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ABSTRACT

Loss or mutation of TP53 has been linked to alterations in anti-tumor immunity as well as dysregulation of
cell cycle and apoptosis. We explored immunologic effects and mechanisms following restoration of wild-
type human TP53 cDNA in murine oral cancer cells using the therapeutic nanocomplex scL-53. We
demonstrated scL-53 induces dose-dependent expression of TP53 and induction of apoptosis and
immunogenic cell death. We further demonstrated both TP53-dependent and independent induction of
tumor cell immunogenicity through the use of blocking mAbs, nanocomplex loaded with DNA plasmid
with or without TP53 cDNA, empty nanocomplex and siRNA knockdown techniques. TP53-independent
immune modulation was observed following treatment with nanocomplex loaded with DNA plasmid
lacking TP53 cDNA and abrogated in STING-deficient tumor cells, supporting the presence of a
cytoplasmic DNA sensing, STING-dependent type-l IFN response. Cooperatively, TP53- and STING-
dependent alterations sensitized tumor cells to CTL-mediated lysis, which was further enhanced following
reversal of adaptive immune resistance with PD-1 mAb. In vivo, combination scL-53 and PD-1 mAb
resulted in growth control or rejection of established tumors that was abrogated in mice depleted of
CD8+ cells or in STING deficient mice. Cumulatively, this work demonstrates 1) a direct anti-tumor effects
of functional TP53; 2) non-redundant TP53- and STING-dependent induction of tumor cell immunogenicity
following scL-53 treatment; and 3) that adaptive immune resistance following scL-53 treatment can be
reversed with PD-based immune checkpoint blockade, resulting in the rejection or control of syngeneic
murine tumors. These data strongly support the clinical combination of scL-53 and immune checkpoint
blockade.
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Introduction
have not been adopted for widespread use due to a number of

Loss of functional TP53 has profound impacts on the cellular
control of cell cycle progression and apoptosis and contributes
to malignant conversion." Emerging evidence also implicates
TP53 in the induction of immunogenic cell death and regula-
tion of expression of a number of genes involved in antigen
processing and tumor cell immunogenicity.”> The majority of
patients with head and neck squamous cell carcinoma
(HNSCC) harbor genetic alterations in TP53°, likely contribut-
ing to poor tumor immunogenicity and ultimately immune
escape in these tumors. Reconstitution of functional TP53 into
HNSCC cells could alter the tumor immune microenvironment
and either directly enhance anti-tumor immunity or improve
responses to immune-activating therapies.

Several therapeutic approaches to introduce functional wild-
type TP53 (wtTP53) into carcinoma cells, including adenoviral
delivery platforms, have been tested clinically.”® Impressive
responses were observed in subsets of patients, particularly when
wtTP53 was delivered via intratumoral adenovirus in combina-
tion with cytotoxic therapy.”'® However, adenoviral approaches

issues including low transduction efficiency and safety con-
cerns.'! scL-53 is a therapeutic nanocomplex made of a cationic
liposome coated with an anti-transferrin receptor single-chain
antibody fragment (scL) that delivers a wild-type human TP53
payload into target cells via transferrin receptor-mediated endo-
cytosis. Intravenous delivery of scL-53 has demonstrated signifi-
cant anti-tumor activity in a number of pre-clinical models."**?
Two phase I clinical trials have demonstrated that scL-53 complex
is well tolerated, selectively delivers wtTP53 cDNA to malignant
but not normal tissues, and results in clinical anti-tumor activity
in a subset of patients alone or in combination with docetaxel.'®'”
However, the immunologic effects of reconstituting wtTP53 in
HNSCC have not ben studied.

Pre-clinical evaluation of scL-53 has been performed primar-
ily in xenograft models lacking adaptive immune responses.'*™*
Here, we utilized a syngeneic murine model of oral cavity cancer
to study how introduction of wild-type human TP53 into tumor
cells alters anti-tumor immunity. We demonstrated that scL-53
targeting transferrin receptor CD71 expressed by cancer cells
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introduces a transcriptionally active transgene that not only
directly promotes loss of cell viability, but also enhances tumor
cell immunogenicity and induces immunogenic cell death in
vitro. Mechanistically, enhanced expression of antigen-process-
ing machinery and components of cell surface immunogenicity
appeared to be due to both TP53-dependent gene activation as
well as STING-dependent sensing of cytoplasmic DNA resulting
in the induction of a type-I interferon (IFN) response. Using oral
cancer cells engineered to express a model antigen, immune kill-
ing assays were used to demonstrate enhanced tumor cell sus-
ceptibility to T-lymphocyte killing after scL-53 treatment. In
vitro, scL-53 induced expression of tumor cell PD-L1, and the
addition of PD-1 mAb reversed adaptive immune resistance and
enhanced T-lymphocyte killing of tumor cells. These alterations
were validated in vivo as scL-53 treatment alone enhanced
tumor cell immunogenicity and CD8 T-lymphocyte tumor infil-
tration. The combination of scL-53 treatment and PD-1 mAb in
vivo significantly enhanced tumor growth control over either
treatment alone and induced rejection of a subset of established
tumors and immunologic memory. These results were
largely abrogated following CD8+ cell depletion and in STING-
deficient mice, validating a contribution of cytoplasmic DNA-
sensing in both tumor and host cells to the induction of CD8-
mediated anti-tumor immunity following scL-53 treatment.
These data reveal a novel mechanism for induction of anti-
tumor immunity following nucleic acid-based gene therapy and
support the clinical investigation of scL-53 in combination with
treatments that reverse adaptive immune resistance such as PD-
based immune checkpoint blockade.

