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ABSTRACT

The beneficial effects of checkpoint blockade in tumor immunotherapy are limited to patients with
increased tumor-infiltrating lymphocytes (TILs). Delineation of the regulatory networks that orchestrate
the presence of TILs holds great promise for the design of effective immunotherapies. Podoplanin/gp38
(PDPN)-expressing lymph node stromal cells (LNSCs) are present in tumor stroma; however, their effect in
the regulation of TILs remains elusive. Herein we demonstrate that intratumor injection of ex-vivo-isolated
PDPN* LNSCs into melanoma-bearing mice induces elimination of TILs and promotes tumor growth. In
support, PDPN* LNSCs exert their function through direct inhibition of CD4* T cell proliferation in a cell-
to-cell contact independent fashion. Mechanistically, we demonstrate that PDPN* LNSCs mediate T cell
growth arrest and induction of apoptosis to activated CD691CD4" T cells. Importantly, LTbR-lg-mediated
blockade of PDPN* LNSCs expansion and function significantly attenuates melanoma tumor growth and
enhances the infiltration and proliferation of CD4" TILs. Overall, our findings decipher a novel role of
PDPN-expressing LNSCs in the elimination of CD4" TILs and propose a new target for tumor
immunotherapy.
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Introduction

The contexture of tumor microenvironment plays a crucial role
in tumor development as well as progression and importantly
dictates response to therapies." Although the advent of check-
point blockade immunotherapies has attained remarkable ben-
efit in solid tumors, their clinical effectiveness is limited in a
small proportion of patients and is associated with the presence
of tumor-infiltrating lymphocytes (TILs).”> Diverse regulatory
pathways have been proposed to participate in elimination of
TILs from the tumor milieu. To this end, chemokines that facil-
itate lymphocyte trafficking, immunomodulatory enzymes, and
regulatory cells subsets such as Foxp3™ T regulatory cells
(Tregs) and myeloid-derived suppressor cells (MDSCs) have all
been demonstrated to impair the accumulation and function of
TILs.” However, targeting of these pathways has been shown to
partially restore TIL presence and the generation of antitumor
response.”” Therefore, a better understanding of the molecules
and pathways that orchestrate the elimination of TILs is an
important step toward the development of more efficacious
and enduring cancer immunotherapies.

Lymph node stromal cells (LNSCs) play a pivotal role in the
induction of peripheral tolerance under steady state but also in
the course of an immune response. Thus, podoplanin/gp38
(PDPN)-expressing LNSCs inhibit the in vitro polyclonal and
antigen-specific proliferation of both CD8" and CD4% T
cells,”® and abrogation of CD8" T cell/PDPN™ LNSCs interac-
tion in vivo enhances the proliferation of CD8" T cells.” In
addition, reduction of fibroblastic reticular cell (FRC), a subset
of PDPN" LNSCs, impaired the generation of anti-viral CD4"
and CD8" T cell responses,'™'' whereas transplantation of
FRCs in septic mice demonstrated a therapeutic effect.'* A
potential role of the LNSC compartment in antitumor immune
responses is emerging. To this end, ectopic lymphoid-like
structures (ELSs) formed by LNSCs are found in solid tumors
but their contribution to disease remains controversial.'> Thus,
the presence of ELSs has been associated with better overall sur-
vival and favorable clinical outcome in several tumor types,'*'>
whereas other studies demonstrate ELSs niches to promote the
survival and growth of Tregs or tumor progenitor cells resulting
in enhanced tumor growth in breast and hepatic cancer
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models.'5'® In support, PDPN™ LNSC subtypes, such as lym-
phatic endothelial cells (LECs), have been shown to enhance
tumor growth by promoting the proliferation of tumor cells,"
or by presenting tumor antigens and leading to apoptosis of
antitumor specific CD8" T cells, thus accelerating metastasis.*’
Collectively, although presence of PDPN*' LNSCs in solid
tumors is well documented, their functional properties as well
as the underlying mechanism via which PDPN* LNSCs shape
the antitumor immune response remains elusive.

Here, we demonstrate that PDPN™ LNSCs act in favor of
tumor growth by inhibiting antitumor specific CD4" T cell
proliferation and by inducing death to activated CD4" T cells.
Importantly, depletion of PDPN* LNSCs during melanoma
development enhances the frequency and proliferation of
CD4" TILs and significantly reduces tumor growth.

Results

PDPN* LNSCs infiltrate melanoma tumor and inhibit
tumor growth

Stroma cells infiltrate solid tumors and orchestrate the forma-
tion of ELSs."” But their role in antitumor immune responses
remains controversial. Herein we focused on the PDPN-
expressing stroma cells as the major subset of LNSCs*' that
have been implicated in peripheral tolerance induction.*” Inter-
estingly, immunobhistological assessment of B16/F10 melanoma
solid tumors revealed a significant degree of infiltration of
PDPN* ER-TR7* stroma cells that belong to FRCs and LYVE-
1" PDPN™ cells characteristic of LECs (Fig. 1A). To dissect
their role in tumor growth, PDPN* cells were sorted in high
purity (>98%) from lymph nodes (LNs) isolated from naive
mice (Fig. 1B) and co-injected with B16/F10 tumor cells in syn-
geneic recipients. A repetitive injection of PDPN* LNSCs was
performed intratumoraly (i.t.) on day 10 after inoculation that
tumors were palpable (Fig. 1C). Notably, PDPN* LNSCs-
treated animals demonstrated significantly increased tumor
volume compared to PBS-injected mice (Fig. 1D). Analysis of
TILs revealed decreased numbers of both CD4™" and CD8" T
cells compared to control animals (Fig. 1E). PDPN™ LNSCs
retained their functional properties upon isolation as demon-
strated by the increased expression of IL-7 and CCL21 and the
enhanced survival of naive CD4" T cells in vitro (Fig. S1IA and
B). Overall, these results provided evidence that PDPN™ LNSCs
in B16/F10 melanoma solid tumors promoted tumor growth
and dampened antitumor immune responses.

