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Tumor-infiltrating plasmacytoid dendritic cells
promote immunosuppression by Tr1 cells in
human liver tumors
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CD4" type 1 T regulatory (Tr1) cells have a crucial role in inducing tolerance. Immune regulation by these cells is
mainly mediated through the secretion of high amounts of IL-10. Several studies have suggested that this regulatory
population may be involved in tumor-mediated immune-suppression. However, direct evidence of a role for Tr1 cells in
human solid tumors is lacking. Using ex vivo isolated cells from individuals with hepatocellular carcinoma (HCGC; n = 39)
or liver metastases from colorectal cancer (LM-CRC; n = 60) we identify a CD4"FoxP3~IL-137IL-10™ T cell population in
tumors of individuals with primary or secondary liver cancer that is characterized as Tr1 cells by the expression of
CD49b and the lymphocyte activation gene 3 (LAG-3) and strong suppression activity of T cell responses in an IL-10
dependent manner. Importantly, the presence of tumor-infiltrating Tr1 cells is correlated with tumor infiltration of
plasmacytoid dendritic cells (pDCs). pDCs exposed to tumor-derived factors enhance IL-10 production by Tr1 cells
through up-regulation of the inducible co-stimulatory ligand (ICOS-L). These findings suggest a role for pDCs and ICOS-
L in promoting intra-tumoral immunosuppression by Tr1 cells in human liver cancer, which may foster tumor
progression and which might interfere with attempts of immunotherapeutic intervention.

Introduction

The two most common types of cancer affecting the liver are
HCC and colorectal cancer liver metastasis.””> For the majority
of patients, curative treatments are not available and alternative
treatments like immunotherapy have so far shown limited effi-
cacy.>® One of the main obstacles for immunotherapy is the
immunosuppressive environment within tumors.”® In support of
this, we recently described the accumulation of CD4 1 FoxP3™"
regulatory T cells (Tregs) that are potent suppressors of antitu-
mor immunity at the tumor site of patients with liver cancer.”®
However, other types of inhibitory T cells may also be involved
in local immunosuppression inside the tumor.

Trl cells were initially described in individuals who devel-
oped long-term tolerance after allogenic transplantation.” Since
then Trl cells have proven to be important in promoting and
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maintaining tolerance in autoimmunity, allergy and transplan-
tation.'” There is experimental evidence suggesting a putative
role for Trl cells in tumor escape from immune surveil-
'L12 However, the absence of a defined cell surface signa-
ture and the reliance on a cytokine profile to distinguish Trl

cells from other T cell subsets complicated their identification

lance.

and study.” Tt was shown that exposure of dendritic cells to
tumor-derived factors favors the induction of Trl-like cells
from naive CD4" T cells.® Additionally, tumor-infiltrating
lymphocytes (TILs) of patients with head and neck squamous
cell carcinoma were shown to contain more Trl precursors
than peripheral blood.* These findings suggest that this regula-
tory T cell population could be involved in tumor-mediated
immune-suppression. However, direct evidence for the presence
of Trl cells and their role in solid tumor development
remained elusive. Now, using recently described surface
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markers for the identification of Trl cells,"”” we report that
TILs in patients with liver cancer contain a subset of suppres-
sive CD4"Foxp3™ T cells with the phenotypic and functional
characteristics of Trl cells. In addition, we provide evidence
suggesting that intra-tumoral immunosuppression by Trl cells
is promoted by tumor-infiltrating pDCs.

Results

IL-10-producing CD4 Foxp3™~ T cells accumulate in
human liver tumors

In order to characterize the CD4" T cell subsets present
in liver tumors we compared pairwise the cytokine profile of
CD4" TILs isolated from individuals with HCC or liver
metastasis from CRC (LM-CRC) to the cytokines produced
by CD4" T cells from the tumor-free area of the liver
(TFL) and peripheral blood (Fig. 1; Fig. S1). Freshly iso-
lated single cell suspensions were activated with PMA and
Ionomycin in the presence of protein transporter inhibitors
and analyzed by flow cytometry. Compared to TFL and
blood, CD4™" TILs contained significantly higher frequen-
cies of IL-10-producing cells in both groups of patients
(Fig. 1A). In contrast, the frequencies of IFNvy, TNFa and
IL-13 producing CD4™" T cells were similar in TFL and
tumors.