Results

MOCT1 tumor cells express transferrin receptor in vitro
and in vivo.

Most tumor cells express high levels of CD71 in response to
increased metabolic demands for iron.'® CD71 serves as the
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binding target for receptor-mediated endocytosis entry into
cells via the anti-TfR single-chain antibody fragment that
decorates the surface of the scL-53 nanocomplexes. To vali-
date the expression of CD71 on MOCI cells both in culture
and in established tumors in syngeneic wild-type (WT) B6
mice, we used flow cytometry and immunofluorescence.
Fig. 1 demonstrates positive expression of CD71 on cultured
MOCI1 cells (A, flow on left, IF on right) and tumor but not
stromal cells in established MOC1 tumors (B). To deter-
mine expression of CD71 in different cellular subsets within
established MOCI1 tumors and normal oral mucosa, we
used flow cytometry to measure expression on tumor/epi-
thelial, endothelial, and tissue infiltrating immune cells
(Fig. 1C). While CD71 expression was relatively lower on
infiltrating CD45.2% immune cells in both tumor and
mucosa, expression was significant greater on MOCI1 tumor
cells compared to oral epithelial cells as well as on endothe-
lial cells within MOCI1 tumors compared to endothelial cells
within oral mucosa. These data validate the expression of
the target for cellular entry via the antibody fragment on
scL-53 nanocomplexes.

scL-53 treatment of MOCT1 cells produces a functional TP53
transgene that induces loss of MOC1 cell viability
and immunogenic cell death.

MOC1 tumor cells harbor a V170E non-synonymous Tp53
mutation and express low levels of TP53 protein and target
gene expression.'” Following exposure of MOCI cells in cul-
ture to scL-53, western blot analysis was utilized to verify
expression of human TP53 using a human-specific anti-TP53
antibody (Fig. 2A). Murine TP53 expression was largely unal-
tered by scL-53 treatment. To validate expression of a func-
tional TP53 transgene, qRT-PCR was used to demonstrate
scL-53 dose-dependent induction of expression of TP53-target
genes p21, PUMA and NOXA within treated MOCI1 cells
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Figure 1. CD71 is expressed on MOCT cells and endothelial cells within the tumor microenvironment. A, MOC1 cells were assayed for CD71 expression by flow cytometry
(clone R17217; left panel) or immunofluorescence (right panel). B, MOC1 tumors were harvested, sectioned, and assessed for CD71 expression via immunofluorescence
(40x image, H&E on left). C, MOCT tumor or oral mucosa was harvested, digested into a single cell suspension and assessed for CD71 expression on CD45.27CD31" epithe-
lial/tumor cells, CD45.2*CD31~ immune cells or CD45.2-CD31" endothelial cells via flow cytometry. Representative dot plots of the digested tissues on the left, with rep-
resentative CD71 histograms and quantification (MFI, n = 5 mice) on the right for each cell type. **, p < 0.01; ***, P,0.001.
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Figure 2. Treatment of MOC1 cells with scL-53 results in a functional TP53 protein that induces loss of cell viability, apoptosis and immunogenic cell death. A, MOC1 cells
were exposed to 10 ng of scL-53 or scL-empty for 4 hours (volume equivalents), then incubated without treatment for 24 hours and assayed for human TP53 (clone DO-
1) or mouse TP53 (clone 197643) expression by western blot. Lysates from human UMSCC46 cells served as a positive control for human TP53. B, expression of TP53 target
genes p21, PUMA and NOXA was assessed via qRT-PCR following treatment with scL-empty or scL-53 as in A. C, cell viability was measured via XTT assay following treat-
ment with increasing doses of scL-53 (exposed to scL-53 for 4 hours, then incubated without scL for 48 hours, indicated doses are per 1 x 10* cells). D, expression of the
apoptotic marker annexin V and 7AAD uptake was measured via flow cytometry 48 hours after a 4 hour treatment with scL-empty or 10 ng or 50 ng scL-53. E, to assess
for induction of immunogenic cell death, cell surface calreticulin (flow cytometry, clone EPR3924), HMGB1 release (ELISA) and ATP release (bioluminescence assay) was
assessed in MOCT cells treated as in A (scL-53 dose of 10 ng) . For experiments in C-E, all indicated doses are quantity of plasmid per 1 x 10* cells. All data are representa-
tive results from one of at least two independent experiments with similar results. **, p < 0.01; ***, P,0.001.

