitrogen) according to the manufacturer’s protocol. Primary Abs
for immunoblotting included SUSD2 Ab (HPA004117) and FLAG M2-HRP (A8592,
Sigma-Aldrich), phospho-Stat5 Ab (Tyr694) (9351, CST), Stat5 (9363, CST), IL-2Ra Ab
(AF2438-SP, R&D), IL-2Ra (sc-365511), IL-2Rp (sc-393093) and IL-15Ra (G-3) Abs
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from Santa Cruz Biotechnology, V5-HRP (A00877, GenScript) and -y chain Ab (ab273023,
Abcam).

Mass spectrometry assay of SUSD2 interactome

High resolution/accurate mass-based quantitative proteomics strategy was employed to
identify protein-protein interactions. Briefly, immunoprecipitated (anti-V5) Susd2 complex
from retrovirus-infected SusadZ/~ OT-1 T cells was boiled with SDS buffer followed by
Suspension Trapping based on-filter digestion, as described previously ®1. The digests were
desalted using C18 StageTips, dried in a SpeedVac and then resuspended in 20 pl LC buffer
A (0.1% formic acid in water) for LC-MS/MS analysis. The analysis was performed using
an Orbitrap Eclipse MS (Thermo Fisher Scientific) coupled with an Ultimate 3000 nanoL.C
system and a nanospray Flex ion source (Thermo Fisher Scientific). Peptides were first
loaded onto a trap column (PepMap C18; 2 cmx100 um 1.D.) and then separated by an
analytical column (PepMap C18, 3.0 um; 20 cmx75mm 1.D.) using a binary buffer system
(buffer A, 0.1% formic acid in water; buffer B, 0.1% formic acid in acetonitrile) with a 165-
min gradient (1% to 25% buffer B over 115 min; 25% to 80% buffer B over 10 min; back to
2% B in 5 min for equilibration after staying on 80% B for 15 min). MS data were acquired
in a data-dependent top-12 method with a maximum injection time of 20 ms, a scan range
of 350 to 1,800 Da, and an automatic gain control target of 1e6. MS/MS was performed

via higher energy collisional dissociation fragmentation with a target value of 5e5 and
maximum injection time of 100 ms. Full MS and MS/MS scans were acquired by Orbitrap
at resolutions of 60,000 and 17,500, respectively. Dynamic exclusion was set to 20 s. Protein
identification and quantitation were performed using the MaxQuant-Andromeda software
suite (version 1.6.3.4) with most of the default parameters 2. An UniProt mouse database
(17,089 sequences) was used for the protein identification. Other parameters include: trypsin
as an enzyme with maximally two missed cleavage sites; protein N-terminal acetylation and
methionine oxidation as variable modifications; cysteine carbamidomethylation as a fixed
modification; peptide length must be at least 7 amino acids. False discovery rate was set at
1% for both proteins and peptides.

CAR T cell transfer

The EL4-hCD19 cell line was constructed by transfecting the EL4 cells with a MMLV
retrovector carrying hCD19 with the deletion of its intracellular domain. The plasmid was
packaged in the Phoenix Eco cell line and viral supernatant was harvested 48 h after
transfection. After viral transduction, EL4-hCD19 were sorted to achieve the positive clone
>95%. To generate hCD19-targeting CAR T cells, the CAR construct was pieced together
using portions of hCD19 ScFv, and portions of the murine CD28 and CD3( sequences

(with first and third ITAMs of the CD3-C molecule inactivated), and cloned into a MSGV
retrovector, as previously described 53. The retroviral vector was transfected to the Phoenix
Eco cell line. The harvest, stimulation and transfection of T cells were conducted. In brief, T
cells were isolated from spleens of WT or Susa2”~ mice using the EasySep Mouse T Cell
Isolation Kit (STEMCELL Technologies), and then stimulated by Concanavalin A in IMDM
(Gibco) with 50 pM 2-mercaptoethanol, 50 U/ml 1L-2, 10 ng/ml IL-7 and 10 ng/ml IL-15

at 37°C for 24 h. On the following day, viral supernatant was spun at 2000xg, 32°C, for 2
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h on RetroNectin (Takara Bio)-coated plate. Activated T cells were loaded to the plate and
expanded for 2-3 days.

Deletion of endogenous Susa2 gene in WT CAR T cells was achieved by Cas9
nucleoprotein (RNP) complex electroporation using the Neon Transfection System
(MPKS5000; Thermo Fisher Scientific), as previously described 49. Before electroporation,
Susd2 crRNA (AGTGCCGTAGTATTGCCAAT) or negative control crRNA (#1072544;
IDT) was mixes with Alt-R tracrRNA (#1075927; IDT) at 1:1 ratio (final concentration was
44 uM), heat at 95°C for 5 min, cooled to 78°C with —2°C/second ramp rate, 78°C for 10
min, cooled down to 25°C with —0.1°C/second ramp rate, 25°C for 5 min. Cas9 protein (3
Hg, A36498; Thermo Fisher Scientific) was mixed with 1.3 uL annealed crRNA:tracrRNA
duplex and incubated at room temperature for 20 min. 5x10° of expanded CAR T cells were
resuspended in 9 puL Buffer R per electroporation, and then mixed with RNP complex and