To further characterize these IL-10-producing CD4™" T cells,
we analyzed their expression of IL-13 and FoxP3, and we
observed that the majority of IL-10" cells did not produce IL-13
nor expressed FoxP3 (Fig. 1B, C and D). These cells were also
negative for IL-4 (Fig. S1B). Therefore, only a minor proportion
of tumor-infiltrating IL-10-producing CD4™ T cells correspond
to FoxP3" Tregs or Th2 cells. Instead, the large majority of IL-
10-producing CD4" T cells are FoxP3-negative and IL-13-nega-
tive, and these cells are enriched at the tumor site (Fig. 1E).
Moreover, an important proportion of these cells produced
IFNvy without significant differences between blood, TFL and
tumor (Fig. S1C).

Tumor-infiltrating CD4 *FoxP3 IL-10+ T cells are potent
suppressors of T cell function in an IL-10 dependent
mechanism

To investigate the functional properties of tumor-infiltrating
CD4 1 FoxP3 1L-13-1L-4-1L-10+ cells, we isolated
CD4"CD25- T cells, which are FoxP3~ (Fig. S2A), from TILs
and activated them with antibodies to CD3 and CD46 '° or
1COS," two co-stimulatory molecules that have been described
to stimulate IL-10 production (Fig. S2B). Importantly, we acti-
vated these cells for only 24-48 h to prevent de novo generation
of IL-10-producing cells from naive T cells. Similar to what we
had observed upon short-term stimulation with PMA and Iono-
mycin, this stimulation also revealed higher proportions of IL-
10-producing CD4™ cells in tumor tissue than in TFL or blood,
(Figs. S2C, D). After activation IL-10" cells were enriched by
magnetic sorting (Fig. $3). We investigated the immunosuppres-
sive  potential  of

tumor-infiltrating ~ IL-10-producing
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CD47CD25- T cells by assessing their capacity to suppress T-
cell proliferation and cytokine production in vitro (Fig. 2A, B).
CFSE-labeled PBMCs from healthy donors were stimulated with
PHA and co-cultured in the presence of the IL-10" enriched
fraction (IL-10"€") or the remaining fraction (IL-10""). Nota-
bly, both cell fractions suppressed proliferation and cytokine pro-
duction of responder CD3" T cells (Fig. 2A and B), but the
degree of suppression differed considerably. Whereas the IL-
10" fraction suppressed moderately (20.4 + 5.5 %;
mean + SE), the IL-10"¢" fraction strongly suppressed T cell
proliferation (60.2 &= 9.2 %, p = 0.005). No difference in sup-
pression between cells stimulated with CD46 or anti-ICOS anti-
bodies was observed (Fig. S3B). Similar findings were observed
in the setting of CMV-specific CD4™ T cell responses (Fig. $4).
To investigate whether the suppression was mediated by IL-10,
we administered a neutralizing anti-IL-10R antibody to the co-
cultures. As expected, suppression by the high IL-10 producing
CD4" T cells was prevented when IL-10R was blocked, in all
patients tested (Fig. 2C). Thus, these data show that liver tumors
are infiltrated by IL-10-producing CD4*FoxP3™ T cells which
are potent suppressors of T' cell responses in an IL-10 dependent
manner. The limited suppression observed when the IL-10"
fraction was added to the T-cell culture is likely a consequence of
IL-10-producing cells remaining in this fraction after enrichment
of the IL-10"®" fraction by magnetic sorting (Fig. S5A), and
could also be blocked by neutralizing anti-IL-10R antibodies
(data not shown). In support of this explanation, there is a posi-
tive correlation (p = 0.023) between the frequencies of IL-107"
cells present in the IL-10 high or low fractions obtained after
magnetic sorting and their degree of T cell suppression observed
in the co-cultures (Fig. S5B).