(Fig. 2B). To assess whether introduction of wild-type human
TP53 directly altered MOCI cell survival, we performed XTT
viability and apoptosis assays. Fig. 2C demonstrates scL-53
dose-dependent loss of cell viability via XTT assay. Dose-
dependent induction of dual 7AAD and annexin V positivity
after scl-53 treatment (Fig. 2D) suggested that this loss of
MOCI1 cell viability was due at least in part to induction of
apoptosis. Not all cellular stress or loss of cell viability induces
cell surface expression and release of innate immune receptor
ligands consistent with immunogenic cell death (ICD). Fig. 2E
demonstrates increased cell surface calreticulin expression,
HMGBI1 and ATP release following scL-53 treatment which,
when combined with loss of cell viability, supports induction

of ICD by defined criteria®® and is consistent with the result
of others.”

scL-53 treatment in vitro enhances tumor cell
immunogenicity through TP53-dependent gene expression
and induction of STING-dependent type-I IFN responses.

TP53 has been reported to regulate expression of a number of
genes involved in antigen processing and presentation.”* Fol-
lowing treatment of MOCI cells with scL-53, expression of
antigen processing machinery (APM) genes (including calreti-
culin, calnexin, components of the f-immuno-proteasome, and
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Figure 3. Treatment of MOC1 cells with scL-53 induces expression of type | IFN-dependent and independent immunogenicity. A, MOC1 cells were exposed to 10 ng scL-
empty or scL-53 per 1 x 10 cells for 4 hours then incubated without scL for 24 hours in the presence or absence of an IFNaR mAb (clone MAR1-5A3), and expression of
antigen processing machinery was assessed via qRT-PCR. B, similarly treated MOC1 cells were assessed for expression of cell surface components of immunogenicity via
flow cytometry. For some targets known to be IFN-inducible, cells treated with IFNS (500 units/ml for 24 hours) were used as a positive control. C, MOC1 cells were
treated with scL-53 (10 ng), nanocomplex containing a noncoding DNA payload (scL-vec, 10 ng) or scL-empty as in A, then stained for intracellular IFNS via flow cytome-
try. D, MOC1 cells treated as in C were assayed for expression of cell surface components of immunogenicity. *, p < 0.05; **, p < 0.01; ***, P,0.001.

TAP1/2) were significantly increased from 2- to 26-fold above
untreated controls (Fig. 3A). Similarly, scL-53 treatment of
MOC1 cells increased cell surface expression of proteins
involved in cellular immunogenicity such as MHC class I,
CD80/86 and Fas as well as PD-L1 (Fig. 3B). However, the
presence of an IFNaR blocking mAb that blocks type I IFN
(both IFNo and IFNp) signaling either totally (Erp57, immu-
noproteasome, TapBP, H2-K°, H2-D°, PD-L1) or partially
(ERAP, TAP1, TAP2) abrogated the induced expression of
APM and immunogenicity components observed following
scL-53 treatment, suggesting a role for type I IFN signaling in
this response. Hypothesizing that MOC1 cells could be produc-
ing type I interferon in response to cytoplasmic DNA
introduced by scL-53, we treated MOCI cells with scL nano-
complexes with variable payloads. MOC1 cells produced IFNS
following treatment with scL-53 or scL loaded with plasmid
DNA vector lacking the TP53 cDNA insert (scL-vec) but not
empty scL nanocomplex (scL-empty) (Fig. 3C), suggesting the
introduction of DNA into the target cells was inducing the pro-
duction of IFNB. We validated that induced expression of a
subset of cell surface immunogenicity components occurred
following treatment with scL-53 or scL-vec but not scL-empty
(Fig. 3D).

Through c¢GAS production of cGAMP, STING is known
to serve as an innate immune receptor that can sense the
presence of cytoplasmic DNA.*"** To determine if STING
was responsible for IFNS production in treated MOC1 cells,
we first used siRNA to knockdown expression of STING
(Fig. 4A). Functional loss of STING was validated with a
lack of response to the STING agonist R,R-CDA (Fig. 4B).
We next treated MOCI cells with scL-53 or scL-vec follow-
ing siRNA knockdown of STING expression (Fig. 4C). Abro-
gated STING expression largely reversed the ability of scL-53
or scL-vec to induce type I IFN expression. Treatment of
MOC1 cells following STING knockdown with scL-53 or
scL-vec revealed that induced PD-L1 expression appeared
totally dependent on STING; that induced H2-K" and H2-
D expression appeared to be dually dependent on STING

and the presence of TP53-encoding DNA; and that increased
CD80/86 and Fas expression and reduced FasL expression
appeared to be totally dependent on the presence of TP53
encoding DNA (Fig. 4D). Cumulatively, these data strongly
suggest that while functional TP53 appears to be responsible
for alterations in immunogenic components CD80/86, Fas
and FasL, STING-dependent IFNB production in response to
cytoplasmic DNA solely or cooperatively drives alterations
in the expression of H2-K®, H2-D® and PD-LI.

scL-53 treatment in vitro enhances tumor cell antigenicity
and susceptibility to CTL-mediated killing

