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Immune checkpoint blockade (ICB) has revolution-
ized cancer treatment and led to complete and durable responses, but
only for a minority of patients. Resistance to ICB can largely be
attributed to insufficient number and/or function of antitumor CD8*
T cells in the tumor microenvironment. Neoantigen targeted cancer
vaccines can activate and expand the antitumor T cell repertoire, but ./
historically, clinical responses have been poor because immunity
against peptide antigens is typically weak, resulting in insufficient 13 SR
activation of CD8" cytotoxic T cells. Herein, we describe a AN »\}}cy \
nanoparticle vaccine platform that can overcome these barriers in {
several ways. First, the vaccine can be reproducibly formulated using
a scalable confined impingement jet mixing method to coload a
variety of physicochemically diverse peptide antigens and multiple
vaccine adjuvants into pH-responsive, vesicular nanoparticles that are monodisperse and less than 100 nm in diameter. Using
this approach, we encapsulated synergistically acting adjuvants, cGAMP and monophosphoryl lipid A (MPLA), into the
nanocarrier to induce a robust and tailored innate immune response that increased peptide antigen immunogenicity. We
found that incorporating both adjuvants into the nanovaccine synergistically enhanced expression of dendritic cell
costimulatory markers, pro-inflammatory cytokine secretion, and peptide antigen cross-presentation. Additionally, the
nanoparticle delivery increased lymph node accumulation and uptake of peptide antigen by dendritic cells in the draining
lymph node. Consequently, nanoparticle codelivery of peptide antigen, cGAMP, and MPLA enhanced the antigen-specific
CD8" T cell response and delayed tumor growth in several mouse models. Finally, the nanoparticle platform improved the
efficacy of ICB immunotherapy in a murine colon carcinoma model. This work establishes a versatile nanoparticle vaccine
platform for codelivery of peptide neoantigens and synergistic adjuvants to enhance responses to cancer vaccines.
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mmune checkpoint blockade (ICB) has transformed

immunotherapy for a wide variety of cancers, resulting

in long-term and durable responses for a subset of
patients." However, many, if not most, patients do not respond
to currently approved ICB antibodies for a multitude of
reasons, including a low endogenous T cell response to tumor
antigens and/or an insufficient number of tumor antigen-
specific CD8* T cells that infiltrate into solid tumors.”™" A
promising strategy to increase the efficacy of ICB therapy is to
employ therapeutic cancer vaccines to prime and/or expand
tumor-specific CD8" T cells that can be reactivated in response
to ICB.”~” However, cancer vaccines have typically demon-
strated a limited capacity to generate antigen-specific T cell
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responses in patients, historically leading to poor therapeutic
outcomes in the clinic.'’™"* The recent discovery of peptide
neoantigens—antigens that arise from mutations in cancer
cells—has revitalized interest in therapeutic cancer vaccines.
Since neoantigens are only expressed on cancer cells,
immunization can lead to a more potent effector T cell
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Figure 1. Fabrication and characterization of nanoparticle platform. (A) Schematic representation of coloaded nanoparticle vaccine platform
promoting MPLA delivery to cell surface and endosome, and cGAMP and peptide antigen delivery to cytosol via endosomal escape. This
enhances innate immune signaling for dendritic cell activation and antigen presentation on MHC-I, which together activate a CD8" T cell
response. Made with BioRender.com. (B) Chemical composition and structure of mPEG-block-(DEAEMA-co-BMA) diblock copolymer. (C)
Schematic representation of formulation of nanoparticle via confined impingement jet mixing. Made with BioRender.com. (D)
Representative cryogenic electron micrograph of nanoparticle coloaded with antigen, cGAMP, and MPLA. (E) Representative size
distribution of empty nanoparticle and nanoparticle coloaded with antigen, cGAMP, and MPLA as measured by dynamic light scattering. (F)
Representative fluorescent images of NCI H358 cells expressing a Gal9-mCherry fusion protein after treatment with PBS or the loaded
nanoparticle (NP). (G) Vesicle count per cell for NCI H358 cells expressing a Gal9-mCherry fusion protein after treatment with indicated
formulations (mean + SD; n = 3—11 biologically independent samples, **P < 0.01; one-way ANOVA with Tukey’s multiple comparisons).
(H) In vitro evaluation of IRF3 and NF-kB activation after treatment with indicated formulation for 24 h (mean + SD; n = 3 biologically
independent samples).

response with a significantly reduced risk of autoimmune predicted computationally, and these peptides are then
responses against self-antigen.'” As such, neoantigen peptide- synthesized and injected into a patient in a vaccine
based cancer vaccines have been tested in a number of clinical formulation. In several of the cancer vaccine trials, vaccination
trials.”'”"” In these trials, biopsies of the patient’s tumor and induced a detectable antigen-specific T cell response; however,
nonmalignant tissue are subjected to whole-exome sequencing very few have had meaningful clinical benefit."* This could in
to find mutated genes in the tumor. Human leukocyte antigen part be due to the fact that peptide-based vaccines often suffer
typing is then required to determine which mutations result in from weak immunogenicity, leading to poor effector T cell
the presentation of potentially immunogenic epitopes. Major responses. The poor immunogenicity of peptide antigens can
histocompatibility complex class I (MHC-I) epitopes are be attributed to several intertwined pharmacological barriers,
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including rapid clearance, poor uptake by dendritic cells
(DCs), low accumulation in secondary lymphoid organs (i.e.,
lymph nodes), inefficient cross-presentation on MHC-I, and
potentially, _inagppropriate choice of immunostimulatory
adjuvant(s).” ™"

Adjuvants are essential to enhancing immune responses to
peptide antigens. Adjuvants are included in cancer vaccines to
stimulate the innate immune system to induce costimulatory
molecule expression on dendritic cells and pro-inflammatory
cytokine secretion, which enhance priming and activation of
antigen-specific CD8* T cells.'” ' While early cancer vaccine
clinical trials used adjuvants approved for use in infectious
disease vaccines that elicit humoral responses (e.g., MFS9), it
is now recognized that such adjuvants tend to result in poor
cellular immunity, prompting more recent use of agonists of
pattern recognition receptors (PRRs) such as CpG DNA
(TLR9), monophosphoryl lipid A (MPLA; TLR4), and
imiquimod (TLR7).”*~** Notably, recent neoantigen clinical
trials have used a soluble mixture of a pool of peptide
neoantigens and the adjuvant poly-ICLC, a polycation/nucleic
acid polyplex that activates TLR3 and MDA-5.">*° Such
phase-I trials provide promising proof-of-concept for neo-
antigen-targeted vaccines. Nonetheless, they yield only
suboptimal CD8* T cell responses against a fraction of the
antigenic targets with minimal evidence of therapeutic
efficacy.'” This may, in part, be related to suboptimal vaccine
formulation as we, and others, have demonstrated that
copackaging of antigen and adjuvant into a common carrier
enhances cellular immune responses to vaccines.”’ >’
Collectively, these challenges in antigen and adjuvant delivery
motivate the development and optimization of cancer vaccines
to augment CD8" T cell responses to peptide neoantigens.

