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Abstract

Ability of IL-17-producing CD8* T cells (Tc17) to transform into cytotoxic anti-tumour effectors
makes them a promising candidate for immune effector cell (IEC) therapy. However, key factors
regulating Tc17 reprogramming remain poorly defined, hindering translation of Tc17-based IEC
use from bench to bedside. We probed the effects of multiple cytokines and underlying signalling
pathways on Tc17 cells and identified pivotal role for IL-4 and PI3K/AKT in promoting Tc17
transformation into cytotoxic IFN-y-producing IECs, an effect dependent on Eomes expression.
IL-4 not only triggered Tc17 cytotoxicity, but also induced cell expansion, which significantly
improved the antitumour potential of Tc17 cells compared to that of IFN-y-producing CD8* T
cells (Tcl) in a murine model. Furthermore, IL-4/AKT signalling drove the upregulation of the
T-cell receptor-associated transmembrane adaptor 1 (Tratl) in Tc17 cells to promote IL-4-induced
T-cell receptor stabilization and Tc17 cytotoxicity. Finally, we proposed a possible procedure to
expand human Tc17 from peripheral blood of cancer patients, and confirmed the function of

IL-4 in Tcl17 reprogramming. Collectively, these results document a novel IL-4/AKT/Eomes/Tratl
axis that promotes expansion and transformation of Tc17 cells into cytotoxic effectors with a
therapeutic potential. IL-4 priming of Tc17 cells should be further explored as a cell therapy
engineering strategy to generate IECs to augment anti-tumour responses.
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INTRODUCTION

Advances in the immune effector cell (IEC) generation have dramatically changed the
therapeutic landscape of cellular therapy of cancer [1-6]. However, success remains largely
restricted to the field of chimeric antigen receptor engineered T cell therapy which has
demonstrated efficacy in a narrow range of malignancies. Challenges in generation of
polyclonal tumour antigen specific IECs remain, with results of recent clinical trials
suggesting current strategies usually induce acute but transient responses [7-10]. Highly
differentiated CD8" T cells generated ex vivo using current standard protocols in adoptive
cell therapy (ACT) usually exhibit limited /n vivo T cell activation, proliferation, and
survival, leading to decreased antitumour activity [11,12]. Therefore, an immediate need
exists for generation of more effective IECs with a durable immune surveillance potential to
maximize the long-term success of anti-cancer ACT.

IL-17-producing CD8* T cells (Tc17) have recently been identified in mice [13] and humans
[14]. They are characterized by reduced cytotoxicity and greater plasticity when compared
to the typical cytotoxic T lymphocytes (CTLs). Recent studies have proposed that Tc17 cells
can protect hosts against lethal influenza challenge and fungal pneumonia [15,16], worsen
graft-versus-host disease [17,18], and modulate autoimmune diseases, including multiple
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sclerosis, type | diabetes, colitis, and psoriasis [19-21]. Although Tc17 cells expresses
IFN-y perforin, Fas ligand (FasL), and granzyme B at lower levels [13], evidence supports
a comparable antitumour activity and greater persistence when compared to Tc1 cells in
mouse models [22-26]. Furthermore, longer persistence of Tc17 may contribute to a more
durable cytotoxicity under repeated tumour challenges [26]. Previous studies have indicated
that certain cytokines, such as IL-23 or IL-12, can convert Tc17 cells from primarily 1L-17A
producers to IFN-y producers [27,28], and this conversion promotes the antitumour activity
of Tc17 cells. However, the functions of other cytokines in regulating Tc17 reprogramming
and the mechanisms underlying cytotoxicity promotion remain unclear.

Herein, we sought to identify the critical factors and associated underlying molecular
mechanisms promoting Tc17 cell expansion and reprogramming into anti-tumour effectors.
We identified IL-4-induced PI3K/AKT pathway activity as critical for reprogramming of
Tcl7 cells into IFN-y producers, in a process dependent upon Eomes upregulation. Notably,
IL-4 treatment not only triggered Tc17 cytotoxicity but also induced cell expansion and
promoted the expression of the T-cell receptor-associated transmembrane adaptor 1 (Tratl)
which stabilizes the T-cell receptor (TCR). Observed effects may ultimately enhance cellular
effector functions of Tc17 cells and augment their antitumour potential as that seen with Tcl
cells. At last, we found that the downregulation of Tratl in cancer tissues is associated with
poor survival among patients in several types of human cancer. We proposed a protocol to
expand human Tc17 from peripheral blood of cancer patients, and confirmed the function of
IL-4 in Tcl7 reprogramming, suggesting its potential to development into novel anti-cancer
ACT.

IL-4 promotes the conversion and expansion of Tc17 cells into IFN-y-producing cells

IL-12 induces IFN-y production in Tc17 cells [28]; however, the effects of other cytokines
on the functional plasticity of Tc17 cells are not well-documented. To evaluate impact of
distinct cytokines on Tc17 cells, polarized influenza haemagglutinin (HA)-specific Tc17
cells from TCR transgene mice (Clone 4 mice) were stimulated with common gamma

chain cytokines (IL-2, IL-4, IL-7 and IL-15), the Th17 polarization cytokines IL-1p and
IL-23 [29,30], or the Th1 polarization cytokine IL-12 in vitro (Figure 1a). IL-4, IL-7

and IL-12 increased the frequencies of IFN-y-producing cells, whereas IL-2 decreased the
frequencies of IL-17A- and IFN-y-producing cells. IL-1p, IL-23 and IL-15 moderately
increased the Tc17 percentage (Figure 1b). Notably, among these cytokines, IL-4 displayed
the greatest efficiency in increasing the population of IFN-y-producing cells (from 2.8 £
1.3% to 45.6 + 8.6%) and decreasing the frequencies of IL-17A cells (from 62.5 + 2.9%

