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ABSTRACT

IL-1P plays critical roles in the priming and effector phases of immune responses such

as the differentiation, commitment, and memory formation of T cells. In this context,
several reports have suggested that the IL-1B signal is crucial for CTL-mediated immune
responses to viral infections and tumors. However, little is known regarding whether IL-13
acts directly on CD8" T cells and what the molecular mechanisms underlying expression

of IL-1 receptors (IL-1Rs) on CD8* T cells and features of IL-IR*CD8* T cells are. Here, we
provide evidence that the expression of IL-IR type I (IL-1RI), the functional receptor of IL-1j3,
is preferentially induced by IL-21 on TCR-stimulated CD8" T cells. Further, IL-13 enhances
the effector function of CD8" T cells expressing IL-21-induced IL-IRI by increasing cytokine
production and release of cytotoxic granules containing granzyme B. The IL-21-IL-IRI-IL-13
axis is involved in an augmented effector function through regulation of transcription factors
BATF, Blimp-1, and IRF4. Moreover, this axis confers a unique effector function to CD8* T
cells compared to conventional type 1 cytotoxic T cells differentiated with IL-12. Chemical
inhibitor and immunoprecipitation assay demonstrated that IL-21 induces a unique pattern
of STAT activation with the formation of both STAT1:STAT3 and STAT3:STAT5 heterodimers,
which are critical for the induction of IL-IRI on TCR-stimulated CD8" T cells. Taken together,
we propose that induction of a novel subset of IL-1RI-expressing CD8" T cells by IL-21 may
be beneficial to the protective immune response against viral infections and is therefore
important to consider for vaccine design.

IL-1 Receptor; IL-1 Beta; IL-21; Cytotoxic T Lymphocyte; STAT transcription factors;
Tcl cells

INTRODUCTION

IL-1B is a pivotal proinflammatory cytokine that exerts a variety of effects on cells involved
in the induction of local and systemic inflammation (1). In T-cell immunity, IL-1p acts as
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an important mediator to promote the development, commitment, and effector function
of T cells (2,3). Considering its multipotent effects on immune responses, it makes sense
that IL-1 signaling is tightly regulated through expression of its receptor (4). Two types of
IL- receptors have been identified: IL-1 receptor type I (IL-IRI) is a functional receptor of
IL-1 expressed at various levels on most cell types including immune cells, whereas IL-1
receptor type II (IL-IRII) serves as a decoy receptor that suppresses the signaling of IL-1

(5). Spatiotemporal regulation of IL-1RI and IL-IRII expression is important for an optimal
immune response since the response to IL-1p is dependent on the expression of these 2 IL-
1Rs. For example, it has been reported that the expression of IL-IRII, especially its soluble
form, is negatively correlated with disease severity in rheumatoid arthritis (RA) (6). In
human CD4" T cells, the expression of IL-IRI and IL-1R1I is tightly and dynamically regulated
in response to environmental factors including TCR stimulation or cytokines such as IL-7,
IL-15, and TGF-B, and this regulation of IL-1RI and IL-IRII affects Th17 cell responses (7).
Prostaglandin E,, IL-21, and IL-6 induce IL-1RI expression during Th17 differentiation and
favor the production of IL-17 (7-9), suggesting a critical role of cytokines and soluble factors
for regulating the expression of IL-1Rs in immune cells.

Cytokines play a vital role in the differentiation of T cells. IL-2, IL-7, IL-12, and IL-21 have been
known as important mediators for development of potent CD8* T-cell-mediated immune
responses for controlling acute and chronic viral infection (10-13). In particular, IL-2 and
IL-21, primarily secreted by activated CD4* T cells, have been shown to promote survival or
memory formation of CD8" T cells and also to enhance cytotoxic granule formation (14-16).
Thus, this suggests that CD4* T cells are requisite for the establishment of a protective CD8"
T-cell response (17). On the other hand, potent effects of proinflammatory cytokines such

as IL-1B, which is released by Ag-presenting cells (APCs), on CD8' T cell-mediated immune
responses has also been recognized (18). The mechanisms underlying how IL-1 intensifies
the effector functions of CD8" T cells have been previously explored (19,20). IL-1f significantly
enhances the expansion, effector function, and tissue localization of CD8" T cells through
increased formation of cytotoxic granules and cytokine production similar to IL-1B-mediated
responses of CD4" T cells (19). Murine virus infection models have shown that the IL-IR signal
is associated with CTL-mediated virus clearance through an increase in granzyme and perforin
(20). Furthermore, IL-1IR” knockout mice have impaired CD8" T cell-mediated immune
responses against viruses such as lymphocytic choriomeningitis virus (LCMV), vaccinia, and
influenza A (20-22). Thus, IL-1p has been suggested as a mucosal vaccine adjuvant to raise a
protective immune response against the influenza A virus (23). Taken together, IL-1R-mediated
signaling is critical for potent CD8" T cell-mediated immunity. However, little is known about
the molecular mechanisms underlying the expression of IL-1Rs on CD8' T cells and the IL-1-
mediated enhancement of their effector function.

In the present study, we provide novel insight into the critical role of IL-21 for induction of
functional IL-IRI on human CD8" T cells by exploring the molecular mechanisms of action
of this cytokine and analyzing its effect on the effector function of CD8" T cells. We found
that IL-21 selectively upregulates the expression of IL-IRI on CD8" T cells in response to
TCR stimulation. Our biochemical analysis demonstrates that IL-21-mediated induction of
IL-IRI is due to a unique STAT phosphorylation profile that results in both STAT1:STAT3 and
STAT3:STATS heterodimer formation in CD8* T cells. Enhanced IL-1 signaling potentiates
robust production of the cytotoxic granules containing granzyme B (GzmB) and secretion
of IFN-y by CD8" T cells, probably via regulation of Blimp-1, BATF, and IRF4 transcription
factors (TFs). Of note, TCR-activated CD8' T cells expressing IL-1RI preferentially express
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higher CXCR3 and CCR5 than do IL-IRI" CD8" T cells, suggesting that IL-IRI" CD8" T cells
have greater capability to migrate into infected tissue than do IL-IRI' CD8" T cells. These
findings underscore a novel role of the IL-21-IL-IRI-IL-1f axis on TCR-activated CD8" T cells,
contributing to their enhanced effector function and potentially important function in
protective viral immunity.

