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Abstract

Gamma delta (y3) T cells play a crucial role in anti-tumor immunity due to their cytotoxic
properties. However, the role and extent of yo T cells in production of pro-tumorigenic interleukin-
17 (IL-17) within the tumor microenvironment (TME) of colorectal cancer (CRC) remains
controversial. In this study, we re-analyzed nine published human CRC whole-tissue single-cell
RNA sequencing (scRNA-seq) datasets, identifying 18,483 yo T cells out of 951,785 total cells, in
the neoplastic or adjacent normal tissue of 165 human CRC patients. Our results confirm that
tumor-infiltrating yd T cells exhibit high cytotoxicity-related transcription in both tumor and
adjacent normal tissues, but critically, none of the yd T cell clusters showed IL-17 production
potential. We also identified various yd T cell subsets, including Teff, TRM, Tpex, and Tex, and
noted an increased expression of cytotoxic molecules in tumor-infiltrating yo T cells compared to
their normal area counterparts. Our work demonstrates that yo T cells in CRC primarily function
as cytotoxic effector cells rather than IL-17 producers, mitigating the concerns about their potential
pro-tumorigenic roles in CRC, highlighting the importance of accurately characterizing these cells
for cancer immunotherapy research and the unneglectable cross-species discrepancy between the
mouse and human immune system in the study of cancer immunology.

Introduction

v6 T Cells in Colorectal Cancer: An Introduction

T lymphocytes are pivotal to adaptive immunity, specializing in initiating targeted immune
responses against diverse antigens. Most T cells in the human body are alpha beta T cells (af T
cells), whose T-cell receptors (TCRs) are composed of an o chain and a § chain. These cells rely
on the major histocompatibility complex (MHC) in other cells to present antigens for TCR binding
and subsequent activation'. Gamma delta T cells (Y5 T cells) are a less common population with a
TCR composed of y and § chains?. y8 T cells typically account for less than 5% of T lymphocytes
in the blood, but this proportion is higher in subcutaneous tissue®, as well as the mucosa of the
intestinal®, respiratory®, and urogenital tracts®.

Activation of yd T cells can occur through a TCR-dependent process like that of their of
counterparts but without MHC-mediated antigen presentation. The V32 subset recognizes
phosphoantigens modified by the BTN2A1-BTN3A1 complex’. Non-V32 TCRs recognize CD1
family members and MR 1, and are not necisarily antigen dependent®. Natural killer (NK) receptors
including NKG2D, NKp30, and DNAM-1 on the yo T cells surface recognize MICA/B, ULBP,
B7-H6, and Nectin-like-5°, allowing them to be activated in a TCR-independent, innate-like
manner'®. These unique antigen recognition properties endow y8 T cells with significant potential


https://doi.org/10.1101/2024.07.18.604156
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.18.604156; this version posted July 19, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

to maintain homeostasis'! and execute anti-tumor immune responses'>!*. They have been observed
to infiltrate various tumor types, including rectal'*, breast', pancreatic'®, kidney'’, and colorectal
cancers (CRC)'®!, exhibiting anti-tumoral cytotoxicity and regulatory effects in co-culture
experiments in vitro’* 2 in vivo animal models*®’, and functional assays on patient-derived y&
T cells***!. y§ T cells can recognize and lyse cancer cells, which often exhibit MHC deficiencies
or abnormalities*?, in an MHC-unrestricted manner by producing classical cytotoxic molecules
like granzyme B and perforin through direct contact via death receptor signaling?>*-%,

CRC is the third most frequently diagnosed cancer and the second leading cause of cancer deaths*>~
47 It is confined to the colon or rectum and is marked by the abnormal growth of glandular
epithelial cells*®. Surgery is the primary treatment strategy for advanced CRC, but 71.2% of
advanced CRC patients recur within two years after surgery, and the five-year survival rate is only
34.7%*. The invention of chimeric antigen receptor-T (CAR-T) cells dramatically shifts the
paradigm of cancer therapy, especially malignancies like leukemia and melanoma®'. However,
their efficacy in solid tumors like CRC is limited by poor tumor trafficking and infiltration, the
presence of an immunosuppressive TME, and adverse events associated with such therapy>'-2.
Given the association of yo T cells with antitumor activity in various cancers, including CRC,
which occurs in the colon—one of the most abundant sites of yd T cell residence—yd T cells have
been explored and engineered as an anti-tumor strategy against CRC. Current engineered yo T cell
therapies exhibit significantly enhanced potential to achieve a targeted cell elimination and
produce cytokines, leading to more substantial decreases in tumor size and inhibition of tumor
progression compared to non-engineered y5 T cells>~°,