to 10 + 1.1%, Figure 1c). Furthermore, in a cytokine secretion assay, we confirmed that

the IL-17A-secreting cells can transform into IFN-y-producing cells, and the IFN-y/IL-17A
double positive cells could be a transient stage in the conversion (Figure 1d). Although
IL-13 can transduce signals through IL-4Ra., which expressed on Tc17 cells (Figure S1a)
[31], we found that IL-13 treatment only moderately increased the Tc17 population, whereas
it failed to induce the IFN-y-production, suggesting the distinct functions of IL-4 in Tc17
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cell conversion. Titration of the IL-4 concentration for Tc17 conversion showed that the
efficiency peaked when over 20 ng/ml of IL-4 was used (Figure S1b).

The ex vivo expansion of antigen (Ag)-specific T cells and their /n vivo persistence are
crucial factors for the success of ACT in patients with cancer [1,32]. Among the cytokines
effects of which we tested on mouse Tc17 cells, only IL-2, IL-4 and IL-7 significantly
increased the number of viable cells (Figure 1e), with the carboxifluorescein diacetate
succinimidyl ester (CFSE) dilution assay supporting the direct proliferative effect of IL-4
on the subset (Figure 1f). Furthermore, IL-4 treatment increased the expression of the anti-
apoptotic protein Bcl-2 in Tc17 cells, whereas the levels of cleaved caspase-3 were lower
compared to that in apoptosis-susceptible Tcl population (Figure 1g). In summary, IL-4
promotes Tc17 polarization to IFN-y-producing CD8* T cells with enhanced anti-apoptotic
potential and represents a viable strategy for their /n vitro expansion.

IL-4 enhanced Tc17 antitumour immunity in vitro and in vivo

Since IL-4 reprogrammed Tc17 cells to secret IFN-y and enhanced their expansion, we next
analysed whether it also promoted Tc17 cytotoxicity and antitumour activity. Using standard
in vitro cytotoxicity assays, we found that IL-4 treatment significantly increased the tumour
kill by the HA-specific Tc17 cells in a model of HA-expressing colon cancer (CT26-HA,;
Figure 2a,b). In a follow-up /in vivo CTL assay, we observed that the IL-4-treated Tcl17

cells exhibited enhanced cytotoxic potential when compared to that seen with untreated
Tcl7 cells (Figure 2c). Similar results were observed /n vitro and /n vivo using Tc17 cells
responding to ovalbumin (generated from OT-1 mice) and using a B16-OVA melanoma cell
line as a target (Figure S2). IL-4-treatment of the pool of polarized Tc17 cells significantly
enhanced expression of the core cytotoxic molecules to comparable levels of the pool of
IL-12-polarized Tcl, including perforin, granzyme B, and FasL (Figure 2d)

As Tcl7 cells have been reported to spontaneously convert into IFN-y-producing cells upon
encountering tumour-specific target antigens /in vivo [24,27,28], we next assessed whether
IL-4 enhanced this phenotype /n vivo. HA-specific Tc17 cells (Thy1.1*) were primed with
or without IL-4 for 24 h and adoptively transferred to CT26-HA-tumour bearing mice
(Thy1.2%). We found that IL-4 treatment augmented Tc17 cell conversion and enhanced

the frequency of transferred cells in vivo (Thy1.1" cells in spleen; Figure 2e,f). Notably,
IL-4-treated Tc17 cells demonstrated superior antitumour activity when compared to that
seen with adoptive transfer of untreated Tc17 and Tcl cells (Figure 2g). Collectively,

these findings suggest that IL-4 effectively induces Tc17 expansion and cytotoxicity, and
promotes antitumour immune responses /n vitroand in vivo.

Sustained Akt activation is essential for Tc17 reprogramming

We focused our studies on understanding of signalling changes induced by IL-4 during

the process of Tc17 polarization into cytotoxic effectors. Stat, Akt and ERK are possible
pathways triggered by IL-4 [33]. A comparison of IL-2-, IL-4-, or IL-7-triggered cell
signalling in Tc17 cells revealed that I1L-4 activated multiple Stats (Figure 3a and Figure
S3a), with Stat2 and Stat6 exclusively activated by IL-4. In addition, IL-4 also induced Akt
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activation, but did not significantly trigger MAP kinases (ERK, p38 and JNK; Figure 3b and
Figure S3a).

To evaluate the impact of Stat2 and Stat6 in mediating I1L-4 effects on Tc17 reprogramming,
we pursued their silencing using siRNA approach (Figure 3c). Neither single nor double
Stat2 and Stat6 knockdowns suppressed IL-4-induced Tc17 conversion (Figure 3d). We
next focused our studies on the Akt pathway and using MK2206, we documented a
selective Akt blockade without an impact on Stat2 or Stat6 phosphorylation (Figure 3e).
Notably, Akt pathway blockade significantly suppressed IL-4-induced Tcl7 reprogramming
(Figure 3f) and cell expansion (data not shown). Moreover, treatment with PI3K or mTOR
inhibitors also suppressed IL-4-induced Tc17 reprogramming, whereas no significant effects
were observed upon treatment with the TCF/B-catenin inhibitor ICG-001 (Figure S3b).
Additionally, we observed that IL-4 treatment sustained long-term Akt activation during
Tc17 reprogramming (Figure S3c). Akt pathway blockade at earlier time points suppressed
Tcl7 reprogramming more significantly (Figure S3d). Collectively, these data indicate that
the Tc17 reprogramming effects of IL-4 are critically regulated by active Akt signalling.