MATERIALS AND METHODS

The study protocols were approved by the Institutional Review Board of Seoul National University
(N0.1109-055-378, 1306-002-491, and 1403-049-564 for Seoul National University College of
Medicine/Seoul National University Hospital). The methods were performed in accordance with
the approved guidelines. PBMCs were isolated from blood healthy controls by density gradient
centrifugation method (Bicoll separating solution; BIOCHROM Inc., Cambridge, UK). Naive

and total CD8" T cells were negatively purified from PBMC using Mojosort human naive CD8*

T cells and Mojosort human CD8" T cells isolation kit (both from BioLegend, San Diego, CA,
USA) followed by manufacture's instruction, respectively. Murine CD8" T cells were isolated from
spleen of ¢57BL/6 mice using Mojosort murine CD8" T cells isolation kit (BioLegend).

Purified naive and total human CD8" T cells were cultured in RPMI 1640 medium supplemented
with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine, respectively. Cells were seeded
at 5 to 10x10* cells into 96-well U bottom plate and stimulated with anti-CD3/CD28 coated
microbeads (Dynabeads® T-Activator CD3/CD28; Thermo Fisher Scientific, Waltham, MA, USA)
in the absence or presence of the indicated cytokines; recombinant human (rh) IL-13 (25 ng/
ml), rhIL-6 (6.25 to 100 ng/ml), rhIL-21 (0.1 to 100 ng/ml), rhIL-7 (50 ng/ml), IFN-a (50 or 100
ng/ml), rhIL-10 (6.25 to 100 ng/ml; all from R&D systems, Minneapolis, MN, USA), rhIL-12

(50 ng/ml), rhIL-15 (50 or 100 ng/ml), rhIL-2 (100 IU/ml, all from PeproTech, Rocky Hill, NJ,
USA). In some experiments, cells were stimulated with anti-CD3/CD28 coated microbeads with
chemical inhibitors: STAT1 inhibitor Fludarabin, STAT3 inhibitor 5,15-DPP, or STATS inhibitor
CAS 285986-31-4 (all from Sigma-aldrich, St. Louis, MO, USA).

Human PBMC or cultured T cells were stained for 30 min at 4°C with following fluorochrome-
conjugated Abs: APC-Cy7-anti-CD3, v500-anti-CD8, PE-Cy5-anti-CD25, APC-anti-CD27, PE-
Cy7-anti-CD45RA, PE-Cy5-anti-CD45RA, Alexa Fluor 700-anti-CCRS5, (7 from BD Bioscience,
San Jose, CA, USA), PE-Cy7-anti-CXCR3 (BioLegend), PE-anti-IL-IRI (R&D systems). For
intracellular cytokine staining, cultured T cells were re-stimulated for 6 h with PMA (50 ng/
ml) and ionomycin (1 pg/ml) in the presence of BFA for last 4 h, followed by staining with
PE-anti-IL-1RI and PE-Cy7-anti-CD25 Abs. The stained cells were fixed and permeabilized
using Fix/Perm buffer (BioLegend), followed by staining with FITC-anti-IL-2 (BioLegend),
PE-Cy7-anti-TNF (BD bioscience), V450-anti-IFN-y (eBioscience, San Diego, CA, USA) Abs.
For intracellular GzmB and Perforin staining, cultured cells were fixed and permeabilized
using Fix/Perm buffer (BD bioscience), followed by staining with V450-anti-GzmB and FITC-
anti-Perforin (both from BD bioscience). For phosphor flow, human PBMC were stimulated
with indicated concentration of IL-2, IL-6, IL-10, IL-15, IFN-q, or IL-21 for 12, 60, or 120 min
at 37°C. The cells were immediately fixed after stimulation, using pre-warmed BD Phosflow™
Lyse/Fix Buffer (BD bioscience) for 10 min at 37°C and then permeabilized using 87.68%
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methanol for 30 min at 4°C. After Fix/Perm, the cells were stained for 30 min at 4°C with
following fluorochrome-conjugated Abs: PE-anti-STAT1 (pY701), PE-anti-STAT5 (pY694),
APC-anti-STAT3 (pY705), APC-Cy7-anti-CD3, and v500-anti-CDS8 (all from BD bioscience).
The cells were acquired using a BD LSRFortessa (BD Bioscience) and analyzed using FlowJo
software (Tree Star, Ashland, OR, USA).

The amounts of TNF, IFN-y, and IL-10 in culture supernatant were quantified using
commercially available human ELISA kits according to manufacturer's instructions (both
TNF ELISA and IL-10 ELISA kits from eBioscience and Human IFN-y ELISA MAX™ Deluxe
from BioLegend). Measurement of OD was performed using Biorad microplate reader (Bio-
Rad, Hercules, CA, USA).

Total RNA was extracted from cultured CD8* T cells with TRIzol reagent (Invitrogen,
Waltham, MA, USA) and cDNA was synthesized using GoScript™ Reverse

Transcription System (Promega, Madison, W1, USA). Real-time quantitative RT-PCR

was performed on CFX system (Bio-Rad) using SYBR green master mix (Bio-Rad).

Primers were designed with Primer designing tool-NCBI (https://www.ncbi.nlm.nih.
gov/tools/primer-blast/) or adopted from previously published primer sequences;

IFN-y, 5" TTTGGGTTCTCTTGGCTGTT-3, and 5'-TCTTTTGGATGCTCTGGTCA-3',

Blimp-1, 5"TACATACCAAAGGGCA-3, and 5"-TGAAGCTCCCCTCTGGAA-3', IRF4,
5'-ACAGCAGTTCTTGTCAGAG-3, and 5-GAGGTTCTACGTGAGCTG-3', TCF1 (also known as
TCF7), 5" TCCATGTATTCACACACCCCTC-3, and 5-TTCTCAAGACTTCTTGCAGTGTTAC-3',
BATF, 5'-AGCGAAGACCTGGAGAAACA-3, and 5"-TTCAGCACCGACGTGAAGTA-3', SOCS3,
5-GGAGACTTCGATTCGGGACC-3, and 5'-GAAACTTGCTGTGGGTGACC-3', TBX21,
5'-GATCATCACCAAGCAGGGACG-3, and 5'-TCCACACTGCACCCACTTGC-3', eomesodermin
(Eomes), 5'-“AGCTCTCCAAGGAGAAAGTG-3, and 5-GCCTTCGCTTACAAGCACTG-3'. The
levels of gene expression were normalized to the expression of ACTINB. The comparative Ct
method (AACt) was used for quantification of gene expression.

