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Abstract

The human CC chemokine receptor 8 (CCRS) is specifically expressed on tumor-infiltrating regulatory T cells (TITRs) and
is a promising drug target for cancer immunotherapy. However, the role of CCR8 signaling in TITR biology and the effec-
tiveness of CCR8 small molecule antagonists as TITR-targeting immunotherapy remain subjects of ongoing debate. In this
work, we generated a novel cellular model of TITRs by culturing peripheral blood mononuclear cell-derived regulatory T
cells in medium containing tumor cell-conditioned medium, CD3/CD28 activator, interleukin-2 and 1a,25-dihydroxyvitamin
D3. This cellular model (named TITR mimics) highly and stably expressed a series of TITR signature molecules, including
CCRS, FOXP3, CD30, CD39, CD134, CD137, TIGIT and Tim-3. Moreover, TITR mimics displayed robust in vitro immu-
nosuppressive activity. To unravel the functional role of CCRS8 in TITR mimics, a chemotaxis assay was performed showing
strong and CCR8-specific migration toward CCL1, the natural chemokine agonist of CCR8. However, either stimulation (with
CCL1) or blocking (with the small molecule antagonist NS-15) of CCR8 signaling did not affect the immunosuppressive
activity, proliferation and survival of TITR mimics. Collectively, our work provides a method for the generation of TITR
mimics in vitro, which can be used to study TITR biology and to evaluate drug candidates targeting TITRs. Furthermore,
our findings suggest that CCRS signaling primarily regulates migration of these cells.
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Abbreviations VitD3 la,25-Dihydroxyvitamin D3

ADCC Antibody-dependent cellular XF medium ImmunoCult™-XF T cell expansion
cytotoxicity medium

CCRS8 CC chemokine receptor 8

ICI Immune checkpoint inhibitor

IL-2 Interleukin-2 Introduction

PBMC Peripheral blood mononuclear cell

PD1 Programmed cell death protein 1 It was unveiled in 2016 that CCR8 is specifically expressed

TCM Tumor cell-conditioned medium on tumor-infiltrating regulatory T cells (TITRs) across a

TCM-XF medium Mixture of XF medium and TCM range of primary and metastatic human cancer types, includ-

TITR Tumor-infiltrating regulatory T cellsO ing breast, lung, colon carcinoma, and melanoma. Moreover,

the accumulation of CCR8* TITRs was shown to correlate
with poor survival rates among patients [1, 2]. Consequently,
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slowing down the growth of anti-PD1 resistant tumors, and
when co-administrated, they can effectively revive the effi-
cacy of anti-PD1 treatment [4, 6]. These findings highlight
the promising potential of CCR8 as a target on TITRs for
cancer treatment, even in patients with resistance to immune
checkpoint inhibitors (ICIs).

While CCRS has been recognized as a specific marker
of TITRs, the role of CCRS signaling in TITRs remains a
subject of debate. Studies utilizing CCR8 knockout mice
revealed no alteration in the recruitment, activation, and
immunosuppressive capacity of TITRs, and no impact on
tumor growth [3, 7]. Likewise, CCR8-blocking antibodies
lacking ADCC effect showed no efficacy in suppressing
tumor growth [3-6]. However, a recent study highlighted
the inhibitory effect of IPG7236, a selective small mole-
cule CCR8 antagonist, on tumor growth [8]. Furthermore,
in vitro studies on this matter have also produced conflicting
results. While some studies suggest that CCRS8 signaling
does not impact TITR suppressor function [1, 3], others have
reached the opposite conclusion [9].

The high level of CCR8 expression on freshly isolated
TITRs suggests that CCRS8 expression on TITRs is persistent
and stable in the tumor microenvironment. However, the sta-
bility of CCRS8 expression in ex vivo cultured TITRs has not
been clearly established in previous studies. Moreover, there
is a lack of characterization of other TITRs signature mol-
ecules in these ex vivo TITRs [1, 9]. Therefore, up to now,
it remains unclear how well ex vivo TITRs represent the
in vivo TITRs, thereby raising concerns about the efficacy
of previous research on the role of CCRS8 in TITRs. In addi-
tion, due to the scarcity of patient tumor samples, human
TITRs may not be easily accessible, especially to academic
researchers. Hence, there is a clear need to establish a well-
characterized, easily available, and physiologically relevant
cellular model for studying TITRs.

In this study, we developed a method to generate TITR
mimics from peripheral blood mononuclear cell (PBMC)-
derived Tregs, employing CD3/CD28 activator, interleukin
2 (IL-2), vitamin D3 (VitD3) and tumor cell-conditioned
medium (TCM). The obtained TITR mimics exhibited sus-
tained high expression of CCRS8. Moreover, these TITR
mimics also showed significantly upregulated expres-
sion of several selected TITR signature molecules and
displayed robust immunosuppressive activity. Whereas
these TITR mimics specifically responded to CCLI1, the
natural chemokine agonist of CCRS, in a cellular migra-
tion assay, CCR8 activation or blockade did not affect their
immunosuppressive capability, proliferation and survival.
These results suggest that CCR8 signaling mainly (co-)
regulates the migration and positioning of these cells, but
is likely dispensable for their proliferation, survival and
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immunosuppressive phenotype, at least when studied in vitro
without the presence of potential accessory cells.