The Controversy Around yo T Cells’ Pro-Tumoral Effect on Human Colorectal Cancer
There is debate over the potential pro-tumoral activities of human yo T cells motivated by their
apparent production of interleukin-17 (IL-17). IL-17 can promote epithelial-mesenchymal
transition, enhance tumor survival, and attract myeloid-derived suppressor cells (MDSCs) to
establish an immunosuppressive environment conducive to tumor growth®’. In 2014, the first
evidence emerged purporting that tumor-infiltrating yd T cells producing IL-17 (hereafter: y6 T17),
but not T helper17 (Th17) or cytotoxic T cells producing IL-17 (Tc17), are the major IL-17A
(hereafter: IL-17)-producing cells in human CRC>®. Wu et al. used flow cytometry to show that
the percentage of IL-17A"CD3" cells in the CD45" population increased from 1.48% in normal
tissue to 6.98% in tumor tissue. Gating of the CD3" T cells into CD8, CD4, and TCRYd populations
revealed a higher proportion of IL-17A" cells among TCRy3" T cells compared to CD8" and CD4"
T cells. Wu et al. also showed that cytokines from yo T17 cells enhance the attraction, growth, and
survival of MDSCs using transwell co-culture assays, reporting less T cell proliferation, less IFN-
v production, and increased MDSC migration. In 2017, the same group published another paper
on tumor-infiltrating CD39" y§ Tregs in human CRC>® and reported IL-17 production in CD39*
vo Tregs. In 2022, following these lines of evidence, Reis et al. performed scRNA-seq paired with
v8 scTCR-seq on sorted anti-TCRy3'CD3" T cells isolated from human CRC patients®. Reis et al.
found 2 tumor-infiltrating cell clusters in humans enriched with CD9 and LGALS3, genes
identified by others as markers of murine IL-17 producing y3 T®'. Their subsequent experiments
in mice showed that it is mainly the PD-1" 8 T cells that produced IL-17.

However, there is evidence that contradicts the assertion that yd T17 cells exist in high abundance
in human CRC tissue. Although the presence of yd T17 is supported by strong evidence in murine
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CRC models'*%2% and reviewed in detail elsewhere’®’!, there is growing consensus that, in
contrast to mice, Y8 T17 cells are not present in significant numbers in the healthy human colon’*
>, While y8 T17 cells have been observed in other human diseases in very small amounts’®7°,
studies on CRC suggest their presence is statistically insignificant. For instance, Meraviglia et al.
evaluated the CRC-infiltrating yd T cells’ ability to secrete I1L-17, IFN-y, and TNF-a upon the
stimulation of ionomycin and PMA in vitro using different FACS gating strategies'S. The result
showed that most CD45" IL-17" cells in both CRC and adjacent normal tissues were CD3" aff T
cells while the yo T cells were producing IFN-y. Additionally, Amicarella et al. performed IL-17
staining by immunohistochemistry on 1,148 CRC tumors and used flow cytometry to examine the
phenotypes of IL-17-producing cells, and they found less than 1% of these cell types showed

evidence of IL-17 production'.

The consequences of this controversy over the presence of pro-tumor, IL-17 producing yo T cells
in CRC are far-reaching and have implications for the development of yo T cell-targeting CRC
therapies. Based on the current evidence, we hypothesized that yo T17 cells do not represent a
meaningful, naturally occurring population of y8 T cells in human CRC. Motivated by the
approach of previous studies that characterized the IL-17-producing behavior of yo6 T cells using
scRNA-seq, we sought to determine whether IL-17 transcription can be identified in yo T cells by
analyzing and integrating whole tissue human CRC data across nine published studies. Our
approach involved a detailed examination of the cell clusters in Reis et al.’s study that expressed
genes related to IL-17-producing yd T cells. Subsequently, we analyzed scRNA-seq datasets from
flow cytometry-sorted, purified lymphoid cell populations to establish reliable transcriptomic
markers for yd T cells. Finally, we analyzed multiple published human CRC scRNA-seq datasets
to computationally isolate yd T cells and assess their potential to produce IL-17 (Figure 1A).

Results

Previously Identified Human IL-17-Producing y0 T Cell-like Cells Identified Lack
Expression of Genes Characteristic of IL-17 Production

In their work, Reis et al. stated that “...tumor-infiltrating yo T cells shown an overall increased
cytokine signature (gene ontology: 0005126), including IL-17—producing yo T cell-related genes,
such as enriched in clusters 2 and 5, when compared with cells isolated from adjacent nontumor
areas®’.” We obtained the unaltered expression matrix and cluster annotation from Reis et al.’s
original paper and queried the IL-17-producing related genes in each of the clusters. Specifically,
we examined IL-17 production from three perspectives: (1) the detectable transcripts of the IL-17
cytokine family, (2) the expression of members in the transcriptional complex of IL-17%, and (3)
previously identified features used as indicators of IL-17 production potential, or the gene ontology
for the calculation of an “IL-17 score” used by Sanchez Sanchez et al.®! and Tan et al®!.

Surprisingly, clusters 2 and 5 exhibited very low levels of IL17A, IL17F, master transcription
factor RORC, and other genes important to IL-17 transcription, such as IL23R%2, CCR6*, and
MAF? (Figure S1A-B). While IL-17 expression could be hard to capture in the scRNA-seq data,
depending on the sensitivity of the platform, RORC transcripts were prevalently captured in other
studies that generated scRNA-seq data in known IL-17-producing cells like T helper 17 (Th17),
Mucosal-associated invariant T (MAIT) cells, and innate lymphoid cell (ILC)%*#¢. Given that
RORyt, encoded by RORC, is needed for the transcription of IL-177%, the missing RORC is likely
not due to the technical limitation of scRNA-seq, raising a question about IL-17 production in
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clusters 2 and 5. Indeed, the annotation of IL-17—producing yo T-like cells by Reis et. al is based
on the expression of two genes, CD9 and LGALS3, two features of a murine Y617 subset from
previous studies.

