


Figure 4 MDAS5 and IFNoR on stromal cells is required for the antitumor effects and T cell tumor infiltration of poly-IC
stabilized with poly-lysine and carboxymethylcellulose (PICLC) therapy. (A, B) The role of MDA5 on stromal cells in the antitumor
effect and infiltration. (A) Bone marrow chimeric mice were generated as described in ‘Materials and methods’ section and
were inoculated subcutaneously on day 0 with 3x10° B16F10 cells and treated with 50 pg PICLC (intravenously) in combination
with aPD-L1 monoclonal antibody (mAb) as described in figure 1. (A) Tumor growth was monitored (data are shown as tumor
size+SD; n=2-3 mice per group; ***P<0.001, **p<0.01 by two-way analysis of variance) and (B) the percentages of CD8 T cells
and CD11b+/Gr1+ cells were assessed on day 19. Bars are shown as mean+SD; n=2-3 mice per group. **P<0.01 by Mann-
Whitney unpaired test. (C) IFN-I production by endothelial cells after poly-IC or PICLC treatment. H5V or bEnd.3 (1x10°%) mouse
endothelial cells were stimulated with PICLC or poly-IC and 24 hours later and the production of IFN-I was assessed in the
supernatants. (D) VCAM-I expression in endothelial cells after poly-IC or PICLC treatment. 1x10°bEnd.3 cells in triplicates were
stimulated with 50 pg PICLC and the VCAM-I expression was assessed by flow cytometry 24 and 48 hours later. Error bars

represent the SD of the mean fluorescence intensity (MFI). **P<0.01and

did not enhance the expression of VCAM-I (data not
shown). Because these cells express TLR3 (data not
shown) and did not respond to poly-IC, we believe that
the production of IFN-I and enhancement expression of
VCAM-I is likely mediated via MDAD.

PICLC induces the adhesion molecules and chemokine
expression in vascular endothelial cells

In addition to the role of adhesion molecules, chemokines
such as CXCL9 and CXCL10 participate in the recruitment
of CD8 T cells into tissues and solid tumors.***® PICLC
was effective in stimulating the production of CXCL10
in the bEnd.3 VEC line (figure 5A). Because INF- also
elicited the production of CXCL10 to roughly the same
levels, we assume that the production of CXCLI10 by
PICLC in VEGs is mediated through IFN-I. Since PICLC
systemic administration enhanced T cell infiltration into
tumors, but not into normal tissues, we isolated VECs
from tumors and normal organs (lungs and hearts) after
intravenous PICLC or poly-IC injections and measured

*kk

p<0.001 by Mann-Whitney unpaired test.

the expression of VCAM-I and CXCL9 by flow cytometry.
Both PICLC and poly-IC enhanced cell surface expres-
sion of VCAM-I in tumor VECs to a much higher extent
as compared with VECs from normal tissues (figure 5B).
Intracellular expression of CXCL9 was enhanced by
PICLC and not by poly-IC in tumor VECs and no changes
were observed in normal organ VEGCs. Both PICLC and
poly-IC enhanced the expression of ICAM-I in tumor and
normal organ VECs (data not shown).

We also assessed whether human VECs (HUVECs)
could respond to PICLC stimulation. Primary HUVEGs
were stimulated with various concentrations of PICLC,
poly-IC or poly-AU (a TLR3 agonist that does not stim-
ulate MDADS). The results showed that PICLC was
substantially more effective in inducing IFN-I secretion
as compared with poly-IC, and that poly-AU did not stim-
ulate the HUVECGs (figure 5C). Both PICLC and poly-IC
and to some extent poly-AU (but at much higher concen-
trations) induced the production of CXCL9 on HUVECs
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Figure 5 Poly-IC stabilized with poly-lysine and carboxymethylcellulose (PICLC) induces the adhesion molecules and
chemokine expression in vascular endothelial cells (VECs). (A) In vitro induction of CXCL10 in mouse vascular endothelial cells.
Mouse VECs (bEnd.3) were stimulated with PICLC or interferon-§ (IFN-B), and 24 hours later, CXCL10 levels in the supernatants
were assessed by ELISA. (B) VCAM-I and CXCL9 expression in tumor and normal (lungs and hearts) VECs. Wild-type (WT)
mice were inoculated subcutaneously with 5x10° B16F10 cells and received intravenous administration of phosphate-buffered
saline (PBS) (No Tx), 50 pg of poly-IC or 50 ug of PICLC on days 10 and 12. On day 13, the levels of VCAM-I and CXCL9 in
VECs from normal tissues (lungs and hearts) and tumors were analyzed by flow cytometry in the CD45—, CD31+ population.
Mean fluorescence intensity (MFI) values for each condition are shown. Data are pooled from three mice per group. Statistical
differences between treatment groups were calculated using a univariate y? test within the FlowJo software. **P=0.000151;
**n=0.000231; ***p=8.38x107. (C, D) IFN-I production, VCAM-I and CXCL9 expression in human endothelial cells. Human
vascular endothelial cells (HUVECs) were stimulated poly-AU, poly-IC or PICLC for 24 hours and levels of secreted IFN-I and

expression of VCAM-I and CXCL9 were measured.

while all three compounds were able to increase the
expression of VCAM-I (figure 5D). These results provide
support to the conclusion that systemically adminis-
tered PICLC enhances CD8 T cell-mediated antitumor
responses by augmenting tumor T cell infiltration via
MDADb stimulation in VECs resulting in the production of
IFN-I and T cell recruiting chemokines.