Eomes is an important regulator for IL-4-induced Tc17 reprogramming

We next studied the impact of IL-4 on the regulation of key transcriptional factors during

the Tcl17 cell differentiation. Following IL-4 stimulation, we observed downregulation of the
key Tc17 transcription factor RORyt, with parallel upregulation of Eomes. Tcl transcription
factor T-bet and the Tc2 transcription factor GATA3 were not affected significantly (Figure
4a). On a protein level, flow cytometric analyses showed that I1L-4 treatment also increased
the frequency of Eomes-positive cells (Figure 4b). Concordant with our observation of IL-4
mediating its Tc17 conversion through Akt signalling, we found that PI3K-Akt-mTOR
pathway blockade suppressed Eomes expression (Figure 4b). We saw no impact of inhibition
of the B-catenin/TCF-mediated signal with ICG-001 on Eomes expression. To confirm

the functions of Eomes in IL-4-induced Tc17 conversion, we relied on the CD8* T cells
where conditional deletion of Eomes in mature T cells is driven by CD4-Cre transgene.
Despite CD8* T cell stimulated with anti-CD3/anti-CD28 monoclonal antibodies yielded
lower Tc17 polarizing efficiency than TCR transgene mice, we saw that Eomes ablation

did not significantly affect Tc17 skewing; but it significantly suppressed the generation

of IFN-y-producing cells (Figure 4c). Thus, IL-4-Akt axis effects on Tc17 polarization to
cytotoxic effectors are dependent upon regulation of transcriptional factor Eomes.

Tratl contributes to IL-4-induced Tc17 cytotoxicity and associates with high survival rates
of cancer patients

In the above analysis, we noticed that IL-4 treatment of Tc17 cells led to a significant
increase in surface expression of CD3 (1.7-fold; Figure 5a). TCR signalling in mature T
cells promotes multiple cellular events, including cytokine production, proliferation, and
trafficking [34]. We next focused on impacts of Tc17 reprogramming on TCR events. We
found that the CD3e mRNA levels were reduced marginally (Figure 5b), suggesting that
regulation is likely post-transcriptional in origin. c-Cbl and Cbl-b ubiquitin ligases have
been proposed to modulate TCR degradation [35,36]. However, their expression were only
slightly altered after 1L-4 treatment (Figure S4). We next measured the gene expression
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levels of the transmembrane TCR adaptor proteins, 7ratZ and Lat, both of which exert
TCR-stabilizing functions [37-39]. We found that the expression of 7ratZ significantly
upregulated in Tc17 cells under IL-4 stimulation, while Lat, was downregulated (Figure 5c,d
and Figure S4). Tratl is also a chaperone of the costimulatory molecule CTLA-4, which

can participate in Tc17 development [40,41], however, our studies showed that IL-4-induced
Tratl expression in Tc17 cells did not significantly influence CTLA-4 expression (Figure
S5a). Tratl upregulation by IL-4-was dependent upon the intact functioning of IL-4-Akt
axis crucial for Tc17 reprogramming, as Akt pathway blockade induced within 24 h of

IL-4 stimulation suppressed Trat1 upregulation (Figure S5b,c). To evaluate the functions of
Tratl, we silenced its expression in Tc17 cells using the corresponding siRNA (Figure 5e).
Tratl silencing reversed the IL-4-induced expression of CD3 on the cell surface (Figure 5f),
supporting its role in TCR stabilization during Tc17 reprogramming. Interestingly, Tratl
silencing attenuated Akt activation at later time points after IL-4 stimulation (Figure S5d),
whereas it only marginally suppressed IL-4-induced Tc17 reprogramming (Figure S5e),
suggesting existence of temporally restricted feed-forward loop between Akt and Tratl

that is dispensable for Tc17 polarization. We next evaluated whether regulation of Tratl
influenced the antitumour properties of the IL-4 polarized Tc17 cells. CTL assay revealed
that Trat1 silencing significantly suppressed IL-4-induced Tc17 cytotoxicity (Figure 5g).
This effect was associated with suppression of the signalling molecules downstream of TCR,
including ERK, p38 and JNK activation, but not Zap70/Syk (Figure 5h), suggesting Trat1l
modulates TCR signalling and results in promoting antitumour activity.

Establish human Tc17 expansion and reprogramming protocol from peripheral blood

In human peripheral blood mononuclear cells (PBMC), Tc17 cell is a very rare population
(<0.2% of CD8™ T cells) [14]. To increase number of Tc17 and examine the effects of

IL-4 in human Tc17 reprogramming, we established an ex vivo culture protocol to expand
and transform Tc17 from PBMC into IFN-y-producing CD8* T cells (Figure 6a). In this
condition, the frequency of Tc17 cells from healthy donors was increased over 20 times
(0.3% to 6%, n = 5, Figure 6b). In addition, after 7 days IL-4 stimulation, the IFN-+-
producing CD8" T cells increased along with decrease of IL-17A-producing cells. To further
evaluate this protocol for human IEC therapy, we applied this protocol on PBMC from colon
cancer patients (n = 10). The frequencies of patients’ Tc17 cells were increased from 0.1%
to 2.2%. Importantly, IL-4 treatment for 7 days increased population of IFN-y-producing
cells and decrease frequencies of IL-17A cells (Figure 6¢). These results suggest IL-4 may
have similar function to reprogram Tc17 cells in human and murine.