In cluster 4, marginal IL-17A and RORC expression was noted (Figure S1A-C). However,
these cells also expressed helper T cell features like CD40LG and CXCRS, regulatory features
like CTLA4 and IL2, immune activation markers such as OX40 and TNF, and a low level
of CD4, features characteristic of TCRaf Tth/Treg cells. Notably, these cells did not express the
classical y0 T marker TRDC, showed almost no productive TCRYd chains in the scTCR-seq, and
had marginal TRBVS5-1 and TRBV20-1 expression, likely indicating TCRaf identity (Figure
S1C). Moreover, despite using a seemingly reasonable CD3"TCRy8'TCRaf™ gating strategy,
Reis et al. found abundant TRBV6-1 and TRBV21-1 transcripts in TRDC clusters 7 and 8. This
results together with dropout of TCRyd-seq in these cluster raises questions of the purity of yo T
cells in their study.

Creating a Reliable Gene Set for Classification of yo T in scRNA-seq

After we examined Reis et al.’s data, we asked how yd T cells in other scRNA-seq studies behave.
To accurately identify them in the CRC microenvironment, we needed to establish reliable yo T
transcriptomic markers. Typically, TRGC1/2, TRDC, and TRDV1/2/3 are used as marker genes
for yo T cells, both in studies with manual cell type annotation and with auto-annotators like
CellTypist®’?!. Recently, Zheng Song et al. developed a TCR module scoring strategy based on
all mappable constant and variable aff and Y& TCR genes®>. However, given the plasticity of T
cells, the CRC yd T phenotype can be dramatically influenced by the complex environmental cues
in the TME.

Instead of using an inclusive list of y3 T surface molecules, secreted cytokines, and differentially
expressed genes from individual studies—which may not be fully captured in a single sequencing
run or may be partially inactive in the TME considering the limited knowledge about CRC yo6 T
cells—we developed a concise set of core features specific to CD3 and the yo TCR. Our criteria
included a critical review of the existing literature, re-analysis of scRNA-seq data from tumors
which had been flow cytometry-sorted before sequencing, and reanalysis of tumor data with paired
with scTCR-seq, allowing us to combine multiple orthogonal lines of experimental evidence to
establish our new set of reliable yo T cell markers. Due to the limited access to human tissues and
the cost of such experiment procedures, datasets that meet such requirements and are publicly
available are not common. One of them is provided by Gheradin et al., who conducted scRNA-seq
with paired scTCR-seq (both off and y8) on sorted anti-CD3" T cells isolated from human Merkel
cell carcinoma!’, and another is provided by Rancan et al., who performed scRNA-seq paired with
TCRop-only scTCR-seq on the anti-CD3" T cells isolated from human kidney cancer®”.

TRDC, the T Cell Receptor Delta Constant region, has long been used as a yd T marker in scRNA-
seq analysis. Even for cells that have passed the gating of CD3"TCRyd" in pre-sequencing flow
cytometry but are TRDC" in the scRNA-seq count matrix, it is common practice to exclude them
from downstream analysis!”"!. Cells from Gheradin et al that do not express TRDC also have no
TRD chain captured (Figure S2A). The finding of productive TRA/TRB chains in these TRDC"
cells further supports the idea that they are more likely aff T cells (Figure S2A). Similarly, in
Rancan et al.'s kidney cancer T cell data, the loss of TRDC highly correlates with the detection of
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productive TRA/B chains (Figure S2B). Therefore, we posit that TRDC is a canonical
transcriptional marker for yo T cells, and T cells without TRDC expression are less likely to be
actual yo T cells and cannot be reliably classified as yo T cells by RNA expression alone.

The CD3 complex transmits the activation signal into the T cell. The high and consistent
expression of all four CD3 subunits—CD3D, CD3E, CD3G, and CD247 (CD3Z)—in cell clusters
distinguishes yo T cells from their lymphoid relatives like NK and ILCs, which share similar early
developmental trajectories and cellular programs with y3 T cells®**>. Therefore, it is not surprising
to see NK and ILCs also highly express TRDC RNA® and occasionally show expression of
cytoplasmic CD3s%*%’. However, scRNA-seq analysis of CD3"* T cells showed they are usually
CD3D/E/G/Z quadruple positive, while NK/ILC only express parts of them at low levels (Figure
S2C). Thus, the co-expression of all four CD3s is a strong indicator of T cell identity, which aligns
with flow cytometry results®®. Taken together, we conclude that the combination of CD3D, CD3E,
CD3G, CD247, and TRDC constitute a reliable, minimal set of marker genes to distinguish yo T
cells from unsorted whole tissue scCRNA-seq.

v6 T Cells in Human Colorectal Cancer Do Not Have Phenotypic Characteristics of I1L-17
Production

Having established a reliable set of markers for classifying y6 T cells in human CRCs, we
developed a data integration workflow to assess the presence and function of these cells in a
comprehensive survey of the human CRC scRNA-seq dataset (Figure 1A). We searched for
publicly available scRNA-seq datasets from treatment naive CRCs in indexed journals and Gene
Expression Omnibus, and we obtained 15 published human CRC whole-tissue scRNA-seq datasets
collected from patients of varying genders, ages, tumor stages, and tumor locations for analysis.