Conditional deletion of IFNapR in endothelial cells impairs the
antitumor efficacy of PICLC

Since the role of IFN-I on VECs appears to be essential
for the capacity of PICLC to promote tumor T cell infil-
tration, we examined the antitumor effects of PICLC
and the presence of tumor T cell infiltrates in condi-
tional IFNofR-deficient mice. Using Tie2-Cre mice
and Ifnarl” mice we generated mice deficient in the
expression of IFNofR in endothelial cells. As shown

in figure 6A, intravenous administration of PICLC in
Tie2-Cre/Ifnarl™" mice failed to reduce the tumor
growth as compared with the mice injected with PBS. On
the other hand, PICLC injected into Tie?-Cre/Ifnarlﬂ/_
control mice significantly decreased the tumor growth as
compared with mice injected with PBS. Simultaneously,
PICLC therapy resulted in increased CD8 T cell tumor
infiltrates in the Tie2-Cre/Ifnar1"™~ control mouse group
but not in Tie2-Cre/Ifnarl™" mice (figure 6B).

Because IFN-I signals could play a role in the func-
tion and survival of CD8 T cells we examined the role
of the IFNofR on the CD8 T cells by generating T cell
receptor OT-I (ovalbumin specific) transgenic mice on
an IFNofR background. Purified OT-I IFNofR-deficient
cells (CD45.1+/CD45.2+) were mixed at a 1:1 ratio with
WT OT- cells (CD45.1+) and were transferred into
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Figure 6 Conditional deletion of IFNof3R in endothelial

cells impairs the antitumor efficacy of poly-IC stabilized

with poly-lysine and carboxymethylcellulose (PICLC). (A,

B) IFNofR in endothelial cells is important in the antitumor
effect of PICLC. Tie2-Cre/Ifnar1™ or Tie2-Cre/Ifnar1"~ control
mice were inoculated with 5x10° B16F10 cells and received
intravenous administration of 50 pg PICLC on days 7 and 12.
oPD-L1 mAb (200 pg) was administered on days 8, 10 and
13. (A) Tumor growth (data are shown as tumor size +SD; n=3
mice per group; “**p<0.001, and ns, non-significant two-way
analysis of variance) and (B) percentages of CD8+ T cells in
the tumor CD45+/MHC-II-negative single cell suspensions,

2 days after the last PICLC injection. Bars are shown as
mean+SD; n=3 mice per group. **P<0.001 by Mann-Whitney
unpaired test.

mice bearing subcutaneous B16 tumors expressing oval-
bumin. After treating the mice with intravenous PICLC
the tumors were examined for the presence of OT-I T
cells. PICLC enhanced OT- infiltrates into the tumor
but no significant differences were observed between the
percentages of OT-I IFNofSR-deficient cells and OT-I WT
cells (online supplemental figure S2). Also, no significant
differences in the ratio of these T cells were observed in
spleens. These results indicate that the enhancement of

CD8 T cell tumor infiltration by PICLC treatment is not
influenced by IFN-I signals on the T cells.

DISCUSSION

Many of the successful cancer immunotherapies require
the participation of tumorreactive T lymphocytes.
Various vaccination modalities such as the use of synthetic
peptides, DNA, mRNA and proteins aim at eliciting T cell
responses capable of eliminating established tumors, or
atleast, limiting their growth and metastatic activity. Since
most vaccines so far used in the clinic fail to elicit huge T
cell responses, which in our view are necessary to eliminate
tumors,’ many groups have opted to use adoptive T cell
therapies that so far appear to be more promising than
vaccines.”” ® Another promising mode of cancer immu-
notherapy is the use of ICIs, which augment the function
of already existing antitumor T lymphocytes.' * * Never-
theless, we believe that one of the main barriers of all
these T cell-based cancer immunotherapies, which limits
their antitumor efficacy, is due to a suboptimal traffic and
infiltration of the effector T cells into the tumor paren-
chyma. The results presented herein reveal that systemic
administration of PICLC, a particular formulation of the
synthetic dsSRNA mimic poly-IC, promoted CD8 T cell
infiltrates into the tumor parenchyma, resulting in signif-
icant reduction of tumor growth in mice.