TRATL1 associates with high survival rates of cancer patients

Referring to the Human Protein Atlas database (https://www.proteinatlas.org) and Monaco
scaled dataset [42], TRAT1 is exclusively expressed in human T cells, especially in
memory CD8* and memory CD4* T cells, whereas it is downregulated in terminal effector
CDS8™ T cells. To further elucidate the clinical significance of TRAT1, we analysed the
ONCOMINE database and the TCGA RNA samples. Data indicated that 7RAT7I expression
was downregulated in colorectal cancer (CRC) tissues compared to that in normal tissues

in several independent datasets (Figure S6a). Notably, lower 7TRAT1 expression in patients
with rectal cancer showed a significantly low survival rate (Figure S6b), while not in
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colon cancer patients. Whether if this is due to the poor prognosis of rectal cancer than
colon cancer [43] deserves future investigations. Analysis of the other cancer types using
the TCGA RNA samples also revealed that TRAT1 downregulation was associated with
poor survival in patients with breast cancer (p = 0.00015), head and neck cancer (p=
0.0022), and liver cancer (p=0.0019, Figure S7). Immunohistochemistry (IHC) was used to
evaluate the TRAT1 protein expression in a CRC tissue array containing 69 primary tumour
tissues and eight non-tumour colon tissues. The staining patterns revealed that TRAT1 was
expressed exclusively in diffused stromal cells, but not in parenchymal cells and cancer
cells (Figure S6c¢). Results indicated that 86% (7/8) of the non-tumour colon tissue samples
contained TRAT1-expressing stromal cells, whereas only 20% (14/69) of the CRC tissues
contained TRAT1-positive cells (Table S1). Collectively, these results suggest that TRAT1
is frequently downregulated in cancer tissue, which may associate with immunosuppressive
microenvironment.

DISCUSSION

While the anti-tumour effects of Tc17 cells have been well documented, mechanisms that
can enhance anti-tumour benefits of Tc17 cells and strategies to facilitate their use as

IECs in ACT remain poorly defined [22-24,44]. Here, we document the benefits of IL-4

on promoting the differentiation and expansion of Tc17 cells into IFN-y-producing CTL
effectors with augmented cytotoxicity /n vitroand in vivo, thus highlighting its role as a
vehicle for improved Tcl7 engineering for use in cellular immunotherapy of cancer. In

our work, we demonstrate that PI3K/Akt pathway plays a central role in IL-4-induced

Tcl7 plasticity, inducing Eomes expression essential to direct Tc17 reprogramming and
upregulating Tratl to stabilize TCR and enhance its signalling, critical for improvement in
antitumour immune responses. We further revealed that TRAT1 is frequently downregulated
in cancerous tissues, which implied an immunosuppressive microenvironment. Notably, we
proposed a novel ex vivo culture protocol to transform Tc17 from human PBMC, indicating
the possible applicability of Tc17 in ACT for cancer patients.

IL-4 is a well-defined type-Il T cell cytokine that inhibits IFN-y production and Thl
responses [45,46]. Recent studies have proposed a requirement for IL-4 in the development
of innate memory CD8* cells in the thymus [47,48]. IL-4 also regulates the development

of the memory phenotypes of peripheral CD8* T cells during infection [49], a process
accompanied striking upregulation of the transcription factor Eomes, but not T-bet,

whereas Tc17 development relies on the induction of RORyt while the T-bet and Eomes
silencing [50,51]. Concordant with these findings, we documented that Eomes expression is
dispensable for Tc17 polarization, but surprisingly necessary to mediate IL-4 driven Tc17
plasticity and reprogramming into cytotoxic effectors. Based on the prior reports [52,53] and
the results of our study, we hypothesize Eomes upregulation may facilitate development of
the memory phenotypes of Tc17 cells. Indeed, we observed that the Tc17 cells converted
into IFN-y producing effectors exhibited reduced pro-apoptotic hallmarks and greater
persistence /in vivo, a desired trait in IEC therapy. Furthermore, these features provide a
clear distinction from the low Eomes- and high T-bet-expressing Tc1 cell populations often
exploited in adoptive immunotherapy.
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In this study, we compared the cellular signals induced by common gamma chain cytokines
IL-2, IL-4, and IL-7 and observed that IL-4 activated multiple Stats, consistent with the
findings of a previous study [54]. Although Stat2 and Stat6 were exclusively activated by
IL-4, their transient siRNA-mediated silencing had no impact on Tc17 reprogramming, and
we revealed Akt pathway is essential for IL-4-induced Tc17 reprogramming (Figure 3e,f).
Notably, in a conventional T cell ACT mouse model, Akt inhibition in IL-2-expanded Tc
cells promoted the development of the gene expression signature and metabolic profile
characteristics of long-lived memory T cells, which are associated with enhanced persistence
and antitumour immunity [55]. In contrast to the development of ex vivo transformed

Tcl7 cells, 1L-4-induced Akt pathway activation promoted the antitumour immunity of
Tcl7 cells. Furthermore, we postulate that prolonged Akt activation, sustained for several
days after the IL-4 treatment of Tc17 cells (Figure S3c), is essential for repression of the
transcription factor RORyt and induction of Eomes. Accordingly, this mechanism could be
unique to Tcl7 cells, but not to conventional CTLs. In addition, different intrinsic resident
Tc17 cell population may exhibit various plasticity. For example, antifungal Tc17 cells
seems more durable and stable with the assistance of Toll-like receptor signalling [16,56].
Commensal-specific Tc17 cells displayed type-11 T cell gene signature [57]. While in our
IL-4 transformed Tc17 cells, these type-11 T cell genes, such as Gata3, /IL-5, and /L-13, have
not been induced (Figure 4a and data not shown). The exquisite variety of Tc17 cells and
underlying mechanisms are worth to further exploration.