PDPN" LNSCs infiltrate melanoma tumor and promote
tumor growth

The emerging role of CD4" T cells in antitumor immune
responses™ >> prompted us to elucidate the mechanism of
action of PDPN* LNSCs on CD4™ T cells. To this end, sorted
PDPN* LNSCs from tumors or tumor-draining lymph nodes
(tdLNs) were co-cultured with naive CD4TCD25"CD69~ T
cells in the presence of aCD3/IL-2. PDPN* cells from both
tumors and tdLNs significantly inhibited the proliferation of
CD4" T cells (Fig. 2A). Interestingly, PDPN™ LNSCs isolated

from skin-draining LNs of naive mice also inhibited the

proliferation of CD4™ T cells in vitro, as determined by the
decreased percentage of dividing cells (Fig. 2B). Thus, PDPN™"
LNSCs retained their suppressive properties in tumor microen-
vironment and attenuated the proliferation of CD4™ T cells. To
gain insights into the inhibition of CD4™ T cell proliferation by
PDPN" LNSCs, we performed a transwell experiment. As
shown in Fig. 2C even in the absence of cell-to-cell contact
PDPN* LNSCs diminished the number of dividing CD4" T
cells and the percentage of CD4™ T cells that have underwent
four or more rounds of proliferation. In support, addition of
supernatants from PDPN* LNSCs-CD4" T cells co-cultures
significantly decreased the number of cell divisions (Fig. 2D).
These data suggest that PDPN™ LNSC-mediated suppression
of CD4" T cell proliferation was cell contact independent.

PDPN* LNSCs block TCR signaling and activation
of CD4™" T cells

The duration and strength of TCR triggering determines the
magnitude of activation and proliferation of CD4" T cells.***’
Our results show that activated CD4" T cells presented the
same levels of TCRS internalization during the first 18 h (0.5 d)
in the presence or absence of PDPN* LNSCs (Fig. 3A) whereas
higher levels of TCRf were expressed 1.5 d of incubation with
PDPN* LNSCs (Fig. 3A). In line with this, phosphorylation
levels of ZAP70 and SYK, two downstream molecules of TCR
triggering, were decreased in CD4" T cells activated in the
presence of PDPN™ LNSCs (Fig. 3B). Furthermore, analysis of
CD4" T cells 1.5 d after stimulation revealed a significant dif-
ference in CD69 expression in PDPN™ LNSC-cultured CD4* T
cells but not the first hours of culture (0.5 d) (Fig. 3C). In addi-
tion, expression of CD25 by CD4" T cells 3.5 d after stimula-
tion was also significantly attenuated in the presence of
PDPN* LNSCs (Fig. 3D). To determine whether cell growth
was affected, we examined the expression of amino-acid trans-
porter CD98 and the transferring receptor CD71, responsible
for iron uptake. To this end, surface level of CD71 was downre-
gulated in CD4"CD69" T cells activated with PDPN* LNSCs
compared to those cultured without PDPN" LNSCs (Fig. 3E).
Consistent with this result, the cell growth of CD4t T cells was
hindered by PDPN* LNSCs compared to that of CD4™ T cells
cultured alone (Fig. 3F). Collectively, these results demon-
strated a dominant suppressive effect of PDPN" LNSCs on cell
growth and activation of CD4™ T cells.

PDPN* LNSCs promote apoptosis of activated CD4" T cells

Next, we sought to delineate the mechanism via which PDPN*
LNSCs exert their suppressive function on activated CD4"
T cells. To examine whether PDPN* LNSCs induced anergy,
PDPN' LNSC-cultured CD4" T cells were re-activated with
aCD3/aCD28 but no significant differences in proliferation were
observed (Fig. S2A) excluding the possibility of anergy induction.

It was recently shown that LNSCs could induce Foxp3™
Tregs.”® Thus, we assessed Foxp3 expression using
CD4"Foxp3™ T cells from Foxp3gfp reporter mice. Culture of
CD4*Foxp3™~ T cells with PDPN* LNSC did not cause upregu-
lation of Foxp3 expression or intracellular expression of IL-10
(Fig. S2B and C). Therefore, our results indicated that PDPN™"
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Figure 1. Enhanced tumor growth and reduced TILs in mice i.t. injected with PDPN™ LNSCs. (A) Immunohistochemical LYVE-1, ER-TR7, PDPN, and DAPI staining of day 14
tumor sections is shown. (B) Gating strategy for the isolation of PDPN™ LNSCs from LNs of naive mice is presented. (C) Experimental outline for B16/F10 and PDPN* LNSCs
in vivo administration. Mice were injected s.c. on day 0 with 3 x 10° B16/F10 and 5-10 x 10" PDPN* LNSCs sorted from LNs of naive mice. On day 10 mice received an i.t.
injection of 5-10 x 10* PDPN* LNSCs. On day 15 mice were sacrificed and their TILs were analyzed. (D) Mean and standard deviation of tumor volume of mice treated as
n (B) 15 d after tumor inoculation are denoted. (E) Gating strategy, mean, and standard deviation of CD4" and CD8™ T cell numbers per 5 x 10° total tumor cells are
shown. Means were calculated from three independent experiments. Numbers on FACS plots denote frequency of gated population. “p < 0.05, “*p < 0.005.

LNSCs directly inhibited CD4" T cell proliferation in vitro

without any contribution from Tregs.