2 UL Alt-R Cas9 Electroporation Enhancer (#2075915; IDT). 10 pL of cell:RNP mixture
was loaded into the Neon pipette without any bubbles. The tip of the loaded Neon pipette
was inserted into the pipette station. The setup of the electroporation parameter was 1400
V, 50 ms for 1 plus. After electroporation, cells were transferred to a 24-well plate with
prewarmed media and cultured overnight. 24 h after electroporation, Susd2”’~ CAR T cells
were sorted by using a 100-um chip on a MA900 Multi-Application Cell Sorter (SONY).

Statistics analysis

Data were analyzed on GraphPad Prism 8 (GraphPad Software) and R software v4.1.2. The
statistical tests, n values, replicate experiments and P values are all indicated in the figures
and/or legends. P values were calculated using two-tailed student’s #test, one-way ANOVA
or two-way ANOVA with Tukey's multiple comparisons test, log-rank (Mantel-Cox) test

for Kaplan-Meier survival analysis, two-way ANOVA with Sidak’s multiple comparisons
test or Tukey's multiple comparisons test, Hypergeometric test and adjusted with Benjamini-
Hochberg method correction and two-sided Wilcoxon’s rank-sum test and adjusted with
Bonferroni’s correction. Differences between groups are shown as the mean + SD.

Data distribution was assumed to be normal but this was not formally tested.
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Extended Data Fig. 1. Susd2™/~ mice show no change in global immune cell populations at steady

state.

a, Cartoon of the strategy to generate SusdZ/~ mice with a CRISPR/Cas9-mediated genome
engineering strategy. The sequences of two guide RNA and the primers used for genotyping
were shown. b, Genotyping results for WT or Susd2”/~ alleles. c-j, Flow cytometry

analysis of T cells (CD3*) and natural killer cells (NK1.1*) (c), CD4* and CD8* T cells

(d), regulatory T cells in naive status (CD4*CD25") (f), macrophage (CD11b*F4/80%)

(9), conventional dendritic cells (CD11b*CD11c*) (h), monocytes (CD11b*Ly6C*) (i),
neutrophils (CD11b*Ly6G™) (j), and histogram of B cells (CD19™) (e) in spleen from wild
type and Susa2”~ mice were. c-j, WT, 7= 4 mice, Susd2”~, n=5 mice. b-j, data are
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representative of three independent experiments. Statistical significance was determined by
two-tailed, unpaired Student’s #test, there is no significant difference between WT and
SusdZ™!~ in ¢-j (P> 0.05). All data are mean + SD.

a . b
WT Susd2” g :WT o wT Susd2” _ :w]' .
105 4 § < = Susd 1 . & ™ Susd2”
i 31 ] B3| 82 105 % 40
1044 y . 8, 3 3 a
e al N[ =1 & 1041 S 30
CRUS PN A o 510 1001 220
Q i @) % o 1 S = aQ
2\.;10230 = o g5 £ 01 © o o-@ £ 10
w - 1 1 = i i
e Lot i F 0 0-10%1 ] £
o0 3 T  E——
1030103 10410 1030 10% 10 105 3
CD11b-APC CD11b-APC
e
d wT Susd2* o WT WT Susd2” 3L
108 { £ = Susd2” T 105+ = Suds2*
] 131 |1 N7 | 22 & 1 88| # 54 g5
041 1 = 3 2 10¢- { £ = ]
104 8 15 5 10 o Ll | 2
@ i y i & - > = o 3 10
& 10°] & ~ i 2\ 210 2 o i K
D i e i ¥ 1o = Y | 3 = s5le
g 0 @GS & 8 s g . L B
U R ——— SA i 2R ] 2
1030102 10 105 e 1040 104105 107
CD11b-APC CD45-BV510———————»
oW wT
g wr ) o = Susdzt wr Susdzt & Szt
1081 1 35 . 4 1084 i &6
1044 i 8 30 2061 [33 { 8,
© ! . 2107 ] .
= ] goslam 25 | %
(S i i o N 10%7 1 - o 2
z 01 H ;_20 0% 01 j i - %
G2 SR & R B 2 T E EC N -
1030 103 10¢ 105 1030 10° 10 10° ©
CD4-PE——m—— 8@ CD4PE—m 09 ———— »
h PE-Dazzle594 i
BV786-FN-y  APC-TNF-a  BV750-CD38 -CD39

5,

BUV661-CD44

BV711-Tim-3

UMAP-2

FITC-PD-1 PE-Tox

PE-Cy5-CD69

PE-Cy7-TCF-1

Susd2”

J
T 108+

) 784| £

3 104 7| 3

w &

8- 103, | 2

a4 01 { H 9

TS I | et 0
41030 103 10 108

CD8-APC ——M8M X

Susd2”