In each study, cell clusters that highly co-expressed CD3D, CD3E, CD3G, CD247, and TRDC
were identified as yo T cells. Distinct y0 T cell clusters with more than 50 cells were identified
from 9 studies that provided raw counts. A total of 18,483 yd T cells were identified from the
neoplastic and adjacent normal tissues of 165 human CRC patients and integrated (Figure S3A).
The integrated data includes yo T cells sampled from a diverse range of age, sex, and sampling
sites, providing insight into their common behavior in human CRC (Figure S3A). Note that
GSE161277 sampled both carcinoma and adenoma tissue, which allowed us to assess IL-17
production in adenoma as well as carcinoma samples.

As we checked the gene expression of 3 sets of IL-17-producing features in Reis et al.’s clusters,
we also examined their expression in the integrated yo T cells (Figure 2). First, none of the
identified TRDC" y8 T cells exhibited significant (>1% of the cluster) IL-17A-F expression
(Figure 2C). We next assessed expression of the IL-17 master transcription factor RORC**!! and
other components of the transcriptional complex, such as RUNXI1, IRF4, BATF, KLF4, and
STAT3(Figure 2C)*°. RORC, RUNXI1, and KLF4 were undetectable in all y8 T cells. IRF4 was
marginally expressed in exhausted T cells (Tex), and BATF was moderately expressed in non-
memory-like populations. STAT3 was universally expressed in all yo T cells. Although there are
activities of IRF4, BATF, and STATS3, these transcription factors are involved in multiple
signaling pathways and are not specific to IL-17 production!®*~!%, The absence of RORC—which
is required for the IL-17 production’®, highly expressed in IL-17-producing human T cells, and
commonly detectable by scRNA-seq®>*—in all y5 T cells across all 9 studies suggests that RORC
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is truly not expressed and that this result is not due to technical dropouts or temporary
transcriptional quiescence. Finally, we queried the expression of IL-17 secretion-related features
from other groups, summarized by Sanchez Sanchez et al.*! and Tan et al.%!, including IL23R%?,
CCR6%, MAF®, and AHR!%, which are strong indicators of a cell’s IL-17-producing identity.
These markers were also all absent in the yo T cells in our combined dataset (Figure 2C).

Human Colorectal Cancer-Related Y6 T Cells Are Heterogeneous

Having generated a comprehensive dataset of yd T cells subjected to scRNA-seq and found no
evidence for IL-17 production, we leveraged our dataset to classify the subtypes and potential
functions (Figure 2A). We identified four distinct subtypes of yd T cells in our integrated dataset:
poised effector-like T cells (Teff), tissue-resident memory T cells (TRM), progenitor exhausted T
cells (Tpex), and Tex.

Teff cells exhibited classical signs of effector function, such as differentiation marker KLRG1,
FcyRlIIla receptor FCGR3A (common in macrophages, NK cells, and yo T cells), fibroblast growth
factor binding protein 2 FGFBP2 (related to cytotoxicity), and transcription of classical and well-
studied molecules TNF, IFNG, and GZMK. They also expressed the transcription factor T-bet,
which guides effector differentiation, and had low IL7R (CD127), indicative of a limited lifetime
(Figure 2B). The limited expression of integrin ITGAE and ITGA1 suggested a reduced degree of
anchoring to neighboring cells, while the absence of selectin-L (SELL) and CCR7 hinted that these
cells were not likely to enter circulation and home back to the lymph nodes, indicating they were
likely poised in the tumor. Indeed, the genes expressed by these poised cells greatly resembles the
previously reported CD69 ITGB2* TRM, bona fide TRM cells that are also IL7R and ITGAE %

The poised Teff cells could be further divided into a more effector-like population (Teff 1) and a
more quiescent, TRM-like population (Teff 2) (Figure 2B). Teff 1 uniquely transcribes KLRFI,
related to NK cell cytotoxicity, KLRK1 (NKG2D), mediating TCR-independent activation in yo
T cells, and CX3CR1, indicating differentiation during the effector phase and robust cytotoxicity
in antiviral immunity. Teff 2 shows higher ITGA1 and marginal levels of ID3, implying the start
of a tissue residency program. It uniquely expressed heat shock proteins HSPA6 and HSPA1A,
and stress response genes DNAJA4 and DNAJB1!07:108,

The TRM population is characterized by high expression of ITGAE and ITGA1 and low
transcription of CCR7, SELL, S1PR1, and KLF2, implying limited circulation ability (Figure 2B).
We further divided TRM based on differential IL7R expression following previous literature!®. A
higher portion of TRM found in carcinoma tissue is IL7R", while it is mainly IL7R” TRM in normal
and adenoma tissue. IL7R" TRM has higher KLRC1, encoding the NK cell inhibitory receptor
NKG2A, which binds HLA-E and transmits inhibitory signals that impair NK cell function''®. The
IL7R” TRM has higher FCER1G, marking innate-like af T cells with cytotoxic and tumor-
infiltrating potential''!. Both TRM populations showed low transcription of TNF and IFNG.