To address this unmet need, we and others have turned to
pathogens for inspiration in vaccine design.***” For example,
we recently evaluated codelivery of peptide antigens and the
stimulator of interferon genes (STING) agonist cGAMP, an
adjuvant that induces a type I interferon (IFN-I) response and
has been shown to enhance the antigen-specific CD8* T cell
response.”” "' We showed that dual-delivery of peptide
antigen and cGAMP in endosomolytic polymer vesicles
(polymersomes) can induce a robust cytotoxic CD8" T cell
response.”” The polymersomes were assembled using poly-
[(ethylene glycol)-block-[ (2-diethylaminoethyl methacrylate)-
co-(butyl methacrylate)-co-(pyridyl disulfide ethyl methacry-
late)]] (PEG-DBP) diblock copolymers. Akin to viruses that
escape endo/lysosomal degradation, protonation of diethyla-
minoethyl methacrylate (DEAEMA) groups in acidic endo-
somes results in nanoparticle disassembly and exposure of
cationic DEAEMA and hydrophobic butyl methacrylate
(BMA) residues that act cooperatively to destabilize the
endosomal membrane and release associated drug cargo to the
cytosol. This approach dramatically enhances the immunosti-
mulatory potency of cGAMP, an anionic molecule that is
limited by poor cellular uptake and inefficient cytosolic
delivery, while also promoting delivery of peptide antigens to
the cytosol to promote cross-presentation on MHC-I
molecules, which is critical to activate a CD8" T cell
response.””

When infected with a pathogen, multiple PRR pathways are
typically activated to produce a broader and more robust
innate immune response and modulate the downstream
adaptive immune response, but most cancer vaccines typically
only include a single adjuvant.*’ Therefore, in recent years
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several groups have begun to explore the use of multiple,
potentially synergistic, adjuvants in a single vaccine platform to
enhance and/or tune the innate immune response and further
improve antigen immunogenicity and vaccine ef‘lﬁcac>r.44_52
Notably, several studies have shown that using STING agonists
in combination with other PRR agonists can further augment
the innate immune response with potential to enhance
response to vaccines."*~****7> For example, previous studies
have shown that STING agonists used in combination with
TLR4 agonists can enhance the IFN-I response, potentially
due to amplification of downstream NF-kB and interferon
regulatory factor 3 (IRE3) pathways.”****° Atukorale et al.
found that coencapsulation of a STING agonist, cdGMP, and
MPLA in liposomes enhanced IFN-# production and
improved therapeutic efficacy in a B16.F10 melanoma
model.>* Additionally, Hanson et al. found that when they
adjuvanted a liposomal-based vaccine with both cdGMP and
MPLA it resulted in an enhanced IgG antibody titer.>’
Therefore, we hypothesized that coordinated codelivery of a
STING (cGAMP) and TLR4 (MPLA) agonist could act
synergistically to enhance dendritic cell activation and antigen
cross-presentation, resulting in a more robust antitumor T cell
response and improved vaccine efficacy.

To explore this, we leveraged endosomolytic polymersomes
previously investigated in our group,”’ which provide an ideal
carrier to copackage STING and TLR4 agonists in a defined
manner: the vesicular structure allows amphiphilic MPLA to be
inserted into the polymeric bilayer at high efficiency for surface
display and activation of TLR4, while cGAMP in the aqueous
core is released cytosolically to activate STING (Figure 1A).
We found that confined impingement jet (CIJ) mixing results
in highly uniform polymersomes and efficiently coloads
peptide antigen, cGAMP, and MPLA at defined ratios. Co-
delivery of the antigen and adjuvants using this endosomolytic
nanoparticle platform resulted in an increased IFN-I response,
activation of dendritic cells, antigen cross-presentation, and
generation of antigen-specific CD8* T cells that increased
response to anti-PD-1 ICB.

RESULTS AND DISCUSSION

Formulation of Nanoparticle Vaccine via Confined
Impingement Jet Mixing. We first synthesized the pH-
responsive diblock copolymer poly[(ethylene glycol)-block-
[ (2-diethylaminoethyl methacrylate)-co-(butyl methacrylate)]]
(PEG-DB) via reversible addition—fragmentation chain trans-
fer (RAFT) polymerization. The first block is composed of a 2
kDa polyethylene glycol (PEG) chain to impart hydrophilicity
and colloidal stability. The second block is a 12 kDa random
copolymer composed of DEAEMA and BMA at a 60:40 molar
ratio, respectively (Figure 1B, Table S1). At neutral pH, this
block is hydrophobic which allows for diblock copolymer self-
assembly into vesicular nanoparticles with a hydrophobic
bilayer. Additionally, this ratio of DEAEMA to BMA has been
previously shown to be optimal for promoting pH-responsive,
endosomal escape.”’ PEG-DB copolymers were self-assembled
into vesicular nanoparticles via confined impingement jet (CIJ)
mixing (Figure 1C). CIJ mixing utilizes multistream mixers
where a diblock copolymer and hydrophobic drug(s) are
dissolved in a water miscible organic phase and impinged
against an aqueous solution containing hydrophilic drug(s)
under turbulent conditions followed by dilution into an
aqueous reservoir. The turbulent mixing induces super-
saturation and phase separation of copolymer blocks into
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Figure 2. Combining NP-cGAMP and NP-MPLA enhances innate immune activation, co-stimulatory molecule expression, and pro-
inflammatory cytokine secretion in vitro. (A) In vitro evaluation of interferon activation in RAW-Dual reporter cells after treatment with
indicated formulation for 24 h, cGAMP doses indicated on x-axis, MPLA dose for NP-MPLA dose matched to MPLA dose in cGAMP:MPLA
1:16 (mean + SD; n = 3 biologically independent samples). (B) In vitro evaluation of NF-kB activation in RAW-Dual reporter cells after
treatment with indicated formulation for 24 h, MPLA doses indicated on x-axis, cGAMP dose for NP-cGAMP dose matched to cGAMP dose
in cGAMP:MPLA 16:1 (mean + SD; n = 3 biologically independent samples). (C) Flow cytometric quantification of mean fluorescence
intensity (MFI) of CD86 expression by BMDCs treated with indicated doses of NP-cGAMP, NP-MPLA, or a mixture of both NPs (n =3
biologically independent samples). (D—G) Concentration of secreted IFN-f (D), IL-6 (E), TNF-a (F), and IL-1a (G) by BMDCs after
treatment with indicated doses of NP-cGAMP, NP-MPLA, or a mixture of both NPs (n = 3 biologically independent samples).