405 g
w
i 10 2
3 3
Q403+ Y
& 10% 8
g o g
3-10%4 i

A— - g

S -103010% 104 105
CD8-APC

N A9 @
S S S Sume

L

Percentage of CD8* cells
3 8 8 8 g8 g
o o o o (=]

P=0.0002,
P=0.0047

C
Susd2” . ewr
[ £ " Susd2”
[ 10%1 21, 225 Q 2 %
44 3 = ]
)10 i‘k 1 18 0l
[APTCRE 1 2
gt \ I AT | 4 10
20 O | O |
T, B SRS . - | S - ]
S
-10%0 103 10% 105 B
CD11b-APC
f ‘ o
vy'r Susd2” £ = susz*
1 10% 1.4 129 | | 2 30
© ]
£ 0% 1 < 20{e .
a | = | x-. Ak
3 03 & £10
CRIE i =
© o
4104 0 10% 10%
NK1.1-BV570
wT Susd2” * WT
| __ ™ Susd2”
T 105 1 o7 & 30 -
=10t 1 2
8 i 8 20
& 103 - £
uw 19 g 10
Zz 01 Su)_
TA0 e £ ol
-10%0 103 10* 10°
CD4-PE—— &
mwr
W Susd2”

P<0.0001

3 P<0.0001
P=0.0001 "
i . P<0.0001
P=00028

[ P<0.0001
 Pe0.000t —
l>-0_0087 Ly P=0.0026

Rk T MR iﬁ'.#.f.«.j_

w K
Susd2” f 1081
L
3 1047
!
9 1037
é & 20
2 (1) IO | ————— a p
1030 10% 10* 10° o
CD8-APC
wr wr Susd2* 5
Susd2”
5 1 1 =
Foe 779! 761 100
2 2 1041 ! 2 80
[6) i & 3 60
& 10%] ] [/ I
&‘3 01 = 3 &) 8
B0 s 8
S -10%010° 104 10° 3

CD8-APC

6 7 8 9 10 11 12 13 14 15 16 17 18 19

CD8-APC

Extended Data Fig. 2. Susd2 deficiency does not affect intratumoral myeloid cells, NK cells and

CD4* T cells.

a-g, Flow cytometry analysis of CD11b*F4/80* macrophages (a), CD11b*CD11c" dendritic
cells (b), CD11b*Ly6C* monocytes (c), CD11b*Ly6G™ neutrophils (d), NK1.1* NK cells
(e), IFN-y*NKZ1.1* NK cells (f), IFN-y*CD4*, GzmB*CD4* and TNF*CD4* T cells (g) in
MC38 tumor isolated from WT or Susa2”~ mice at Day 18. h,i, Spectral flow cytometry
analysis of intratumor CD8* T cells from WT and Susa2”/~ mice at day18 post MC38
tumor inoculation. UMAP of individual marker expression patterns (h) and frequencies of
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individual clusters of WT and Susa2/~ samples (i), Boxes represent median and 25th to
75th percentiles, whiskers are minimum to maximum values excluding outliers (two-sided
Wilcoxon’s rank-sum Pvalue). j-1, Flow cytometry analysis of PD-1*CD8* T cells and
LAG-3*CD8* T cells in MC38 (j), EG7 (k) or B16-OVA (1) tumors isolated from WT or
SusdZ™!~ mice at day 18 post tumor inoculation. a-d,g,j-1, 7= 5, e,f,i, 7= 8. n, number

of mice per group. a-d,qg,j,k,l, data are representative of three independent experiments.
e,f,i, data are representative of two independent experiments. a-g, j-l, statistical significance
was determined by two-tailed, unpaired Student’s #test, there is no significant difference
between WT and SusdZ™/~ group (P>0.05). All data are mean + SD.

P<0.0001

P<0.0001

H P=0.0002 p<g 0001

o WT
" Susd2”

ﬂn Hn

T
1000

3, ligp1

OVA257-264

(ng/ml)

Day0

Tgtp1

mt-Nd3°®

eed o

Fosb
o, Alf3

vee ° Scd1
e

N

-Log,(FDR)

.
Susd2 #.

K2

.

e
o o
o

Q
:

o."

. e
W
LR TN

6 -4

2

\;?.

2 4

Log,(Susd2”WT)

Rhob+
FosbA

N 9\‘96

Kif4

Plk24

Dusp4
Atf3
Cox6b2:
Vegfa
Mpzl1
1d1
Scd1
Spag4
H2ac8:
Semadc:
Ifit1bl1

Tgtp14

ligp1

Xir3b+

Casp1

Dntt4

Jchain+

=18

Nrd4a24

GzmB (MFI x102)

2

1

1

-Log;o(FDR)

0

5

0

5

0

IP<0.!

0001

|

P<0.0001 5 0004

—  P=0.0013

il

40- P<0.0001

30

12 ﬂ nﬂ m =n

P=0.0287

TNF*CD8* cells (%)

nﬂ

1 000

34

2 50
OVAzs7.264 ("Q/ ml)

Day3

Susd2  ar1c12
L]

1000 250 64
OVA57.964 (Ng/ml)

f

Cd226 Gzme

e°® Gzme

e WT OT-I

® Kirg1
g s " Susd2”- OT-l

. Poo o

e ® .