Tpex cells, which emerge during chronic infections or in tumor environments, are a subset of
memory-like T cells exhibiting the hallmarks of Tex cells''*!!3. They retain the ability to
proliferate and differentiate into Tex cells under repetitive antigen stimulation, sustaining a
reduced but persistent immune response against antigens that the body has failed to clear!!%!!4,
Tpex cells are marked by partial expression of exhaustion markers such as HAVCR2 (TIM-3),
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LAG3, TIGIT, and CD244 (2B4) (Figure 2B). Importantly, they express TCF7 (TCF-1),
highlighting their differentiation potential. The moderate expression of IL7R adds to their
memory-like longevity. They also uniquely and highly express XCL1, the ligand of XCRI1, a
receptor confined to myeloid dendritic cells (DC), suggesting enhanced interaction with DCs. This
aligns with previous descriptions of their function!'>. Additionally, Tpex cells display high tissue
residency markers ITGAE/ITGA1, FCERIG (correlating with tumor infiltration and effector
function), and T cell activation markers TNFRSF9 (4-1BB), which is associated with higher
exhaustion marker expression and poorer patient survival in clear cell renal cell carcinoma'!'®!!’.

Two Tex subsets were identified from our integration of yd T cells. Both subsets exhibited a range
of exhaustion markers, including PDCD1 (PD-1), CTLA4, HAVCR2 (TIM-3), LAG3, and TIGIT
(Figure 2B). Despite these markers, cytotoxic molecules such as GZMB, NKG7, PRF1, and IFNG
persisted in these cells. Tex 1 cells are actively proliferating, indicated by their expression of
MKI67, TOP2A, and other cell cycle-related genes such as TUBA1B, MCM3, MCMS5, and
MCMB6. In contrast, Tex 2 cells uniquely expressed IKZF2 (Helios), a transcription factor found
in Tregs, where its deficiency downregulates Foxp3 and adopts a more effector-like function'!®,
specific to murine intraepithelial 8 T cells'!®. It also shows increased levels of ZNF683 (Hobit)
and PRDM1 (Blimp-1), transcription factors associated with effector function and exhaustion.
Hobit, the homolog of Blimp-1, is shown in humans to necessarily and sufficiently induce IFN-y
expression but has no apparent effect on Granzyme B expression'?’. Together, Hobit and Blimp-1
can regulate the TRM fate selection of Teff cells by retaining the TRM precursors in the tissue at

the early stage of infection'?!,

Although Tex 2 cells lack FOXP3 and IL2RA transcription, they resemble Tregs in their high
expression of CTLA4, a well-studied inhibitory receptor in the CD28 immunoglobulin subfamily.
Despite retaining GZMB and IFNG transcription, which suggests potential immunosuppressive
roles, Tex 2 cells also show strong expression of HLA-DR molecules such as HLA-DRA, HLA-
DRBS5, and HLA-DRQ. This aligns with the description of CD8" HLA-DR" regulatory T cells
observed in human PBMCs'??, which exhibit increased frequencies of IFN-y and TNFa positive
cells and higher degranulation after stimulation, contradicting the notion that they are functionally
impaired exhausted T cells. However, CD8" HLA-DR" regulatory T cells reported by Machicote
et al. are TIM-3 negative, whereas Tex 2 cells strongly express all exhaustion markers'?*. Thus,
we conclude that Tex 2 cells are indeed exhausted T cells with some regulatory functions.

Non-Exhausted Tumor-Infiltrating yo T Cells Produce More Cytotoxic Molecules Than
Their Normal Area Counterparts, Indicating They Act at the Frontier of Anti-Tumor
Immunity

Our data integration workflow removed variation among studies while preserving biological
differences between tumor-infiltrating y6 T cells and normal area yd T cells (Figure 2A 1).
Composition-wise, the CTLA4Me" Tex 2 subset is highly specific to tumors (Figure 2A iii).
Differential gene expression analysis (Figure 2D) revealed that tumor-infiltrating yo T cells,
regardless of subtype, exhibited higher expression of KLF2 and GZMB. KLF2 inhibits tumor cell
growth and migration in hepatocellular carcinoma (HCC), non-small cell lung cancer (NSCLC),
and clear cell renal cell carcinoma (ccRCC)'?*. In T cells, as previously discussed, KLF2 regulates
circulation and tissue trafficking. The higher KLF2 expression may indicate ex-circulating
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properties of yd tumor-infiltrating lymphocytes (TILs), suggesting they are more likely recruited
from circulation rather than migrating from adjacent tissue as TRM.

For both subsets of yo0 TRM, ZNF683 (Hobit), CD81, CD82, and IFNG expression is higher in the
tumor compared to normal tissue (Figure 2D). Hobit regulates IFNG production in humans, and
TILs co-expressing CD81 and CD82 are shown to have higher T-cell activation and cytokine
production in the NSCLC TME. Taken together, tumor-infiltrating yo TRM has enhanced effector
functions!?®. Interestingly, IL7R" vy TRM upregulates inhibitory molecules CTLA4 and PDCDI
in the TME more than IL7R" yd TRM, indicating that IL7R* TRM may sustain longer life and
provide a longer-lasting anti-tumor effect. Indeed, Poon et al.’s 37-marker panel CyTOF on CCR7
CD45RACD69" TRM shows that IL7R” TRM has higher expression of PDCD1 and TIGIT!?.