stable nanoparticles within milliseconds.””~®* This technique
allows for rapid, scalable formation of monodisperse nano-
particles. While CIJ mixing was done manually with 1 mL
syringes throughout our studies, this is a scalable process for
nanoparticle fabrication; notably, current COVID-19 mRNA-
LNP vaccines from Pfizer are formulated using variations of
impingement jet mixing at industrial scales.%>%°

An important benefit to CIJ mixing is that it allows for
simultaneous encapsulation of both hydrophilic and hydro-
phobic drugs. Since neoantigens are patient-specific, they will
vary in charge and hydrophobicity and so it is important that a
translatable vaccine platform can efliciently load a large variety
of peptides. Peptide antigens, varying in length from 15 to 26
amino acids, were dissolved in the aqueous stream resulting in
encapsulation efficiencies ranging from 25 to 70% (Table S2).
To further optimize peptide loading efficiency, it is possible
that in the future peptide properties can be “normalized” to
achieve equal and efficient loading of any desired peptide
sequence; for example, by adding a sequence of charged or
hydrophobic amino acids proximal to the epitope. cGAMP was
added to the aqueous stream and had an encapsulation
efficiency of 30—40%, and MPLA was added to the organic
stream with an encapsulation efficiency of 90—100%.

Through cryoTEM imaging and dynamic light scattering
(DLS), we found that this formulation method formed
vesicular nanoparticles that were consistently 70—90 nm in
diameter with a low polydispersity index (PDI) of 0.1—0.2
(Figure 1D, E). These are ideal physical properties for vaccine
delivery as they enable lymphatic drainage and lymph node
accumulation after injection, and uptake by professional
antigen presenting cells, such as dendritic cells and macro-
phages.®”*® Importantly, encapsulation of peptides and
adjuvants did not affect the nanoparticle size or polydispersity
(Figure 1E, Figure S1). This is a major improvement from the
first-generation nanovaccine platform from our group, nano-
STING-vax.”® This original platform was formulated using a
modified direct rehydration method which resulted in
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nanoparticles ~200 nm in diameter with a PDI of 0.2—0.3.
Additionally, encapsulation of different neoantigen peptides
resulted in variation in nanoparticle size and polydispersity.

We also evaluated the ability of the nanoparticle to disrupt
the endosomal membrane using a Gal9-mCherry reporter
assay.”” Gal9-mCherry is a fusion protein of Galectin 9 (Gal9),
a protein that binds glycans, and the fluorescent mCherry
protein. When the endosome of a cell is disrupted, Gal9-
mCherry redistributes from the cytosol to the ruptured
endosomes, where it binds the newly exposed glycans.
Following treatment with an endosomolytic agent, the number
of mCherry puncta can be counted as a measurement of
disrupted endosomes and a metric of endosomal escape. We
used a Gal9-mCherry expressing H358 non-small cell lung
cancer cell line and found that nanoparticle formulation
significantly enhanced endosomal disruption compared to PBS
(Figure 1F, G). Importantly, loading the nanoparticle with
peptide and adjuvants did not affect these endosomal escape
capabilities. Overall, we demonstrated here that CIJ mixing can
be used to reproducibly encapsulate a variety of antigens and
adjuvants in vesicular nanoparticles, and these nanoparticles
have physicochemical properties (e.g., < 100 nm diameter, low
polydispersity) and endosomal disruption capabilities that are
ideal for vaccine delivery.

We then tested the innate immune activity of encapsulated
cGAMP (NP-cGAMP) and MPLA (NP-MPLA) (Figure 1H).
Since activation of the STING pathway requires delivery of
cGAMP to the cytosol, where STING is located, we would
expect that nanoparticle delivery of cGAMP would enhance its
immunostimulatory activity due to the pH-responsive behavior
of the polymer. Consistent with our previous work,”’ we found
that NP-cGAMP significantly enhanced the IFN-I response
compared to free cGAMP. TLR4 is localized on the cell surface
and/or within endosomes and therefore MPLA does not
require cytosolic delivery. Consistent with this notion, we
found that loading in the nanoparticle did not affect NP-
MPLA’s activity when compared to free MPLA. Overall, the

https://doi.org/10.1021/acsnano.3c04471
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Figure 3. NP-cGAMP/MPLA enhances innate immune activation, co-stimulatory molecule expression, and pro-inflammatory cytokine
secretion in vitro. (A) In vitro evaluation of interferon activation in RAW-Dual reporter cells after treatment with indicated formulation for
24 h, cGAMP doses indicated on x-axis, MPLA dose for NP-MPLA dose matched to MPLA dose in NP-cGAMP/MPLA(1:4) (mean + SD; n
= 3 biologically independent samples). (B) In vitro evaluation of NF-kB activation in RAW-Dual reporter cells after treatment with indicated

formulation for 24 h, MPLA doses indicated on x-axis, cGAMP

dose for NP-cGAMP dose matched to cGAMP dose in NP-cGAMP/

MPLA(4:1) (mean + SD; n = 3 biologically independent samples). (C) Flow cytometric quantification of mean fluorescence intensity (MFI)

of CD86 expression by BMDCs treated with indicated doses of NP-cGAMP, NP-MPLA, or NP-cGAMP/MPLA (n

3 biologically

independent samples). (D—G) Concentration of secreted (D) IFN-f, (E) IL-6, (F) TNF-a, and (G) IL-1a by BMDCs after treatment with
indicated doses of NP-cGAMP, NP-MPLA, or NP-cGAMP/MPLA (n = 3 biologically independent samples).

data indicate that pH-responsive polymersomes offer a
promising platform to encapsulate cGAMP and MPLA and
motivates evaluation of their capacity to synergistically activate
innate immunity to enhance peptide immunogenicity in vivo.