Human CD8* T cells were treated indicated cytokines and anti-CD3/28 crosslinking for 30
min at 37°C and then lysed in Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA,
USA) and Protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific) for 10 min
at 4°C. IP was performed using anti-STAT3 (#4904S, 1:50, Cell signaling Technology) Ab or
nomal rabbit IgG (#2729, Cell Signaling Technology) on a rotor for 16 h at 4°C. Protein A/G
PLUS-Agarose beads (Santa-Cruz Biotechnology, Heidelberg, Germany) were added into the
samples and incubated on a rotor for 4 h at 4°C. After 5 times of washing with the lysis buffer,
immunoprecipitates were eluted by boiling with the SDS-loading buffer. Precipitated proteins
were analyzed by SDS-PAGE, followed by transferring to PVDF membranes, immunoblotted
with the indicated Abs, and developed using a chemiluminescent detection method. The

Abs with the indicated dilutions were as follows: anti-STAT1 (#9172, 1:1,000), anti-STAT3
(#49048S, 1:2,000), and anti-STATS (#94205, 1:1,000, all from Cell Signaling Technology).

Two-tailed paired or unpaired t-test was done to analyze data using Prism 8 software
(Software, La Jolla, CA, USA) or and Microsoft Excel 2016 as indicated in the figure legends.
The p-values of less than 0.05 were considered statistically significant.
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RESULTS

Recent studies have shown that IL-13-mediated T-cell responses are coordinately regulated
by the spatiotemporal expression of IL-1Rs (7,24,25). In this context, we first sought to
analyze the expression of functional IL-1RI and decoy IL-IRII on CD8" T cells. Approximately
5% of ex vivo CD8" T cells express IL-1RI, whereas no obvious expression of IL-1IRII was
observed on the same cells, similar to what was previously described for CD4" T cells

(Fig. 1A and Supplementary Fig. 1) (7,24). In contrast to CD4* T cells, IL-IRI expression

was comparable among four different functional CD8" T-cell subsets (Fig. 1A) (24). It has
been demonstrated that cytokines play a pivotal role in the induction of IL-1Rs in various
immune cells. Thus, a literature search was undertaken to get an idea of which cytokines

are involved in the induction of IL-1IRs in CD8" T cells. Re-analysis of previously published
microarray data (GSE58262) revealed that the expression of IL-IRI of murine, naive

OT-1 CD8" T cells was obviously increased following OVA stimulation in the presence of
exogenous IL-21 (Supplementary Fig. 2A) (26). This finding was verified at the protein level
in murine CD8" T cells purified from the spleens of C57BL/6 mice (Supplementary Fig. 2B).
Furthermore, the expression of IL-IRI on human CD8" T cells was significantly upregulated
by exogenous IL-21 in a dose-dependent manner in response to TCR stimulation (Fig. 1B).
IL-21-mediated induction of IL-1IRI was similarly observed in four different functional T-cells
subsets (Supplementary Fig. 2C). Kinetic analysis of IL-IRI expression on CD8* T cells
showed that the induction of IL-IRI peaked at 48 h post-stimulation and was then gradually
downregulated (Fig. 1C). No apparent induction of IL-IRI expression was seen in CD8* T
cells following stimulation with IL-21 alone without TCR activation (Supplementary Fig. 3).
Further, IL-21-mediated induction of IL-1RI was comparable on TCR-stimulated CD8" T cells
regardless of IL-1f treatment (Fig. 1D). IL-21 has been reported to be mainly produced in vivo
by activated CD4" T cells or NKT cells (27,28). Our co-culture experiments showed that upon
TCR stimulation, CD8" T cells cultured with autologous CD4* T cells at a 1:2 ratio exhibited
increased expression of IL-1RI to a level similar to that induced by exogenous IL-21 treatment
(Fig. 1E). Collectively, our findings demonstrate that IL-21 induces the expression of IL-1RI on
TCR-stimulated CD8" T cells.

The IL-21 receptor consists of 2 different subunits, the IL-21 receptor (IL-21R) and the common
cytokine receptor y chain (y.). IL-21-mediated signaling transduction occurs via the JAK-STAT
pathway and primarily activates STAT3 to form cell-type-specific complexes for signaling
(27,29). In agreement with previous reports, we found that at a concentration as low as 0.1
ng/ml, IL-21 efficiently elicits phosphorylation of STAT3 (pY705) in TCR-stimulated human
CD8" T cells (Fig. 2A). To examine the direct role of IL-21-mediated activation of STAT3

on induction of ILIRI, TCR-stimulated CD8" T cells were treated with 5,15-DPP, a small
molecule inhibitor of STAT3 (STAT3i). It was found that 10 uM of this STAT3i suppresses
IL-21-mediated induction of IL-IRI on CD8" T cells (Fig. 2B). STAT3 is activated in response

to stimuli from a variety of cytokines. Thus, we next tested whether other STAT3-activating
cytokines induce IL-IRI on TCR-stimulated CD8" T cells. To this end, CD8" T cells were
stimulated with anti-CD3/CD28 coated beads in the presence of IL-6 or IL-10 and the level of
phosphorylated STAT3 was compared with that of IL-21-treated CD8" T cells (Fig. 2C). The
kinetics of STAT3 phosphorylation were similar among these cytokine-treated cells, with
marked phosphorylation of STAT3 (pY705) in CD8' T cells at 12 min post-stimulation (Fig. 2D).
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Figure 1. IL-21 induces the expression of IL-TRI on TCR-stimulated CD8" T cells. (A) Representative flow cytometric plot of IL-IRI expression on total CD8* T cells,
naive (CD45RA*CCR7*), CM (CD45RACCR7"), EM (CD45RA CCR7"), and EMRA (CD45RA'CCR7") cell subsets from healthy controls. Frequency (%) of IL-1RI* cells in
indicated T-cell populations. (B) Representative flow cytometric plot and the frequency (%) of IL-1RI expression on TCR-stimulated CD8" T cells in the presence
of the indicated concentration of rhiL-21. (C) Time kinetics of IL-21-induced IL-1RI expression on TCR-stimulated CD8" T cells. (D) Representative flow cytometric
plot and frequency (%) of IL-1RI on TCR-stimulated CD8" T cells treated with rhiL-21 (25 ng/ml) and/or rhiL-1B (25 ng/ml) at day 2 post-stimulation. (E) Co-culture
of purified human CD4* and CD8" T cells in the presence of TCR stimulation. Purified cells were seeded at the indicated ratio and cultured with anti-CD3/28
coated microbeads in the absence or presence of rhiL-21 (50 ng/ml) for 2 days. Bar graphs show the mean+SEM. The statistical significance was measured by

2-tailed paired t-test.