Tumor-infiltrating CD4 " FoxP3 IL-10+ T cells display
phenotypic characteristics corresponding to Tr1 cells

A recent study has identified that CD49b and LAG-3 are sta-
bly and selectively co-expressed on Trl cells.'> Because Tr1 cells
are functionally characterized by the production of high levels of
IL-10 and T-cell suppressive capacity, we examined the expres-
sion of these markers on the tumor-infiltrating IL-10¥CD4" T
cells that we described above. Notably, the liver tumor-infiltrat-
ing CD4"FoxP3™ T cells that produced the highest amounts of
IL-10 co-expressed CD49b and Lag-3 (Fig. 2D) and we observed
that CD4"FoxP37CD49b"LAG-3" T cells were selectively
enriched in the tumor bed in both types of liver tumors (Fig. 2 E
and F). Therefore, taken together we conclude that the majority
of the CD4*FoxP37IL-10-producing cells infiltrating liver
tumors correspond to Trl cells and that they are strongly immu-
nosuppressive in an IL-10-dependent manner.

Tumor-exposed pDCs promote immune suppression
through activation of Tr1 cells

Given that pDCs have been reported to prime CD41IL-10-
producing T regulatory cells through ICOSL,'® and in ovarian
1229 and breast cancer > expand CD4 " FoxP3™ Tregs, as well as
stimulate production of IL-10 in these cells, we explored tumor
infiltration of pDCs in our patients. We observed that pDCs

Volume 4 Issue 6



Kk k
—_—
kK *k
—_— —
ok *k .
A = = 1 —_— . 15 o
© ———— °© — @ o *
2 Fekk o *k 3] 5 o —_—
2 2 2 *e 2 ke °
5 100 ® - 5 100 &0 . o 5 o10] o g 10 —— ° 9
3 0y® 3 % %00 S o =1
3 O F % e T ol o @ 2 2 3 o ® 2 |e e, 3 %%
S 2 olsd & E e o4 2 8 £ oo o o
o 50 0g 50 00 & “ 5 ° 2_?_“ 2_3:_ o 5 208 o
2 2 % o 0% < ® . H = e goo oo = '} & —} *® o
° = 5 ® 00 3 O, )
= og0 ® o 00 = o® ® g Y00 @ o = o020 o
= o0 o E3 - = 3¢ 8% % * o = ede odb o% S0 6
: : ; . : : T T $ ; T T
HCC LMC HCC LMC HCC LMC HCGC LMC HCC LMC HCC LMC HCC LMC HCC LMC HCC LMC HCC LMC HCC LMC HCC LMC
Blood TFL Tumor Blood TFL Tumor Blood TFL Tumor Blood TFL Tumor
B *x
—_——
. 0.857% s 7.97% s 0.261% s 8.36% 2 100
" " " " g "
2. . 2. ‘ 58 o =
£ 1 0 ; £ ' ' 29 :
8 =4 = 8 e 85
Hce 8w 2 8 2’4 23 50
z z Za .
2o
2, i 8 e 25
o o 0 q o 5 iE-i%
ES 0
o Wt o ot o w oot o [T IL-10+L-13+  IL-1041L-13-
CcD3 CD3 CD3 CcD3
stk
—_—
5 0.022%
B 1.10% P 10.9% o g, 10 s
% % . E& g0 gagga
10 L]
LM- g o 8 835 60
-
CRC § - = 28 40
5wy 8 2o o
o= Q= 20 00,00
o o o 5 *ﬁsﬁ
= 0 =
o 10 W et et o w0 w oot [ERTS w ot oo W w0 IL-10+IL-13+ IL-10+1L-13-
CD3 CcD3 cD3 cD3
C Kkk D *
—_— —_—
, [0.509% 0.00% | [11.0% 156%| |, 100 0.197% 2, 100
o W 2 . _ Eg 000,
s S 75 0g 75
g ? = 2 zg o ——
gt 2t ‘g g 838
s & 3 50 2 e gg 50
g e 8 g 28
=&
g P T g. o 25| —hm— &
0 3 ] =4 ° 50 00’
59.5 0.00% 6 . 0.508% = 0 . .
o o W IL-10+FoxP3+  IL-10+FoxP3- ot e IL-10+FoxP3+  IL-10+FoxP3-
Isotype control Isotype control
E *k kK
—_— —_—
*% *k
b @ 18 — ob @ 10 —_—
&9 . T3
£ x O -]
ok o . £ 8 %%
S 10 LD o'
n0 -0 2
it f o F e g
S5 g o 28 “ oogo —- o
LE < o0
-5 | = = . 4§ , S
s2 0 . 52 %0 %00
] . > =8
=38 5 v : :
Blood TFL Tumor Blood TFL Tumer