Co-Delivery of ¢cGAMP and MPLA Enhances Co-
Stimulatory Molecule Expression and Pro-Inflammatory
Cytokine Secretion. Since cGAMP and MPLA activate
distinct downstream innate immune pathways, we hypothe-
sized that using them in combination could synergistically
enhance the dendritic cell activation needed to initiate a robust
CD8" T cell response. We first tested nanoparticle
encapsulated adjuvants (NP-cGAMP and NP-MPLA) sepa-
rately to assess synergistic potential prior to coloading them
into the same particle. We initially evaluated innate immune
responses in RAW-Dual reporter cells, a murine macrophage-
like cell line that stably expresses reporter genes for Lucia
luciferase and secreted embryonic alkaline phosphatase
(SEAP) for quantification of IRF and NF-kB pathway
activation, respectively. Comparing NP-cGAMP and NP-
MPLA alone to mixtures of NP-cGAMP and NP-MPLA at
c¢GAMP:MPLA molar ratios ranging from 1:16 to 16:1, we
showed that addition of NP-MPLA significantly enhanced the
IEN-I response over that stimulated by NP-cGAMP alone
(Figure 2A), and that the addition of NP-cGAMP slightly
enhanced the NF-kB activation over that induced by NP-
MPLA alone (Figure 2B). Notably, NP-cGAMP and NP-
MPLA alone induced a minimal NF-xB response and IFN-I
response, respectively, over the concentration range tested
here. These findings further motivated us to leverage adjuvant
combinations to shape the innate immune response.

As an important role of adjuvants is to stimulate
costimulatory molecule expression and pro-inflammatory
cytokine secretion by DCs, we investigated synergy between
cGAMP and MPLA in this context. We treated bone marrow-
derived dendritic cells (BMDCs) with NP-cGAMP and NP-
MPLA at doses ranging from 0 to 20 uM, and mixtures of both
nanoparticles at every dose combination within this matrix. We
measured the expression of the costimulatory marker CD86 via

flow cytometry and found that multiple dose combinations
upregulated CD86 expression (Figure 2C, Figure S2A). In
previous work using multiple adjuvants there has been limited
evaluation of whether two adjuvants are truly synergistic as
defined by a mathematical framework, so we applied the
Loewe additivity model to determine if the combinations were
synergistic, additive, or antagonistic. This model calculates
whether the interaction between two different drugs produces
a stronger effect than the expected result if both drugs are the
same.”" A synergy score below —10 is likely to be antagonistic,
a score between —10 and 10 is likely to be additive, and a score
above 10 is likely to be synergistic. It should be noted that
current mathematical models for synergy, including the Loewe
model, were originally developed for models of inhibition and
cytotoxicity, rather than the activation markers often associated
with adjuvant activity; however, using the Loewe model gives
an initial indication of the most potent combinations.
Calculating the Loewe synergy scores, we found that every
combination for CD86 was either additive or synergistic
(Figure S3A).

We also measured pro-inflammatory cytokine secretion from
BMDOCs, specifically screening for IFN-f, IL-6, TNF-a, and IL-
la (Figure 2D—G, Figure S2B—E). We found that secretion of
several of these key pro-inflammatory cytokines was enhanced
when treated with both adjuvants. The most striking result was
with IFN-$, where NP-MPLA produced no effect on its own,
but significantly augmented the IFN-f production stimulated
by NP-cGAMP. When the Loewe model was applied to these
results, most of the cytokines showed additive and synergistic
effects (Figure S3B-E). Surprisingly, secretion of TNF-a
appeared to be antagonistic at higher concentrations, which
we suspect may be related to its cytotoxicity/apoptotic
functions at higher doses since even NP-MPLA alone
produced a bell-shaped dose—response curve. Overall, these
results indicate that cGAMP and MPLA synergistically
enhance several innate immune markers that prognosticate a
better antigen-specific CD8" T cell response.
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Figure 4. Nanoparticle vaccine enhances lymphatic accumulation and uptake by antigen presenting cells. (A) Fluorescent images of vaccine
site draining lymph node 6h after subcutaneous injection of vaccine formulated with Cy5-OVAp. (B) Quantification of fluorescence in
vaccine site draining lymph node (mean + SD; n = § mice/group; **P < 0.01; one-way ANOVA with Tukey’s multiple comparisons). (C)
Percentage of CyS-OVAp positive cells among immune cell populations in vaccine draining lymph node 6h after injection of vaccine
formulated with CyS-OVAp (mean + SD; n = S mice/group; ***P < 0.001; one-way ANOVA with Tukey’s multiple comparisons). (D)
Percentage of CyS-OVAp positive cells among pDCs and ¢cDCs (cDC1 and cDC2) in the vaccine site draining lymph node 6h after injection
of vaccine formulated with Cy5-OVAp (mean + SD; n = 6—8 mice/group; *P < 0.05, **P < 0.01; unpaired ¢ test).

Having found that ¢cGAMP and MPLA synergistically
enhance BMDC activation when dosed with separate nano-
particles, we wanted to ensure cGAMP and MPLA could be
coloaded into the same nanoparticle and that these synergistic
effects were maintained. Previous work using multiple
adjuvants has rarely focused on the effect of adjuvant ratio,
which has been demonstrated to be an important parameter for
synergistic delivery of other classes of drugs (e.g, chemo-
therapeutics). Based on data with separately loaded adjuvants,
we chose to move forward with 3 cGAMP:MPLA molar ratios:
1:4, 1:1, and 4:1. We chose these ratios as there was evidence
of synergy at these ratios for expression of CD86 and secretion
of key pro-inflammatory cytokines. We were able to coload
these adjuvants at the selected three ratios into the
nanoparticle platform (NP-cGAMP/MPLA) without affecting
particle size, polydispersity, and adjuvant encapsulation
efficiency (Figure S4). Next, we found that NP-cGAMP/
MPLA significantly enhanced activation of the IFN-I and NF-
kB pathways in RAW Dual cells, as compared to NP-cGAMP
and NP-MPLA, with the 1:4 ratio having the strongest effect,
followed by the 1:1 ratio (Figure 3A, B).