When we compared tumor Teff 1 with normal Teff 1, we observed an increased level of GNLY,
GZMB, and IFNG was accompanied by higher HAVCR2 (TIM-3) (Figure 2D). This is reasonable,
as T cells exhibit increased effector functions, including IFNy and granzyme B production, as they
progress towards exhaustion. Notably, for TRM subsets, there is a higher expression of ZG16 in
normal tissue compared to tumors. ZG16, the human zymogen granule protein 16, is mainly
expressed by mucus-secreting cells!?*!2”. As a secreted protein, ZG16 has been found to directly
inhibit PD-L1 and promote NK cell survival and proliferation'?®,

IL-17-Producing Cells in Colorectal Cancer Are Mainly CD4 Helper T Cells

Though our analysis indicated Yo T cells do not produce IL-17 in human CRC, there were T cells
in our integrated CRC scRNA-seq dataset that did produce IL-17. Thus, we sought to characterize
these IL-17 producing cells in CRC by re-analyzing the 15 published human CRC whole-tissue
scRNA-seq datasets (Figure 3A, Figure S3B). We selected cell clusters enriched with IL-17A-F
transcripts and/or RORC and integrated them (Figure S4A). We identified 22,512 cells from the
neoplastic and adjacent normal tissues of 187 human CRC patients across 9 studies (Figure 3A).
These IL-17 producers can be categorized into seven subsets: CD4 FOXP3" regulatory T cells
(Treg), CD4 central memory T cells (TCM) that expressed CCR7, SELL, IL7R, S1PR1, KLF2,
and TCF7, CD4 and CD8 TRM that did not express the aforementioned circulating markers but
are IL7R", ITGAE", and ITGA1". The remaining subsets were MAIT cells that had invariant
TRAV1-2 usage, and ILC3 cells that expressed little CD3 and uniquely expressed KIT (Figure
3B).

We noticed that ILC3 also has TRDC expression, and to investigate whether those cells are special
vd T or intrinsically have the TRDC expression just like NK cells, we examined an ILC scRNA-
seq dataset®® and confirmed the TRDC expression (Figure S2C). All seven subsets broadly and
highly express most of the three categories of IL-17 production features summarized earlier, which
strongly contrasts with yd T cells, further implying that human CRC-associated yo T cells do not
have high IL-17 production potential (Figure 3C). Most of these IL-17-producing cells were found
in tumor tissue rather than normal tissue in CRC patients, suggesting that I[L-17 production is not
maintained at baseline levels and is specific to inflammation in the human colon. Based on these
data, we assessed that in carcinoma tissue, more than 70% of the potential IL-17 producers were
CD4 helper T cells (Figure 3A iii).

Discussion
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Our study assessed the largest number of o T cells to data by pooling data from nine different
human CRC scRNA-seq studies. We showed that yo T cells in human CRC tumors exhibited high
cytotoxicity-related transcription both in tumors and adjacent normal areas. These cells could be
further classified into Teff, TRM, Tpex, and Tex subsets. Critically, none of these subsets showed
signs of active IL-17 production or production potential. Our results indicate that in the controversy
over the pro-tumor effects of yo T cells, IL-17 secreting yd T cells are likely absent in human
tumors and would not exert pro-tumor effects in human CRC as has been previously reported.
Indeed, our findings strongly show that y3 T cells in human CRC are a heterogeneous population
with many nuanced functions and subpopulations that overall exert anti-tumor cytotoxic effects.

Although we have presented evidence supporting the use of TRDC as a specific marker for yo6 T
cell identification in scRNA-seq, it is possible that Reis et al.'s TCRy§'TRDC TRGC1 TRGC2
cells with marginal IL-17A and RORC transcripts but no productive chain captured in the scTCR-
seq (i.e., cluster 4) represented an uncommon subset of yd T cells with downregulated TCR
transcription. Given that the current TCR-seq technique involves RNA sequencing that primes
RNA containing TRGC/TRDC regions, it is possible that cells with little TRDC transcription or
captured productive Y6 TCR chain are transcriptionally inactive yo T cells. This hypothesis needs
further investigation, but if true, identifying such Y517 in scRNA-seq without pre-sequencing
TCRYyd gating would be very difficult given its resemblance to TCRaf CD4 helper T cells without
any yd TCR gene module expression.

It is not clear why Wu et al. found such abundant yd T17 cells in their human samples if not due
to biological differences among patients from different cohorts. They did not show their TCRyo
gating strategy in their 2014 publication, raising questions about whether the IL-17 producers they
identified are indeed yo T cells. Rulan Ma et al. attributed the discrepancy between Wu et al. and
Meraviglia et al. to “some unknown inhibitory components in the local TME” that suppress IL-17
production®®. However, our integrative analysis of ¥ T cells from multiple sites of the colon in
different patients from different cohorts showed no sign of IL-17 production, which offers a
refutation of the hypothesis that the absence of IL-17 is due to TME-specific conditions and
reinforces the conclusion that most CRC y6 T cells do not generally exhibit such behavior.

Beyond the debate over whether human yd T cells have a high potential for IL-17 production like
their murine counterparts, McKenzie et al. suggested that human y317 cells may not be defined by
IL-17 production but by “homing molecules, activation markers, and other subset-specific surface
markers” that shape their function'?’. Nevertheless, IL-17 is an important cytokine involved in
various immune processes. If its production indeed differs between human and mouse yd T cells,
such cross-species discrepancies should be carefully addressed when performing experiments on
mouse models to gain insights into human yd T cells.