CM, central memory; EM, effector memory; EMRA, CD45RA" effector memory.

dekk

*p<0.05, **p<0.01, **p<0.005.

However, STAT3 phosphorylation reached a plateau at the lowest concentration of IL-21 (Fig. 2C),
while IL-10 was required to be at least 15 times higher in concentration to obtain the same degree
of activation of STAT3. IL-6 induced phosphorylation of STAT3 in only a proportion of CD8* T
cells, likely the subset expressing IL-6 receptor o chain (30). Of note, IL-21, but not IL-6 or IL-10,
provoked expression of IL-1IRI on TCR-stimulated CD8" T cells (Fig. 2E). These findings suggest
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Figure 2. STAT3 activation is necessary, but not sufficient, for induction of IL-1RI on TCR-stimulated CD8" T cells. (A) Phosphorylation of STAT3 (pY705) in IL-21-
stimulated CD8' T cells. The cells were stimulated with the indicated concentration of rhiL-21 for 12 min. A phospho-protein specific flow cytometric analysis
(Phosflow assay) was used to detect pSTAT3. (B) Representative flow cytometric plot and the frequency (%) of IL-1RI expression on TCR-stimulated CD8" T cells.
Cells were treated with rhiL-21 (50 ng/ml) in the presence of the indicated concentrations of the 5,15-DPP STAT3i. (C) Flow cytometric analysis of pSTAT3 (pY705)
in IL-6 (100 ng/ml), IL-10 (100 ng/ml), or IL-21 (100 ng/ml)-stimulated CD8" T cells. Cells were stimulated with the indicated concentration of cytokines for 12 min
(n=4). (D) Kinetics of STAT3 phosphorylation in CD8" T cells treated with IL-6, IL-10, or IL-21 (n=4). (E) Representative flow cytometric plot and the frequency (%)
of IL-1RI expression on TCR-stimulated CD8" T cells treated with exogenous IL-6, IL-10, or IL-21 for 2 days. Bar graphs and line graphs show the mean+SEM. The
statistical significance was measured by 2-tailed paired t-test.

MFI, mean fluorescence intensity.

*p<0.05, **p<0.01.

that STAT3 activation is necessary, but not sufficient, for induction of IL-1RI on TCR-stimulated
CD8* T cells.

To explore the molecular mechanism underlying IL-21-mediated induction of IL-IRI on TCR-
activated CD8" T cells, the phosphorylation profile of signaling molecules in IL-21 treated
CD8' T cells was analyzed using Phosflow assay. Of note, we found that IL-21 efficiently
elicits phosphorylation STAT1 (pY701) and STATS (pY694) as well as STAT3 (pY705), even at
a concentration as low as 1 ng/ml (Figs. 2A and 3A). A direct role of IL-21-mediated activation
of STAT1 and STATS for induction of IL-IRI was confirmed by treatment with Fludarabine

or CAS 285986-31-4, inhibitors of STAT1 and STATS, respectively. The results show almost
complete suppression of IL-21-mediated induction of IL-IRI on CD8" T cells (Fig. 3B) at 25 uM
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Figure 3. An IL-21-specific STAT signaling pathway is preferentially involved in the induction of IL-1RI on CD8* T cells. (A) Phosphorylation of STAT1 (pY701) and
STATS (pY694) in IL-21-stimulated CD8" T cells. (B) Frequency (%) of IL-1RI expression on TCR-stimulated CD8" T cells treated with rhiL-21 (50 ng/ml) in the
presence of the indicated concentrations of Fludarabine, STAT1i, or CAS 285986-31-4, a STAT5i, at day 2 post-stimulation. (C) Representative flow cytometric plot
and the frequency (%) of IL-1RI expression on TCR-stimulated CD8" T cells treated with various STAT1- or STAT5-activating cytokines (rhIL-2 [250 1U/ml], rhiL-7 [50
ng/ml], rhiL-15 [50 ng/ml], IFN-a [50 ng/ml], or rhiL-21 [50 ng/ml]). (D) Representative flow cytometric plot and the frequency (%) of IL-1RI expression on CD8*
T cells stimulated with anti-CD3/28 coated microbeads and various combinations of STAT1, STAT3, and STAT5-activating cytokines (rhIL-10 [50 ng/ml], rhiL-15 [50
ng/ml], IFN-a [50 ng/ml], or rhiL-21 [50 ng/ml]). Bar graphs and line graphs show the mean+SEM of independent experiments. The statistical significance was
measured by 2-tailed paired t-test.

*p<0.05, **p<0.01.

of Fludarabine and 200 puM of CAS 285986-31-4. It should be noted that these highest doses of
inhibitors did not cause cell death in CD8" T cells (data not shown).