Expression of CD86 on BMDCs was also enhanced when
treated with NP-cGAMP/MPLA compared to dose-matched
NP-cGAMP and NP-MPLA (Figure 3C, SSA). Calculated
Loewe synergy scores indicated that the expression of CD86
was a mix of additive and synergistic with many doses at the
1:4 ratio being synergistic (Figure S6A). This indicates that the
synergistic effects seen with separately loaded adjuvants were
maintained, and in some cases enhanced, with NP-cGAMP/
MPLA. It should be noted that treatment with coloaded NP-
cGAMP/MPLA significantly lowers the dose of polymer
required when compared to mixtures of NP-cGAMP and
NP-MPLA, thereby decreasing the potential for adverse or
confounding effects related to polymer-mediated toxicity.

Secretion of the same pro-inflammatory cytokines was also
measured, which were significantly enhanced when BMDCs
were treated with NP-cGAMP/MPLA (Figure 3D-G, S5B—
E). Loewe scores showed that NP-cGAMP/MPLA synergisti-
cally or additively increased secretion of all cytokines, in a
manner that was not strongly ratio dependent (Figure S6B—
E). Interestingly, TNF-a was synergistic at doses below S uM,
most notably at the 1:4 ratio, but was then antagonistic at
higher doses for reasons discussed above. Overall, these data
indicate that nanoparticles coloaded with cGAMP and MPLA
synergistically enhance STING and TLR4 signaling. These
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findings prompted us to harness the synergistic properties of
coloaded nanoparticles to enhance the immunogenicity of
peptide antigens, which by themselves are poorly, if at all,
immunogenic.

Nanoparticle Delivery Enhances Lymphatic Accumu-
lation and Uptake by Antigen Presenting Cells. As
c¢GAMP and MPLA synergistically enhance the expression of
CD86 and the secretion of several pro-inflammatory cytokines
including IFN-§ and IL-6, we developed a complete nano-
vaccine formulation that coloaded peptide antigens with
c¢GAMP and MPLA: NP-Pep/cGAMP/MPLA. We were able
to coload a synthetic long peptide (SLP) derived from the
model antigen ovalbumin (OVA) that contains the immuno-
dominant MHC class I SIINFEKL epitope (OVAp), cGAMP,
and MPLA into the nanoparticle at the same 3 cGAMP:MPLA
molar ratios —1:4, 1:1, 4:1 (Figure S7). This also highlights an
important advantage of the CIJ formulation approach and the
biphasic structure of the polymersome which together enable
coloading of chemically distinct adjuvants (e.g., cGAMP and
MPLA) at precisely defined ratios controlled by inlet feed
concentrations. Another attractive feature of using a nano-
particle vaccine platform is that nanoparticles smaller than 100
nm in diameter are known to preferentially drain to lymph
nodes, where DC and primary T cell activation occurs.”® To
evaluate this, we formulated NP-Pep/cGAMP/MPLA(1:4)
using CyS-labeled OVAp (CyS-OVAp) to track it is
distribution to the lymph node and uptake by immune cells,
compared to a soluble mixture of Cy5-OVAp, cGAMP, and
MPLA (Pep+cGAMP+MPLA(1:4)). We subcutaneously
vaccinated mice, harvested the draining inguinal lymph node
6h later, and used exvivo fluorescence imaging to assess the
accumulation of peptide in the lymph node. We found that the
nanoparticle vaccine significantly enhanced accumulation of
the peptide compared to PBS and the soluble mixture (Figure
4A, B). Importantly, no CyS-OVAp was detected in the spleen
or a nondraining lymph node (Figure S8), suggesting that NPs
do not enter the circulation to a detectable level. Additionally,
we quantified the uptake of the Cy5-OVAp in immune cell
populations—macrophages, DCs, neutrophils, B cells, CD4" T
cells, and CD8" T cells—and found that the nanoparticle
platform significantly enhanced antigen uptake by macro-
phages and DCs when compared to the soluble mixture
(Figure 4C). We then evaluated uptake of the nanoparticle in
DC subsets—plasmacytoid DCs (pDCs, BST*CD8”) and
conventional DCs, c¢cDCls (CD8*) and c¢DC2s
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Figure S. Nanoparticle vaccine enhances dendritic cell activation and cross-presentation, activates antigen-specific CD8" T cells, and
provides therapeutic efficacy in the EG7.0VA model. (A) Flow cytometric quantification of mean fluorescence intensity (MFI) of CD86
expression by BMDCs treated with indicated formulations (mean + SD; n = 2; **P < 0.01; one-way ANOVA with Tukey’s multiple
comparisons). (B) Flow cytometric quantification of mean fluorescence intensity (MFI) or percentage of SINFEKL-H2K" positive BMDCs
treated with indicated formulations and stained with PE-labeled antibody against SINFEKL/H-2K® (mean + SD; n = 3; ***%P < 0.0001;
one-way ANOVA with Tukey’s multiple comparisons). (C) Vaccination and downstream analysis scheme. (D) Quantification of the
frequency of SIINFEKL-specific CD8" T cells in spleen after vaccination using peptide/MHC tetramer staining (mean + SD; n = 10 mice/
group; *¥¥*P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons). (E) Quantification of the frequency of SIINFEKL-specific
CD8* T cells in spleen after vaccination using peptide/MHC tetramer staining comparing wild-type mice to Batf3~/~ mice (mean + SD; n =
5—8 mice/group; ***P < 0.001, **¥**P < 0.0001; two-way ANOVA with Tukey’s multiple comparisons). (F) Tumor challenge and
therapeutic vaccination scheme. (G) Average EG7.0VA tumor growth in response to indicated formulation (mean + SEM; n = 8—10 mice/
group). (H) Average tumor volume on day 20 after tumor inoculation (mean + SEM; n = 8—10 mice/group; **P < 0.01, ***P < 0.001; one-
way ANOVA with Tukey’s multiple comparisons). (I) Kaplan—Meier survival curve using 2000 mm® tumor volume as the end point (n = 8—
10 mice/group; statistical significance between indicated treatment versus PBS and NP-Pep/cGAMP; *P < 0.05, **P < 0.01; Mantel—Cox
log-rank test). (J) Representative flow cytometry plots and quantification of IFNy'TNFa® CD8" T cells after ex vivo restimulation of
splenocytes with SIINFEKL peptide (mean + SD; n = 8 mice/group; ****P < 0.0001; unpaired t test). (K) Percentage of central and
effector memory antigen-specific CD8" T cells (T¢y and Tgy) in spleen after vaccination (mean + SD; n = 8 mice/group; **#*P < 0.0001;
unpaired ¢ test).