Deletion of activated T cells could also be accounted for tol-
erance induction. We analyzed the frequency of 7AAD™ cells

in proliferating (CFSE') and non-proliferating (CFSE™&")
CD4" T cells cultured with PDPN™ LNSCs. PDPN™ LNSCs
induced death of proliferating CD4" T cells only (Fig. 4A, data
not shown), and this was accompanied by significantly
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Figure 2. PDPN* LNSCs inhibit CD4" T cell proliferation in vitro. (A) CellTrace-labeled CD4*CD25-CD69 CD11c™ (15 x 10% T cells sorted from splenocytes of naive C57BL/6
mice were activated with aCD3 (0.2 +g/mL) and IL-2 (20 ng/mL) for 3.5 d in the presence or absence of PDPN* LNSCs (5 x 10% sorted from tumors and tdLNs on day 14 after
tumor inoculation. (B) T cells isolated and activated as in A were co-cultured with PDPN™ LNSCs sorted from naive mice. (C) PDPN* LNSCs were separated from T cells using a
0.4 um transwell insert. Proliferation was assessed by flow cytometry based on CellTrace dilution. Graphs denote the mean percentages and standard deviations of CD4*" T
cells in each proliferation generation and of dividing CD4™ T cells. (D) Mean and standard deviation of the percentage of CD4" T cells per generation of proliferation in cul-
tures of CellTrace-labeled CD4TCD25-CD69~CD11c™ (15 x 10%) T cells with aCD3 (0.2 g/mL) and IL-2 (20 ng/mL) in the absence (w/o sup) or presence of 3.5 d superna-
tants from co-cultures of PDPN™ LNSCs with CD4" T cells (PDPN sup) or from cultures of CD4™ T cells alone (T cell sup) are presented. Means have been calculated from 15
to 19 independent experiments. Numbers on FACS plots denote frequency of gated population or proliferation index (p.i.). **p < 0.005, ***p < 0.0005.
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Figure 3. PDPN LNSCs impair TCR signaling, CD4" T cell activation and growth. CD4"CD25-CD69~CD11c™ (15 x 10* T cells sorted from splenocytes of naive C57BL/6
mice were activated with aCD3 (0.2 z2g/mL) and IL-2 (20 ng/mL) in the presence or absence of PDPN' LNSCs (5 x 10% sorted from LNs of naive mice. (A) Geometric

mean (Geo Mean) and standard deviation of TCRS surface expression on days 0.5 and

1.5 are shown. (B) Histogram represents phosphorylation of ZAP70 and SYK(Y319/

Y352) on day 0.5. (C) Mean and standard deviation of the percentage of CD69"CD4" T cells on days 0.5 and 1.5 are presented. (D) On day 3.5 mean and standard devia-
tion of the percentage of CD257CD4™" T cells and of CD25 mean fluorescent intensity (MFI) were calculated and are denoted. (E) MFI and standard deviation of CD98 and

(D71 cell surface expression on CD4*CD69™ T cells on day 0 and 1.5 are shown. (F) Hi

stogram and graph represent the MFI of forward side scatter (FSC) of CD4™ T cells

3.5 d after the initiation of the culture. Means and standard deviation were calculated from 4 (A, B, E) and 20 (C, D, F) replicates. Numbers on FACS plots denote frequency

of gated population. *p < 0.05, “*p < 0.005, ***p < 0.0005.

increased expression of total (Fig. 4B) as well as activated 3, 7
executive caspases (Fig. S3A) on activated CD69" CD4% T
cells. In support, a greater percentage of CD69" CD4" T cells
stained positive for histone yH2Ax (Fig. 4C) and cleaved cas-
pase 3 (Fig. S3B) in the co-cultures of T cells with PDPN™
LNSCs than in cultures of T cells alone as shown by confocal

microscopy. Finally, addition of PDPN™ LNSCs on day 1.5
after activation of CD4" T cells resulted in enhanced percen-
tages of apoptotic cells compared to the culture of CD4™" T cells
alone (Fig. 4D), indicating that PDPN™ LNSCs induced death
to activated CD4™ T cells. In conclusion, we demonstrated that
PDPN™ LNSCs induced apoptosis of activated CD4™ T cells.
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Figure 3. Continued

FRCs promote cell growth arrest and LECs induce
apoptosis to CD4" T cells

The major subsets of PDPNT LNSCs are FRCs
(PDPNTCD317) and LECs (PDPN'TCD31%).2! To examine
whether the impaired CD4™ T cell proliferation is attributed to
FRCs or LECs, CD4™ T cells were activated with aCD3/IL-2
stimuli in the presence or absence of PDPN" LNSCs subsets
(Fig. 5A). Both FRCs and LECs inhibited the proliferation of
CD4" T cells as indicated by the decreased percentages of
dividing cells compared to CD4" T cells cultured alone
(Fig. 5B). Notably, FRCs impeded the activation of CD4" T
cells as indicated by the decreased expression of CD25 as well
as their cell growth, whereas LECs were found to induce apo-
ptosis to activated CD4™ T cells (Fig. 5 C and D). Overall, these
results strongly suggested that FRCs dampened CD4" T cell
proliferation by inhibiting CD4" T cell activation whereas
LECs by inducing death to activated CD4™ T cells.