sured by intracellular staining by flow cytometry. (A) The percentages of

10 expression in CD37CD4™ T cells isolated from HCC (C) or LM-CRC tumors

**%1 < 0,001,

Figure 1. Accumulation of IL-10-producing CD4TFoxP3™ T cells in liver tumors. PBMCs or MNCs isolated from tissues of HCC (n = 8-9) and LM-CRC (n =
5-14) patients were stimulated in vitro for 5 h with PMA/lonomycin in the presence of protein transport inhibitors. IFNvy, TNFq, IL-13 and IL-10 were mea-

tumor. (B) IL-13 expression in viable tumor-derived CD3"CD4"IL-10" T cells of HCC and LM-CRC patients stimulated with PMA/lonomycin. FoxP3 and IL-

cells. Red dots correspond to HCC and blue open dots are for LM-CRC (displayed as LMC in graphs). Values are means =+ SEM, *p < 0.05, **p < 0.01,

cytokine-producing cells among total CD3"CD4" T cells in blood, TFL and

(D). (E) Frequencies of CD4TCD3"IL-13"FoxP37IL-10" T cells among CD4" T

infiltrate liver tumors (Fig. 3A; Fig. S6A), and in both groups of
patients liver tumors contained higher frequencies compared to
TFL. We hypothesized that in liver tumors infiltrating pDCs
may promote the differentiation and/or activation of tumor-infil-
trating Tr1 cells, as has been observed for CD4 FoxP3™ Tregs.*”
Supporting this hypothesis, the frequencies of tumor-infiltrating
pDCs and those of Trl cells as determined by flow cytometry,

showed a highly significant positive correlation (Fig. 3B). Also,
by immunohistochemistry analysis we observed co-localization of
CD303" pDCs and LAG-3" cells in the tumor milieu of both
types of liver tumors (Fig. 3C and D) which was substantiated
by a significant positive correlation in co-localization (Pearson r»
= 0.78; p = 0.03) after counting multiple microscopic fields
(200x magnifications, two independent observers). Such
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Figure 2. For figure legend, see page 5.
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correlation was absent in
TFL (r = —0.2; p= 0.49),
and moreover less LAG-3"
and CD303% cells
detected by immunohis-
tochemistry in TFL than in

‘were

tumors (per microscopic
field of 200x magnification:
LAG-37 cells 3.4 £ 1.0 vs.
6.6 = 1.9 (mean £+ SEM);
and CD303" cells 1.2 +
0.4 vs. 5.3 £ 1.6). Further-
more, analysis of the expres-
sion of ICOS-L in total cell
suspensions obtained from
tumors of HCC and LM-
CRC patients demonstrated
that the main cell popula-
tion expressing this molecule
corresponded  to CD123"
pDCs (Fig. 3E), while Trl
in tumors express high levels
of ICOS (Fig. 2D). We
therefore hypothesized that
pDCs in liver tumors may
induce or activate Trl cells
through ICOSL in liver
tumors.

To test this hypothesis,
pDC:s isolated from blood of
healthy donors were exposed
to lysates of tumor or TFL
and then used to stimulate
autologous naive CD4" T
cells. pDCs exposed to
tumor lysates (TL-pDCS)
up-regulated ICOS-L expres-
sion (Fig. 4A), whereas TFL
lysates (TFLL) induced a sig-
nificant down-regulation of
ICOS-L. In contrast, expo-
sure of pDCs to tumor lysate
or TFL lysate did not affect
expression  of the co-
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Figure 3. Plasmacytoid DCs are enriched at the tumor site and correlate with the frequencies of Tr1 cells. (A) Per-
centages of pDCs (CD123-+HLA-DR+LIN-) among CD45™ leukocytes from paired samples of TFL and tumor tissue
from 78 patients tested (HCC = 27 and LM-CRC = 51). Tumor leukocytes contain significantly higher numbers of
pDCs than TFL (on the average 0.74 =+ 0.6 % pDCs in HCC tumors and 1.01 =+ 0.9 % in LM-CRC tumors, compared
to 0.45 % and 0.75 =+ 0.6 % in TFL, respectively). (B) Pearson correlation analysis between the frequencies of tumor-
infiltrating pDCs and CD41FoxP3~CD49b"LAG-3" Tr1 cells in liver tumors (n = 15). Red dots are HCC and blue
open dots represent LM-CRC. (C and D) Immunohistochemistry analysis shows co-localization of CD303* pDCs (red
brown) and LAG-3" cells (blue) in LM-CRC (C) and HCC (D) tumors. Magnification 200x. An insert at higher magnifi-
cation showing the close localization of CD303" and Lag-3" cells in HCC is displayed in D. (E) Expression of ICOSL
and CD123 analyzed by flow cytometry in total cell suspensions from liver tumors.