To investigate how treatment with different scL nanocom-
plexes functionally alters tumor cell sensitivity to CTL-
mediated lysis, we utilized MOCI1 cells engineered to express
full-length ovalbumin as a model antigen (MOClova cells).
Use of the 25-D1.16 antibody allows direct measurement of
SIINFEKL presentation via H2-K° on the surface of
MOClova cells. Following scL-53 treatment, SIINFEKL
expression was significantly enhanced (Fig. 5A). To function-
ally validate this finding, we performed effector immune kill-
ing assays using SIINFEKL-specific cytotoxic T-lymphocytes
(CTLs) generated from OT-1 splenocytes. In a standard
Cr’'-release assay, treatment of MOClova cells with scL-53
significantly enhanced MOClova sensitivity to CTL-medi-
ated lysis (Fig. 5B). We used flow cytometry to demonstrate
that OT-1 CTLs express high levels of cell surface PD-1
(Fig. 5C). Given the increased expression of tumor cells PD-
L1 and the presence of PD-1 on the surface of OT-1 CTLs,
we hypothesized that the addition of PD-1 mAb would
enhance OT-1 CTL lysis of MOClova cells. CTL killing of
MOClova cells treated with scL-53, scL-vec or scL-empty
with or without PD-1 mAb was investigated using an imped-
ance-based cytotoxicity assay allowing the real-time assess-
ment of immune cell killing (Fig. 5D - individual growth
curves on left, quantification on right). While the addition of
PD-1 mAb did not significantly alter CTL lysis following
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Figure 4. Induction of IFN-dependent immunogenicity following scL-53 treatment is STING dependent. A, MOC1 cells were treated with scL loaded with TMEM173 siRNA
(100 ng nucleic acid per 1 x 10 cells) or scL-empty (volume equivalent) for 4 hours and then incubated for 24 hours. TMEM173 protein expression was assessed via intra-
cellular flow cytometry. B, following treatment as in A, MOC1 cells were treated with 20 «M R,R-CDA synthetic cyclic dinucleotide for 24 hours and IFNS production was
assayed by intracellular flow cytometry. C, following treatment as in A, MOC1 cells were treated with either scL-53 or scL-vec for 4 hours, then incubated for 24 hours.
IFNB production was assayed by intracellular flow cytometry. D, following treatment as in A, MOC1 cells were treated with either scL-53 or scL-vec for 4 hours, then incu-
bated for 24 hours. Expression of cell surface components of immunogenicity was assayed via flow cytometry. **, p < 0.01; ***, P,0.001.

scL-vec or scL-empty treatment, it significantly enhanced
CTL lysis following treatment of MOClova cells with scL-
53. These data support that scL-53 and scL-vec both func-
tionally enhance susceptibility to CTL killing, but that only
treatment with scl-53 results in adaptive immune resistance
that is reversible with the addition of PD-1 mAb.

scL-53 treatment in vivo enhances tumor cell
immunogenicity and infiltration of effector immune cells

Mice bearing established MOCI tumors were treated with single
agent scL-53 and validated to express human TP53 within
digested tumor tissue (Fig. 6A). Evaluation of primary tumor
growth and survival revealed a statistically significant but modest
delay in primary tumor growth and enhancement of survival
with scL-53 treatment alone (Fig. 6B). However, flow cytometric
analysis of digested tumor tissue revealed significantly enhanced
immunogenicity of MOC1 tumor cells with increased expression
of MHC class I, CD80/86, cell surface calreticulin and PD-L1
(Fig. 6C), similar to our in vitro findings. This increased tumor
cell immunogenicity was associated with enhanced tumor infil-
tration of CD8 but not CD4 TIL, dendritic cells and mature mac-
rophages, without significant alteration in tumor infiltrating
immunosuppressive myeloid derived suppressor cells (MDSC)
(Fig. 6D). While we did not assay specifically for regulatory
T-cells in this dataset, total CD4 TIL were unaltered. These data
suggested that while scL-53 monotherapy does not dramatically
alter primary MOC1 tumor growth, it alters the tumor

microenvironment in such a way to predict enhanced anti-tumor
immunity and potentially adaptive immune resistance.

Combination scL-53 and PD-1 mAb induces CD8+ cell
and host STING-dependent rejection of a subset
of established MOC1 tumors

Given the above data, established MOC1 tumors were treated with
scL-53 alone or in combination with PD-1 mAb. While neither
treatment alone dramatically altered primary tumor growth, the
combination resulted in rejection of 5/10 established MOCI
tumors and significantly delayed primary tumor growth in those
tumors that did not reject (Fig. 7A). This led to significantly better
survival in mice treated with combination therapy (Fig. 7B).
Treated mice demonstrated no measureable toxicity with stable
weight throughout treatment (Fig. 7C) and no labored breathing
or behavioral change consistent with prior experiences with scL
nanocomplexes.">"> Tumor growth control after combination
treatment was largely abrogated when combination treatment was
preceded by systemic depletion of CD8+- cells (Fig. 7D), and mice
that rejected MOCI tumors after combination treatment resisted
engraftment with MOCI cells indicating the presence of immuno-
logic memory (Fig. 7E). Given that CD71 is also expressed on stro-
mal, endothelial and to a degree on hematopoietic cells, we
hypothesized that STING expression within host cells would be
important for the therapeutic effect of scL-53. Primary tumor
growth inhibition following combination treatment was recapitu-
lated when tumors were established in WT mice but subtotally
reversed in STING-deficient mice (Fig. 7F). Modest tumor growth
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Figure 5. PD-1 mAb further enhances CTL lysis of engineered antigen-positive MOC1 cells following treatment with scL-53. A, to evaluate if scL-53 treatment enhances
antigen presentation and antigen-specific CTL lysis, we performed experiments with MOC1 cells engineered to express full-length ovalbumin as a defined model antigen.
SIINFEKL presentation via H2-K® on the surface of MOCTova cells was assessed via flow cytometry after treatment with scL-empty or scL-53 (10 ng per 1 x 10* cells for
4 hours then incubated for 24 hours; representative histograms on left, quantification on right). B, CTL-mediated lysis of MOC1ova cells following scL-53 treatment as in A
was measured using a standard CR®'-release assay, (SIINFEKL pulsed untreated EL-4 cells used as a positive control). C, PD-1 expression was assessed via flow cytometry
on the surface of SIINFEKL-specific CTLs generated from OT-1 splenocytes. D, CTL-mediated lysis of MOC1ova cells following treatment with scL-53, scL-vec or scL-empty
as in A with or without PD-1 mAb (clone RMP1-14, 1 ng/mL) or isotype control (rat IgG2 Ab) was measured using a real-time impedance-based cytotoxicity assay. OT-1
CTLs were added at the indicated vertical black line. scL treatment times indicated by grey shaded box. Conditional growth curves shown on left, quantification 24 hours
after the addition of the CTLs on the right (vertical dashed line). Quantification of loss of cell index quantified on right. All data are representative results from one of at