It has been demonstrated that the IL-10/IL-10R interaction leads to Jakl and Tyk2
phosphorylation and consequent STAT3 and STAT1 phosphorylation (31). We found that while
STAT1 phosphorylation was dose-dependently induced by IL-10 (Supplementary Fig. 4A),
IL-10 did not induce expression of IL-IRI on TCR-stimulated CD8" T cells (Fig. 2E), indicating
that STAT1 and STAT3 activation is not sufficient to induce IL-IRI expression. IL-21 is a
member of the y. family of cytokines, which also includes IL-2, IL-7, and IL-15, that share signal
transduction pathways (27). To investigate whether vy, cytokine signaling is associated with the
induction of IL-IRI expression on CD8" T cells, freshly purified CD8" T cells were treated with
exogenous IL-2, IL-7, IL-15, or IL-21 in the presence of anti-CD3/28 coated microbeads for 48 h.
As shown in Fig. 3C, the expression of IL-IRI was not induced by any y. cytokines except IL-21.
As expected from the data in Supplementary Fig. 4B, IFN-o, a type I interferon that activates
STAT1 and acts as an important cytokine for the proliferation of CTLs (32), also did not
enhance IL-1RI expression on TCR-stimulated CD8" T cells (Fig. 3C). Considering that IL-21
concurrently phosphorylates STAT1, STAT3, and STATS in CD8" T cells (Figs. 2A and 3A) (29),
IL-IRI expression on CD8" T cells was analyzed upon treatment with cytokine combinations
that potentiate phosphorylation of STAT1, STAT3, and STATS; however, only IL-21 treatment
resulted in significant upregulation (Fig. 3D). Our findings clearly illustrate that the IL-21-
specific STAT signaling pathway is preferentially involved in the induction of IL-IRI on CD8" T
cells, implicating critical spatiotemporal interactions among IL-21-activated STAT molecules
in CD8" T cells.
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Activated STAT3 interacts with other STAT proteins and forms heterodimers with STAT1 or
STATS (33). Since IL-21 signaling concurrently induces phosphorylation of STAT1, STAT3,

and STATS5 in CD8" T cells, we hypothesized that STAT3 forms a heterodimer complex with
STAT1 and STATS5 in IL-21 treated CD8" T cells and that these heterodimers play a critical role

in expression of IL-IRI. To test this hypothesis, purified primary CD8" T cells were stimulated
with anti-CD3/28 Abs in the absence or presence of exogenous IL-21 (100 ng/ml) for 30 min,
followed by IP using an anti-STAT3 Ab. Immunoblotting after the IP assay clearly showed that
IL-21 allowed STATS3 to physically form heterodimers with STAT1 or STATS5 in TCR-stimulated
CD8' T cells (Supplementary Fig. 5). Although TCR-stimulated CD8" T cells were treated with a
cytokine cocktail composed of IL-2, IL-10, and IFN-a that is able to activate STAT5, STAT3, and
STATI (Supplementary Fig. 4A and B, Fig. 2C), respectively, STAT3 heterodimers with STAT1
or STATS5 were not established (Fig. 4A) and IL-1RI expression was not induced (Fig. 4B). These
findings demonstrate that IL-21 induces a unique STAT phosphorylation profile comprised of
both STAT1:STAT3 and STAT3:STATS heterodimers in CD8" T cells, which contribute to the
expression of IL-IRI on TCR-stimulated CD8" T cells.

Several reports have demonstrated that the IL-1B signal plays a critical role in protection

from viral infections by enhancing the effector function of CTLs (19,20,34). To investigate

the effect of IL-1B on IL-1RI-expressing CD8" T cells, the cytokine-production profile was
analyzed in IL-IRI'CD8" T cells stimulated with anti-CD3/CD28 and IL-21 for 3 days in

the absence or presence of IL-1f (Fig. 5A). The frequency of IFN-y-producing cells was
significantly increased in IL-IRI'CD8" T cells with IL-1p treatment. Moreover, approximately
75% of induced IL-IRI*CD8" T cells expressed both CXCR3 and CCR5 chemokine receptors
(Fig. 5B), suggesting that IL-IRI'CD8" T cells have an augmented potential to migrate into
tissues compared with IL-IRI'CDS8* T cells. We next sought to examine whether IL-1p causes
increased effector function of CD8" T cells through IL-21-induced IL-1RI. The frequency of
GzmB* CD8' T cells was markedly increased in the cells treated with IL-21 and IL-1 compared
with groups treated with IL-21 or IL-1f alone (Fig. 5C). In addition, the amount of IFN-y and
IL-17A in the culture supernatant was significantly upregulated in CD8" T cells treated with
IL-21 and IL-1B, whereas anti-inflammatory cytokine IL-10 was significantly reduced in the
presence of IL-21 and IL-1B, suggesting an important role of IL-1p signaling in intensifying the

O PBS O PBS B O PBS
B IL-2 + 1L-10 + IFN-a B IL-2 + 1L-10 + IFN-a B IL-2 + 1L-10 + IFN-a
|21 w21 + TCR stimulation w21

PBS IL-2 +1L-10 + IFN-a IL-21

IL-1RI
% IL-1RI" cells

STAT1/STAT3 interaction

CD8

Figure 4. The induction of IL-1RI expression is attributable to the IL-21 mediated formation of STAT1:STAT3 and STAT3:STATS heterodimers. (A) STAT3 interacts
with both STAT1 and STATS5 in IL-21-stimulated CD8* T cells. Purified human CD8" T cells were stimulated for 30 min with anti-CD3/CD28 and rhIL-21 (100 ng/
ml) or a combination of STAT1, STAT3, and STAT5-activating cytokines (IFN-o. [100 ng/ml], IL-10 [100 ng/ml], and IL-2 [500 1U/ml]). Anti-STAT1, STAT3, or STAT5
Ab immunoblot of anti-STAT3 Ab immunoprecipitates. (B) Representative flow cytometric plot and the frequency (%) of IL-1RI expression on TCR-stimulated
CD8" T cells in the presence of the indicated cytokines at day 2 post-stimulation. Bar graphs show the mean+SEM of independent experiments. The statistical
significance was measured by 2-tailed paired t-test.