Materials and methods
Reagents, compounds and antibodies

ImmunoCult™-XF T cell expansion medium (XF medium;
#10,981), ImmunoCult™ human CD3/CD28 T cell acti-
vator (CD3/CD28 activator; #10,971) and rapamycin
(#73,362) were purchased from STEMCELL Technolo-
gies. 1a,25-Dihydroxyvitamin D3 (VitD3; #D1530) was
obtained from Sigma-Aldrich. Recombinant human inter-
leukin-2 (IL-2; #202-IL) and chemokine CCL1 (#272-I)
were obtained from R&D systems. The CCR8-targeting
small molecule NS-15 [10] was kindly provided by profes-
sor W. Dehaen (Department of Chemistry, KU Leuven).
CCLI1AF* (#CAF-07) was obtained from Almac. Antibod-
ies targeting CD30 (#333,909), CD39 (#328,209), CD80
(#375,403), CD120b (#358,405), CTLA-4 (#369,611),
TIGIT (#372,705), Tim-3 (#345,011), GITR (#311,609),
ICOS (#313,509), CCR8 (#360,604), granzyme B
(#515,406) and corresponding isotype antibodies were
purchased from Biolegend. Antibodies targeting CD134
(#555,838), CD137 (#555,956), RORgt (#563,081) and
corresponding isotype antibodies were obtained from BD
Biosciences. FOXP3 (#2,200,560), IL-10 (#3,134,055),
IL-17 (#3,161,615) were obtained from Sony.

Tregs and responder T cells (Tresps)

Human peripheral blood mononuclear cells (PBMCs)
were obtained from the Red Cross (Biobank Rode
Kruis—Vlaanderen). Both Tregs and Tresps were iso-
lated from fresh PBMCs using the EasySep™ human
CD47CD127"°"CD25" regulatory T cell isolation kit
(STEMCELL Technologies, #18,063). The freshly iso-
lated Tregs were then expanded using a previously estab-
lished protocol [11], but with minor adaptations. Briefly,
on day 0, isolated Tregs were seeded in a 12-well plate
at~1.5x 10° cells per mL per well in XF medium supple-
mented with 25 uL/mL CD3/CD28 activator and 100 ng/
mL rapamycin. On day 2, the culture medium volume was
tripled by adding 2 mL XF medium. Rapamycin (100 ng/
mL) and 300 IU/mL IL-2 were added on day 2, 5, and 7
(assuming consumption). The expanded Tregs were used
from day 9 on. Allogeneic CD4*CD25™ responder T cells
(Tresps) were isolated on day 7 and then rested in XF
medium for 2 days until use on day 9. Both Tregs and
Tresps were characterized with CD4/CD25/CD127 stain-
ing (Fig. S1).
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Tumor cell-conditioned medium

2x 10° MDA-MB-231 cells (human breast cancer cell
line, ATCC) or A549 cells (human lung cancer cell line,
ATCC) per T75 flask were grown for 3—4 days in 20 mL of
Dulbecco’s Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS). The tumor cell-conditioned
medium (TCM) was then harvested and stored at—20 °C
after removal of cell debris by centrifugation at 400 x g for
5 min at room temperature (RT). When used, TCM was
dissolved at RT and then mixed with XF medium at a ratio
of 1:1 immediately before use. For convenience, TCM
derived from MDA-MB-231 and A549 cells is designated
as TCM231 and TCM549, respectively. When combined
with XF medium, they are identified as TCM231-XF and
TCM549-XF medium, respectively.

Method optimization for generating TITR mimics

To optimize the generation of TITR mimics, eight distinct
cell culture methods were examined side-by-side. This
includes the use of XF medium and TCM231-XF medium
supplemented with various combinations of CD3/CD28
activator, IL-2 and VitD3. When applied, the concentra-
tions used for CD3/CD28 activator, IL-2, and VitD3 were
12.5 pL/mL, 300 IU/mL, and 10 nM, respectively. Tregs
expanded for 9 days were washed once with XF medium
and then cultured in a flat-bottom 96-well plate (Corning,
#353,072) at 7.5 10* cells per well in 200 uL volume for
24 h, or in T25 flasks at 5x 10° cells per flask in 5 mL vol-
ume for 72 h using the different culture media mentioned
above. The obtained Tregs were then characterized by flow
cytometry for the expression of multiple TITR-related mol-
ecules, including CCRS8, CD30, CD39, CD134, CD137,
TIGIT and Tim-3, with quantification of the percentage
and median fluorescence intensity (MFI) of cells express-
ing these molecules using FlowJo software version 10.8.1.

CCL1F%% binding assay

Expanded Tregs were grown in TCM231-XF medium with
12.5 yL/mL CD3/CD28 activator, 300 IU/mL IL-2 and
10 nM VitD3 for 24 h. Cells were then treated with CCRS8
ligands (NS-15 at 1 uM, and CCL1 at 50/100/200 ng/mL) for
either 30 min, 24 h or 48 h (in this case ligands were added
twice, at 24 h and 48 h), respectively, followed by staining
with 3 nM CCL14F%*"_ Cells were thus stained at 24.5 h,
48 h or 72 h, respectively. For CCL14F%47 staining, without
washing, the cells were incubated with 3 nM CCL14AF64
for 30 min at RT in the dark. The cells were then washed
twice and resuspended in Hanks’ Balanced Salt Solution
(HBSS)-based buffer (HBSS +20 mM HEPES +0.5% FBS,
pH 7.4) for flow cytometry analysis. The percentage of

CCL14%7_bound cells was quantified using FlowJo soft-
ware version 10.8.1.