Figure 2. (See previous page). Tumor-infiltrating CD4FoxP3~IL-10+ T cells are potent suppressors of T cell function and their phenotype corresponds to Tr1
cells. Tumor-infiltrating CD47CD25™ T cells were activated with anti-CD3/CD46 or anti-CD3/ICOS antibodies for 24-48 h, then stained for IL-10 and magnetically
sorted into IL-10'°" and IL-10"9" fractions, which were both co-cultured at a 1:10 ratio with CFSE-labeled PBMCs from healthy donors stimulated with phytohemag-
glutinin (PHA) for 5 d (A) T cell proliferation and TNFa production measured by flow cytometry in PHA-stimulated PBMCs cultured alone or in the presence of IL-
10" or IL-10M9" fractions of tumor infiltrating CD4TCD25~ T cells. (B) Collective analysis of the percentages of suppression of T cell proliferation and TNFo produc-
tion from eight patients. (C) Effect of blocking IL-10R on the suppressive capacity of CD4IL-10"9" cells. Cells were cultured as described above in the presence of
30 pg/mL of neutralizing anti-IL-10R antibody or an irrelevant isotype control antibody. (D) Expression of CD49b and LAG-3 on tumor-infiltrating CD4™ T cells acti-
vated with antibodies to CD3 and ICOS for 24 h. Cells were gated on viable CD37CD4™ T cells and FoxP3"CD127~ Tregs were excluded from the analysis. Histo-
grams show the expression of IL-10 and ICOS in different populations based on the expression of CD49b and LAG-3. (E) CD49b and LAG-3 expression in blood, TFL
and TILs isolated from a representative patient with HCC. Cells were gated on viable CD3*CD4"FoxP3™ T cells. (F) Collective percentages of CD49b " LAG-3" cells
within CD4 " Foxp3™~ T cells in 21 patients analyzed (HCC n = 8 and LM-CRC n = 13). HCC (red dots) and LM-CRC (blue open dots).
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Figure 4. Tumor-derived pDCs induce the production of IL-10 by Tr1 cells

culture.

donors after overnight culture in the presence of lysates from TFL (TFLL-pDCs) or tumor tissue (TL-pDCs) were analyzed for the expression of ICOS-L.
pDCs exposed to tissue lysates were used to stimulate autologous naive CD4* T cells. The expression of IL-10 (B) and CD49b and Lag-3 (C) were analyzed
on CD4™ T cells after co-culture with pDCs and re-stimulation with PMA/lonomycin. IL-10 production was analyzed in CD3*CD4"FoxP3~CD49b™LAG-3"
T cells. To evaluate the impact of ICOS-ICOS-L signaling, cells were co-cultured in the presence of 50 ug/mL of control isotype antibody or anti-ICOS-L
neutralizing antibody. Values are means =+ SEM, *p < 0.05, **p < 0.01. Red dots represent HCC lysates and blue open dots LM-CRC lysates. (D) Pearson
correlation analysis of the expression of ICOSL on pDCs cultured with medium, TFLL or TL, and the percentage of IL-10+ Tr1 cells detected after co-

through ICOS-ligand-ICOS signaling. (A) Blood pDCs isolated from healthy

stimulatory molecule CD83 and CD86 was upregulated only in
TL-pDCs (Fig. S6B). pDCs induced Trl from naive CD4" T
cells and stimulated IL-10 production in these cells (Figs. 4B and
C). Interestingly, in parallel with their increased expression of
ICOS-L, TL-pDCs induced higher numbers of IL-10-producing
CD4"Fox