*p<0.05, **p<0.01.
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Figure 5. IL-1B signaling mediated by IL-21-induced IL-1RI enhances the effector function of CD8" T cells. (A) Representative flow cytometric plot and the
frequency of IFN-y, TNF, or IL-2-producing IL-TRI'CD8" T cells. Cells were stimulated for 3 days with anti-CD3/28 coated microbeads and rhiL-21 (50 ng/ml) in
the absence or presence of IL-1B (50 ng/ml). (B) Representative flow cytometric plot and the frequency (%) of CXCR3 and CCR5-expressing IL-IRI'CD8* and
IL-TRI'CD8' T cells at day 2 post-stimulation. (C-E) Enhanced effector function of CD8* T cells by IL-21 and IL-1B. Purified naive CD8" T cells were stimulated for 5
days with anti-CD3/28 coated microbeads and rhIL-21 (50 ng/ml) in the absence or presence of rhiL-1B (50 ng/ml). Representative flow cytometric plot and the
frequency (%) of GzmB-* cells (C). The amount of IFN-y, TNF, IL-10, and IL-17A in the culture supernatant (ELISA) (D). Relative gene expression of transcription
factors BATF, PRDM-1 (Blimp-1), IRF4, TCF1, TBX21, and Eomes. (E). Quantitative PCR analysis of target gene expression by CD8 T cells under the indicated
conditions. Expression was normalized to B-actin, and the comparative Ct method was used for the quantification of gene expression. Bar graphs show the

mean+SEM of independent experiments. The statistical significance was measured by 2-tailed paired t-test.
PRDM1, encoding the Blimp1 transcription factor.
*p<0.05, **p<0.01, ***p<0.005.

effector function of CD8" T cells (Fig. 5D). Our findings were corroborated by analyzing gene
expression of TFs. TCR-stimulated CD8" T cells treated with IL-21 and IL-1B had increased levels
of several CTL-related TF mRNAs, such as PRDMI (gene encoding the Blimp1 transcription
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factor), BATF, and IRF4 (Fig. 5E). However, expression of TCFI, a memory CD8" T-cell-related
TF, as well as TBX21 and Eomes, key TFs governing CD8" T cell differentiation, were not changed
in CD8" T cells treated with IL-21 and IL-1 compared with the other groups (Fig. 5E).

Lastly, we compared the features of CD8" T cells cultured with IL-21 and IL-1B with classical
type 1 cytotoxic T cells (Tcl) cultured with IL-12 (Supplementary Fig. 6). Treatment with IL-21
and IL-1P significantly increased the frequency of GzmB*CD8" T cells and their expression

of Blimp-1, BATF, and IRF4 upon TCR stimulation compared to IL-12-treated CD8" T cells.
However, the production of IFN-y and the expression of TBX21 and Eomes were significantly
higher in Tc1 cells differentiated with IL-12 than in those treated with IL-21 and IL-1B
(Supplementary Fig. 6). These findings suggest that induction of the IL-1p signal via IL-21-
induced IL-RI leads to enhanced effector function of CD8" T cells with different features from
classic Tcl differentiated with IL-12.

DISCUSSION

IL-21 is a cytokine with multifaceted actions that influence the differentiation and functions
of adaptive and innate immune cells and is mainly produced by activated CD4" T cells,
especially T follicular helper cells, as well as Th17 cells and NKT cells (28,35). The binding
of IL-21 to the IL-21 receptor (IL-21R) stabilizes its heterodimeric complex with the common
cytokine receptor y. and initiates signaling transduction via the JAK/STAT, MAPK, and PI3K-
AKT signaling pathways. Since functional IL-21R is broadly expressed on a variety of cells
and its signal transduction involves major signaling pathways, IL-21 exerts a broad range of
immunoregulatory effects (27,28,35) through direct involvement of recently identified IL-21
target genes.

In the present study, we found that IL-21 leads to an increase of functional IL-1RI expression
on activated CD8" T cells and indirectly regulates the effector function of these cells via
boosting responsiveness to IL-1p (Figs. 1and 5). Complicated cytokine cues dictate the
differentiation of naive T cells into lineage-committed effector T cells (36). In this process,
the cytokine binds to its receptor, which is constitutively expressed on target cells, whereas
certain cytokines selectively induce the expression of receptors for other cytokines. IL-6, and
less potently IL-21, are critical cytokines for the induction of IL-IRI expression on naive CD4*
T cells in response to TCR stimulation (37), whereas a combination of IL-7, IL-15, and TGF-3
upregulate IL-IRI expression on naive CD4" T cells even without TCR stimulation (7). Given
that IL-1p is an important cytokine for pathogenic Th17 generation, cytokine-induced IL-IRI
expression has been found to contribute to the pathogenesis of autoimmune diseases such
as RA (24,38,39). However, most studies have focused on the functional IL-IRI and decoy,
IL-IRII, expressed by CD4" T cells and little is known about features of IL-IRI expressing CD8*
T cells and the molecular mechanisms underlying its expression.

The re-analysis of previously published microarray data suggested that of common v,
family cytokines, only IL-21 induces expression of IL-IRI on activated CD8" T cells in mice
(Supplementary Fig. 2A) (26). Similar to other common vy, family cytokines, IL-21 activates
tyrosine kinases JAK1 and JAK3, which recruit and phosphorylate STAT1, STAT 3, and STAT
5(40,41). It is established that the IL-21 signal is mediated by more potent and sustained
activation of STAT3 compared to other common v, family cytokines, such as IL-2, IL-7, and
IL-15, which predominantly activate STATSA and STAT5B. Thus, this suggests the existence
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of a distinct IL-21-mediated signaling pathway (29,41). A comprehensive Phosflow assay
illustrated that IL-21 synchronously phosphorylates STAT1, STAT3, and STATS. Moreover,
even at IL-21 concentrations as low as 1 ng/ml, phosphorylation of these STATs reached
almost the maximal level (Figs. 2A and 3A). Consistent with previous findings (29,41), IL-2
and IL-15 treatment potentiate STAT5 phosphorylation in human CD8" T cells compared to
treatment with IL-21, but no activation of STAT3 was observed in IL-2 or IL-15 treated CD8*
T cells (Supplementary Fig. 4B). We found that IL-21-induced expression of IL-IRI on CD8*
T cells requires phosphorylation of STAT1, STAT3, and STATS5 as illustrated through use of
individual STAT inhibitors Fludarabine, 5,15-DPP, and CAS 285986-31-4 (Figs. 2B and 3B).
However, a cytokine cocktail that induces phosphorylation of STAT1, STAT3, and STATS in
CD8" T cells was incapable of inducing IL-IRI expression (Figs. 2C and 4B, Supplementary
Fig. 4). Thus, this strongly suggests a critical role of IL-21-mediated spatiotemporal activation
of these 3 STAT molecules.

