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ABSTRACT

In order to enhance the STING dependent type | interferon (IFN) response, we formulated cyclic
dinucleotides (CDN) with cancer vaccines to develop STINGVAX. Interestingly, tumors from STINGVAX
treated mice demonstrated dramatic PD-L1 upregulation. When combined with PD-1 blockade, STINGVAX
induced regression of established tumors that did not respond to PD-1 blockade alone.

Recent clinical trials with nivolumab, pembrolizumab, and
PD-L1 blocking antibodies have all demonstrated durable
responses in advanced cancer patients, and these studies dem-
onstrated the tight correlation between clinical response and
PD-L1 (B7-H1) expression in the tumor microenvironment,
as well as neoantigens, tumor infiltrating T-cells, and IFNy*.
Towards the goal of safely improving the clinical efficacy of
PD-1:PD-L1 blocking antibodies, we focused our attention on
Stimulator of Interferon Gene (STING) signaling pathway,
which can potentially increase PD-L1 expression in the tumor
microenvironment.”

Initially characterized as ubiquitous bacterial secondary
messengers, CDN [(cyclic-di-GMP (CDG), cyclic-di-AMP
(CDA), and cyclic GMP-AMP (cGAMP)] were shown to con-
stitute a novel class of pathogen associated molecular pattern
molecules (PAMP) that activate the TBK1/IRF3/type 1 IFN sig-
naling axis via the cytoplasmic pattern recognition receptor,
STING.>* The STING signaling pathway has emerged as a cen-
tral TLR-independent mediator of host innate defense to sens-
ing cytosolic nucleic acids, either through direct binding of
exogenous CDN from bacteria, or, shown recently, through
synthesis of a structurally distinct CDN produced by a host
cyclic GMP-AMP synthetase (cGAS) in response to cytosolic
double-stranded DNA (dsDNA).> We hypothesized that
STING agonists, either natural or chemically modified, would
provide a completely novel class of molecules to enhance the
potency of cancer vaccines.

We engineered STINGVAX, a novel combinatorial cancer
vaccine that targets the STING pathway and co-localizes CDN
with tumor antigens and GM-CSF to amplify tumor specific
CTL in the context of established tumor.® Using multiple types
of tumor treatment models of palpable established tumors,
STINGVAX demonstrated better antitumor response than vac-
cines formulated with other adjuvants including a TLR4 agonist
(MPL) as well as other well characterized adjuvants (p(I:C) and
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R848) formulated vaccines. Mechanistic studies showed that
STINGVAX’s in vivo efficacy was STING dependent, T-cell
dependent, and IFN«R dependent.

To advance STINGVAX for clinical trials, we synthesized
CDN derivative compounds that contained phosphodiesterase
resistant di-thiol backbone and the same 2'-5’, 3’-5’ non-canon-
ical (or mixed) linkage phosphate bridge as 2'-3’ cGAMP, the
CDN produced by host cell cGAS in response to binding cyto-
solic ds-DNA. The non-canonical mixed linkage (ML) has
been reported to increase the binding affinity for human
STING by at least 10-fold.”® Interestingly, our structural analy-
sis also showed that the R,R diastereoisomer of the dithiol
CDN was more active than the R,S isomer. Given these in vitro
findings with our rationally designed CDN, we found that
STINGVAX formulated with the synthetic ML R,R-S2 CDA
was more potent than those formulated with the canonical
CDA in their antitumor efficacy.

As a potent inducer of IFN dependent Thl response against
the tumor, we were concerned about the adaptive immune
resistance mechanism within the tumor microenvironment,
which can blunt tumor specific T cell responses. In the STING-
VAX treated mice, we noted prominent upregulation of PD-L1
on the tumor cells, which correlated with CDN dependent
CDS8'IFNy*t T cell infiltration. We reasoned, therefore, that
the blockade of this PD-1:PD-L1 interaction would unleash the
tumor specific CTL response held in check. When anti-PD-1
blocking antibody was combined with STINGVAX formulated
with RR-S2 CDA, we noted regression of tumor that was not
evident with STINGVAX alone treated mice.® When these
mice were rechallenged with the tumor after the regression, the
subsequent tumor injection was rejected, demonstrating immu-
nological memory.

The antitumor activity of STING agonist was also found
with intratumoral injection of CDN.? Corrales et.al. focused
their attention on the STING signaling within the tumor
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Figure 1. CDN can STING the tumor microenvironment to induce regression when
combined with PD-1:PD-L1 Blockade. STINGVAX can prime tumor specific T-cells at
site of vaccine injection DLN. Alternatively, STING agonist intratumorally (STINGIT)
can reverse toleragenic APC in the TME to prime T-cells. With increased TIL that
express IFNg, tumor PD-L1 can potentially be induced to enhance the efficacy of
PD-1:PD-L1 blocking antibody.

STINGIT

microenvironment. Rather than formulating a cancer vac-
cine, another STING agonist, namely DMXAA, was injected
directly into bulky B16 tumors resulted in its regression.
More interestingly, this “in situ” vaccination method of
intratumoral STING agonist injection also resulted in a pro-
found abscopal effect.

Presumably, these antitumor responses elicited by STING
agonists work through activating the antigen presenting cells
(APC) to prime the T-cells. For STINGVAX, these dendritic
cells (DC) circulate between the vaccine injection site and the
draining lymph nodes where the T-cell priming can occur. For
the intratumoral injection, it is unclear whether CDN is activat-
ing the tumor infiltrating DC or other myeloid tumor infiltrat-
ing cells to reverse the toleragenic tumor microenvironment.
Early reports suggested that the CDN may induce toxicity of
the tumor cells directly,'® but our experiments to test this
mechanism did not confirm this hypothesis in multiple tumor
models. It should be noted that the CDN’s direct tumor cell
toxicity effect was found in doses over 100jg/injection, which
is more than 5-fold higher than used in STINGVAX formula-
tion and in the intratumoral CDN injections. Studies to under-
stand the details of CDN’s mechanism of action at the cellular
level are currently underway.

Both methods of activating the STING signaling, whether
with co-administration with antigen based vaccine such as
STINGVAX or direct STING agonist injection intratumorally,
support the need to translate STING agonists into cancer
patients, particularly synthetic CDN agonists that can stimulate
the human STING molecule.® (Fig. 1). With multiple ongoing
clinical trials with PD-1:PD-L1 blocking agents, CDN are
attractive candidates to combine with these agents once the
phase I studies are completed. In both the STINGVAX formu-
lation as well as the STING intratumoral (STINGIT) injection
studies completed independently in our laboratory, we found
dramatic upregulation of PD-L1 expression in the tumor
microenvironment. As a potent inducer of IFNy-secreting T-
cells and PD-L1 in the tumor microenvironment, both

STINGVAX and STINGIT are well suited for clinical combina-
tion with immune checkpoint-blocking antibodies, particularly
those cancers that are refractory to immune checkpoint
inhibition.
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