P37 CD49"LAG-3" Tr1 cells from naive CD4™ T cells compared
to pDCs treated with TFL lysate (TFLL-pDCs)(Fig. 4B), but
their capacity to induce CD49b and LAG-3 expression did not dif-
fer significantly (Fig. 4C). The ability of TL-pDCs to promote IL-
10 production by Tr1 cells was dependent on ICOS-ICOS-L co-
stimulation, as it was blocked by addition of a neutralizing anti-
body against ICOS-L (Fig. 4B). Furthermore, there is a positive
correlation (r = 0.75, p = 0.006) between the level of expression
of ICOS-L on pDCs after exposure to medium, TFLL or tumor
lysate, and the frequency of IL-10-producing Tr1 cells induced in
the co-culture (Fig. 4D). In contrast, the expression of CD49b
and LAG-3 was not affected by ICOS-L blocking (Fig. 4C). Thus,
ICOS-ICOSL signaling seems to be unnecessary for the induction
of the Tr1 phenotype by pDCs, but it is critical for the production
of IL-10.
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Discussion

At the time of diagnosis the majority of HCC patients are not
candidates for curative therapy, and in CRC patients with liver
metastasis there is a high rate of recurrence after treatment.”” For
these groups of patients, immunotherapy aimed at stimulating
the local antitumor immune response might present an attractive
alternative. However, immunotherapeutic attempts have so far
shown poor clinical responses and this might be related to the
inhibition of tumor-specific immunity by immune regulatory
mechanism present in the tumor microenvironment.”® Detailed
insight into the complex nature of intra-tumoral immune regula-
tion is essential for the design of immunotherapeutic strategies,
and the findings of this study may contribute to development of
such strategies.

TILs in liver tumors are composed mainly of CD4" T cells
that are hypo-responsive to tumor antigens.” We previously
showed that an important fraction of the CD4™ T cells in these
tumors correspond to CD4 FoxP3™ Tregs that are potent sup-
pressors of antitumor immunity.”® There is accumulating evi-
dence for the role of CD4" Foxp3™ Tregs in the development
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and progression of cancer.” 24 Several studies have shown that
the presence of increased numbers of these cells in different
tumors contributes to the suppression of antitumor immunity
and correlates to decreased survival.*>2® Over the years, several
types of Tregs have been identified (reviewed in 9). Whereas
CD4"FoxP3™ Tregs are probably the best characterized Treg
type, Trl cells were until recently a subset of T cells that lacked a
defined cell surface signature, and could therefore only be charac-
terized by the production of high levels of IL-10, low levels of IL-
2, variable levels of IFN7y and the absence of IL-4 and absence of
high and constitutive expression of FoxP3.” The reliance on a
cytokine profile to distinguish Tr1 cells complicated their identi-
fication and study, since these cells are not the only T cell subset
that secretes IL-10. Still, experimental evidence suggested that
exposure of dendritic cells to tumor derived factors favors the
induction of Tr1-like cells from naive T cells,"” arguing for a role
of Tr1 cells in cancer immunology. Later on, in head and neck
carcinoma a suppressive role for in witro generated
CD47CD25 FoxP3""IL-10"TGFb™ cells was described.””
Moreover, in Hodgkin lymphoma the presence of
CD4"CD257IL-10+ regulatory T cells has been described '
and more recently a study described the presence of
CD4"FoxP37CD127 regulatory T cells in blood and tumors
from HCC patients. Although they did not show regulatory
functionality of the tumor-infiltrating CD4 " FoxP3~CD127~
cells, the circulating phenotypically counterpart suppressed T cell
responses through an TL-10-dependent mechanism,'’
a Trl-like cell type.

However, until now direct evidence for a role of Trl cells in

suggesting

human solid tumors is lacking. The recent description of co-
expression of CD49b and LAG-3 as markers that can specifically
identify this population of cells," enabled us to show that the
majority of liver tumor-infiltrating IL-10-producing CD4" T
cells consists of Trl cells and only a minor proportion corre-
sponded to Th2 cells or FoxP3* Tregs. Compared to TFL,
higher numbers of these Trl cells are present in the liver tumors
of both HCC-patients and metastatic CRC-patients, indicating
selective accumulation in the tumor tissues. In functional assays
the tumor-infiltrating Trl cells demonstrated a potent suppres-
sive activity mediated by IL-10. Therefore, these cells represent a
suppressive population in the tumor environment potentially
contributing to the impaired antitumor immunity observed in
patients with liver cancer.