We propose that temporal effects of IL-4 early during the Tc17 reprogramming sustain

the Akt activation, where the initial 24 h are crucial for upregulation of Tratl (Figure

S5¢). This leads to a strengthened TCR signalling and may contribute to resulting Tc17
functionality, including enhanced antigenic response and anti-tumour efficacy. Interestingly,
transient sSiRNA-mediated silencing of Tratl attenuated Akt activity at later time points and
partially suppressed IL-4-induced Tc17 reprogramming, suggesting Tratl also contributes
to the maintenance of Akt activation during reprogramming. The observation of Tratl
upregulation could, in addition to an enhanced anti-apoptotic signature, also help explain
greater persistence of reprogrammed Tc17 cells. This phenotype may carry a greater
potential for sustenance of long-term anti-tumour efficacy, owing to an enhanced immune
surveillance. Whether similar phenotypic implications of Tratl could be applied to other
IECs, remains to be seen.

TRATL1 is a TCR-associated protein that stabilizes TCR expression; however, its
pathological function has never been explored [37-39]. Data from the microarray and
RNAseq databases indicated that 7RAT71 is frequently downregulated in cancer tissues,

and its downregulation tends to correlate with poor survival among patients in several

types of cancer. As TRAT1 was only expressed on CD4* and CD8* T cells, the findings
from the IHC experiments indicated that TRAT1-positive cells are observed in only 20%

of CRC tissues, which implies that the number of tumour infiltrated TRAT1-positive T

cells are frequently decreased or the TRAT1 is downregulated in the infiltrated T cells.
Although further examination is needed, we reasonably suggest that TRAT1 expression in
cancer tissues is associated with antitumour immunity in solid tumours. Interestingly, using
cBioPortal (https://www.chioportal.org/) to analyse co-expressed genes of 7RA71in TCGA
CRC samples [58], we found that 7RAT expression was positively correlated with EOMES

Immunology. Author manuscript; available in PMC 2024 November 13.


https://www.cbioportal.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 9

expression but not RORC expression (data not shown), which is in agreement with our
finding that EOMES and TRAT are possibly regulated by the same signal axis.

Our study describes a novel IL-4/Akt/Eomes/Tratl signalling loop that is critical for
reprogramming of Tc17 cells to augment antitumour immunity (Figure 7). While Tc17
cells are rarely detected (<0.2% of CD8" T cells) in human peripheral blood [14],

our discovery highlights new approaches to enhance the Tc17 reprogramming efficacy,
maximize their expansion and persistence, and allow for novel ACT strategies to enhance
cellular immunotherapy benefits.

MATERIALS AND METHODS

Animals and cell lines

BALB/c and C57BL/6 mice were purchased from National Laboratory Animal Centre,
Taiwan. CD4-Cre C57BL/6 mice were kindly provided from Dr. Charles Drake (Columbia
University Irving Medical Centre). CD8" TCR transgenic mice (Clone 4) with Thy1.1

as a congenic marker which express a TCR recognizing Kd-restricted HA epitope
(®181YSTVASSL526) [59], C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1) mice, and Eomesf!/fl
mice were obtained from the Jackson Laboratory (Bar Harbor, ME). CD4-Cre mice were
bred to Eomesf/fl mice to generate CD4-Cre x Eomes™/fl mice. All animal experiments
were reviewed and approved by the Institutional Animal Care and Use Committee of China
Medical University, Taiwan. Carcinoma cell lines CT26HA and its paternal CT26 were gifts
form Dr. Mempel Thorsten (Harvard Medical School) [60]; B16-OVA and its paternal B16
cell lines were gifts from Dr. Jonathan Powell (The Johns Hopkins University School of
Medicine).

Reagents and antibodies

All cytokines were purchased from Peprotech except for IL-23 (R&D Systems). Small
molecule inhibitors MK2206, LY294002, ICG-001 and rapamycin were purchased from
Selleck Chemicals. Anti-IFN-y and anti-1L-4 antibodies were purchased from eBioscience.
The following fluorescently labelled antibodies against murine antigens were purchased
from Biolegend: anti-CD3e (145-2C11), anti-CD8a (53-6.7) (BD Biosciences, USA).
Anti-1L-17 (Tc11-18H10), anti-IFN-y (XMGL1.2), anti-Fas-L (MFL3), and anti-CD90.1
(Thy1.1) (OX-7). Anti-granzyme B (NG2B) and anti-perforin (eBioOMAK-D) were from
eBioscience. All antibodies used in western blots were purchased form Cell Signalling
Technology except for anti-Tratl (Santa Cruz Biotechnology) and anti-STAT2 pY689
(Millipore). Western blots were repeated at least three times, and representative figures were
shown.

Mouse Tc17 cell polarization

Leukocytes from spleens and peripheral lymph nodes were harvested from 6 to 9-week

old mice. For Ag-specific activation, Clone-4 splenocytes were pulsed with 2 ug/ml

HA class | Kd peptide 518-526 (HA-1) and OT-1 splenocytes were pulsed with OVA
peptide 323-339. For wild-type and Eomes-deficient mice, CD8* lymphocytes were isolated
by negative selection kit (STEMCELL Technologies), and activated on an anti-CD3/anti-
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CD28 monoclonal antibodies-coated plate. Skewing conditions for Tc1 and Tc17 were as
previously described [13]. Cells were cultured for 3 days in skewing medium and then rested
for 2 days. The efficiency of Tcl and Tc17 polarization were measured by flow cytometry.
Tc17 cells were adjusted to 1 x 108/ml and stimulated with different cytokines, including
IL-2, IL-4, IL-7, IL-12, IL-13, IL-15, IL-23 and IL-1 plus IL23 (20 ng/ml of each) for
another 4 days.