)

®e
.
.

Susd2” OT-l

231 wTDC

Susd2”-DC

1030 103 104 105

CD8-PE-Cy7 —m8 8

Nat Immunol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 20

Extended Data Fig. 3. Susd2™~ cD8* cells exhibit increased antitumor effector function.
a, Flow cytometry analysis of IFN-y*CD8* T cells, GzmB*CD8™" T cells and TNF*CD8* T

cells in different OVA,57.064 dosage stimulated splenocytes isolated from WT or Susd2™/~
OT-1 mice. b-e, CD8" T cells were isolated from total splenocytes of either WT or Susd2™/~
OT-I mice left untreated or stimulated with OVA,57.064 for 3 days and were subjected to
RNA-seq assay. The volcano plot of RNA-seq data demonstrates differential gene expression
between WT and Susa2”/~ CD8* T cells at Day 0 (b) and Day 3 (d). A heatmap of the top
thirty genes representing genes differentially expressed between WT and Susd2”/~ CD8* T
cells at Day 0 (c) and Day 3 (e). f, Intracellular accumulation of IFN-y in CD8* T cells
isolated from WT or Susa2~~ OT-I mice that were cocultured with either WT or Susa2~
bone marrow-derived dendritic cells (BMDCs) that have been pulsed with OVA257.264.

a,f, n=3. b-e, n=4. n,number of mice per group. a,f, data are representative of four
independent experiments. b-e, data are representative of two independent experiments.

b,d statistical significance was calculated using two-sided Wilcoxon’s rank-sum test and
adjusted with Bonferroni’s correction. Statistical significance was determined by two-way
ANOVA followed by Sidak’s multiple comparisons test(a,f) with £ values noted in the
figure. All data are mean + SD.
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Extended Data Fig. 4. Susd2 deficiency does not affect effector function of CD4* T cells or
inhibitory function of Treg cells.

a, Flow cytometry analysis of IFN-y*CD4* T cells, GzmB*CD4™" T cells and TNF*CD4*

T cells in OVA323.339 stimulated splenocytes isolated from WT or Susd2/~ OT-11 mice. b,
Flow cytometry analysis of intranuclear level of Foxp3 in spleen CD4* T cells from WT or
SusaZ™'~ mice. ¢, Cell proliferation of naive CD4* T cells upon stimulation with CD3-CD28
antibody in the absence or presence of WT or Susa2~ Treg cells at the indicated cell:

cell ratio was measured by the staining of carboxyfluorescein diacetate succinimidyl ester
(CFSE), followed by FACS analysis. a-c, n= 3. n, number of mice per group. Data are
representative of four independent experiments. Statistical significance was determined by
two-tailed, unpaired Student’s #test, there is no significant difference between WT and
SusdZ'= group in a-c (P>0.05). All data are mean + SD.
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a

Human IL2RA sequencing:

CAATGGGAGCAATAGCAGAGCTCGTTTAGTGACCGTCAGAATTAACCATGGACTACAAAGACCATGA
CGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGCTTGCGGCCGCGAATTCA
ATGGATTCATACCTGCTGATGTGGGGACTGCTCACGTTCATCATGGTGCCTGGCTGCCAGGCAGAGCT
CTGTGACGATGACCCGCCAGAGATCCCACACGCCACATTCAAAGCCATGGCCTACAAGGAAGGAACC
ATGTTGAACTGTGAATGCAAGAGAGGTTTCCGCAGAATAAAAAGCGGGTCACTCTATATGCTCTGTACA
GGAAACTCTAGCCACTCGTCCTGGGACAACCAATGTCAATGCACAAGCTCTGCCACTCGGAACACAAC
GAAACAAGTGACACCTCAACCTGAAGAACAGAAAGAAAGGAAAACCACAGAAATGCAAAGTCCAATGC
AGCCAGTGGACCAAGCGAGCCTTCCAGGTCACTGCAGGGAACCTCCACCATGGGAAAATGAAGCCAC
AGAGAGAATTTATCATTTCGTGGTGGGGCAGATGGTTTATTATCAGTGCGTCCAGGGATACAGGGCTC
TACACAGAGGTCCTGCTGAGAGCGTCTGCAAAATGACCCACGGGAAGACAAGGTGGACCCAGCCCCA
GCTCATATGCACAGGTGAAATGGAGACCAGTCAGTTTCCAGGTGAAGAGAAGCCTCAGGCAAGCCCC
GAAGGCCGTCCTGAGAGTGAGACTTCCTGCCTCGTCACAACAACAGATTTTCAAATACAGACAGAAAT
GGCTGCAACCATGGAGACGTCCATATTTACAACAGAGTACCAGGTAGCAGTGGCCGGCTGTGTTTTCC
TGCTGATCAGCGTCCTCCTCCTGAGTGGGCTCACCTGGCAGCGGAGACAGAGGAAGAGTAGAAGAAC
AATCTAGTCTAGAGGATCCCGGGTGGCATCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGCCCTGGA
AGTTGCCACTCCAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCATTTTGTCTGACTAGGT
GTCCTTCTATATATTATGGGGTGGAGGGGGGKGKGGWWWKGRRSCAAGGGGCAAGTTGGGAAGAMA
CCTGTAGGGCCTGCGGGTYTATTGGGAACCAAGCTGGAGTGCAGKGCACATCTGGCTCMCTGCATCT
CCGCCTCCTGGGTCAGCGATCTCCTGCCTCAGCCTCCCGAGTTGTGGGATTCAGGCATGCATGACAG
GCTCAGCTATTTTTGTTTTTTGTARRACGGTTTCACCATATTGGCAGCTGGTCTCCACTCCTATYYCAG
GKGATCTACCCACCTTGGCCTCCAAA