Increased numbers and proliferation of CD4" T cells and
reduced tumor growth in LTbR-Ig-treated tumor-bearing
mice

Next, we prompted to examine whether targeting PDPN™
LNSCs during tumor growth could have a therapeutic effect.
Lymphotoxin beta receptor (LTbR) signaling on LNSCs is
crucial for their function and expansion during inflamma-
tion.'»**?* Thus, we dissected the therapeutic value of an LTbR
immunoglobulin fusion protein (LTbR-Ig) that blocks LTbR
signaling. To this end, mice were inoculated with B16/F10 mel-
anoma cells and treated i.p. with LTbR-Ig every 3 d. Treated
mice presented a significant reduction of the PDPN* cells in
tumor microenvironment, as compared to isotype-treated con-
trols (Fig. 6A). Histological observation was confirmed by
quantitative RT-PCR performed on frozen sections from the
tumor explants (Fig. 6B). Interestingly, LTbR-Ig-treated mice
demonstrated significantly decreased tumor volume compared



ONCOIMMUNOLOGY e1216289-7

>

104_ 104
§7) 10°+
E:;
+ 102+
2 e
a o 307 xx
o A %.
+ O 100 T T T T T T T T D w20-
100 10" 102 10® 10? ] =
CellTrace O ﬁ T
104 10 104
. <
g O" T
+ PDPN* + -
=z
o cells
(]
o
1 <
[m]
O 10 T T T T T
10° 10" 192 10° 10
CellTrace
B PDPN* cells
+ -
10 ——
3 50+
; = 40
E 8 30
] = 9L
< Q 4 20 n
r _ <3
2 32 O 10-
> . | . o
10*10° 10! 102 10°  10° PDPN* + _'
cells
C  DAPI/ yH2AX
L. D
8 £, —
p S ©6
: ; 8
— O “ 44
(Al 15,m § - I
+
~ 21
0
8 oL
g PDPN + -
=z
&= cells
D —
D|_ 15um

Figure 4. PDPN™ LNSCs induce apoptosis to activated CD4™ T cells. CellTrace-labeled CD4TCD25-CD69CD11c™ (15 x 10%) T cells sorted from splenocytes of naive
C57BL/6 mice were activated with aCD3 (0.2 g/mL) and IL-2 (20 ng/mL) and either at day 0 (A, B, C) or at day 1.5 (D) PDPN™ LNSCs (5 x 10% sorted from LNs of naive
mice were added. (A, D) Mean percentages and standard deviation of 7AAD™ cells in the gated populations of proliferating (CellTrace low) CD4™ T cells on day 3.5 are
presented. Gating strategy is denoted in the FACS plots. (B) After 1.5 d of incubation the mean percentage and standard deviation of VAD-FMK™ cells in the gated popula-
tion of CD4TCD69™ T cells are presented. (C) 1.5 d following the initiation of the co-culture CD4*CD69™ T cells were sorted, fixed with PFA, permeabilized with Triton, and
stained with anti-yH2Ax. Mean percentage and standard deviation of yH2Ax positive cells were calculated from a total of 100 cells. Means were calculated from four inde-
pendent experiments. Numbers on FACS plots denote frequency of gated population. “p < 0.05, **p < 0.005.
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Trace dilution and CD25 expression, respectively. Numbers on FACS plots represent percentages of dividing cells. (C) Overlays of CellTrace and FSC of cells gated on CD4*
T cells and of CD25 gated on CD25"CD4™ T cells are presented. (D) Percentages of 7AAD™ cells gated on CellTrace low CD4* T cells (as in Fig. 4A) are denoted on the
gated populations of the FACS plots. Results are representative of three independent experiments.

to control-treated animals (Fig. 6C). Using PET/CT with 18F-
FDG, we confirmed that the markedly reduced tumor volume
in LTbR-Ig-treated group was accompanied by reduced meta-
bolic activity as determined by decreased total lesion glycolysis
(TLG) (Isotype 10930 + 1826 and LTbR-Ig 3769 + 1481)
(Fig. 6D). Importantly, inhibition of tumor growth in LTbR-Ig-
treated mice was accompanied by significantly increased fre-
quency of CD4" T cells in the tdLNs and in TILs, whereas the
frequency of CD4*Foxp3™ Tregs was significantly decreased
(Fig. 6E). Indeed, we found that the percentage of CD4" T cells
expressing the proliferation marker Ki67 was significantly ele-
vated in the tdLNs of B16/F10-inoculated mice treated with
LTbR-Ig, compared to mice treated with the control Ig
(Fig. 7A). Moreover, the frequency of apoptotic CD4" T cells
in the tdLNs of mice treated with LTbR-Ig was significantly
reduced compared to control-treated mice (Fig. 7B). Further-
more, upon adoptive transfer of CellTrace-labeled Ovabumin
(OVA)-specific OTII Va2 CD4" T cells into B16-OVA tumor

bearing mice treated either with LTbR-Ig or control, we dem-
onstrated that the total number of transferred cells was signifi-
cantly enhanced (Fig. 7C) and exhibited increased proliferation
(Fig. 7C) in the spleen of LTbR-Ig-treated mice compared to
mice treated with isotype control. Finally, i.t. administration of
LTbR-Ig, when the tumor was palpable, demonstrated a greater
percentage of CD37CD4" TILs compared to isotype-treated
mice whereas the percentages of CD4™ T cells in tdLNs had no
difference (Fig. S4), suggesting a local PDPN™ LNSC-T cell
interaction. In conclusion, LTbR-Ig-treatment during mela-
noma growth elicited potent antitumor immune responses and
significantly suppressed tumor burden associated with a
decrease in PDPN™ cells in the tumor microenvironment.

Discussion

The effectiveness of antitumor immune responses is critically
depended on infiltration of tumors by activated effector T cells.
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Figure 6. Reduced tumor growth and increased numbers of CD4" T cells in tumor-bearing mice treated with LTbR-lg. Mice inoculated s.c. with 3 x 10° B16/F10 mela-
noma cells were treated i.p. every three days with LTbR-Ig (100 r.g/mouse) or isotype control. (A) Immunohistochemical LYVE-1, ER-TR7, PDPN, and DAPI staining of day
14 tumor sections is presented. (B) Quantitative RT-PCR analysis of PDPN mRNA obtained from tumor tissues at day 14. (C) Mean tumor volume (mm?3) and standard devi-
ation are presented. (D) Representative PET/CT images, mean and standard deviation of total lesion glycolysis (TLG) of mice 13-14 d following tumor inoculation are
denoted. SUV stands for standardized uptake value. (E) FACS plots and graphs represent gating strategy, mean percentages, and standard deviation of CD4™ T cells and
CD4" Foxp3™ T cells in tdLNs and CD457CD4" T cells in TILs 14-15 d after tumor inoculation. Data are representative of three independent experiments with 5-8 repli-
cates each. Numbers on FACS plots denote frequency of gated population. *p < 0.05, “*p < 0.005, “**p < 0.0005.