Transwell migration assay

A Transwell migration assay was performed using 6.5 mm
Transwell® inserts with 5.0 um pore polycarbonate mem-
branes (Corning, #3421). After 9 days of expansion, Tregs
were washed once with XF medium and then re-stimulated
for 24 h with 12.5 pL/mL CD3/CD28 activator, 300 U/
mL IL-2, 10 nM VitD3 in TCM231-XF medium. The cells
were then washed twice and resuspended in HBSS-based
assay buffer to assess the expression of CCR8 and CCR4,
as well as to conduct the Transwell migration assay. To set
up the Transwell plate, 2.5 10° cells (100 pL) were added
to the upper wells, while the lower wells received 600 pL of
HBSS-assay buffer containing CCR8 and/or CCR4 ligands.
The ligands being investigated include CCRS8 agonist CCL1
at 5.88 nM (equal to 50 ng/mL), CCRS8 antagonist NS-15 at
1 uM and CCR4 agonist CCL22 at 5.88 nM. All the upper
and lower wells have the same concentration of vehicles,
including DPBS for chemokines and DMSO for small mol-
ecule antagonist. The plate was then transferred to 37 °C and
5% CO, for 2 h. Following incubation, the number of cells
in 400 uL of suspension from the lower wells was quantified
by flow cytometry (FACS Cantoll) and used to calculate the
migration percentage.

In vitro Treg suppression assay

Tresps were labeled with 2 uM of CellTrace Violet (Inv-
itrogen, #C34571) following the manufacturer’s protocol.
Afterward, the labeled Tresps were mixed with expanded
Tregs and cultured for 4 days using flat-bottom 96-well
plates in TCM231-XF medium supplemented with 12.5 pL/
mL CD3/CD28 activator, 300 IU/mL IL-2, 10 nM VitD3,
with a fixed total number of 1x 10° cells in 200 pL per
well. To determine the dose-dependent immunosuppressive
activity of Tregs, expanded Tregs were mixed with labeled
Tresps at ratios ranging from 1:4 to 1:64, with labeled Tresps
in the absence of Tregs used as proliferating control. To
investigate the effect of CCRS ligands, labeled Tresps were
cultured either alone or in the presence of expanded Tregs
(Treg:Tresps=1:16) and treated with CCRS8 ligands (NS-
15 at 1 uM, and CCL1 at 50/100/200 ng/mL) at 24, 48, and
72 h. The untreated cell mixtures were used as control. After
approximately 96 h, the cells were washed twice and resus-
pended in HBSS-based buffer for measurement of CellTrace
Violet signal using flow cytometry to track cell proliferation,
which was quantified using the division index (DI) generated
by FlowJo’s proliferation modeling tool.
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Treg proliferation assay

Expanded Tregs were labeled with 2 uM of CellTrace Vio-
let according to the manufacturer’s instructions and then
cultured at 1x 10° cells per 200 uL per well in flat-bottom
96-well plates for 4 days using TCM231-XF medium sup-
plemented with 12.5 pL/mL. CD3/CD28 activator, 300 IU/
mL IL-2, 10 nM VitD3. CCR8 ligands (NS-15 at 1 uM, and
CCLI at 50/100/200 ng/mL) were added to the cell culture
at 24, 48 and 72 h. After 96 h, the cells were washed twice
and resuspended in HBSS-based buffer for flow cytometry
analysis. The proliferation of labeled Tresps was quantified
as described above.

Treg survival assay

After 9 days of expansion, Tregs were grown in TCM231-
XF medium supplemented with 12.5 yL/mL CD3/CD28
activator, 300 IU/mL IL-2, 10 nM VitD3 for another 3 days.
The obtained cells were labeled with 1 uM of CellTrace
Violet for cell tracking and then exposed to CCR8 ligands
(NS-15 at 1 pM, and CCL1 at 50/100/200 ng/mL) in XF
medium for 24 h, either with or without the presence of 2 pg/
mL of CD95 antibodies (Biolegend, #305,705). Afterward,
the cells were stained with APC Annexin V (Biolegend,
#640,920) following the manufacturer’s protocol and ana-
lyzed by flow cytometry. The survival rate of the CellTrace
Violet-labeled cells was presented.

Statistics

All graphs show the mean and standard deviation
(mean + SD) of n biological replicates. Statistical signifi-
cance was determined using GraphPad Prism software (ver-
sion 9.5.1). For pairwise comparisons, paired ¢ test was per-
formed. One-way analysis of variance (ANOVA) followed
by a Tukey test was performed to compare each condition
with every other condition. For statistically significant dif-
ferences, the p value is indicated in graphs as the following:
*p <0.05, ¥*p <0.01, ***p <0.001, ****p <0.0001.

Results

The simultaneous use of CD3/CD28 activator,
IL-2, VitD3 and TCM231 induces high and stable
expression of CCR8 in Tregs

Previous studies have established that CD3/CD28 activa-
tion is crucial for the expression of CCR8 [1, 3]. FOXP3
has also been implicated in CCR8 regulation [12]. As IL-2
has the ability to enhance FOXP3 expression in Tregs
[13], it may also facilitate CCRS8 expression in an indirect
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manner. Moreover, VitD3 has been shown to induce CCR8
expression in naive T cells and Teff cells [14, 15]. Given
the high expression of the VitD3 receptor (VDR) in TITRs
[1, 16], VitD3 may also contribute to the upregulation
of CCR8 in Tregs. Finally, co-culture with breast tumor
slides was found to substantially upregulate CCR8 mRNA
in CD3/CD28-activated Tregs [1]. Since TCM has solu-
ble factors produced by cancer cell lines, we hypothesized
that TCM may be used as an alternative to enhance CCR8
expression in Tregs.