Underline: 3xFlag tag; ATG and TAG represent the start and stop codon, respectively.
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Extended Data Fig. 5. The authenticity of the IL-2Ra molecular weight.
a, Sanger sequencing result of pCMV3xFlag-1L2RA vector. b, Immunoblotting of Flag-

IL2Ra in 293T cells transfected with pCMV3xFlag- /L 2RA vector. Data are representative
of three independent experiments.
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Extended Data Fig. 6. Efficient control of tumor growth by IL-2/mAbcp2s complex in Susd2™/~
mice

a, Transcript of Susad2in mouse CD8* T cells stimulated with CD3-CD28 Ab, IL-2, IL-7
or IL-15 for O, 1, 2 and 3 days. b-d, Immunablotting of STAT5 in OVA,57.064-primed WT
or Susad2”'= OT-1 T cells which were rested overnight, and then stimulated with 1L-2 (100
U/ml), IL-7 (5 ng/ml) or IL-15 (10 ng/ml) for 0, 30, 60, 120 and 240 minutes. e, Flow
cytometry analysis of p-STAT5 in WT or Susad2™~ Treg cells stimulated with 1L-2 (100
U/ml) for 0, 30, 60 and 120 minutes. f, CD8"* T cells isolated from WT or SusdZ”/~ OT-I
mice were cocultured with WT or Susd2™/~ bone marrow-derived dendritic cells (BMDCs)
that have been pulsed with OVA,57.0g4. Intracellular accumulation of IFN-y in WT or
SusdZ™!= CD8* T cells in the absence or presence of blocking antibodies against IL-2,
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IL-2Ra, or IL-2Rp were measured by FACS analysis. g,h, Tumor growth in WT and
SusdZ~ mice bearing B16-F10 tumor cells which were injected with IL-2/Abcpgs complex
(9) or IL-2/Abcp122 complex(h). i-k, Flow cytometry analysis of intracellular accumulation
of IFN-y, GzmB and TNF-expressing intratumoral CD8* T cells. a,e,f, n=3; g-k, n=5.

n, number of mice per group. a-h, data are representative of three independent experiments;
i-k, data are representative of two independent experiments. Statistical significance was
determined by two-way ANOVA followed by Sidak’s multiple comparisons test (e-g) or
one-way ANOVA followed by Tukey’s test (a,i-k) with Pvalues noted in the figure. All data
are mean + SD.
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Extended Data Fig. 7. Identification of EL4-hCD19 cells and CAR T cells.
a, Validation of EL4 thymoma cell line expressing human CD19 (EL4-hCD19) with the

deletion of its intracellular domain. b, Percentages of CD8" T cells retrovirally transduced
with a chimeric antigen receptor (CAR) containing a portion of hCD19 single chain variable
fragment (ScFv) fused with signaling domains of mouse CD28 and mouse CD3(, sequence
(with first and third ITAMs of the CD3C molecule inactivated) before and after cell sorting
were assessed by the staining with anti-Thy1.1 antibody. ¢, Transcript of Sus@2in CAR T
cells that have been electroporated with scrambled gRNA(sgRNA) or Susd2 gRNA-Cas9
nucleoprotein (RNP) complex, sgRNA versus SusdZ gRNA (P=0.0010). ¢, n= 3. a-c, data
are representative of two independent experiments. Statistical significance was determined
by two-tailed, unpaired Student’s #test (c) with Pvalues noted in the figure. The data
represent mean + SD.
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Effector CD8* T cell
IL-2Ra IL-2Ra

SUSD2

Yy chain

IFN-y, GzmB, TNF

effector function &< STATS
signaling

Antitumor immunity

Extended Data Fig. 8. A model for an inhibitory role of SUSD2 in effector CD8" T cell antitumor
immunity by modulating IL-2R signaling.