Presence of TILs is considered to possess a prognostic benefit in
solid tumors and is associated with clinical response to current
immunotherapies.’® Therefore, understanding of the mecha-
nisms that impede antitumor immune responses will facilitate
the design of more effective therapeutic strategies aiming to
enhance the antitumor T cell-mediated immune responses.

Toward this, our findings demonstrate a novel role of PDPN-
expressing LNSCs in tumor evasion, through suppression of anti-
tumor CD4™ T cell responses. Contraction of the PDPN* LNSC
compartment obtained through treatment of melanoma-
inoculated mice with LTbR-Ig results in inhibition of tumor
growth and increased proliferation of CD4™ T cells in the tdLNs.
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Figure 7. PDPN™ LNSCs inhibit the proliferation and induce apoptosis to antitumor CD4* T cells in vivo. (A, B) Graphs represent gating strategy, mean, and standard devi-
ation of the percentage of Ki67* (A) and VAD-FMK™ (B) CD4™ T cells in the tdLNs of mice inoculated s.c. at the back with B16-F10 melanoma cells (3 x 10°), treated ip.
every three days with LTbR-Ig (100 tg/mouse) or isotype and analyzed 15 d later. (C) CellTrace-labeled OTII Va2™ CD4™ T cells adoptively transferred (1 x 10%/mouse) i.
v. at day 8 into B16-OVA inoculated mice treated i.p. every three days with LTbR-Ig (100 ;«g/mouse) or isotype. Graphs denote gating strategy, mean, and standard devia-
tion of total spleen numbers and percentages of dividing of OTIl Va2 CD4™ T cells. Means and standard deviations were calculated from one to two experiments with

five replicates each. “p < 0.05, **p < 0.005.

Besides the pivotal role of LNSCs in the structural organiza-
tion of secondary lymphoid organs and the orchestration of
immune responses, accumulating evidence underlies a crucial
involvement of LNSCs in the regulation of immunity and
induction of peripheral tolerance. The notion of LNSCs as

critical regulators of inflammatory responses has been strength-
ened by the identification of ELS in a variety of inflamed tis-
sues;' > however, their contribution to tumor development
and progression as well as response to therapy is not known. In
this context, our data suggest that presence of PDPN* LNSCs



in the tumor promotes tumor growth and impede antitumor
responses. The underlying mechanism responsible for the
recruitment of PDPN™ LNSCs in the tumor milieu remains
elusive. It is possible that chemokines secreted by tumor cells
or other stromal populations might form a cue to direct the
recruitment of PDPN™ LNSCs. This is supported by a seminal
study where over-expression of the chemoattractant CCL21 by
melanoma cells resulted in enhanced recruitment of CCR7"
lymphoid tissue inducer (LTi) cells and induction of ELS at the
tumor site that promoted tumor evasion.’® During embryogen-
esis expression of lymphotoxin alpha and beta by LTi cells is
required for the maturation of resident messenchymal cells in
LNSCs via upregulation of adhesion molecules and PDPN.>*®
To this end, assessment of Lta and Ltb gene expression by tumor
cells as well as tumor-infiltrating cells demonstrated that CD3*
TILs express high levels of both genes suggesting that TILs con-
tribute to LNSCs recruitment into tumor milieu (A.K. and V.P.
unpublished data). Accordingly, here we demonstrate that block-
ing of LTDR signaling during melanoma growth affects the forma-
tion of PDPN™ stromal cell network and overall decreases the
PDPN transcript in the tumor microenvironment. This in turn
results in an enhancement of the antitumor immune responses
and promotion of tumor rejection suggesting the PDPN* LNSCs
as a potent cell population in cancer immunotherapy.

Diverse mechanisms have been attributed to LNSC-medi-
ated induction of peripheral tolerance. Ectopic expression of
peripheral tissue antigens (PTAs) by LNSCs was shown to drive
clonal deletion of self-reactive CD8" T cells”*”™** in a nitric
oxide synthetase (NOS,)-dependent manner.® In line with this,
tumor-antigen uptake and cross-presentation by LECs led to
CD8™ T cell apoptosis.*® Furthermore, suppression of prolifer-
ation and subsequent apoptosis of CD4" T cells was induced
by LNSCs upon acquisition of peptide-MHC II complexes
through DC-derived exosomes® or through induction of
Tregs.”® Finally, splenic stromal cells induced tolerance via
induction of tolerogenic dendritic cells.***” Our findings extend
the current knowledge on the tolerogenic properties of LNSCs
since we demonstrate for the first time that within the tumor
microenvironment, the expanded population of PDPN™ cells
mediates the elimination of CD4™ TILs in a cell contact inde-
pendent fashion. The delineation of the precise molecular path-
ways that facilitate the PDPN* LNSC-mediated contraction of
CD4" TILs in melanoma tumor is under investigation. Of
interest, expression of PDPN has been associated with tumor
cell spreading, migration, and invasion in several types of
cancer®® but the respective mechanism remains elusive. Accu-
mulating evidence suggests, however, that PDPN-expressing can-
cer-associated fibroblasts (CAFs) promote tumor cell invasion in
vitro* with the serine residues in the intracellular domain of
PDPN to accommodate CAF-tumor cell interactions.™ Although
CAFs have been extensively shown to promote tumor growth,”"
whether they constitute a different cell type of PDPN" LNSCs
described in this study remains to be seen. For example, in line
with our results, co-injection of CAFs with Bl6-melanoma cells
enhanced tumor growth in vivo.”> However, only the FRC subset
of LNSCs could resemble CAFs whereas our data demonstrate
that both FRCs and LECs impede CD4™ T cell proliferation.