To optimize the upregulation of CCR8 expression,
PBMC-derived expanded Tregs were cultured in XF
medium or TCM-231-XF medium with various combina-
tions of CD3/CD28 activator, IL-2 and VitD3. The expres-
sion of CCRS8 was analyzed at 24 and 72 h to investigate
the time required for CCRS8 induction and the duration
of its expression. CD3/CD28 activation by itself slightly
enhanced CCR8 expression in Tregs cultured in both media
at 24 h, even though this effect was not statistically signifi-
cant. Administration of IL-2 further enhanced the number
of CCR8™ cells significantly. Statistical comparison between
the conditions XF-CD3/CD28 activator with or without IL-2
revealed a significant increase in the number of CCR8™ cells
at both 24 h (p=0.0198) and 72 h (p =0.0006). When cul-
tured in TCM231-CD3/CD28 activator, a similar effect of
IL-2 on the number of CCR8™ cells was observed at 72 h
(p<0.0001). When cultured in XF medium the application
of VitD3 led to a significant additional increase in the num-
ber of CCR8 expressing cells (when compared to XF-CD3/
CD28 activator-IL-2) at 72 h (p=0.0016), but not at 24 h
(p=0.5010). Although the effect of VitD3 was less pro-
nounced in TCM231-XF medium and was not statistically
significant at 72 h (p =0.4953) a slight increase in the num-
ber of CCR8" cells was still observed in all three independ-
ent experiments. Furthermore, when supplemented with the
same combination of CD3/CD28 activator, IL-2 and VitD3,
TCM-XF medium consistently yielded a greater number
of CCRS8™ cells in comparison to XF medium at 72 h in
all three independent experiments with significant differ-
ences observed between conditions containing CD3/CD28
activator (p =0.0088) and CD3/CD28 activator plus IL-2
(p=0.0005).

Taken together, these findings revealed that all the tested
factors (CD3/CD28 activator, IL-2, VitD3 and TCM231)
can contribute to the upregulation of CCRS8 in Tregs,
with TCM and IL-2 being most important to obtain stable
CCRS8 expression. The less pronounced impact of VitD3
in TCM231-XF medium might suggest that some levels of
VitD3 are already present in TCM231. Of note, the simulta-
neous use of the four factors not only increased the number
of CCR8-expressing cells (reaching approximately 80%), but
also upregulated CCRS8 abundance on these cells (resulting
in up to threefold increase in MFI) (Fig. 1).
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Fig.1 CCRS is upregulated by simultaneous use of CD3/CD28 acti-
vator, IL-2, VitD3 and TCM231. a CCRS expression in Tregs after
24 h of culture. After expansion for 9 days, Tregs were cultured at
7.5% 10* cells per well in a flat-bottom 96-well plate in 200 uL of
XF medium or TCM231-XF medium containing different combi-
nations of CD3/CD28 activator, IL-2 and VitD3 for 24 h. Left his-
tograms show the representative donor staining with isotype (black)
and CCRS antibody (gray). Right bars show the percentage of CCR8*
Tregs (white) and MFI (gray) on CCR8* Tregs (n=2). b CCRS
expression in Tregs after 72 h of culture. After expansion for 9 days,
Tregs were cultured at 5x10° cells per T25 flask in 5 mL of XF
medium or TCM231-XF medium containing different combinations
of CD3/CD28 activator, IL-2 and VitD3 for 72 h. Left histograms

CD3/CD28 activator, IL-2, VitD3 and TCM231
also upregulate the expression of other TITR signature
molecules

To further characterize the Tregs, we assessed the expres-
sion of several molecules previously reported to be upreg-
ulated in TITRs, including CD30, CD39, Tim-3, TIGIT,
CD134, and CD137, after 72 h of treatment [1, 17].
Expression of these molecules was limited in untreated
Tregs when cultured in XF medium. Only about 20% of
cells expressed CD30, CD134, CD137, Tim-3 and around
40% showed CD39 expression. Although TIGIT expres-
sion was detected in approximately 80% of untreated
Tregs, the level of expression on these cells was relatively
low (Fig. 2 and Fig. S2). Treatment with CD3/CD28 acti-
vator slightly increased the expression of all these tested
molecules, except for CD30. Co-administration of CD3/
CD28 activator and IL-2 significantly boosted the expres-
sion of all molecules. VitD3 further upregulated CD30,
CD39 and CD134, but it slightly decreased the expression

+ + = +
> L2 - - + + = =
VitD3

show the representative donor staining with isotype (black) and
CCRS8 antibody (gray). Right bars show the percentage (white) and
MFI (gray) of CCR8* Tregs (n=3). For bar graphs, a single inde-
pendent experiment is represented by data points of the same shape.
Data shown as mean+ SD. One-way ANOVA followed by Tukey test
was performed to compare each condition with every other condition.
For clarity, only the difference between XF medium and every other
condition is shown (* p<0.05, ** p<0.01, *** p<0.001 and ****
p<0.0001). ANOVA, analysis of variance; MFI, median fluorescence
intensity. Histograms were generated as SVG files using FlowJo soft-
ware. Bar graphs were created using GraphPad Prism. The alignment
of the histograms and bar graphs was performed using the open-
source Inkscape software

of CD137, TIGIT, and Tim-3. Compared to Tregs cultured
in XF medium, Tregs in TCM231-XF medium receiving
the same treatments displayed more pronounced expres-
sion of all these molecules, with exception of CD30. Of
note, even though VitD3 and TCM231 were not always
favorable, the combination of CD3/CD28 activator, 1L-2,
VitD3 and TCM231 still greatly augmented the expression
of all the TITRs signature molecules under investigation
(Fig. 2 and Fig. S2).