The present study has identified SUSD?2 as a negative regulator of I1L-2-mediated effector
CD8™ T cell functions and antitumor immunity. Both SUSD2 and IL-2Ra chain (IL-2Ra.)
contain the sushi domain (SD). Genetic ablation of SUSD2 (Susd2") leads to elevated
IFN-vy, GzmB and TNF production in effector CD8* T cells and improved tumor growth
control in multiple syngeneic tumor models. Mechanistically, SD-dependent interaction
between SUSD2 and IL-2Ra competitively inhibits IL-2-1L-2Ra. binding, leading to an
attenuated IL-2R signaling. Therefore, SUSD2 represents a promising therapeutic target
of tumor immunotherapy. Green and red arrows indicate promoting and inhibiting effect,
respectively.
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Figure 1. Genetic deletion of Susd2 results in improved antitumor immunity.
a-c, Tumor growth at day 7, 9, 11, 13,15, 17, 19 and 21 post inoculation with MC38

(a), EG7 (b) or B16-OVA (c) tumor cells in wild-type (WT) and Susd2™~ mice. Dotted
lines, values from individual mouse; solid lines, mean values. d,e, Uniform manifold
approximation and projection (UMAP) of intratumoral CD45™ cells (d) and quantitation
of each cell type () in WT and SusdZ™'~ mice at day 18 post-inoculation with MC38
tumors. d, Clusters denoted by color are labeled with inferred cell types. f,g, UMAP

(f) and quantitation (g) of intratumoral Ca8a* TrbcI* Trbe2* cells in WT and Susa2™!~
mice at day 18 post-inoculation with MC38 tumors. f, Clusters are labeled with inferred
intratumoral CD8* cell subtypes. h,i, Heatmap of differentially expressed genes between
WT and Susa2”'~ intratumoral CD8* cells (h) and violin plots showing /fngand Gzmb
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expression in WT and Susa2”'~ intratumoral CD8" cells (i) from mice as in d,e. j, Gene
Ontology (GO) enrichment in WT and Susa2~ intratumoral CD8* cells from mice as

in d,e. Hypergeometric test was used for functional enrichment in Enrichr. All P-values
were Benjamini-Hochberg adjusted for multiple comparisons. a, 7= 10; b, n=7; ¢, WT,
n=6, SusdZ”!~, n=7. Data in a-c are representative of four independent experiments.
Statistical significance was calculated with two-way ANOVA followed by Tukey's multiple
comparisons test with Pvalues noted in the figure (a-c). d-j, are representative of two
independent experiments.
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Figure 2. Enhanced antitumor response in Susd2™/~ mice depends on CD8* cells.
a,b, Flow cytometry analysis showing percentage of CD4* and CD8* T cells

CD25*"Foxp3* Treg cells (b) in MC38 subcutaneous tumor isolated from WT

(a) and
or Susdz™~

mice at day 18 post-tumor inoculation (a,b). c-e, Flow cytometry analysis showing
intracellular accumulation of IFN-y, GzmB and TNF-expressing intratumoral CD8* T cells
in MC38 (c), EG7 (d), or B16-OVA (e) tumors isolated from WT or Susad2”/~ mice at

day 18 post-tumor inoculation. f-h, UMAP analysis (f), Volcano plot illustrat

ing differential

abundance clusters (g) and cluster-by-marker heatmap characterizing the expression patterns
of individual clusters (h) of intratumoral CD8* T cells from WT and Susd2”/~ mice at
day 18 post inoculation with MC38. i, Tumor growth in MC38-tumor bearing WT or

SusdZ~ mice injected with either control 1gG or CD8 Ab at day 0, 7 and 14
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inoculation. j-1, Tumor growth and survival in WT and Susa2”/~ mice bearing either MC38
(1), EG7 (k) or B16-F10 (I) tumor cells injected with either control IgG or PD-L1 Ab

at day 7, 10 and 13 after tumor inoculation. m, Tumor growth and survival in WT and
SusdZ™!~ mice inoculated with MC38 tumor cells and injected with control 1gG or PD-1
antibody at day7, 10 and 13 post tumor inoculation. a-d,i, 7=5; e, WT, n= 6, Susd2™~,
n=17;f-hk, n=8;1, n=7; jm, n=10. n, number of mice per group. a-e, i-m, data

are representative of three independent experiments; f-h, data are representative of two
independent experiments. Statistical significance was determined by two-tailed unpaired
Student’s #test (a-€), The Pvalue was calculated using two-sided Wilcoxon’s rank-sum
test and adjusted with Bonferroni’s correction (g), two-way ANOVA followed by Tukey's
multiple comparisons test (i, left,| left,m left), or Log-rank (Mantel-Cox) test survival
analysis (j right,I right,m right,) with Pvalues noted in the figure. The data represent mean
+ SD.
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Figure 3. Susd2™/~ cD8* cells exhibit increased antitumor effector function and survival.
a-c, Transcript (a,b) and protein (c) of SUSDZ2in various immune cell types isolated from

mouse spleen (a) or human PBMCs (b,c). d-g, Transcript (d-f) and protein (g) of SUSDZin
sorted mouse CD8* T cells, mouse CD4* T cells and human CD8" T cells that have been
left untreated or stimulated with CD3-CD28 Abs. h, Expression of Susa2transcript in CD4*
and CD8* T cells isolated from either spleen or tumor tissue in mice bearing MC38 tumor.
i-k, Representative flow cytometry analysis showing IFN-y*CD8* T cells, GzmB*CD8*