least three independent experiments. “*, p < 0.01; ***, P,0.001.

inhibition was achieved with scL-53 treatment alone or in combi-
nation with PD-1 mAb in STING-deficient mice. These data dem-
onstrate that primary tumor growth control or rejection following
combination scL-53 plus PD-1 mAb treatment is dependent not
only on CD8+- cells, but also on expression of STING in host cells.

Discussion

Following demonstration of anti-tumor effects following resto-
ration of functional TP53 over a decade ago', many therapeutic
approaches aimed and introducing functional TP53 protein via
gene therapy or activating endogenous TP53 have been
attempted but failed to gain widespread use due to a number of
clinical issues.'"** Pre-clinical investigation of scL-53 gene
therapy has primarily focused on direct anti-tumor cell activity.
Here, using a syngeneic model system of oral cancer to study
alterations in anti-tumor immunity, we report several in vitro
and in vivo immunologic sequelae of introducing functional
human TP53 into murine carcinoma cells. First, we identified
induction of immunogenicity in tumor cells that appeared to
be dependent on expression of functional TP53, STING-depen-
dent type-I IFN production, or both. The observed cellular
type-1 IFN response appeared to be TP53-independent and due

to the presence of cytoplasmic DNA as similar in vitro
responses were observed following treatment with scL nano-
complex delivering a DNA plasmid with or without TP53
c¢DNA but not nanocomplexes lacking DNA. Second, scL-53
treatment of tumor cells appeared to induce adaptive immune
resistance through increased STING-dependent PD-L1 expres-
sion. This resistance could be reversed with PD-1 mAb
immune checkpoint blockade, leading to enhanced in
vitro CTL killing of MOCI1 tumor cells and significant primary
tumor growth control or rejection in vivo following combina-
tion scL-53 and PD-1 mAb treatment. Finally, experiments
using STING-deficient mice suggested the importance of both
tumor cell and host cell STING expression in the observed ther-
apeutic response with combination scL-53 and PD-1 mAb.
While our experimental design did not allow us to specifically
determine which host cell type was critical for this STING-
dependent response, CD71 and STING expression profiles in
endothelial and hematopoietic cells suggest a number of host as
well as tumor cells could be playing a role.”**

Our dissection of the relative roles of TP53 and cytoplasmic
nucleic acid in induction of tumor cell immunogenicity provide
some insight into the mechanisms that underlie the anti-tumor
activity of scL-53. The scL-53 payload plasmid includes TP53



ONCOIMMUNOLOGY

e1404216-7

MOC1 MOC1
b nb 4
A. control  scL.53 C. H2K H2-D D. CD8 TIL CD4TIL
400 xx 2500 s 800  _ux 800+
Human p53 .." 3004 20l 600+ 600
in - 150+
Aotin T —— 200 400+ 400+
100+
< 100+ 2004 200~
B MOC1 primary tumor growth 504 -.-'_
-
- o 0- 0- 0-
E
L CD80 CD86 Dendritic cells Macrophages
g 1500 % 2000 & 800~ 12009  _ax
5 ke
5 1000+
> 150+ 600+
E 100+ 800
b 100~ 400+ 600+
50 400+
’ 504 2004
Treatment period 200
Days after tumor implantation 0= 0- 0- 0-
Calreticulin PD-L1 gMDSsC mMDSC
MOC1 survival 400 wx 2009 _aw 1200 1200
10 === Control 1000 1000
- o scl53 300 150+
= 54 B 800 800
- ]
E L 2004 100+ O oo 600
@ = e
o 50 o
= & 400 400
3 100+ 504
5 254 200 200
o
o 0- 0 0
o S O S S >
30 40 50 60 70 80 (P&“’c’é\f’ Go&‘o"(;\" d,&‘ogé" ooo‘* c,é’\b