To further authenticate the Tregs, we cultured the
cells for 4 days in TCM231-XF medium containing CD3/
CD28 activator, IL-2 and VitD3. During the last 4 h of
the culture, 50 ng/mL Phorbol 12,13-dibutyrate (Tocris,
#4153) and 1 pg/mL Ionomycin (Tocris, #1704) were
introduced in the presence of 1 pg/mL Brefeldin-A. The
cells were then stained for FOXP3, IL-10 and IL-17. The
results revealed that the vast majority of Tregs expressed
a high level of FOXP3, while small (sub-)populations also
expressed IL-10 and IL-17 (Fig. S3).
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Fig.2 The simultaneous application of CD3/CD28 activator, 1L-2,
VitD3 and TCM231 significantly increases the expression of selected
TITR signature molecules in Tregs. After expansion for 9 days, Tregs
were cultured at 5x10° cells per T25 flask in 5 mL of XF medium
or TCM231-XF medium containing different combinations of CD3/
CD28 activator, IL-2 and VitD3 for 72 h. Bars show the percent-
age (white) and MFI (gray) of cells expressing CD30 (a), CD39
(b), CD134 (c), CD137 (d), TIGIT (e) and Tim-3 (f). A single inde-
pendent experiment is represented by data points of the same shape
(n=3). Data are mean=+SD. One-way ANOVA followed by Tukey
test was performed to compare each condition with every other con-
dition. The differences between XF medium and every other condi-
tion are shown (* p<0.05, ** p<0.01, *** p<0.001 and ****
p<0.0001). ANOVA, analysis of variance; MFI, median fluorescence
intensity. Histograms were generated as SVG files using FlowJo soft-
ware. Bar graphs were created using GraphPad Prism. The alignment
of the histograms and bar graphs was performed using the open-
source Inkscape software

TITR mimics display robust immunosuppressive
activity in vitro

Next, we investigated the immunosuppressive capacity of
Tregs cultured in TCM231-XF medium supplemented with
CD3/CD28 activator, IL-2 and VitD3. For this purpose, we
cultured CellTrace Violet-labeled allogeneic CD4TCD25~ T
cells as responder cells (Tresps) for 4 days in the absence
or presence of Tregs. As shown in Fig. 3, robust prolifera-
tion of Tresps was observed in the absence of Tregs. When
co-cultured, Tregs suppressed the proliferation of Tresps in
a dose-dependent manner. Of note, even at physiologically
relevant Treg:Tresp ratios of 1:16 or lower, proliferation of
Tresps was still efficiently suppressed.

A comparison was also carried out to assess the suppres-
sive capacity of Tregs cultured in TCM231-XF medium
compared to those cultured in XF-medium. TCM231-XF
medium by itself has the potential to lower Tresp cell prolif-
eration when compared with XF medium (Fig. S4a and S4b).
Notably, the analysis of the inhibition percentage revealed
that Tregs in TCM-XF medium possessed stronger immu-
nosuppressive capacities compared to those in XF medium
(Fig. S4c). The strong immunosuppressive capabilities of
the Tregs (when cultured in TCM231-XF medium contain-
ing CD3/CD28 activator, IL-2 and VitD3), along with their
phenotypic similarity to TITRs, led us to designate them as
“TITR mimics”.

A
100 - TITR mimic:Tresp = 1:4 TITR mimic:Tresp = 1:8 ‘ TITR mimic:Tresp = 1:16 2.0 -
80 it
60 - é
1.5+
1 c
" 2 ns
1 =
20+ E
5l £ 1.0- *
5 1004 TITR mimic:Tresp.=1:32 S
=
X 8o [} Fekkk
] o
60 »n 0.5 Sk
] 2 *kekdk —|'®
404 -
U I R e
O Loy S NS E— il \ | S F"V,\I 1:4 1:8 1:16 1:32 1:64 0:1
0° 0 10° w0t 10® a0 0 10® 10 0% a0® o 10 10* 105‘ TITR mimic:Tresp ratios
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Fig.3 TITR mimics display dose-dependent immunosuppressive
activity in in vitro suppression assay. Allogeneic Tresps were labeled
with 2 uM CellTrace Violet and then co-cultured with Tregs that
underwent 9 days of expansion at different ratios, with a fixed total
number of 1x10° per well of 96-well plate, in TCM231-XF medium
containing 12.5 pg/mL CD3/CD28 activator, 300 IU/mL IL-2 and
10 nM VitD3 for 4 days. Left histograms show the proliferation of
Tresps from one representative experiment with three technical rep-
licates. Right bars show the division index (DI) of Tresps calculated
from three biological replicates (each performed in triplicate) by
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FlowJo proliferation modeling. For bar graphs, a single independent
experiment is represented by data points of the same shape (n=3).
Data shown as mean+SD. * p<0.05, ** p<0.01, *** p<0.001 and
*#%% p<0.0001 by one-way ANOVA where each ratio was compared
with the TITR mimic:Tresp ratio of 0:1. ANOVA, analysis of vari-
ance. Histograms were generated as SVG files using FlowJo software.
Bar graphs were created using GraphPad Prism. The alignment of the
histograms and bar graphs was performed using the open-source Ink-
scape software
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TITR mimics are able to migrate
in a CCR8-dependent manner

TITR mimics were then used as a cellular model to study the
involvement of CCRS signaling in the immunosuppressive
function of TITRs. To this end, the cognate ligand CCL1
was used to activate CCR8 signaling. In addition, consider-
ing that activated T cells are known to produce CCL1 [18],
the effect of blockade of CCR8 activation by autocrine and
paracrine CCL1 was also examined using the small molecule
antagonist NS-15 [19]. The interaction of CCL1 and NS-15
with CCR8 expressed on TITR mimics was first confirmed
through a binding assay involving CCL14F%7_ As shown in
Fig. 4, CCL1 dose-dependently inhibits CCL14%47 binding.
Furthermore, NS-15 at 1 uM almost fully blocked the bind-
ing of CCL1AF64,