It was reported that peptide vaccines administered
subcutaneously simultaneously with intramuscular PICLC
had a therapeutic benefit in mice with intracranial glio-
blastomas.”” The antitumor effect required IFN-I and
IFN-y and was mediated by CXCLI10, which increased
T cell tumor infiltrates. Although these studies demon-
strated that systemically administered PICLC enhanced
tumor T cell infiltration, the roles of the 2 PRRs for
PICLC, TLR3 and MDADS, and the cells responding to this
synthetic PAMP mimic were not studied. Our results show
that MDAb and not TLR3 mediated the IFN-I response
that enhanced tumor T cell infiltration induced by system-
ically administered PICLC. The present findings indicate
that both BM-derived cells (presumably DCs) and stromal
cells responding to PICLC via MDAb were necessary to
obtain optimal antitumor effects and tumor T cell infil-
tration. We previously reported that intravenous injec-
tions of PICLC into mice resulted in more than 10-fold
higher production levels of IFN-I as compared with poly-
IC, which was mediated by MDA5 and not TLR3.% Several
experiments presented here provide evidence that the
stromal cells responding to PICLC are VECs, which would
make sense since these cells play a critical role in allowing
T cell infiltration into tissues where they are needed. It
is well-known that VECs express numerous scavenger
receptors allowing them to capture molecules such as
lipids and nucleic acids. Indeed, VECs were shown here
to produce IFN-I when stimulated with PICLC but not
with poly-IC, which could be explained by the induction
of the proton sponge effect by poly-lysine component of
PICLC allowing the endosomal escape of the synthetic
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dsRNA into the cytoplasm to stimulate MDAb. In vitro
studies with DCs using a proton sponge inhibitor bafi-
lomycin Al have shown that IFN-I production by PICLC
requires endosomal escape via this mechanism.* VECs
stimulated with PICLC upregulated VCAM-I, CXCL10
and CXCL9, which play an important role in T cell tissue
infiltration."" ' * ** Interestingly, systemic administra-
tion of PICLC promoted T cell infiltration into tumors
while not affecting much T cell infiltration into other
organs. This difference appears to be due to the prefer-
ential enhancement of VCAM-I and CXCL9 expression
induced by PICLC systemic administration in the tumor
vasculature as compared with normal tissues. Mouse and
human VECs responded somewhat differently to poly-IC
and PICLC. The two mouse VEC lines tested here were
substantially less responsive (required higher concen-
trations) to stimulation by PICLC as compared with
primary HUVEGs (figure 4C vs figure 5C), suggesting
the possibility that long-term cultured VECs may have
diminished capacity to capture and internalize polynu-
cleotides. The ability of HUVECs to respond better to
poly-IC and PICLC as compared with poly-AU indicated
that increases of IFN-I and CXCL9 expression are likely
mediated by MDA stimulation and not so much by TLR3
activation. On the other hand, enhanced VCAM-I expres-
sion appeared to be mediated via TLR3 stimulation. Our
results also indicate that poly-IC without the poly-lysine
component may be able to stimulate MDAb5 and generate
an antitumor effect but not as effective as the one elicited
by PICLC. Nonetheless, it should be noted that in vivo
administration of PICLC to human cancer patients will
also be more successful than using poly-IC because PICLC
is formulated to be resistant to RNAse degradation. We
observed in most experiments that the increases of CD8
T cell tumor infiltration by systemic administration of
PICLC was accompanied by reductions in the CD11b/
Grl+ (presumably MDSCs) population. At present time,
we do not know whether this is due to a reduction in the
rate of infiltration of these cells or whether they are simply
diluted by the increase of CD8 T cells at the tumor site.
Further studies are warranted to determine what mecha-
nisms are involved in these changes.

In summary, the present findings have strong implica-
tions for the improvement of T cell-based immunothera-
pies for cancer. We predict that systemic administration
of PICLC will improve ICI therapy, therapeutic vaccines
capable of eliciting substantial tumor-reactive T cell
responses and adoptive cell therapies using either TILs or
genetically modified T cells (expressing tumor-reactive T
cell receptors or chimeric antigen receptors) since all of
these modalities require that the T cells traffic and infil-
trate the tumor parenchyma. This prediction is somewhat
confirmed by recent findings in an autovaccination pilot
clinical study combining sequential intratumoral (in situ
vaccine) and intramuscular PICLC where immunologi-
cally cold tumors were converted into hot tumors, with
marked increases in the activation marker PD-L1 and infil-
tration with CD4 and CD8 T cells, and a corresponding

clinical response.”® ** These findings suggest that after
priming of CD8 T cells by the initial intratumoral PICLC
injections, T cell infiltration into the tumors may have
been driven by the subsequent intramuscular PICLC
administrations.
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