Human Tc17 cell polarization

Human CD8 T cells were isolated from peripheral blood of healthy donors and newly
diagnosed CRC patients before standard treatment by EasySepTM Human Naive CD8

T Cell Isolation Kit (STEMCELL Technologies Inc). Cells were cultured in IMDM
medium (Invitrogen) with supplementation of sodium pyruvate (1.0 mM), nonessential
amino acid (0.1 mM), penicillin and streptomycin (100 1U/ml) (Gibco), 2-ME (50 uM;
Sigma-Aldrich), heat-inactivated FBS (5%; HyClone), and recombinant human IL-2 (5 ng/
ml). The polarization condition for human Tc17 cells were as follows: plate-coated anti-CD3
(OKT3, 1 pg/ml), soluble anti-CD28 antibody (2 ug/ml), anti-human IFN+y antibody (20
pg/ml), anti-human IL-4 antibody (20 pug/ml) (BioLegend Inc), and recombinant human
cytokines including TGF-p1 (1.25 ng/ml), IL-1f (20 ng/ml), IL-6 (20 ng/ml) and IL-23 (20
ng/ml) (PeproTech Inc) for 5 days. Then cells were moved to new plates in medium with
above cytokines, anti-human IFNy, and anti-human IL-4 antibodies for further 2 days. The
cells were resting in culture medium for 2 days, and cultured for a further 7 days in medium
or medium with human IL-4 (20 ng/ml, PeproTech).

The study protocol was reviewed and approved by the Research Ethics Committee of China
Medical University and Hospital (CMUH106-REC3-107) with ClinicalTrials.gov Identifier
(NCT03291639), and the informed consent of all participating patients was obtained.

Flow cytometry and intracellular staining

Before ICS, cells were restimulated for 5 h in the presence of PMA (50 ng/ml), ionomycin
(500 ng/ml), and GolgiStop (BD Biosciences). The cell surface markers were labelled first,
intracellular proteins were stained by fluorochrome-conjugated antibodies after fixation and
permeabilization. Flow cytometry was performed using a FACSVerse (BD Biosciences) and
analysed using FlowJo software (Tree Star). Statistical analyses were performed using Prism
5.0 (GraphPad Software).

Cell sorting of viable IL-17 producing cells

Mouse IL-17 and IFN-y secretion assay was carried out according to the manufacturer’s
protocol (Miltenyi Biotec). Cells were sorted by using BD FACSAria instrument. Propidium
iodide staining was used to exclude dead/dying cells, and IL-17*IFN-y~ CD8 T cells were
sorted and incubated overnight for further experiments.

In vitro CTL assay

The HA-specific and OVA-specific effector cells were prepared from Clone 4 and OT-1 mice
as above description. CFSE (Invitrogen, Life Technologies) labelled target cells (CT26HA
or B16-OVA, labelled by 5 uM CFSE) and control cells (CT26 and B16-F10 cells, labelled
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by 0.5 uM CFSE) were mixed under different effector: target (ET) ratio for 16 h and
analysed by FACS. Percent specific lysis was calculated as (1-targets/control) x 100%. LDH
Cytotoxicity Detection Kit (Takara) was used for LDH release CTL assay according to
manufacturer’s protocol. Cells were mixed under different effector: target (ET) ratio for 16 h
and measured as a 492 nm absorbance reading on a microplate reader.

In vivo CTL assay

Target cells were prepared from wild type mice splenocytes pulsed with HA-1 peptide or
OVA peptide for 2 h, and labelled with 5 uM or 0.5 uM CFSE. 1 x 107 Effector cells were
i.v. injected into wild type mice. Six hours later, 1 x 10’ CFSE labelled target cells and 1 107
non-target cells were i.v. into recipients. Mice were sacrificed and analysed by FACS after
16 h. Percent specific lysis was calculated as (1-target/nontarget) x 100%.

Tumour growth and adoptive transfer treatment

Eight-week-old BALB/c mice were injected subcutaneously with 1 x 106 CT26HA tumour
cells, and allowed tumour size reach around 100 mm? (7-10 days), at which point 10° /n
vitro activated Clone 4 T cells programmed as Tc1, Tcl7, or IL-4-stimulated Tc17 cells

(7 mice per group) were administered intravenously. Serial tumour measurements were
obtained, and tumour volume was calculated by (L x W?) x 1/2,

Small interfering RNA

Accell mouse siRNA against Sfat2, Staté, Trat1, and control SiRNA were purchased from
Thermo Scientific. According to the manufacturer’s manual, 1 x 108/ml skewed mouse Tc17
cells were mixed with Accell siRNA (1 uM) for 3 to 4 days without transfection reagent.
The knockdown efficiency was examined by Western blotting.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy Micro Kit (Qiagen), and cDNA was synthesized
with the Super-Script 111 enzyme (Invitrogen). All primers were purchased from Applied
Biosystems; reactions were performed in triplicate using an Applied Biosystems 7900
instrument.