Chemokine receptors are primarily known for their role in
regulating the homing and migration of immune cells. CCR8
being highly expressed on TITR mimics therefore naturally
suggests a role in their migration upon interaction with the
natural CCR8 agonist CCL1. Previously, the chemokine
receptor CCR4 was also reported to be highly expressed by
TITRs [1, 20-22]. We therefore first assessed expression of
both CCR4 and CCRS in the TITR mimics, which demon-
strated that the vast majority of these cells co-express both
receptors (Fig. 5a, b). In a Transwell migration assay, both
CCL1 (CCRS agonist) and CCL22 (CCR4 agonist) induced
strong TITR mimic cell migration. To further demonstrate
that the CCL1-induced migration was uniquely mediated
by CCRS, the small molecule CCRS8 antagonist NS-15 was
applied. Whereas NS-15 was unable to induce cell migra-
tion by itself, it fully inhibited the CCL1-induced migra-
tion response (Fig. 5c). In contrast, NS-15 had no effect on
CCL22-induced migration (Fig. 5c¢).
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Fig.5 CCRS8 on TITR mimics is functional in a Transwell migration
assay. a Representative flow cytometry dot plot showing CCRS8 and
CCR4 expression on TITRs mimics, stained by BV421-CCR8 (BD,
#566,379) and APC-CCR4 (Biolegend, #359,408). b Percentage of
TITR mimics expressing CCR8 and CCR4 (n=2). ¢ Migration of
TITR mimics toward CCL1 and CCL22 in the presence or absence
of NS-15 (n=2). One-way ANOVA followed by Tukey test was per-
formed to compare each condition with every other condition. The
differences between selected pairs were shown, * p <0.05

CCR8 signaling is dispensable
for the immunosuppressive activity of TITR mimics

To investigate the role of CCR8 signaling in the immu-
nosuppressive function of TITR mimics, CellTrace
Violet-labeled allogeneic Tresps were cultured with
(Treg:Tresp=1:16) or without TITR mimics in TCM231-
XF medium containing CD3/CD28 activator, IL-2 and
VitD3 for 4 days. CCL1 and NS-15 were added to the
culture at 24 h, 48 h and 72 h. The results showed that
the proliferation of Tresps remained unaffected by either
CCRS activation via CCL1 or blockade by NS-15, regard-
less of the presence or absence of TITR mimics (Fig. 6a,
b). Hence, at least in our in vitro system, it can be inferred
that CCRS signaling is not essential for the immunosup-
pressive capability of TITR mimics.
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Fig.4 CCRS ligands effectively block CCL14%*7 binding on TITR
mimics. TITR mimics were cultured at 5x10* cells per well in a
96-well plate in TCM231-XF medium containing 12.5 pg/mL CD3/
CD28 activator, 300 IU/mL IL-2 and 10 nM VitD3. CCR8 ligands
at the indicated concentrations were added at 24 h, and then, cells
were stained with 3 nM CCL147%*7 30 min later (24.5 h) and 24 h
later (48 h), respectively. Other cells were treated with CCR8 ligands
twice (at 24 and 48 h, respectively) and then stained with 3 nM

24h "~ 48h " 72h

CCLI1AF7 at 72 h. Left histograms show representative staining
with CCL14F%7_ Right bar graphs show the percentage of CCL14F47
binding cells. For bar graphs, a single independent experiment is
represented by data points of the same shape (n=3). Data shown as
mean+ SD. Histograms were generated as SVG files using FlowJo
software. Bar graphs were created using GraphPad Prism. The align-
ment of the histograms and bar graphs was performed using the open-
source Inkscape software
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Fig.6 CCRS is redundant for the immunosuppressive activity of
TITR mimics. a The effects of CCRS8 ligands on Tresp prolifera-
tion in the absence of TITR mimics. b The effects of CCRS8 ligands
on Tresp proliferation in the presence of TITR mimics. Tresps were
labeled with 2 uM CellTrace Violet and then culture alone or in the
presence of TITR mimics at a ratio of one Treg for sixteen Tresps,
with a total number of 1x10° cells per well in a 96-well plate, in
TCM231-XF medium containing 12.5 pg/mL CD3/CD28 activator,
300 IU/mL IL-2 and 10 nM VitD3 for 4 days. Cells received CCR8
ligands at indicated concentrations at 24 h, 48 h and 72 h and then

CCR8 signaling is not necessary for the proliferation
of TITR mimics

CCRS has been implicated in the proliferation of Tregs
[23], group 2 innate lymphoid cells [24] and Sézary cells
[25]. It is of interest to investigate whether CCRS8 ligands

v

analyzed at 96 h. Left histograms show the Tresp proliferation in
single representative experiments with three technical replicates.
Right bars show the division index (DI) calculated from two or three
biological replicates (each performed in triplicate) of proliferating
Tresps. A single independent experiment is represented by data points
of the same shape. Data shown as mean +SD. Histograms were gen-
erated as SVG files using FlowJo software. Bar graphs were created
using GraphPad Prism. The alignment of the histograms and bar
graphs was performed using the open-source Inkscape software