(BST~CD8~)—and found that all subsets significantly took up Nanoparticle Co-Delivery of Antigen, cGAMP, and
antigen compared to the PBS control, with ~15% of pDCs and MPLA Enhances Antigen-Specific CD8* T Cell Response.
1—2% of cDCs internalizing the antigen (Figure 4D). Although Next, we evaluated whether the complete vaccine formulation

cDCls are thought of as the most potent cross-presenting (NP-Pep/cGAMP/MPLA) activates dendritic cells by measur-
DCs, pDCs are known to be a strong producer of IFN-I, which ing the expression of CD86 on BMDCs after treatment. We
in turn increases overall antigen cross-presentation and CD8" compared NP-Pep/cGAMP/MPLA at each cGAMP:MPLA
T cell priming.”>”* Overall, this finding indicates that NP-Pep/ molar ratio (1:4, 1:1, 4:1) to NP-Pep/cGAMP and NP-Pep/
cGAMP/MPLA can enhance antigen accumulation in the MPLA. We found that NP-Pep/cGAMP/ MPLA(1:4) signifi-
lymph node and uptake by antigen presenting cells, which is cantly enhanced expression of CD86 when compared to NP-
needed for priming and activation of antigen-specific CD8* T Pep/MPLA (Figure SA). For all the treatment groups the dose
cells. of MPLA was maintained, and the dose of cGAMP was
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Figure 6. Nanoparticle vaccine provides therapeutic efficacy in MC38 adenocarcinoma model and improves the efficacy of aPD-1 ICB
therapy. (A) Tumor challenge and therapeutic vaccination scheme. (B) Spider plots of individual tumor growth curves. (C) Average MC38
tumor growth in response to indicated formulation (mean + SEM; n = 10 mice/group). (D) Average tumor volume on day 22 after tumor
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Figure 6. continued

inoculation (mean + SEM; n = 10 mice/group; *P < 0.05; one-way ANOVA with Tukey’s multiple comparisons). (E) Kaplan—Meier
survival curve using 2000 mm® tumor volume as the end point (n = 10 mice/ group; statistical significance between NP-Pep/cGAMP/
MPLA(1:4) and all other groups shown; *P < 0.05; Mantel—Cox log-rank test). (F) Tumor challenge, therapeutic vaccination, and aPD-1
treatment scheme. (G) Spider plots of individual tumor growth curves. (H) Average MC38 tumor growth in response to indicated
formulation (mean + SEM; n = 8—10 mice/group). (I) Average tumor volume on days 17—25 after tumor inoculation (mean + SEM; n =
8—10 mice/group; *P < 0.0S, **P < 0.01; one-way ANOVA with Tukey’s multiple comparisons). (J) Kaplan—Meier survival curve using
2000 mm?® tumor volume as the end point (n = 8—10 mice/group; statistical significance between NP-Pep/cGAMP/MPLA(1:4) + aPD-1
and all other groups shown; *P < 0.05; Mantel—Cox log-rank test).

adjusted depending on the cGAMP:MPLA ratio. The cGAMP
dose for NP-Pep/cGAMP was dose-matched to NP-Pep/
cGAMP/MPLA(4:1) and was 16-fold higher than the cGAMP
dose for NP—Pep/cGAMP/MPLA(1:4). So, it is unsurprising
that NP-Pep/cGAMP/MPLA(1:4) did not significantly
enhance expression compared to NP-Pep/cGAMP, and it is
notable that it even induced similar expression levels.
Additionally, we confirmed that formulations with MPLA,
compared to NP-Pep/cGAMP, do not significantly enhance
uptake by DCs which could occur via binding of MPLA in the
bilayer to TLR4 on the cell surface (Figure S9).

We next tested whether NP-Pep/cGAMP/MPLA enhances
antigen cross-presentation on BMDCs. Briefly, we treated
BMDCs with free peptide, encapsulated peptide without
adjuvants (NP-Pep), NP-Pep/cGAMP, NP-Pep/MPLA, and
NP-Pep/cGAMP/MPLA at each cGAMP:MPLA ratio. The
presentation of the MHC-I restricted OVA epitope,
SIINFEKL, on MHC-I was measured by flow cytometry by
using a fluorescently labeled antibody against SIINFEKL
bound to H-2K® (Figure SB). We found that all NP-Pep/
cGAMP/MPLA formulations enhanced cross-presentation as
compared to PBS, free Pep, and NP-Pep. The 1:4 ratio of
cGAMP:MPLA enhanced cross-presentation the most and was
significantly higher than NP-Pep/cGAMP and NP-Pep/
MPLA. It is unsurprising that free Pep does induce a
measurable amount of antigen cross-presentation, as the SLP
used, OVAp, can still be degraded by intra- and extracellular
proteases and presented on MHC-I, but less efficiently.”
Collectively, these data indicate that codelivery of the
synergistic adjuvants, cGAMP and MPLA, with peptide
neoantigens using a pH-responsive nanoparticle platform can
enhance dendritic cell activation and peptide antigen cross-
presentation on MHC-I, with the potential to enhance CD8* T
cell responses.

We next evaluated the antigen-specific CD8" T cell response
in vivo. Mice were subcutaneously vaccinated with PBS
(vehicle), NP-Pep, NP-Pep/cGAMP, NP-Pep/MPLA, or NP-
Pep/cGAMP/MPLA at each ratio on day 0, and then boosted
on days 7 and 14 (Figure SC). On day 21 splenocytes were
harvested and the SIINFEKL-specific CD8" T cell response
was quantified by pOVA/H-2K" tetramer staining (Figure 5D).
We found that NP-Pep generated a minimal (~0.5%)
SIINFEKL-specific CD8" T cell response, with the addition
of cGAMP (NP-Pep/cGAMP) and MPLA (NP-Pep/MPLA)
generating a stronger response (~1%). However, copackaging
of antigen with both adjuvants (NP-Pep/cGAMP/MPLA)
tended to enhance the antigen-specific T cell response (~5%)
at all 3 adjuvant ratios when compared to any of the other
formulations.