Immunohistochemistry

A paraffin-embedded colorectal cancer tissues array including clinicopathological
information was purchased from Shanghai Outdo Biotech and Pantomics, Inc (HCol-
Ade90Sur). Array was incubated with anti-TRAT1 antibody (Santa Cruz Biotechnology,
sc-393 175, 1:100) in 5% bovine serum albumin/PBS and 0.1% Triton X-100 (Sigma) for 16
h at 4°C. UltraVision Quanto Detection System (Thermo Fisher Scientific Inc.) was used to
amplify the signal. The specific immunostaining was visualized with 3,3-diaminobenzidine
and counterstained with haematoxylin (Sigma). The distribution of TRAT1 positive cells
were measured by two scorers blinded to the clinical parameters.
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Statistical analysis

Data analysis was performed using GraphPad Prism 8 (GraphPad Software, Inc). One
way ANOVA multiple comparisons were used for analysing multiple experimental groups.
Student ftest was used for statistical analyses. Two-sided Fisher exact test was used

to analyse clinical features and TRAT1 expression in CRC tissue array. Kaplan—-Meier
analysis and the log-rank test were used to estimate survival rate. £ < 0.05 was considered
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Effects of different cytokines on conversion and expansion of Tc17 cells. (a) Schema

of Tcl7 cells polarization and cytokine stimulation. Splenocytes were incubated in Tc17
skewing medium for 3 days (D3). After 2 days’ rest, different cytokines were added to
Tcl7 cells for further 4 days (D9). (b) Representative dot plots showing population changes
in IL17A- and IFN-y-producing cells following stimulation with different cytokines at

day 9 (D9). (c) Average changes in IL-17A/IFN-y population upon IL-4, IL-7, or I1L-12
stimulation. Mean + SD are shown form three independent experiments. **P < 0.01.

(d) IL-4 treatment of IL-17A producing cells programs them into IFN-y-producing cells.
Cytokine secretion assay was used to label and sort IL-17A producing cells. Cells were
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treated with or without IL-4 for 4 days. Representative results were shown from one out of
three independent experiments. (e) Effects of different cytokines on Tc17 expansion. Viable
cells were counted using trypan blue exclusion assay. Mean + SD of three independent
experiments was shown. (f) IL-4 enhanced Tc17 proliferation. CFSE-labelled assay was
used to measure proliferation of Tc17 cells. Mean £ SD of three independent experiments
was shown at right. ***P< 0.001. (g) IL-4 induces anti-apoptosis signature in Tc17 cells.
Expression of Bcl-2 and Caspase3 in Tcl and Tc17 cells was analysed by Western blot.
Actin was used as a loading control
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FIGURE 2.

IL-4 enhances the anti-tumour cytotoxicity of Tc17 cells. (a and b) /n vitro cytotoxicity of
IL-4 programmed Tc17 cells. The HA-specific effectors were polarized under Tcl and Tcl7
skewing conditions. Target cells (CT26-HA) and non-target cells (CT26) were labelled and
mixed in different effector: Target ratio for 16 h. Specific lysis of target cells was calculated
as (1-target/nontarget) x 100%. Mean = SD was shown from three independent experiments.
**pP < 0.01. (b) Target cells (CT26-HA) and control cells were mixed under different
effector: Target ratio for 16 h and measured as a 492 nm absorbance. Percentage of specific
lysis are average from three independent experiments; mean + SD was shown. **P< 0.01.
(c) In vivo cytotoxicity of 1L-4 programmed Tc17 cells. Polarized HA-specific Tcl, Tcl7,
and IL-4-stimulated Tc17 were injected intravenously into recipient mice. HA-primed target
cells and non-target cells were labelled by CFSE, and injected to the recipient mice 6 h later.
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Specific lysis of target cells was measured after 16 h, and calculated as (1-target/nontarget)
% 100% (n = 4). Mean * SD was shown. **P< 0.01. (d) Expression of Perforin, Granzyme
B, and Fas-ligand (FasL) in polarized HA-specific Tc1, Tc17, and IL-4-stimulated Tcl17
cells. One representative experiment of three with similar results is shown. (e) /n vivo
conversion of Tc17 cells into IFN-y-producing cells. HA-specific Tc17 cells (Thy1.1) were
stimulated with or without I1L-4 for 24 h, then injected into the CT26HA tumour-bearing
mice (Thy1.2) for 8 days (n = 3). IL-17A/IFN-y producing populations of Thy1.1 positive
lymphocytes were measured by flow cytometry. Experiments were independently repeated
three times with similar results. Mean = SD is shown. **£< 0.01. (f) Tc cell expansion
after adoptive cell therapy. CT26-HA tumour-bearing mice received HA-specific Tcl, Tcl7,
or IL-4-primed Tc17 cells (1 10°), and cell expansion analysed 8 days after cell transfer
mean + SD was shown. *£< 0.05 to Tc17.# P< 0.05 to Tcl. (g) Comparison of the
antitumour efficacy of Tcl, Tc17, and IL-4-primed Tcl17 in a CT26-HA tumour-bearing
model. HA-specific Tcl, Tc17, and IL-4-stimulated Tc17 cells (1x 10%) were injected
intravenously into tumour-bearing mice (n = 7 per group). Tumour size was monitored
serially after ACT. Mean + SEM was shown. *P< 0.05 to Tc17. P < 0.05 to Tcl
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FIGURE 3.
Analysis of signalling pathways induced by IL-4 during the Tc17 reprogramming. (a)

Activation of Stat signalling. (b) Activation of Akt, ERK, P38, and JNK. IL-2-, IL-4-, or
IL-7-triggered Stat, Akt, and MAPK signalling in polarized Tc17 cells. Tc17 cells were
treated with designated cytokines for 15 min, then analysed by Western blotting. Actin

was used as loading control. (c) Western blot analysis of Tc17 cells following sSiRNA
knockdown of Stat2 and Stat6. (d) Representative contour plots show IL-4-induced Tcl17
conversion to IFN-y-producing cells in Stat2- and Stat6-cells following siRNA knockdown.
(e) Specific inhibition of IL-4-induced AKT signalling in Tc17 cells using MK2206.