Days after tumor implantation

Figure 6. scL-53 treatment alone in vivo modestly alters MOC1 tumor growth but enhances tumor cell immunogenicity and effector immune cell tumor infiltration. A,
established MOC1 tumors (WT B6 mice) were treated with scL-53 and digested whole tumors were assayed for the expression of human TP53 (clone DO-1) via western
blot. B, treatment of established MOC1 tumors with single agent scL-53 (30 pg/injection, twice weekly x 3 weeks) resulted in a modest primary tumor growth delay
(upper panel) and modest but statistically significant enhancement of survival (lower panel). Expression of MOC1 tumor cell (CD45.27CD317) surface components of
immunogenicity (C, MFI shown) and tumor immune infiltration (D, absolute number of cells per 1 x 10* live cells collected) were assessed following treatment of estab-
lished MOC1 tumors via flow cytometry. Identified CD45.2" cells included CD8 TIL (CD3+CD8™), CD4 TIL (CD3+CD4™), dendritic cells (CD11¢TCD11b™~PDCA™~), macro-
phages (CD11b™F4/80), gMDSC (CD11bTLy6GLy6C™) and mMDSC (CD11b"Ly6G~Ly6C™). Shown are representative results from one of two independent in vivo
experiments. Control mice for these experiments received TVI of PBS alone. *, p < 0.05; **, p < 0.01.

cDNA driven by a CMV promoter. The near total abrogation
following STING knockdown in tumor cells treated with either
scL-53 or scL-vec strongly supports a cytoplasmic DNA-sens-
ing c¢GAS and STING-dependent mechanism of IFNS
production.*"** Tt is also possible that introduction of func-
tional TP53 into cancer cells lead to breakdown of nuclear sta-
bility and the introduction of endogenous nucleic acid into the
cytoplasmic compartment. Tumor-derived DNA can lead
to STING-dependent IFNS production.” While we cannot
rule out participation of tumor-derived DNA in the
STING-dependent anti-tumor immunity that we see in mice,
our in vitro observations in MOCI cells treated with scL-vec
suggest that scL-53 derived plasmid DNA is inducing the host
STING pathway.

Our observations also indicated that scL-53 was superior to
scL-vec in terms of sensitization to CTL-mediated lysis when
combined with PD-1 mAb. One possible explanation is that
several alterations is immunogenicity were observed with intro-
duction of TP53 and not observed with scL-vec treatment,
including increased CD80/86, increased Fas receptor, increased
subsets of APM and decreased FasL expression. Many of these
observations recapitulate the previous findings of others,”* and
it is reasonable to hypothesize that despite similar levels of PD-
L1 induction with scL-vec in cultured MOCI cells, that expres-
sion of these other components of immunogenicity would be

required to achieve efficient CTL-mediated lysis following
reversal of adaptive immune resistance with PD-blockade.
Thiery ET AL. also demonstrated that introduction of TP53
into target cells enhanced caspase 8 and BID-dependent induc-
tion of apoptosis following exposure to CTL-mediated cyto-
toxic insults®, suggesting that functional TP53 may reprogram
intracellular responses downstream of TNF superfamily recep-
tors. Additionally, TP53 has been reported to directly induce a
type I IFN response following viral infection.”® Our data dem-
onstrates that while scL-53 did consistently induce higher
expression of H2-K", H2-D® and PD-L1 in a largely STING-
dependent fashion, scL-53 did not consistently induce signifi-
cantly more IFNB than scL-vec when measured directly.
Cumulatively these data support several mechanisms to explain
our observed enhanced CTL-sensitivity with scL-53 treatment
plus PD blockade compared to scL-vec plus PD blockade.

Gene therapy approaches to increase activity of TP53 and
subsequently induce tumor cell immunogenicity and anti-
tumor immunity may be superior to therapeutic approaches
that rely upon induction of endogenous TP53. While less than
10% of TP53 mutations in human cancers are nonsense muta-
tions resulting in a truncated protein, the great majority of
TP53 hotspot nonsynonymous missense mutations lead to
functional loss due to defects in the DNA binding domain.”” A
recent report utilized nutlin-3a to induce activity of TP53, ICD,
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Figure 7. Combination scL-53 and PD-1 mAb induces CD8 and host STING-dependent rejection of a subset of established MOCT tumors. Individual growth curves (A) and
survival (B) following treatment of established MOC1 tumors (n = 9-10 mice/condition) with scL-53 (30 wg/injection, twice weekly x 3 weeks) alone or in combination
with PD-1 mAb (200 11g twice weekly 3 weeks). C, treated MOC1 tumor-bearing mouse weight was plotted over time. D, treatment with combination scL-53 plus PD-1
mADb as in A was repeated with or without CD8+ cell depletion (clone YTS 169.4, n = 5 mice/condition)). E, naive WT B6 mice or WT B6 mice that rejected established
MOC1 tumors after combination scL-53 and PD-1 mAb treatment were challenged with subcutaneous injection of 3 x 10° MOC1 cells and followed for tumor engraft-
ment. F, MOC1 tumors were established in STING-deficient mice (GT; Tmem173%", n = 5 mice/condition) and scL-53 treatment was repeated with or without PD-1 mAb
as in A. Summary growth curves were analyzed via ANOVA of tumor volume at day 40 after tumor engraftment. For all in vivo experiments, shown are representative
results from one of two independent experiments. Control mice for these experiments received TVI of PBS and IP injection of 200 g of rat IlgG2 Ab twice weekly. *, p <

0.05; **, p < 0.01; ™, P,0.001.

and anti-tumor immunity in mice bearing EL4 and B16
tumors. However, these cell lines harbor WT Tp53> . It
remains unclear if pharmacologic approaches to activate
WT but under-expressed TP53 can be used with similar
results in tumors harboring loss-of-function or nonsense TP53
mutations.