To evaluate whether cross-presenting DCs were responsible
for generating this antigen-specific CD8" T cell response, we
repeated this study using Batf3~~ mice, which lack the cross-
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presenting CD8a" DCs.”* We found that the percentage of
SIINFEKL-specific CD8" T cells was significantly reduced in
Batf3”/~ mice after vaccination with NP-Pep/cGAMP/
MPLA(1:4) compared to wild type mice (Figure SE).
Collectively, these data demonstrate that incorporating both
c¢GAMP and MPLA into the nanovaccine enhances dendritic
cell activation and antigen cross-presentation to promote
cellular immunity in response to vaccination with peptide
antigens.

Nanoparticle Vaccine Inhibits Tumor Growth and
Improves Survival in Mice. We then evaluated the ability of
the platform to enhance therapeutic cancer vaccine efficacy in
vivo using the EG7.OVA model—a murine thymoma EL-4 cell
line that expresses the model OVA antigen. Mice were
inoculated subcutaneously in the flank with 3 x 10° EG7.0VA
cells on day 0, and then vaccinated on days 7, 14, and 21 with
PBS, NP-Pep/cGAMP, NP-Pep/MPLA, or NP-Pep/cGAMP/
MPLA at each ratio (Figure SF). Tumor growth and survival
were monitored throughout the study (Figure SG—I, Figure
S10). All NP-Pep/cGAMP/MPLA formulations delayed tumor
growth to a significantly greater degree than PBS. Additionally,
both NP-Pep/cGAMP/MPLA(1:4) and NP-Pep/cGAMP/
MPLA(1:1) significantly prolonged survival as compared to
mice that received NP-Pep/cGAMP and PBS. Overall, these
data indicate that the nanoparticle vaccine formulation
containing both MPLA and cGAMP as adjuvants can improve
therapeutic efficacy in a murine tumor model.

Nanoparticle Vaccine Enhances Functionality of
Antigen-Specific CD8* T Cell Response. We next evaluated
the functionality and phenotype of the antigen-specific T cell
response generated by the vaccine platform. Moving forward,
we chose to use only NP-Pep/cGAMP/MPLA(1:4), as this
adjuvant ratio was found to be superior or nearly equivalent to
the 4:1 and 1:1 ratios in previous studies (e.g, tetramer
response, survival benefit), while using a smaller total dose of
adjuvant. Mice were subcutaneously vaccinated with PBS
(vehicle) or NP-Pep/cGAMP/MPLA(1:4) on days 0, 7, and
14 (Figure SC). On day 21 the splenocytes were harvested for
intracellular cytokine staining and memory phenotyping.
Vaccination resulted in a significant increase in the percentage
of polyfunctional INFy"TNFa" CD8" T cells in response to
restimulation of splenocytes with SIINFEKL (Figure SJ). Next,
the memory phenotype of the CD8" T cells in the spleen was
evaluated by determining the frequency of central memory T
cells (Tcy, CD44*CD62L*), a memory CD8" T cell subset
that tends to traffic to secondary lymph node organs and
persist after an immune response, and effector memory T cells
(Tpy, CD44*CD62L7), the memory CD8" T cell subset that
resides in peripheral circulation and tissues and is more
cytolytic and able to immediately recognize and kill target
cells.”> We found that the nanovaccine generated a significantly
stronger antigen-specific Tgy; response relative to Ty, with
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Figure 7. Nanoparticle vaccine activates antigen-specific and functional CD8" T cells against MC38 neoantigens. (A) Vaccination and
downstream analysis scheme. (B) Quantification of the frequency of Repsl-specific and Adpgk-specific CD8" T cells in spleen after
vaccination using peptide/MHC tetramer staining (mean + SD; n = 7—8 mice/group; *P < 0.0S, **P < 0.01; one-way ANOVA with Tukey’s
multiple comparisons). (C) Percentage of central and effector memory antigen-specific CD8" T cells in spleen after vaccination (mean +
SD; n = 7—8 mice/group; ****P < 0.0001; two-way ANOVA with Tukey’s multiple comparisons). (D) Representative ICCS flow cytometry
plots evaluating the percentage of IFNy*'TNFa" CD8" T cells after ex vivo restimulation of splenocytes with Repsl (AQLANDVVL) or
Adpgk (ASMTNMELM) peptides. (E) Quantification of flow cytometry data in D (mean + SD; n = 7—8 mice/group; *P < 0.05, **P < 0.01;
one-way ANOVA with Tukey’s multiple comparisons). (F) Representative ELISPOT wells after ex vivo restimulation of splenocytes with
Repsl (AQLANDVVL) or Adpgk (ASMTNMELM) peptides. (G) Quantification of images in F to determine the CD8'IFNy"* T cell response
(mean + SD; n = 7—8 mice/group; *P < 0.05, **P < 0.01, ****P < 0.0001; one-way ANOVA with Tukey’s multiple comparisons).
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Tgy comprising ~80% of the tetramer-positive CD8" T cell
population (Figure SK). Overall, this indicates that the vaccine
platforms can generate a polyfunctional, antigen-specific Tgy
response, which is important for killing of cancer cells.

Nanoparticle Vaccine Enhances Neoantigen Vaccine
Efficacy and Response to ICB. Based on the data using
OVA as a model tumor antigen, we next evaluated the efficacy
of the vaccine platform using peptide neoantigens generated
from mutations in the MC38 colon cancer cell line. We loaded
known and established MC38 neoantigens—Repsl and
Adpgk—into the nanoparticle along with ¢cGAMP and
MPLA at a 1:4 ratio. All treatments were a mixture of
nanoparticles coloaded with Repsl and adjuvant(s) and
nanoparticles coloaded with Adpgk and adjuvant(s). Mice
were inoculated with 1 X 10° MC38 cells, and vaccinated 6
days later, with boosts on days 13 and 20 (Figure 6A).
Compared to a soluble mixture of peptides and adjuvants (Pep
+cGAMP+MPLA(1:4)) and singly adjuvanted nanoparticle
vaccines, we found that only NP—Pep/cGAMP/MPLA(1:4)
significantly delayed tumor growth (Figure 6B—D) and
improved survival (Figure 6E).