Our data suggest that tumor-infiltrating Tr1 cells may be acti-
vated by pDCs present in the tumor microenvironment. Using
immunohistochemistry analysis pDCs could be identified in the
vicinity of Lag3" cells. Lag3 may also be expressed on
CD4 " Foxp3™ Tregs,” but by flow cytometry we observed that
on the average only 6% of HCC or LM-CRC-derived
CD4 " Foxp3™ Tregs express Lag3 (data not shown). Therefore,
this co-localization, together with the correlation between the fre-
quencies of tumor-infiltrating pDCs and Trl cells observed in
flow cytometric analysis (Fig. 3B), suggests a possible interaction
between both cell types, but further experiments are needed to
confirm this 77 situ interaction. Furthermore, the main popula-
tion expressing ICOSL in tumor tissues are CD123% pDCs.
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In vitro exposure of immature pDCs to tumor lysates, but not
lysates of normal liver tissue, conditioned pDCs to upregulate
the expression of ICOS-L and induce the production of IL-10 by
Trl cells in a mechanism mediated by ICOS-ICOS-L signaling.
There is substantial evidence suggesting that pDCs have a special-
ized role in the induction of peripheral tolerance by inducing IL-
10-production by Tregs through ICOS-L-ICOS signaling.'®*®
Both in breast and in ovarian cancer stimulation of
CD4"FoxP3" Tregs to produce IL-10 by pDCs has been
described.'”** Our results are consistent with a role for pDCs to
stimulate IL-10 production by Trl cells in the tumor microenvi-
ronment of patients with liver cancer. Altogether, these data sug-
gest that ICOS co-stimulation represents a potential target for
immunotherapeutic intervention, affecting tumor-specific immu-
nosuppression mediated by both CD4Foxp3™ Tregs and Trl
cells.

In summary, in patients with primary and secondary liver can-
cer we identified a population of tumor-infiltrating Tr1 cells that
contributes to local immune suppression in an IL-10 dependent
manner. pDCs may drive intra-tumoral immunosuppression by
these Trl cells by stimulating IL-10 production via ICOS-
ICOS-L signaling. Consequently, as has been shown for
CD4 FoxP3™ Tregs,7’29 Trl cells may inhibit antitumor immu-
nity at the tumor site in liver cancer and thereby promote tumor
development. This knowledge is critical for the design of new
immunotherapeutic interventions for patients with liver cancer
and other solid cancers in which IL-10-producing CD4™ T cells
are present, and blockade of the engagement of ICOS-ICOS-L
may provide alleviation of this intra-tumoral immunosuppressive
mechanism.

Patients and Methods

Patients

Between September 2009 and July 2013, a total of
99 individuals who were eligible for surgical resection of HCC
(n=39) or LM-CRC (7 = 60) were enrolled. Paired samples of
fresh liver tumor tissue and tumor-free liver tissue (TFL)
obtained at the maximum distance (at least 1 cm) from the
tumor, were used for isolating TILs and intra-hepatic lympho-
cytes. In addition, peripheral blood was collected. None of the
patients was treated with chemotherapy or radiation prior to
resection. The clinical characteristics of the patients are summa-
rized in Table 1. The study was approved by the local ethics com-
mittee and all patients in the study gave informed consent before
tissue donation.

Cell preparation, flow cytometric analysis, antigen-specific
T-cell activation, immunohistochemistry

Detailed descriptions of these methods are provided in the
Supplementary Information.

Activation and isolation of IL-10-producing cells

CD4"CD25- T cells were isolated from TILs of patients with
liver cancer by magnetic sorting as previously reported.” Briefly,

€1008355-7



Table 1. Patient characteristics

HCC (n =39) LM-CRC (n = 60)

Sex (male/female) 25/14 37/23
Age (years) 62 +2 65 +1
Race (Caucasian/Asian/African) 35/3/1 59/0/1
ALT (units/L) 66 + 16 33 +£5
Bilirubin (nmol/L) 16 £4 8 £1.0
Prothrombin time (INR) 1.1 0.01 1.0 £0.01
Liver fibrosis (metavir score) FO-F1 / F2 / F3-F4-cirrhosis 19/10/10 60/0/0
Stage of disease (TNM) Stln=16 StIlVan =55

Stlln=23 Stivbn=>5

Etiology of liver disease in HCC patients: 17 no known liver disease, 5 hemochromatosis, 4 NASH, 4 alcohol related liver disease, 1 porphyria, 6 hepatitis B

virus, 2 hepatitis C virus.
INR = international normalized ratio.
Where applicable: mean + SEM.