(f) MK2206 suppresses IL-4-induced Tc17 reprogramming. DMSO was used as solvent
control. Percentage of IL-17A—/IFN-y+ cells after IL-4 treatment was shown at right. ****p
< 0.0001. All experiments were independently repeated three times with similar results

Immunology. Author manuscript; available in PMC 2024 November 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liu etal. Page 21
@ et ROR Gata3 Eomes ..
< 20 . n.s.
zZ 500 Fekdk
X 515 400
Eg 300
o $10
= = 200
& X5 100 20
%o 0 0
AN 0‘3 uog 1<> 10‘3 PP (P (YD, PP Jx<>‘3 4O 90, OF P
P BTy <o" RSP TAPTA <0 <8 <OV RGN AGT WS
'\'\ K\ '\'\ N
o\ o\ o\ Y
b (o
( ) ( ) Te17 Tc17+IL-4
307 u“w'oa]m. \Eizw. 108 b i
w 2° {0540% | 0.736%
a —r \ + ok
3 ;40
~ 201 i
; 20 o = 30
o) < 20
E o1 at N~
(o) 101 0499% 22.0% ‘T 10
LlJ 10t 10" 2 10? 10" w0t =‘
2 E @ | @ 7 o oluW e [
o S =1 IRk T
L4 - + + + + + i S, El e El
0 O 5 &8 £ g ~ ~
h »H 9 © T © b b
=238 28 e P P
oo 5 & g = ] ° G WT Eomes™
_>_-| & =" 0! o o 100 a0t ' 10”
IFN+y
FIGURE 4.

Eomes regulates IL-4-induced Tc17 reprogramming. (a) qPCR of mouse 76x21 (T-bet),
Rorc (RORYt), Gata3, and Eomes in naive CD8 cells and polarized Tc1, Tc17, and IL-4-
treated Tc17 cells. Relative fold changes to naive CD8 cells are shown. ***P< 0.001;

n.s.: not significance. (b) Inhibition of PI3K/AKT/mTOR pathway suppressed IL-4-induced
Eomes expression in Tc17 cells. Polarized Tc17 were treated with or without IL-4 and with
indicated compounds (1.0 uM each). Cumulative flow cytometry data showing percentage
of Eomes positive cells in CD8" T cells is shown. (c) Conditional knockout of Eomes in

Tc cells hampers IL-4 triggered Tc17 reprogramming. Contour plots and cumulative flow
cytometry data show loss of Tc17 reprogramming upon Eomes ablation. **£ < 0.01. These
experiments were independently repeated three times with similar results
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FIGURE 5.

Upregulation of Tratl during IL-4-induced Tc17 polarization in cytotoxic anti-tumour
effectors. (a) Histogram flow cytometry plot and cumulative data show expression of CD3e
in Tc17 cells and IL-4-treated Tc17 cells. Mean fluorescence intensities were shown at the
lower panel. Isotype 1gG was used as staining control (dash line). ***P < 0.001. (b and c)
relative mMRNA expression of Ca3e and 7ratl in Tcl7 cells after IL-4 stimulation. ***P <
0.001, comparing to un-treated control cells. (d) Protein levels of Tratl in polarized Tc17
cells from Clone 4 mice (left) and OT-1 mice (right). Cells were treated with or without
IL-4 for indicated period. (¢) Knockdown of 7ratl by siRNA (siTratl). Non-specific SIRNA
was used as transfection control (siControl). (f) Knockdown of 7ratl reversed IL-4-induced
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surface expression of CD3e on Tcl7 cells. ***£< 0.001. (g) Knockdown of Tratl and AKT
pathway blockage suppress IL-4-induced cytotoxicity in Tc17. HA-specific effectors were
mixed with target cells (CT26-HA) or nontarget cells (CT26) which were labelled by CFSE
in 10:1 ratio. Cells were analysed by FACS after 16 h. Percent specific lysis was calculated
as (1-target/nontarget) x 100%. A representative data from one out of three experiments is
shown. Mean £ SD was shown. *P< 0.05, **P < 0.01. (h) Knockdown of Tratl suppresses
TCR signalling. Tratl was knocked down by siRNA in IL-4-reprogrammed Tc17 cells
which were then stimulated with anti-CD3 antibody for indicated time points. The activation
of INK, P38 and ERK were suppressed, comparing to the control cells (siControl). These
experiments were independently repeated three times with similar results, and representative
results are shown
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FIGURE 6.
Ex vivo culture protocol for transforming Tc17 from human PBMC. (a) Procedure of

polarization human PBMC into Tc17 and secondary IL-4 stimulation. (b) Frequency of
human IL-17A and IFN-y producing Tc cells with or without I1L-4 stimulation from healthy
donors. Representative graphs are shown at left. Mean + SD was shown at right (7= 5). (c)
Frequency of human IL-17A and IFN-y producing Tc cells with or without IL-4 stimulation
from PBMC of colorectal cancer patients. Representative graphs were shown at upper panel.
Cell population changes of each patient are shown at lower panel (7= 10). **P< 0.01, ***p
<0.001
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FIGURE 7.
IL4 mediated Tratl expression enhances Tc17 anti-tumour phenotype. The IL-4/AKT/

Eomes/Tratl axis is a novel signalling loop that promotes expansion and reprogramming
of Tcl7 cells into cytotoxic effectors with a therapeutic potential for adoptive cell transfer
immunotherapy
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