T cells and TNFYCD8™ T cells in OVA,57.064 stimulated splenocytes isolated from WT

or SusdZ™!~ OT-1 mice at day 0, 2 and 3. I, Flow cytometry analysis showing annexin V*7-
AAD*CDS8* T cells in OVAys57.264 Stimulated splenocytes isolated from WT or Susd2™/~
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OT-I mice at day 3. m, /n vitrokilling of OVA»57.064 peptide-pulsed MC38 (upper), EG7
(middle) and B16-OVA (lower) cells by WT or Susad2~ OT-1 T cells after co-culture for 4
h. n, Tumor growth in EG7 bearing mice post transferred with PBS, OVA257.064 primed WT
or Susd2”'= OT-1 T cells. 0-g, Flow cytometry analysis showing Thy1.2*CD8* T cells, IFN-
v*CD8* T cells, GzmB*CD8" T cells, TNF*CD8* T cells, TCF-1*PD-1*CD8" T cells and
Tim-3*PD-1*CD8" T cells in EG7 isolated from OVA57.264 primed WT or Susd2™/~ OT-1
T cells transferred tumor bearing mice at day 18 post tumor inoculation. TCF-1*PD-1*CD8"*
T cells were gated from PD-1*CD8* T cells. a,b,d-f,h-m, n=3; n-q, 7=5. n, number of
mice per group. a-h,n-q, data are representative of three independent experiments; i-m, data
are representative of four independent experiments. Statistical significance was determined
by one-way ANOVA followed by Tukey’s test (a,b,d-f), two-tailed unpaired Student’s #test
(1,0-q), or two-way ANOVA followed by Sidak’s multiple comparisons test (h-k,m) or
Tukey's multiple comparisons test (n) with Pvalues noted in the figure. The data represent
mean = SD.
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Figure 4. SUSD2 interacts with IL-2Ra via its sushi domain.
a, LC-MS/MS of Susd2-interacting proteins in Susd2-containing protein complex

immunoprecipitated from Susd2”/~ OT-1 T cells reconstituted with either V5-tagged mouse
Susad2 or empty vector (PSMs, peptide-spectrum matches). b, Schematic domain structure
of SUSD2 and IL-2Ra, SP, signal peptide, SD, sushi domain, TM, transmembrane domain.
¢,d Immunoblotting of IL-2Ra., IL-2Rp or common y chain (c) and IL-15Ra (d) in Susd2
precipitates immunoprecipitated from Susa2~ OT-I T cells reconstituted with either empty
vector or VV5-tagged mouse SusaZ. e,f, Immunaoblot analysis of V5-SUSD2 and Flag-IL-2Ra
in V5-SUSD?2 or Flag-IL-2Ra precipitates immunoprecipitated from 293T cells transfected
with V5-SUSDZ2 and Flag-/L2RA. g, Immunofluorescence of 293T cells transfected with
mCherry-SUSD2 and eGFP-IL2RA at 48 hours after transfection. h, Immunoblot analysis
of SUSD2 and IL-2Ra in V5-SUSD?2 precipitates immunoprecipitated from Jurkat T

cells transduced with either VV5-SUSDZ2 or empty vector. i, Immunoblot analysis of V5-
SUSD2FL, V5-SUSD22SD and Flag-11-2Ra in V5-SUSD2FL or VV5-SUSD22SD precipitates
immunoprecipitated from 293T cells transfected with V5-SUSD2L, \/5-SUSD2A5P and
Flag-//2ra. j, Immunoblot analysis of VV5-SUSD2, Flag-IL-2Ra., Flag-1L-2RaSP? and Flag-
IL-2RaSP? in VV5-SUSD?2 precipitates immunoprecipitated from 293T cells transfected
with V5-SUSD2, Flag-1/2RA, Flag- 1I2RARSPL and Flag-/12RAPSDZ. &, n= 4. Bars show
medians and symbols show individual mice. Statistical significance was determined by
two-tailed unpaired Student’s #test with Pvalues noted in the figure. Data in a are from two
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independent experiments; c-j, data representative of three independent experiments. The data
represent mean = SD. WCL, Whole cell lysate, EV, Empty Vector.
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Figure 5. SUSD2 impairs CD8™ cell effector function by attenuating IL-2Ra. signaling.
a,b, Flow cytometry analysis of phosphorylated STATS (p-STAT5) (a) and intracellular