Indeed, mice models are essential for studying yd T cells and testing y6 T cell-based tumor
immunotherapy, but their immunology, particularly yd T cell development and function, differs
significantly from humans'*. In humans, CD3y deficiency still allows y5 T cell development due
to substitution by CD30, whereas mice lacking CD3y exhibit a block in yo T cell development as
their y§ TCR does not incorporate CD38'3!. This difference results in distinct functional
categorizations of mouse yo T cells, such as [IFN-y-producing and IL-17-producing cells, each with
specific expression markers and tissue localizations. In contrast, human yd T cells display broader
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functional plasticity and are involved in more diverse roles'*2. Therefore, caution is warranted in
interpreting results from mice models, as mouse yd T cell responses, especially cytokine
production, may not accurately reflect human yd T cell responses, despite experimental and
computational methods developed to address these discrepancies!**1%7,

Method

Data Collection

Human CRC whole-tissue scRNA-seq datasets were obtained from Gene Expression Omnibus
(GEO) Series GSE178341'%%, GSE200997'¥, GSE221575'%, GSE232525'*!, GSE245552'*,
GSE231559'%, GSE188711'%, GSE161277'%, GSE183916'%6, GSE201348'Y", GSE108989'48,
GSE146771'%, GSE178318"°, and PubMed PMID35773407"". Reis et al.’s data and metadata
were obtained from GSE205720%. scRNA-seq with paired scTCR-seq data on anti-CD3 gated
cells used as a reference in our integrative study was obtained from Gheradin et al.'’,
GSE223809%. scRNA-seq of ILC3 was obtained from GSE150050%. Metadata that documents
cells’ donors’ gender, age, CRC stage, and tissue origin, if not provided explicitly, was obtained
from the supplementary information of the original paper.

Quality Control and Pre-Processing

Only cells in the colon mucosa were kept. If processed data is not provided, Seurat'*? and Scanpy'>*
were used for downstream analysis. For quality control, low-quality cells were dropped based on
their low UMI counts (<500), high mitochondrial gene counts (>20%), and a low number of
uniquely expressed genes (<200). If the unprocessed data has multiple samples, data integration
was done by using Seurat. The top 3000 genes that were the most variable in as many samples as
possible were used as anchors to integrate them. 3000 variable features were calculated for the
whole dataset and used to perform the principal component analysis (PCA, 50 pcs). Leiden
clustering was performed based on the computed neighborhood graph of observations (UMAP, 50
pcs, size of neighborhood equals 15 cells) to reveal the general subtypes.

v0 T cells and IL-17 Producing Cells Selection and Integration

In each dataset, cell clusters that highly co-express CD3D, CD3E, CD3G, CD247, and TRDC were
identified as y0 T and cell clusters that express either IL17A-F or RORC were identified as
potential IL-17 producers. v clusters with more than 50 cells were identified from GSE161277,
GSE245552, GSE200997, GSE178341, GSE221575, GSE178318, GSE231559, GSE188711, and
PubMed PMID35773407. IL-17 producer clusters with more than 50 cells were identified from
GSE245552, GSE178318, GSE231559, GSE161277, GSE178341, GSE108989, GSE188711,
GSE200997, and PubMed PMID35773407. Raw counts of cells in the yo clusters of all studies
were normalized by SCTransform'>* and integrated using Seurat using 3000 variable features as
anchors.

Differentially Expressed Gene Analysis

Differentially expressed gene (DEG) analysis was performed using Monocle 3'%. This involved
fitting a generalized linear model (GLM) to SCTransform-corrected counts, employing a quasi-
Poisson distribution to account for the mean and variance in the data. The model assessed gene
expression levels of TRM and Teff, respectively, across tissue origins. The calculation procedure
is described in our previous work!>®. Briefly, for a given gene, let y; ; represent the observed
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expression level for cell i in condition j, for cell i in condition j, where i =1, 2,...,n,andj =1, 2
(two origins, tumor or adjacent normal tissue). The quasi-Poisson GLM can be written as y;; ~

QuasiPoisson(u;j, ¢), log(u;j) = X;jBj, where u;; is the expected expression level for cell i in
condition j, ¢ is the dispersion parameter, X;; is the design matrix representing covariates (e.g.,
experimental conditions, batch effects), and f5; is the vector of regression coefficients for condition

j. For each gene, the GLM is fit to the data using maximum likelihood estimation, which involves
finding the f; and ¢ values that maximize the likelihood of the observed data. A likelihood ratio

test is performed to test for differential expression between the two conditions. This compares the
likelihood of the data under the full model (with separate f8; values for each condition) to the

likelihood under the null model (with the same f; value for both conditions). Genes with g-values
below 0.05 and a log2 fold change larger than 1 were considered differentially expressed.
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Figure Caption
Figure 1: Overview of the Data Collection and Integration. Schematic of data collection,
processing, cell selection, and integration.