Tumor-reactive effector CD4™ T cells could not only orches-
trate an effective antitumor CD8" T cell response but they could
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also themselves provide protection against tumor. In support of
this, CD4" T cells have been shown to enhance and sustain the
accumulation of CD8" cytotoxic T cells within tumors.*>**
Moreover, tumor-specific Th17 cells were shown to be sufficient
to diminish B16 melanoma growth> via recruitment of dendritic
cells into the tumor and development of potent antitumor
cytotoxic T cell response.* Finally, adoptive transfer of tumor-
specific CD4" T cells into tumor-bearing lymphopenic hosts
resulted in complete tumor eradication mediated by a potent
cytotoxic activity of the CD4™ T cells.*® Our findings support a
PDPN* LNSC-mediated apoptosis and inhibition of proliferation
on activated CD4" T cells raising the idea for a dominant effect
of PDPN-expressing LNSCs in tumor evasion mechanisms.

Delineation of the pathways that deliver negative regulatory
signals to TILs leading to their elimination or to the induction of
tolerance holds great promise for the design of better and more
potent therapeutic protocols. Toward this, combination of
immunotherapies has been proposed to produce durable antitu-
mor responses in patients that did not respond to monothera-
pies.>>*® However, the choice of the therapeutic regimens that
should be combined is not an obvious task. Several parameters,
including the immune contexture of the tumor, should be taken
into account for the right integration of combined immunother-
apy. Toward this, our findings describe a mechanism that pro-
motes elimination of TILs upon encountering PDPN* stroma
cells and propose that targeting of this cell subset could increase
the lymphocytic immune infiltrate and thus might enhance the
clinical benefit of immunotherapy. The more knowledge
acquired on the diverse mechanism that impede antitumor
immunity and promote tumor evasion not only would facilitate
the design of more efficient therapeutic agents but also could
help in biomarker development and patient selection who will
benefit from the respective immunotherapies.

Materials and methods
Animals - cell lines

C57BL/6 were maintained in the animal facility of Biomedical
Research Foundation of Academy of Athens, Foxp3gfp.KI mice
(C57BL/6 background), kindly provided by Dr. Alexander
Rudensky (Department of Immunology, Memorial Sloan-Ket-
tering Cancer Center, New York, USA), OTII TCR CD45.1 Tg
mice kindly provided by Dr. Federica Sallusto (Institute of
Research in Biomedicine, Universita’ della Svizzera italiana,
Italy). All procedures were in accordance to institutional guide-
lines and were approved by the Greek Federal Veterinary
Office. All mice used in the experiments were female 8-
10 weeks old.

The cancer cell line B16/F10 was kindly provided by Dr. Aris
Eliopoulos (School of Medicine, University of Crete, Greece)
and the B16 cell line stably expressing ovalbumin with gfp
(B16-OVA) was kindly provided by Dr. Caetano Reis e Sousa
(The Francis Crick Institute, London, UK).

Antibodies and reagents

The following antibodies targeting: CD4" (clone RM4-4,
GK1.5), I-A® (AF6-120.1), CD44 (IM7), Foxp3 (150D), Ki67
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(16A8), CD45 (30-F11), PDPN (8.1.1), CD31 (390), CD11c
(117308), CD25 (3C7), CD69 (H1.2F3), CD98 (RL388), CD71
(RI7217), TCRB (H57-597), IL-10 (JES5-1688), TCR Va2
(B20.1) were purchased from Biolegend and pZAP70/pSYK
(n3kobu5) was purchased from eBioscience.

Functional grade purified anti-CD3e (aCD3) (clone 145-
2C11) was from Biolegend and anti-CD28 (aCD28) (clone
37.51) was from eBioscience. 7-amino-actinomycin D (7AAD)
(Biolegend) and 4’,6-diamidino-2-phenylindole (DAPI) were
from Sigma-Aldrich. Recombinant murine IL-2 and recombi-
nant human TGFB were from Peprotech, and CellTrace Violet
Cell Proliferation Kit was from Invitrogen.

Tumor experiments

C57BL/6 mice were implanted subcutaneously (s.c.) on the
back with a mixture of 3 x 10° B16/F10 melanoma cells with
5-10 x 10* PDPNT LNSCs sorted from LNs of naive mice.
Ten days later mice received intratumoraly (it.) 5-10 x 10*
PDPN* LNSCs sorted from LNs of naive mice. For the thera-
peutic protocol, C57BL/6 mice were implanted subcutaneously
(s.c.) on the back with 3 x 10°/100 uL B16/F10 or B16-OVA
melanoma cells. One hundred microgram of mLTbR-mIgGl
(LTbR-Ig) and of a control murine monoclonal IgG1 antibody
MOPC-21 (prepared by Biogen/Idec) were administered intra-
peritoneally (i.p.) every 3 d following the melanoma cells injec-
tion. Mice inoculated with B16-OVA melanoma cells received
OTII T cells 8 d after the inoculation. In more detail, CD4*
Va2t T cells were sorted from LNs and splenocytes of naive
OTII mice, stained with CellTrace (50 M) and adoptively
transferred intravenous (i.v.) (1 x 10%/mouse) into tumor bear-
ing mice. Tumor growth was monitored by measurement of
two perpendicular diameters (d) of the tumor by caliper every
day from day nine to day fourteen following melanoma cells
inoculation. The total tumor volume was calculated using the
equation 4ld2+d2