The JAK-STAT pathway is the principal signaling mechanism for a broad range of cytokines
and growth factors (42). Binding of receptors by cytokines activates JAKs associated with
their cytoplasmic regions. As a result of JAK-STAT signal transduction, phosphorylated STAT
proteins form either homodimers or heterodimers which in turn, translocate into the nucleus
to bind to target sequences and function as TFs (33,40). Our result indicated that efficient
and concurrent activation of 3 STAT molecules, STAT1, STAT3 and STATS5, is necessary for
induction IL-IRI on CD8" T cells (Figs. 2A, 3A, and 4D). Therefore, we hypothesized that

the formation of STAT heterodimers is critical for IL-RI expression. Several studies have
demonstrated that STAT heterodimers play an important role in certain cytokine signals (33).
M-CSF signal leads to formation of STAT5 homodimers and STAT3:STATS5 heterodimers,

the latter of which is able to bind particular consensus sequences (43). IL-6 also utilizes
STAT1:STAT3 heterodimers, especially in its late signaling (44). One of the important
findings in the present study is that the IL-21 signal leads to the formation of distinctive STAT
heterodimers including STAT1:STAT3 and STAT3:STAT5 complexes (Fig. 4A). An IP assay
using anti-STAT3 Ab clearly illustrates that while an IFN-q, IL-10, and IL-2 cytokine cocktail
robustly activates STAT1, STAT 3, and STATS5, it is unable to induce the formation of the
STAT3:STAT5 heterodimer and to a lesser degree, the STAT1:STAT3 heterodimer and to cause
the expression of IL-1RI on activated CD8" T cells (Fig. 4B). This implies that IL-21-mediated
spatiotemporal activation of STAT1, STAT3, and STATS5 is critical for the formation of unique
STAT3 heterodimers necessary for the transcription of IL-IRI. On the contrary, no obvious
phosphorylation of Erk1/2 or p38, IL-21R signaling components, was observed in IL-21
stimulated CD8" T cells (data not shown).

IL-1PB plays critical and pleiotropic roles in orchestrating innate and adaptive immune
responses. In T-cell immunity, it has been known that IL-1p greatly enhances Ag-driven
responses of CD4* and CD8" T cells by directly increasing cell expansion and survival (45).
Especially, Ag-specific Th17 differentiation of naive CD4* T cells is markedly promoted by
IL-1B (46). Lee and colleagues have recently reported that IL-1B improves the antitumor
function of adoptively transferred CD8" T cells by enhancing their tissue homing and survival
(47). Administration of IL-1B controls the cytotoxicity of CD8" T cells indirectly via its actions
on radio-resistant host cells in an IL-2 and IL-15 dependent manner (47). In the present
study, we provide evidence that IL-1p potentiates the effector function of human CD8* T

cells via the induction of IL-IRI by IL-21. Further, TCR-activated IL-IRI'CD8" T cells exhibit a
higher frequency of IFN-y producing cells under exogenous IL-1f stimulation (Fig. 5A), and
IL-21 alone was not sufficient for CD8" T cells to produce IFN-y. TCR stimulation of cells
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treated with IL-1B and IL-21 resulted in robust secretion of IFN-y and production of cytotoxic
granules containing GzmB (Fig. 5C). Thus, this suggests a critical role of IL-1f signaling for
the induction of IL-IR1 mediated cytotoxic functions by IL-21. A recent study showed that

in the acute LCMV infection mouse model, IL-1 signaling directly promotes the expansion
and polyfunctionality of CD8" T cells via the MyD88-IRAK1/4 axis (48). In agreement with
previous studies using this mouse model (20,49), we also found that the IL-1R signal robustly
increases the expression of GzmB and Bcl-2 (Fig. 5C and D). Of note, the combination of IL-21
and IL-1p was a more potent trigger of cytotoxic granule production by CD8" T cells than was
stimulation with the classical Tcl promoting cytokine, IL-12 (Supplementary Fig. 6). Based
on our findings, increased IL-1p responsiveness through induction of IL-IRI by CD4-derived
IL-21 may contribute to protective immune responses against pathogens by vigorously
enhancing the effector function of CD8" T cells.

A growing body of evidence has documented the presence of IL-17-producing CD8" T cells
(Tc17) in various conditions (50,51). Their ability to secrete proinflammatory cytokine IL-17
and plasticity to convert CTL or Tc2 phenotype allow Tc17 cells for contributing to protective

as well as pathologic immune responses (50,51). IL-17-producing CD8" T cells protect against
lethal influenza virus challenge via promotion of inflammation, bacterial skin infections,

and lethal fungal pneumonia (52-54). On the other hand, IL-17-producing CD8" T cells are
involved in pathogenic roles in autoimmune inflammation such as multiple sclerosis and
psoriasis (55,56). The role of IL-17-producing CD8* T cells in tumors remains controversial

(57). A tumor-promoting function of IL17-producing CD8" T cells associates with poor patient
survival in gastrointestinal cancers including gastric cancer and hepatocellular carcinoma (58),
whereas the anti-tumor effect of IL17-producing CD8+ T cells has been reported in a mouse
B16 melanoma model (59). More recently, it has been demonstrated that Tc17 cells serve as one
of the suppressive immune cells via promoting the exhaustion of CD8" T cells in tumors under
CD4-depleted conditions (60). The differentiation of Tc17 cells, analogous to IL-17-producing
CD4" (Th17) cells, is regulated by multiple cytokines including TGF-, IL-6, IL-21, IL-23, and
IL-1B and transcriptional factor RORyt. IRF4 and STAT3 positively regulate RORyt, whereas
Blimp1, T-bet, Eomes, FOXP3, and IRF3 repress RORyt and thereby Tcl17 differentiation (50,51).