Contrary to recent results by Guo ET AL, scL-53 treatment
in the MOCI1 model did not appear to alter the tumor infiltra-
tion of immunosuppressive MDSC.” We did not assess ex vivo
MDSC suppressive capacity, and it is possible that reduced sup-
pressive potential of MDSC accounts for some of the increase
in CD8 TIL and CD8+ cell-dependent anti-tumor immunity
observed following scL-53 treatment in vivo. Others have
reported that MDSC display high plasticity and can be con-
verted into immunostimulatory antigen presenting cells, but
our experience is that MDSC cell surface phenotypic markers
tend to correlate well with immunosuppressive capacity in the
MOC models.”” Given no observed change in MDSC tumor
infiltration, it is unlikely that a significant reduction in MDSC
function accounts for the CD8+ cell- and STING-dependent
growth control of MOC1 tumors.

To summarize, here we describe, in addition to direct TP53-
induced loss of tumor cell viability, non-redundant mecha-
nisms of enhanced tumor cell immunogenicity following scL-
53 treatment through direct TP53-dependent activity and
STING-dependent induction of type-I IFN responses. Concep-
tually, this suggests that scL-53 therapeutically can provide

both the benefits of direct TP53 introduction and adjuvant
immune activation through STING signaling. Further, subopti-
mal CTL lysis and in vivo immune responses following scL-53
therapy alone appeared to be restricted at least in part by PD-
L1, and this adaptive immune resistance could be reversed
through PD-based immune checkpoint blockade. These data
provide a mechanistic rationale for combining scL-53 and PD-
based immune checkpoint blockade in the clinical setting.
HNSCC serves as a particularly attractive target for combina-
tion scL-53 and PD-1 mAb treatment given the high rate of
TP53 genetic alterations and response rates of 15-20% to PD-
based immune checkpoint blockade monotherapy in the recur-
rent/metastatic setting.**>!

Materials and methods
Cell culture and murine experiments

MOCI cells were obtained from Ravindra Uppaluri (Washington
University in St. Louis) and maintained in culture as described.””
Cells were used at low passage number and routinely verified to
be negative for mycoplasma and murine associated pathogens.
In some experiments, MOC1 cells stably transduced with full-
length ovalbumin as a model antigen were used.” Cultured cells
used for experiments were harvested with TrypLE-Select to mini-
mize alteration of surface epitopes. All in vivo experiments were
approved by the NIDCD animal care and use committee. Wild-



type C57BL/6 (B6) mice purchased were from Taconic and
TMEM176# mice were purchased from Jackson Laboratories.
Palate and oral tongue normal mucosa was harvested for analysis
via standard surgical techniques. For tumor growth experiments,
MOCI tumors were established by subcutaneous flank injection
of 5 x 10° cells. Treatments were started when tumor reached
0.1 cm’ volume, or approximately 14-18 days after injection.
Tumors were measured three times weekly and tumor volume
was calculated as: (tumor length x tumor width?)/2. For some
experiments, CD8+ cells were depleted via intraperitoneal (IP)
administration of 200 pug CD8 mAb clone YTX 169.4 twice
weekly.>* For other experiments, PD-1 mAb (clone RMP1-14)
200 pg administered IP twice weekly was used for immune
checkpoint blockade.

Nanocomplex treatments

scL-53 (scL loaded with plasmid containing cDNA encoding
TP53 under the control of a CMV promoter), scL-vec (scL
loaded with plasmid without the TP53 ¢cDNA insert) and scL-
empty (empty scL) nanocomplex constructs were prepared as
previously described.'” For some experiments, scL constructs
were loaded in commercially available STING siRNA™
(Thermo #507902). Lyophilized nanocomplexes were reconsti-
tuted into single elements in LAL water via sonication. For in
vitro treatments, cells were treated with nanocomplex con-
structs in serum-free media for 4 hours before media with 2X
serum was added for the remainder of the incubation. The
quantity of nanocomplex construct added was standardized to
a specified amount per 1 x 10* target cells and adjusted as
needed for experimental size. For some in vitro experiments,
IFNoR mAb (2 pg/mL; clone MAR1-5A3) was used to block
type I IFN signaling or PD-1 mAb (clone RMP1-14, 2 pg/mL)
was used to block PD-pathway signaling. Nanocomplex treat-
ments in vivo were administered via tail vein injection (30 ug
total plasmid content in 330 uL LAL water volume, LAL water
alone used as a control).