GzmB (b) in OVA57.264-primed WT or Susa2/~ OT-1 T cells rested overnight and then
stimulated with IL-2 (100 U/ml), IL-7 (5 ng/ml) or IL-15 (10 ng/ml) for 0, 30, 60, 120
and 240 minutes. c-e, Flow cytometry analysis of intracellular IFN-y (c), GzmB (d) and
cell apoptosis (e) in WT or Susd2’~ OT-1 T cells stimulated with 200 ng/ml OVA57-264
(suboptimal dose) for 48 hours. f, Flow cytometry analysis of IL-2Ra expression in
OVA57.064-stimulated WT or Susd2”= OT-1 T cells. g, Flow cytometry analysis of
binding of biotinylated IL-2 on 293T cells overexpressing SUSDZ2 and/or /L2RA. h, Flow
cytometry analysis of biotinylated IL-2 binding to WT or Susd2”~ OT-1 T cells treated

or not with unconjugated IL-2. a-h, 7= 3. n, number of mice per group. a,b,g,h, data
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are representative of three independent experiments; c-f, data are representative of four
independent experiments. Statistical significance was determined by two-way ANOVA
followed by Sidak’s multiple comparisons test (a-h) with Pvalues noted in the figure. The
data represent mean = SD.
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Figure 6. SUSD2-1L-2Ra interaction impairs antitumor effector function of CD8* T cells.
a, Flow cytometry analysis of GFP in OVA57.264-primed Susd2~ OT-I T cells transfected

with EV-GFP or SUSD2FL-GFP. b-d, Flow cytometry of IFN-y*CD8" T cells (b),

GzmB*CD8* T cells (c) and annexin-V*7-AAD*CD8* T cells (d) in OVA57.64-stimulated
SusdZ™!= OT-1 T cells retrovirally transduced with EV-GFP, SUSD2FL-GFP or SUSD2ASD-
GFP. e,f, Binding of biotinylated IL-2 assessed by streptavidin staining (e) and STAT5
phosphorylation (f) in OVAs57.264-primed Susa2= OT-1 T cells retrovirally transduced with
EV-GFP, SUSD2FL-GFP or SUSD22SP-GFP and stimulated with biotin-conjugated 1L-2

for 1 h following overnight resting post-transduction. g, Tumor growth in EG7-bearing
Thy1.1 congenic mice at day 2, 4, 6, 8, 10, 12 and 14 post PBS treatment or post-transfer
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with Susd2”= OT-1 T cells transduced with EV-GFP, SUSD2FL-GFP or SUSD2ASP-GFP.
h-j, Frequencies of Thy1.2*CD8" T cells, IFN-y*CD8* T cells, GzmB*CD8* T cells,
TNF*CD8* T cells (h), TCF-1*PD-1*CD8™ T cells (i) and Tim-3*PD-1*CD8™" T cells (j)

in EG7 tumors isolated at day 18 post EG7 inoculation from Thy1.1 mice that received
SusaZ”= OT-1 T cells transduced with EV-GFP, SUSD2FL-GFP or SUSD22SP-GFP at

day 7 post EG7 inoculation. a-f, n=3; g-j, 7=5. n, number of mice per group. a-f,

data are representative of five independent experiments; g-j, data are representative of

three independent experiments. Statistical significance was determined by two-way ANOVA
followed by Tukey's multiple comparisons test (b,c,f,g) or one-way ANOVA followed by
Tukey’s test (d,e,h-j) with Pvalues noted in the figure. The data represent mean + SD.
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Figure 7. Deletion of Susd2 improves antitumor efficacy of CAR T cells.
a, Tumor growth and survival in EL4-hCD19 tumors-bearing Rag2/~ mice that received

adoptive transfer of WT or Susd2”/~ CAR T cells at day 7 post tumor inoculation. b-e,
Frequencies of IFN-y*CD8* T cells, GzmB*CD8* T cells, TNF*CD8" T cells (b), annexin
V*7-AAD*CD8* T cells (c), PD-1*CD8™" T cells (d) and LAG3*CD8* T cells (e) in EL4-
hCD19 tumors isolated from Rag2”~ mice that received WT or SusdZ'~ CAR T cells

at day 18 post tumor inoculation. f, Tumor growth and survival in EL4-hCD19-bearing
RagZ™'~ mice that received CAR T cells containing either scrambled gRNA (sgRNA) or
Susd2? gRNA at day 7 post tumor inoculation. g-i, Frequencies of IFN-y*CD8* T cells,
GzmB*CD8* T cells, TNF*CD8™" T cells and IL-2*CD8* T cells (g), TCF-1*PD-1*CD8*
T cells (h) and Tim-3*PD-1*CD8" T cells (i) in EL4-hCD19 tumors isolated from

RagZ™"~ mice transferred with sgRNA or Susa2 gRNA CAR T cells at day 18 post tumor
inoculation. a, n=5-7; f, n=5-8; b-e, g-i, 7= 5. n, number of mice per group. a-e,

data are representative of three independent experiments; f-i, data are representative of

two independent experiments. Statistical significance was determined by two-way ANOVA
followed by Tukey's multiple comparisons test (a,f, top), Log-rank (Mantel-Cox) test
survival analysis (a,f, bottom) or two-tailed unpaired Student’s #test (b-e,g-i) with Pvalues
noted in the figure. The data represent mean + SD.
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