Histology and immunofluorescence

For the immunofluorescence staining of tumors, 7 um sections
of tumor tissue were cut by cryosectioning and fixed for 20 min
in ice-cold acetone. Then, sections were incubated for 60 min
with the following primary antibodies in PBS (1%BSA); PDPN
clone 8.1.1 (Biolegend) and ER-TR7 (AbD Serotech). PDPN
was detected using goat anti-hamster biotin (Cambridge Biosci-
ence) and then streptavidin-Alexa Fluor 555 (Molecular
Probes). ER-TR7 was detected with goat anti-rat FITC (South-
ern Biotech). DAPI (Molecular Probes) was used for nuclear
staining. All secondary antibodies were incubated for 30 min.
Sections were mounted using Prolong Gold Antifade reagent
(Invitrogen Life Technologies). Images were acquired on an
LSM 780 laser scanning confocal microscope. Confocal micro-
graphs were stored as digital arrays of 2048 x2048 pixels with
8-bit sensitivity; detectors were routinely set so that intensities
in each channel spanned the 0-255 scale optimally. The ZEN
2012 imaging software was used to process the images. For the
staining of sorted CD69" CD4™ T cells 10 x 10*-10 x 10° cells
were incubated for 15 min on poly-lysine-treated coverslips and

fixed with 4% PFA for 15 min at RT. For yH2Ax staining cells
were permeabilized with Triton X 0.2% for 30 min and incu-
bated for another 30 min with blocking buffer (1% BSA with
0.1% Triton X). For cleaved caspase-3 staining cells were incu-
bated with blocking buffer 5% FBS and 0.1% Triton X. A
60 min incubation with the anti-mouse yH2Ax (MABE205,
Merck Millipore) (1/200) or anti-cleaved caspase-3 (Cell Sig-
naling) (1/500) diluted in blocking buffer followed. Anti-
yH2Ax was detected with Alexa fluor® 555 anti-mouse IgG
(1:500, Molecular Probes) and anti-cleaved caspase-3 with
Alexa Fluor® 488 anti-Rabbit IgG (H'L) (1:200, Invitrogen).
Again DAPI was used for nuclear staining and cells were
mounted using Mowiol (Sigma). Images were acquired using
an inverted confocal live cell imaging system Leica SP5.

LNSCs isolation

LNSCs were isolated as described.”" Briefly, inguinal, branchial,
and axillary LNs of naive C57BL/6 mice and tumors or tdLNs
of C57BL/6 mice inoculated with B16/F10 cells were cut into
smaller pieces and incubated in digestion medium (RPMI
medium (Gibco) containing 0.1 mg/mL DNasel (Invitrogen),
0.2 mg/mL collagenase P (Roche) and 0.8 mg/mL dispase
(Gibco)) for 25 min at 37°C and the cell fraction was collected.
The same procedure was repeated for the remaining undigested
LN fractions for 20 min. The single-cell suspensions were fil-
tered (100 m). For the cell-sorting of PDPN™ LNSCs, the sin-
gle-cell suspension was enriched for CD45™ cells with MACS
cell separation technology (Miltenyi) and stained with
antibodies.

Flow cytometry

For analysis of TILs, tumors were dissected and incubated for
45 min at 37°C in RPMI medium containing 0.1 mg/mL DNa-
sel, 0.2 mg/mL collagenase P and 0.8 mg/mL dispase then was
homogenized and strained through a nylon filter with a pore
size of 40 um (BD Falcon). For analysis of tdLNs and spleen,
LN cell suspension and splenocytes cell suspension were pre-
pared by passing through a nylon strainer with a pore size of
40 pm. For analysis of T cells co-cultured with PDPN™ LNSCs,
cells were collected from the wells using PBS and stained as
follows.

For staining of extracellular markers, cell suspensions were
incubated with antibodies for 20 min at 4°C. For caspases stain-
ing, FITC-VAD-FMK (eBioscience) or FAM-DEVD-FMK
(Flica3,7) (ImmunoChemistry Technologies) in complete
medium were incubated with the cell suspensions for 1 h at
37°C and 5% CO,, washed, and stained for the extracellular
markers, according to the vendors instructions. For Ki67 stain-
ing, cells were stained for extracellular markers, fixed for 1 h
with 96% ethanol at —20°C and then stained for Ki67 for
30 min at RT. For Foxp3 intracellular staining, cells were
stained for the extracellular markers and then fixed and stained
using the Foxp3 Staining Set (eBioscience) according to the
vendor instructions. For pZAP/SYK intracellular staining, cells
were stained for extracellular markers and then fixed and
stained using the BD Cytofix/Cytoperm Plus Fixation/Permea-
bilization kit (BD). For IL-10 intracellular staining, cells were



incubated with 50 ng/mL PMA (Sigma-Aldrich), 2 ug/mL Ion-
omycin (Sigma-Aldrich) and Golgi plug (1/1000) (BD) for 6 h
at 37°C and 5% CO,, stained for extracellular markers, fixed
and stained for IL-10 using the BD Cytofix/Cytoperm Plus Fix-
ation/Permeabilization kit (BD), according to vendor instruc-
tions. All samples were analyzed with ARIA III (BD).

Flow cytometry data were analyzed with FlowJo 8.7 soft-
ware. The proliferation index (p.i.) shows the average number
of divisions the responding cells have undergone.