One of the interesting findings in the present study is that stimulation with IL-1f and IL-21

in concert promotes Tcl7 responses. TCR-activated CD8" T cells treated with IL-13 and IL-21
secret a higher amount of IL-17 than do cells treated with IL-21 or IL-1p alone (Fig. 5D).
Although IL-21 has been well known as an important cytokine for IL-17*CD8" cell
differentiation (51,61), our data underscore the importance of IL-1 for the production of IL-17
in CD8" T cells via IL-21-mediated IL-IRI expression. Considering that IL-21 is expressed by
CD4" T cells early during influenza infection (62), our finding may give another explanation
on Tc17-mediated protection of influenza or other viral infections by enhanced CTL function
via IL-21-IL-IRI-IL-1P axis. Xin et al. have reported that STAT3-induced BATF is crucial for
acquiring optimal CD8" T-cell effector function (63) through cooperation with TCR-induced
IRF4, which leads to the expression of Blimp-1 and sustains CD8" T-cell effector function.
Further, it appears that IL-1RI signaling reinforces the IL-21-mediated transcription of BATF,
IRF4, and Blimp-1 compared to treatment with IL-21 alone (Fig. 5E). Interestingly, IL-21 and IL-
1B do not affect the expression of TCF1, a marker of self-renewing memory CD8" T cells (64),
but enhance survival of CD8" T cells by increasing expression of anti-apoptotic Bcl-2 protein
(Fig. 5D). These data indicate that the IL-IR signal enhances the effector phenotype of CD8"

T cells. Moreover, this may provide another explanation of how CD4* T cells provide help to
CD8" T cells to augment effector function via the IL-21/IL-1RI/IL-1 axis.

https://doi.org/10.4110/in.2021.21.e33 13/19



IMmMmMuUN=
-
IL-21-Induced IL-1RI Expression on TCR-Activated CD8+ T Cells n =Two R I(

Only a limited number of studies have described the role of IL-1f in CD8" T-cell responses

to viral infection and tumors compared to the role of this cytokine in the response of innate
and CD4 T cells. However, several recent studies have shown that IL-1f directly enhances
Ag-driven CD8" T cell responses and boosts the protectivity of weak or ineffective vaccines,
implying the expression of IL-IRI on CD8" T cells (18,19). CD4* T cells secret IL-21 during the
early phase of infection in secondary lymphoid organs (65), and IL-21 signaling plays a critical
role in CD8" T cell responses to acute viral infections (16,66). Thus, our findings suggest
amodel in which CD4" T cells provide help through the IL-21-IL-IRI-IL-1p axis to robustly
enhance effector CD8" T cell responses.

In summary, the current study provides new insight into the regulatory role of the IL-21/
IL-IRI/IL-1 axis resulting in robust enhancement of the effector function of CD8" T cells.
IL-21is a unique cytokine that has the potential to induce expression of functional IL-

1RI on human CD8" T cells upon TCR stimulation. This induction of IL-IRI expression is
closely dependent on the formation of STAT3:STAT1 and STAT3:STATS5 heterodimers as a
consequence of IL-21 signaling. IL-1f3 signal leads to an increase in expression of the effector
function-related genes BATF, IRF4 and Blimp-1, and an increase in cytotoxic granules

and IFN-y in CD8" T cells. Taken together, these findings increase understanding of the
modulatory mechanisms regulating CTLs and the contribution of the IL-21/IL-IRI/IL-1B axis
to protective immunity against viruses and tumors.
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SUPPLEMENTARY MATERIALS

The expression of IL-IRI and IL-RII on ex vivo CD8" T cells in humans. Representative flow
cytometric plot and the frequency (%) of IL-IRI and IL-RII expression on CD8" T cells of
freshly isolated PBMC. Bar graphs show the mean+SEM of independent experiments.

Click here to view

IL-21 induces IL-1RI expression on murine and human CD8" T cells. (A) Relative gene
expression of various cytokine receptors (heat map) and IL-IRI (bar graph) in IL-2, IL-4,

IL-7, IL-15, or IL-21-stimulated CD8" T cells based on re-analysis of previously published
microarray data (GSE58262). (B) Representative flow cytometric plot and the frequency (%)
of IL-IRI expression on murine CD8" T cells, which were stimulated for 3 days with plate-
bound anti-CD3 and soluble anti-CD28 in the absence or presence of rmIL-21 (50 ng/ml). (C)
Representative flow cytometric plot and the frequency (%) of IL-IRI expression on IL-21-
stimulated naive (CD45RA'CD27"), memory (CD45RA CD27"), effector (CD45RA CD27),
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CD45RA" effector (CD45RA'CD27) CD8' T-cell subsets after 2 days of TCR-stimulation. Bar
graphs show the mean+SEM of independent experiments.

Click here to view

TCR stimulation is a prerequisite for IL-21-mediated IL-IR induction. Representative flow
cytometric plot and the frequency (%) of IL-IRI on CD8" T cells that were stimulated for 48 h
with or without anti-CD3/CD28 Abs in the presence or absence of exogenous IL-21. Bar graphs
show the mean+SEM. The statistical significance was measured by a 2-tailed paired #test.

Click here to view

Cytokine-specific STAT activation profile. IL-6, IL-10, IL-2, IL-15, or IFN-a stimulation does
result in concurrent phosphorylation of STAT1, STAT3, and STAT5. Human PBMCs were
stimulated with the indicated concentration of cytokines for 12 min. Delta MFI (mean
fluorescence intensity) of phosphorylated STAT proteins in CD8" T cells was measured by
phospho-protein specific flow cytometric analysis (Phosflow assay). (A) Phosphorylation of
STAT1 (pY701) of IL-6 or IL-10-stimulated CD8" T cells (n=3). (B) Phosphorylation of STAT1
(pY701), STAT3 (pY705), and STATS (pY694) of CD8" T cells stimulated with the indicated
cytokines (n=3).

Click here to view

IL-21 induces the formation of STAT3:STAT1 and STAT3:STATS5 heterodimers. Purified
human CD8' T cells were stimulated for 30 min with anti-CD3/CD28 and rhIL-21 (100 ng/
ml), followed by immunoprecipitation with anti-STAT3 Ab (1:50) or normal rabbit IgG and
immunoblot performed using anti-STAT1, STAT3, or STATS Abs.

Click here to view

Comparison of features of CD8" T cells cultured with IL-21/IL-1p and classical Tcl cultured
with IL-12. Purified human naive CD8" T cells were stimulated for 5 days with anti-

CD3/28 coated microbeads and rhIL-1B/IL-21 (50 ng/ml of each) or rhIL-12 (50 ng/ml). (A)
Representative flow cytometric plot and the frequency (%) of GzmB*CD8" T cells. (B) The
amount of IFN-y and TNF-a in the culture supernatant (ELISA). (C) Relative gene expression
of TFs BATF, PRDMI, IRF4, TBX21, and Eomes. Quantitative PCR analysis of target gene
expression by CD8 T cells under the indicated conditions. Expression was normalized to
B-actin, and the comparative Ct method was used for the quantification of gene expression.
Bar graphs show the mean+SEM of independent experiments.

Click here to view
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