Figure 2: The Landscape of Human yo T Cells in Colorectal Cancer. A) 1) Uniform manifold
approximation and projection (UMAP) of yd T cells showing subsets: Teff (effector-like T cells),
TRM (tissue-resident memory T cells), Tpex (progenitor exhausted T cells), and Tex (exhausted
T cells). ii) UMAP of y5 T cells colored by tissue origin. iii) Composition of yd T cell subtypes
identified from different tissue types. iv) Composition of yo T cell subtypes in the integrated
dataset. B) Dot plot displaying the level and percentage of each yo T cell subtype expressing key
T cell features related to identity, mobility, tissue residency, cytotoxicity, and exhaustion. C) Dot
plot showing the level and percentage of each yd T cell subtype expressing IL-17 production-
related features. IL: interleukin, direct IL-17 transcript; Regulators: proteins regulating 1L-17
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transcription; Sanchez et al.: IL-17 producing features as defined by Sanchez Sanchez et al.; Tan
et al.: IL-17 producing features from Tan et al.'s mouse study, with CD9 and LGALS3 signatures
used by Reis et al. to annotate their data. D) Volcano plot of differentially expressed genes. X-
axis: gene expression level log2 fold change (log2 FC) in yd T cells found in carcinoma tissue
versus adjacent normal tissue. Y-axis: -logl10 g-value (false discovery rate) of gene's fold change
in y0 T cells in carcinoma tissue versus normal tissue. The log2 FC threshold for a gene to be
considered differentially expressed was set at 1.

Figure 3: Characterization of IL-17 Producers in Human Colorectal Cancer. A) i) Uniform
manifold approximation and projection (UMAP) of IL-17 producer cells showing subsets: Treg
(regulatory T cells), TCM (central memory T cells), TRM (tissue-resident memory T cells), MAIT
(mucosal-associated invariant T cells), Tex (exhausted T cells), and ILC3 (type 3 innate lymphoid
cells). 1) UMAP of IL-17 producer cells colored by tissue origin. iii) Composition of IL-17
producer cell subtypes identified from different tissue types. iv) Composition of IL-17 producer
cell subtypes in the integrated dataset. B) Dot plot displaying the level and percentage of each IL-
17 producer cell subtype expressing key T cell features related to identity, mobility, tissue
residency, cytotoxicity, and exhaustion. C) Dot plot showing the level and percentage of each IL-
17 producer cell subtype expressing IL-17 production-related features. IL: interleukin, direct IL-
17 transcript; Regulators: proteins regulating IL-17 transcription; Sanchez et al.: IL-17 producing
features as defined by Sanchez Sanchez et al.; Tan et al.: IL-17 producing features from Tan et
al.'s mouse study, with CD9 and LGALS3 signatures used by Reis et al. to annotate their data.

Figure S1: Query Gene Expression in Reis et al.’s Human Colorectal Cancer yo T Cells Data.
A) Reproduction of the uniform manifold approximation and projection (UMAP) of Reis et al.'s
vo T cells showing cell clusters, expression levels of RORC, IL17A, IL17F, TRDC, and binary
labeling of TCRYd sequencing status. Coordinates and cluster information were provided by Reis
et al. B) Dot plot displaying the level and percentage of each cell cluster expressing key T cell
features related to identity, mobility, tissue residency, cytotoxicity, and exhaustion. C) Dot plot
showing the level and percentage of each cell cluster expressing IL-17 production-related features.
IL: interleukin, direct IL-17 transcript; Regulators: proteins regulating IL-17 transcription;
Sanchez et al.: IL-17 producing features as defined by Sanchez Sanchez et al.; Tan et al.: IL-17
producing features from Tan et al.'s mouse study, with CD9 and LGALS3 signatures used by Reis
et al. to annotate their data.

Figure S2: Datasets Used as Reference to Establish Reliable yo T Cells Transcriptomic
Markers. A) Uniform manifold approximation and projection (UMAP) of T cells in the study
PMID33674358 colored by TRDC expression and whether a TRA/TRB/TRD chain is sequenced
in the cell. B) UMAP of flow-sorted CD3"TCRy8" T cells in the study GSE223809 colored by
TRDC expression and whether a TRD chain is sequenced in the cell. C) Dot plot showing the level
and percentage of each cell type expressing key features that delineate T, NK, and ILC in the study
GSE150050. Cell type annotation is provided by the original authors.

Figure S3: Data Composition Overview. A) 1) Uniform manifold approximation and projection
(UMAP) of yo T cells colored by data sources. ii) Pie chart showing the data source contribution
to the integrated data. 1ii) Pie chart showing the composition of yo T cells’ site origins. iv) Pie chart
showing the composition of yd T cells’ donors’ gender. v) Pie chart showing the composition of
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v0 T cells’ donors’ CRC stage. For cells from donors with unknown stage or cells from the adjacent
normal tissue or adenoma, N/A is assigned. vi) Bar plot showing the data source contribution to
each identified yo T cell subtype. B) 1) Uniform manifold approximation and projection (UMAP)
of IL-17 Producers colored by data sources. ii) Pie chart showing the data source contribution to
the integrated datas. ii1) Pie chart showing the composition of IL-17 Producers’ site origins. iv) Pie
chart showing the composition of IL-17 Producers’ donors’ gender. v) Pie chart showing the
composition of IL-17 Producers’ donors’ CRC stage. For cells from donors with unknown stage
or cells from the adjacent normal tissue or adenoma, N/A is assigned. vi) Bar plot showing the
data source contribution to each identified yo T cell subtype.

Figure S4: Details of the y6 T Cells and IL-17 Producer Cells Selection. A) Uniform manifold
approximation and projection (UMAP) of T cells in all individual studies used, colored by
expression of CD3D, CD3E, CD3G, TRDC, RORC, IL17A, and IL17F, along with whether a cell
has been selected as a yd T cell or an IL-17 producer.
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