Flow cytometry

Only fresh cultured cells or tissue prepared into single cell sus-
pensions were analyzed. The harvest and digestion of MOC1
tumors or oral mucosa into single cell suspensions for analysis
was performed as previously described.”> Nonspecific staining
was minimized by staining with CD16/32 (FcR) blocking anti-
bodies for 10 minutes prior to the addition of primary antibod-
ies. Anti-mouse CD71, CD45.2, CD31, PDGFR, H2-K", H2-D",
CD80, CD86, Fas, FasL, PD-L1, SIINFEKL:H2-K®, CD3, CD8,
CD4, CDl11c, CD11b, PDCA, F4/80, Ly6G, and Ly6C antibod-
ies were from Biolegend, anti-mouse calreticulin was from
Abcam, and anti-mouse annexin V was from eBioscience. Pri-
mary antibodies were applied for 30-60 minutes at concentra-
tions titrated for each antibody. Dead cells were excluded via
7AAD uptake and a “fluorescence-minus-one” technique was
used to validate specific staining in all antibody combinations.
For flow cytometric analysis of intracellular IFNS (primary
antibody ab24324; goat anti-rat IgG secondary), treated cells
were exposed to brefeldin A for the final 4 hours of incubation.
Fixation, permeation and staining were achieved with the
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intracellular fixation and permeabilization kit (eBioscience
#88-8823-88) per manufacturer recommendations. All analyses
were performed on a BD FACSCanto analyzer running FACS-
Diva software and interpreted using FlowJo (vX10.0.7r2).

Immunofiluorescence

For immunocytofluorescence, cells were allowed to settle on
charged slides before staining. For immunohistofluorescence,
tumor tissue was embedded in optimum cutting temperature
media. Sections (6 um) were fixed with methanol, washed, and
non-specific binding was blocked with a solution of 3% BSA
and 0.1% Tween 20 in 1xPBS. PR-conjugated CD71 antibody
(clone R17217) or isotype control antibody was incubated over-
night at 4°C in a humidified chamber. Following washes, slides
were counterstained with DAPI and mounted for analysis on a
LSM 780 confocal microscope (Zeiss). Photomicrographs were
analyzed using Zen 2012 SP1 software.

Western blot analysis

Tumor lysates were generated using the Tissue Lyser II per the
manufacturer’s recommendations. Whole-cell lysates were
obtained using NP40 lysis buffer, mixed with NuPAGE LDS
sample buffer and NuPAGE sample reducing agent (Life Tech-
nologies), heated at 95°C for 5 min and subjected to electro-
phoresis using 4 - 12% Bis-Tris precast gels (Life Technologies)
at 150 V for 100 min. The Invitrogen iBlot Dry Blotting System
was used to transfer proteins onto a PVDF membrane. Primary
antibodies were diluted in 5% BSA prepared from Tween 20-
TBS. Blots were incubated with Chemiluminescent HRP Anti-
body Detection Reagent (Denville Scientific Inc.) and imaged
using Image Studio software (LI-COR Biosciences).

gRT-PCR

RNA was extracted from MOCI cells using the RNEasy Mini
Kit (Qiagen). cDNA was synthesized using high capacity
reverse transcription. Gene expression was determined relative
to GAPDH using the indicated commercial primers (Life Tech-
nologies) on a 7900HT Sequence Detection System (Applied
Biosystems).

In vitro cell viability

Viability of MOCI1 cells was measured via XTT (Trevigen)
assay per manufacturer protocol.

HMGB1 ELISA

Used per manufacturer’s (IBL International) recommendations.

ATP bioluminescence assay

Used per manufacturer’s
recommendations.

(CLS I,  Sigma-Aldrich)
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Cytotoxic T-lymphocyte (CTL) killing assays

To generate SIINFEKL-specific CTLs, splenocytes from OT-1
mice were cultured in the presence of SIINFEKL (2 pg/ml)
with daily 2:1 splitting. After 72 hours in culture, >80% of
remaining cells are CD8+Va2+- cells (data not shown).

Standard Cr’'-release assay

OT-1 CTLs were combined with control or scL-53 treated
MOC]lova cells or SIINFEKL pulsed and Cr*' labeled EL4 cells
(positive control) at a various E:T ratios, and CTL activity was
quantified via Cr’' release at 4 hours on a WIZARD2 Auto-
matic Gamma Counter (PerkinElmer).

Real-time impedance assay

Following the addition of OT-1 CTL effectors to 1 x 10* target
cells plated in a 96-well E-Plate (ACEA Biosciences), alteration
of impedance was acquired using the xCELLigence Real-Time
Cell Analysis (RTCA) platform per manufacturer recommen-
dations. Triton X-100 (0.2%) was added to some wells to verify
complete loss of cell index with total cell lysis, and CTLs alone
were plated up to 1 x 10%/well to verify that they do not con-
tribute to gain of impedance (data not shown). Percent loss of
cell index for a given time point was calculated as: 1-(experi-
mental cell index/control cell index).

Statistics

Tests of significance between pairs of data are reported as p-val-
ues, derived using a Fisher’s exact test or student’s t-test with a
two-tailed distribution and calculated at 95% confidence. Com-
parison of multiple sets of data was achieved with one or two-
way analysis of variance (ANOVA). Kaplan-Meier curves were
compared using the log-rank/Mantel Cox test. Differences in
primary tumor summary growth curves were determined by
one way ANOVA of tumor volumes at a specified day after
treatment. Error bars reflect standard deviation from individual
experiments. All analyses was performed using GraphPad
Prism v6.
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