affect the proliferation of TITR mimics. Therefore, we
labeled TITR mimics with CellTrace Violet and cultured
them in TCM231-XF medium containing CD3/CD?28 acti-
vator, IL-2 and VitD3 for 4 days. CCL1 or NS-15 were
added to this culture at 24 h, 48 h and 72 h. The results
showed that the proliferation of TITR mimics was not
affected by addition of CCL1 and NS-15 (Fig. 7).
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Fig.7 CCRS is unnecessary for the proliferation of TITR mimics.
Expanded Tregs were labeled with 2 uM CellTrace Violet and then
cultured at 5x10* cells per well in flat-bottom 96-well plates in
TCM231-XF medium containing 12.5 pg/mL CD3/CD28 activator,
300 IU/mL IL-2 and 10 nM VitD3 for 4 days. CCRS8 ligands at the
indicated concentrations were added at 24 h, 48 h and 72 h. Left his-
tograms show the cell proliferation in a single experiment with four
technical replicates. Right bars show the division index (DI) calcu-
lated from three biological replicates (each performed in triplicate)
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by FlowJo’s proliferation modeling. Experiments were repeated three
times. For bar graphs, a single independent experiment is represented
by data points of the same shape (n=3). Data shown as mean +SD.
No stimulus: cells were cultured in TCM231-XF medium without
CD3/CD28 activator, IL-2 and VitD3. Histograms were generated
as SVG files using FlowJo software. Bar graphs were created using
GraphPad Prism. The alignment of the histograms and bar graphs
was performed using the open-source Inkscape software
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CCR8 is not involved in the survival of TITR mimics

It has been shown that CCR8 activation can rescue cancer
cells from dexamethasone-induced apoptosis or potenti-
ate the survival of Tregs in the presence of dendritic cells
[26-28]. To investigate the role of CCRS in the survival
of TITR mimics, we cultured TITR mimics for 3 days in
TCM231-XF medium containing CD3/CD28 activator, IL-2
and VitD3. Hereafter, some of the obtained cells were used
to determine the expression of CCRS8. The remaining cells
were labeled with 1 uM CellTrace Violet and then cultured
in XF medium with or without CD95 antibody in the pres-
ence of CCL1 or NS-15 for 24 h, where removing the stimu-
lation factors and adding CD95 antibody would allow more
apoptosis to occur. As shown in Fig. 8a, the expression of
CCRS was still observed in around 60% of Tregs. Analysis
on CellTrace Violet-labeled cells showed that treatment with
a CD95 antibody significantly decreased the survival rate of
TITR mimics (Fig. 8b). However, neither CCL1 nor NS-15
had any effect on the survival of TITR mimics no matter the
presence of CD95 antibody (Fig. 8c).

Discussion

Despite significant advancements in the field of TITRs, a
readily available and physiologically relevant cellular model
for studying TITRs is still lacking. In the current study, we
identified four factors, CD3/CD28 activator, IL-2, VitD3
and TCM, that facilitate the generation of highly immu-
nosuppressive TITR mimics displaying high expression of
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Fig.8 CCRS is dispensable for the survival of TITR mimics. a
CCLI1*F%7 binding on TITR mimics used for survival assay in the
presence of CCR8 ligands. b The survival rate of TITR mimics in the
presence or absence of CD95 antibody. ¢ The survival rate of TITR
mimics in the presence of CCRS ligands. After 9 days of expansion,
Tregs were grown in TCM231 containing 12.5 pg/mL CD3/CD28
activator, 300 IU/mL IL-2 and 10 nM VitD3 for another 3 days. At
day 12, a partial of the obtained TITR mimics were stained with
3 nM CCL14F%7 after incubation with CCRS ligands at the indicated
concentrations for 30 min (a). The remaining cells were labeled with
1 uM CellTrace Violet for cell tracking. Afterward, the labeled cells
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TITR signature molecules (including CCR8) starting from
healthy PBMC-derived Tregs. While CD3/CD28 activator,
IL-2 and VitD3 have well-defined mechanisms of action, the
functional factors within TCM that contribute to the TITR
mimic phenotype and function remain undefined. Thus, it is
of interest to determine whether TCM sourced from differ-
ent cancer cell lines can be used to generate TITR mimics.
To have a quick insight into this question, we performed a
side-by-side comparison of TCM231 and TCM549 for their
ability to upregulate TITR signature molecules. Our results
revealed a comparable expression of a number of TITR sig-
nature molecules including CD30, CD39, CD134, CD137,
TIGIT, Tim-3, CTLA-4, CD80, CD120b, CD122, GITR and
ICOS (Fig. S5). Moreover, when PBMCs were co-cultured
with Huh7 cells (hepatocellular carcinoma cells), the Treg
population were also found to upregulate a series of TITR
associated molecules [29]. These observations are consistent
with previous findings that TITR signatures are conserved
across different tumor types [17], suggesting the feasibility
of generating TITR mimics through the utilization of vari-
ous TCM formulations. Although beyond the scope of this
study, the identification of the functional factors present in
TCM would be of great interest in future as similar stimula-
tory components might also be present in vivo in the tumor
microenvironment. One factor that might be worth looking
into is Prostaglandin E2, considering its potential to be gen-
erated by cancer cells [30] and its documented ability to
upregulate CCRS in both naive and effector T cells [14, 15].

Previous studies showed that high doses of IL-2 can abro-
gate the immunosuppressive activity of Tregs [31-33]. Spe-
cifically, when exposed to IL-2 concentrations ranging from
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treated with CCRS ligands at the indicated concentration in the pres-
ence or absence of 2 pg/mL CD95 antibody for 24 h and then stained
with APC Annexin V following the manufacturer’s protocol. The sur-
vival rate was calculated for CellTrace Violet-labeled cells. For bar
graphs, a single experiment is represented by data points of the same
shape (n=3). Data shown as mean=+SD. b *p <0.05 by paired ¢ test.
Histograms were generated as SVG files using FlowJo software. Bar
graphs were created using GraphPad Prism. The alignment of the
histograms and bar graphs was performed using the open-source Ink-
scape software
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approximately 100 IU/mL-50 ng/mL (equivalent to around
1050 IU/mL), Tregs showed significantly diminished or unde-
tectable immunosuppressive effect on Tresp proliferation. In
contrast, our TITR mimics displayed robust immunosuppres-
sive activity in the presence of 300 IU/mL of IL-2. A possible
explanation for this discrepancy could be that the freshly iso-
lated or short-term activated Tregs used in the aforementioned
studies [31-33] may have low expression of CD25, as sug-
gested by our Fig. S1, which hampers their ability to compete
effectively with Tresps for IL-2 consumption. In contrast, our
TITR mimics had much higher CD25 expression (Fig. S6),
enabling them to outcompete Tresps in IL-2 consumption
more effectively. With the heightened CD25 expression, it is
highly probable that our TITR mimics also possess enhanced
level of inhibitory TITR signature molecules by responding to
the high concentration of IL-2, further enhancing their immu-
nosuppressive activity compared to previously used Tregs.