PET/CT imaging

C57BL/6 mice (n = 8, with average weight 16.3 = 0 .44 g) were
fasted but with a free access to water, for a period of 12 h prior
to imaging. PET studies were performed under anesthesia using
2% isoflurane in 0.8 L/min O,. Vital signs were monitored
throughout the anesthesia period. Mice were placed on a
warmed bed so that temperature was maintained at 36°C
throughout the study. 18F-FDG (10.53 + 3 .81 MBg, in a
mean volume of 132.86 £ 33 .52 uL) was injected in the lateral
tail vein, except from one animal, where due to vein canulation
difficulties, an injection was given in the intraperitonial cavity.
List mode acquisition over 20 min was employed preceded by
60 min uptake time. Imaging was performed using a Mediso
scanner (Mediso nanoScan PC, with 8 detector modules) with
an axial field of view of 98.6 mm and a spatial resolution of
0.8 mm at the center of the scanner (with Tera-Tomo 3D PET
iterative reconstruction). PET imaging was preceded by CT, for
attenuation correction and anatomical localization of the PET
images. X-ray beam energy of 50 kVp, exposure time 300 msec
and current 670 uA were employed. The number of projections
per rotation was 480 and the slice thickness was 250 pum. For
the CT image reconstruction, a modified version of the
Feldkamp algorithm and the Ram-Lak filter were used. PET
and CT data were reconstructed using Nucline software version
2.01 (Build 011.0005). The PET image reconstruction was
performed using a version of 3D OSEM algorithm (Tera-Tomo
3D PET iterative reconstruction) and voxel dimensions of 0.4
x 0.4 x 0.4 mm’ (image matrix size 87 x 75 x 246). Correc-
tions for dead time, decay, scatter, attenuation and axial
sensitivity as well as normalization were applied to the PET
data. Image analysis was performed with the Mediso InterView
Fusion software package version 3.00.039.0000 and total lesion
glycolysis (TLG), a parameter that reflects viable cell density in
the whole tumor was obtained by drawing volumes of interests
around the tumor.

Co-cultures of CD4" T cells and PDPN " LNSCs

Cell-sorted CD4"CD25-CD69~CD11c™ T cells from splenocytes
of naive C57BL/6 mice or CD4"CD25~CD69~ CD11c Foxp3™ T
cells from splenocytes of naive Foxp3gfp reporter mice were
stained with CellTrace (10 £ M) according to vendor’s instructions,
cultured in 96-well round-bottomed plates (Sarstedt), and activated
or not with soluble aCD3 (0.2 pug/mL) and IL-2 (20 ng/mL)
(Peprotech). Either simultaneously or 1.5 d after the initiation of
the culture cell-sorted PDPNt LNSCs were added in the culture in
a ratio of T cells/PDPN™ LNSCs 3/1 (15 x 10* T cells and 5 x 10*
PDPN* LNSCs). CD4" T cells were analyzed in different time
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points from 4 h to 3.5 d after the initiation of the culture. For some
experiments, a Transwell insert with a pore size of 0.4 um
(Corning HTS Transwell) was included and CD4™" T cells were
cultured in the plate whereas PDPN™ LNSCs were cultured in
the transwell.

In some experiments, cell-sorted CellTrace labeled
CD4"CD25"CD69 CD11c™ T cells (15 x 10%) from spleno-
cytes of naive C57BL/6 mice were activated with soluble aCD3
(0.2 ng/mL) and IL-2 (20 ng/mL) and the culture medium was
supplemented with 20% of 3.5 d supernatant of PDPN* LNSCs
and CD4" T cells co-cultures stimulated with aCD3 (0.2 ug/
mL) and IL-2 (20 ng/mL) or of CD4" T cells cultured alone
and stimulated with aCD3 (0.2 pug/mL) and IL-2 (20 ng/mL).
After 3.5 d proliferation of CD4™ T cells was analyzed.

Restimulation of CD4™" T cells activated in the presence of
PDPN* LNSCs

Cell—sorted CellTrace labeled CD4+*CD25 CD69 CD11c™ T
cells (15 x 10*) from splenocytes of naive C57BL/6 mice were
stimulated with soluble aCD3 (0.2 pug/mL) and IL—2 (20 ng/
mL) in the presence or absence of cell—sorted PDPN™ LNSCs
(5 x 10% from LNs of naive C57BL/6 mice. After 1.5 d
CD4"7AAD™ T cells (5 x 10*) were sorted from the cultures
and restimulated with plate bound aCD3 (10 pg/mL) and solu-
ble aCD28 (2 ug/mL) for another 2.5 d.

Quantitative RT—PCR

Cell—sorted PDPN" LNSCs, PDPN ™~ LNSCs, and CD45™" cells
from LNs of naive mice as well as 14 d tumors were lysed in
RLT buffer (Qiagen). There RNA was extracted using Qiagen
RNeasy mini kit or micro kit according to manufacturer’s
guidelines. First—strand cDNA synthesis was performed using
Superscript II reverse transcriptase (Invitrogen). RT—PCR was
carried out in 20 uL reactions using the iTaq Universal SYBR
Green Supermix (BioRad). The program used was: 95°C for
30 sec, 95°C for 10 sec and 60°C for 30 sec for 40 cycles. Rela-
tive expression of target genes was calculated by comparing
them to the expression of the house—keeping genes HPRT and
PB—actin. The following primers were used:

HPRT: Forward 5-GTGAAACTGGAAAAGCCAAA-3/,
Reverse 5 —GGACGCAGCAACTGACAT-3', IL-7:
Forward 5 —CGCAGACCATGTTCCAT—3/, Reverse
5'—AATGTGGCACTCAGATGATGT -3/, CCL21:
Forward 5 —CAAGGCAGTGATGGAGG—-3/, Reverse
5'—~GGGGTGAGAACAGGATTG—3 and PDPN from
Applied Biosystems.

Data analysis and statistics

For statistical analysis, Prism 5 (GraphPad Software) was used
and data were compared with an unpaired two-tailed t-test,
with 95% confidence intervals (Student’s ¢-test).
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