the non-CD4™ cells were removed by a magnetically labeled
cockeail of antibodies followed by depletion of CD25+ cells
(Cat. 130-091-301, Miltenyi Biotec). CD4+YCD25™ T cells were
stimulated with Dynabeads that were coupled to anti-CD3
(OKT-3, Cat. 314304, Biolegend) alone or in combination with
anti-CD46 (TRA-2-10, Cat.352404, Biolegend) or anti-ICOS
(ISA-3; Cat. 16-9948-82, ebiosciences) antibodies using the
Dynabeads antibody coupling kit (Cat. 143.11D, Invitrogen).
The bead to cell ratio was 0.5:1. Cells were cultured in the pres-
ence of 250 U/mL IL-2 (Cat. 130-097, Miltenyi Biotec) for 24—
48 h. Then, cells were magnetically sorted into IL-10"" and IL-
10™¢" fractions using the secretion assay-cell enrichment kit from
Miltenyi (Fig. S2).

Suppression assays

The suppressive effect of IL-10-producing CD4™ T cells was
assessed by co-culture with PBMCs from healthy donors that
were labeled with 0.1 M of carboxyfluorescein diacetate succini-
midyl ester (CFSE, C34554, Invitrogen), and activated with 6
pg/mL of phytohemagglutinin (PHA, Remel-Thermo Fisher Sci-
entific) for 5 d The ratio of cells was 1:10 (Tr1:PBMCs) with at
least 5 x 10* responder cells. Proliferation and cytokine produc-
tion were measured by flow cytometry after re-stimulation with
PMA/Ionomycin. Inhibition of T cell proliferation or cytokine
production was determined by comparison with culture condi-
tions without IL-10-producing CD4" T cells, and reported as
percentage of suppression of T cell proliferation or cytokine pro-
duction. To analyze the role of IL-10 in the suppressive capacity
of Trl cells, 30 ug/mL of neutralizing ant-IL-10R antibody
(3F9 Cat. 308800) or isotype-matched control antibody (both

from Biolegend) were added to some co-cultures.

In vitro activation and co-culture of pDCs and naive T cells

pDCs were enriched from PBMCs of healthy donors by posi-
tive immunomagnetic selection using anti-BDCA-4 antibodies
(Cat. 130-090-532, Miltenyi Biotec). Purity of pDCs as deter-
mined by CD123 labeling was 92 =£ 2.5 %. pDCs were seeded at
10° cells/well in 200 pL of sSRPMI medium (details can be found
in Supplementary Methods) with 10% human AB serum in the
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presence of 10 ng/mL of IL-3 (Cat. 130-093, Miltenyi Biotec).
pDCs were cultured with medium alone or in the presence of
liver tissue lysates (200 pg/mL of total protein). After 18 h
pDCs were harvested and washed. Then pDCs were stained for
phenotypic analysis or co-cultured in a ratio 1:5 with autologous
naive CD4™ T cells, which were purified with the naive CD4* T
cell enrichment kit from Stemcell technologies (Cat. 19155).
Cells were co-cultured for 7 d. Thereafter the cells were washed
and re-stimulated 5 h with PMA and Ionomycin. The immuno-
phenotype of CD4™ T cells and their cytokine profile were mea-
sured by flow cytometry. Tissue lysates were prepared from
freshly dissected paired TFL and tumor tissues by five cycles of
freezing and thawing in PBS, followed by filtration (0.2 wm).
The total protein level was determined by BCA assay (Thermo
Scientific), and the lysates were stored at —80°C before use. To
determine involvement of ICOS-L in activation of Trl, 50 g/
mL neutralizing anti-ICOS-L antibody (MIH12, Cat. 16-5889)
or isotype-matched control antibody (both from e-Biosciences)
were added to the co-cultures.

Statistical analysis

The differences between paired groups of data were analyzed
according to their distribution by either t-test or Wilcoxon
matched pairs test. Differences between different groups of
patients were analyzed by either t-test or Mann—Whitney test,
using GraphPad Prism Software (version 5.0). p-values less than
0.05 were considered statistically significant (*p < 0.05; **p <
0.01; **p < 0.001).
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