Since chemokine receptors are typically involved in
migration of immune cells between and within tissues, we
examined the migratory ability of TITR mimics mediated
by CCRS. A strong CCR8-specific response was observed,
which suggests that TITR migration can be (co-)regulated
by the highly induced CCR8 expression. However, it is
important to note here that the TITRs also exhibit a high
expression of CCR4 [1, 20-22], a chemokine receptor
closely related to CCR8, which is also involved in control-
ling migration of Tregs in vivo [34]. Given that CCL1 and
CCL22, chemokine ligands for CCR8 and CCR4, are both
mainly secreted by myeloid cells in vivo [1, 35, 36] and
blocking CCRS evidently does not prevent CCR4-mediated
migration toward CCL22 (Fig. 5¢), it is likely that the effect
of blocking CCR8 on TITR migration might (in part) be
compensated for by CCR4. It has been shown that CCRS is
dispensable for Treg accumulation at tumor sites [7]. Despite
this, it cannot be excluded that CCR8 may contribute to the
coordinated migration and positioning of TITRs alongside
CCR4 and other TITR-expressing chemokine receptors,
which remains to be fully understood. It is also possible
that CCR8 plays unique role in TITR migration toward yet-
unidentified cells that primarily secrete CCL1 rather than
other chemokines.

Our migration data also demonstrate that CCRS8 expressed
on the TITR mimics is a functional receptor that responds
to its natural agonist CCL1 and thus induces CCR8 sign-
aling in these cells. Our further study, however, indicated
that this CCRS signaling does not seem to be essential for
the immunosuppressive activity of TITRs. This finding is
in line with prior studies on the in vitro immunosuppres-
sive capacity of TITRs. These studies have indicated that
CCLI1 stimulation does not affect the suppressive capacity
of TITRs [1] and that TITRs derived from wild type and
CCRS knockout mice display similar suppressive capacities
[3]. A possible explanation for this is that our TITR mimics,
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as well as TITRs, already possess strong immunosuppres-
sive capacities (Fig. 6 and Fig. S4), which could be due to
their abundant expression of immune checkpoint molecules,
such as CD39, TIGIT, CTLA-4 and Tim3, as well as other
possible functional mechanisms like inhibitory cytokines.
Such strong immunosuppressive activity might be difficult
to modulate by only targeting CCRS.

Moreover, our findings indicated that the CCRS signal-
ing also appears to be dispensable for Treg proliferation and
apoptosis. This contradicts a study revealing a decrease in
TITR number at tumor sites by IPG7236, a selective CCR8
antagonist [8]. However, it is in line with the majority of
previous studies, which showed that CCR8-blocking anti-
bodies did not impact TITR number [3—6]. The cited authors
did not elucidate how IPG7236 reduces the TITR number.
The substantial reduction in TITR numbers (around 80%,
from roughly 2.7% to 0.5%) achieved by IPG7236 seems
improbable to result solely from the inhibition of CCR8
signaling. Otherwise, it implies that CCR8 signaling plays
a dominant role in TITR proliferation or survival, which
contradicts prior studies using CCR8-blocking antibodies
and our own data presented in Fig. 7. As our results showed,
CD3/CD28 activation, IL-2 and potentially multiple other
(yet to be identified) factors in TCM or the in vivo TME have
already significantly facilitated TITR proliferation (Fig. 7).
Given this, it is not unexpected that the impact of specifi-
cally modulating CCRS signaling cannot be detected, if any.

The aim of our study was to generate a cellular model
for TITRs that could be used to study the role of CCR8
signaling and would allow to evaluate the potential of small
molecule CCR8 antagonists in future anti-tumor application.
Even though antagonist NS-15 can efficiently block CCRS-
mediated TITR mimic migration, its effect can be compen-
sated by the function of CCR4. Moreover, NS-15 does not
have any impact on the immunosuppressive activity, prolif-
eration and survival of TITR mimics. Consequently, these
findings raise doubts on the promise of CCR8 antagonists
as potential anti-tumor agents. Considering the knowledge
that the anti-tumor activity of CCRS8 antibodies depends on
their ADCC ability, a more promising future avenue for the
development of CCR8-targeting small molecule candidates
for cancer treatment may lie in the creation of small mol-
ecule drug conjugates (SMDCs) capable of selectively tar-
geting and eliminating CCR8-expressing TITRs, which are
prevalent in diverse tumor types.

Finally, apart from studying CCRS, we believe that our
TITR mimics can be applied as a platform to identify and
evaluate TITR-targeting drug candidates. The in vitro sup-
pression assay holds promise for evaluating candidates tar-
geting crucial immune checkpoint molecules involved in
TITR function. Furthermore, the development of cell-kill-
ing assays also enables the assessment of ADCC-competent
antibodies, antibody drug conjugates (ADCs) and SMDCs.
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Interestingly, our TITR mimics also allow the evaluation of
drug candidate combinations, which we believe is a future
direction for cancer treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-023-03607-z.
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