Since NP-Pep/ c¢GAMP/MPLA(1:4) enhanced the antigen-
specific CD8" T cell response, we next tested if it could
enhance the therapeutic efficacy of ICB. MC38 is known to
express PD-L1 but is largely resistant to aPD-1/aPD-L1
therapy.”® Hence, we chose to test the therapeutic efficacy of
NP-Pep/cGAMP/MPLA(1:4) in combination with aPD-1
therapy in this model. Mice were subcutaneously inoculated
with MC38, then vaccinated every 7 days starting at day 6.
Additionally, aPD-1 was administered intraperitoneally every
3—4 days (Figure 6F). We found that aPD-1 alone provided
minimal therapeutic efficacy, but aPD-1 used in combination
with NP-Pep/cGAMP/MPLA(1:4) significantly delayed
tumor growth and improved survival (Figure 6G—J). Taken
together, these data provide evidence that NP-Pep/cGAMP/
MPLA(1:4) provides therapeutic efficacy as a monotherapy
and also enhances the efficacy of aPD-1 ICB in a murine colon
adenocarcinoma model.

Nanoparticle Vaccine Activates a Functional Anti-
gen-Specific CD8* T Cell Response Against Neo-
antigens. After determining that the vaccine platform, in
combination with aPD-1 ICB provided therapeutic efficacy, we
evaluated the CD8" T cell response and phenotype using the
vaccine platform with the MC38 neoantigens. Mice were
subcutaneously vaccinated with PBS (vehicle) or NP-Pep/
cGAMP/MPLA(1:4) on days 0, 7, and 14, and aPD-1 ICB
antibodies were administered very 3—4 days (Figure 7A). On
day 21 splenocytes were harvested to evaluate the specificity
and functionality of the T cell response. First, the Repsl- and
Adpgk-specific CD8" T cell response was evaluated via
tetramer staining (Figure 7B). We found that all groups
vaccinated with the nanoparticle platform generated a
significant antigen-specific CD8" T cell response. We next
evaluated the memory phenotype of these antigen-specific
CD8" T cells. We found that mice vaccinated with NP-Pep/
cGAMP/MPLA(1:4) alone or in combination with aPD-1
induced a stronger Repsl- and Adpgk-specific Tgy; response
than Ty response (Figure 7C). We then investigated the
functionality of the T cells via intracellular cytokine staining
following antigen restimulation with the Repsl (AQ-
LANDVVL) or Adpgk (ASMTNMELM) epitope and found
that mice treated with NP-Pep/cGAMP/MPLA(1:4) + aPD-1
had significantly enhanced polyfunctional INFy*TNFa" CD8*
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T cells compared to the PBS control (Figure 7D, E). Finally,
we further evaluated the functionality of the T cell response via
ELISPOT after restimulation of the splenocytes with either the
Repsl or Adpgk epitope. Again, we found that NP-Pep/
cGAMP/MPLA(1:4) significantly enhanced the frequency of
IFNy secreting CD8" T cells (Figure 7F, G). Overall, these
data indicate that vaccine platform activates an antigen-specific
and functional CD8* T cell response for known murine
neoantigens.

CONCLUSION

Although ICB has revolutionized cancer immunotherapy, the
lack of robust and long-term responses in a subset of patients
indicates the need for combination therapy to enhance efficacy.
It has been shown that increased antigen-specific CD8" T cell
infiltration into tumors is often correlated with improved ICB
response rates. This has fueled interest in therapeutic cancer
vaccines that can activate an antitumor T cell response, thereby
enhancing efficacy of ICB. Here, we describe a nanoparticle
vaccine platform rationally designed to enhance the
immunogenicity of peptide neoantigens. Nanoparticle cancer
vaccines can overcome pharmacological barriers associated
with soluble antigen delivery to enhance peptide immunoge-
nicity and improve overall therapeutic efficacy. It is important
that these nanoparticle platforms are uniform in size, are
amenable to scalable formulation methods, and can incorpo-
rate a wide variety of patient-specific neoantigen peptides to
improve translatability. We utilized CIJ mixing to formulate
pH-responsive vesicular nanoparticles as a versatile nano-
vaccine platform. Our data show that we can quickly and
reproducibly formulate nanoparticles that are monodisperse
and less than 100 nm in diameter. Additionally, peptide
neoantigens and adjuvants with a range of physical properties
can be loaded without impacting nanoparticle properties.
Furthermore, by exploring the use of multiple adjuvants, we
showed that cGAMP and MPLA can act in synergy to further
enhance peptide immunogenicity. Our data demonstrated that
cGAMP and MPLA synergistically enhance expression of
costimulatory molecules on dendritic cells and secretion of
pro-inflammatory cytokines, which are both important for
robust priming and activation of T cells. Additionally, we show
that the nanoparticle vaccine enhances lymph node accumu-
lation and uptake by antigen presenting cell in the lymph node.
Co-loading with peptide neoantigens at 3 defined cGAMP:M-
PLA ratios—1:4, 1:1, and 4:1—in the nanoparticle platform
enhanced cross-presentation of the peptide antigen on MHC-I,
which is necessary to induce a CD8" T cell response. In several
therapeutic models, the vaccine was able to delay tumor
growth and improve survival. Additionally, it improved the
therapeutic efficacy of aPD-1 ICB in an MC38 murine tumor
model. An important future direction will be to further
improve upon the relatively modest therapeutic efficacy of the
vaccine; for example, through optimization of dose and
regimen, combination with immunomodulators that reprogram
the tumor microenvironment, addition of CD4" T cell helper
epitopes, and/or incorporation of additional neoantigenic
peptides. Taken together, this nanoparticle vaccine is a
promising and versatile platform for harnessing adjuvant
synergy to enhance peptide antigen immunogenicity, thereby
improving the therapeutic efficacy of neoantigen-targeted
cancer vaccines.
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MATERIALS AND METHODS

Polymer Synthesis and Characterization. 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB), N,N’-dicyclo-
hexyl carbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP),
butyl methacrylate (BMA), 4,4’-azobis(4-cyanovaleric acid) (V501),
poly(ethylene glycol) methyl ether (PEG, MW = 2000 Da),
dichloromethane, and 1,4-dioxane were purchased from Sigma-
Aldrich. 2-(diethylamino)ethyl methacrylate (DEAEMA) was pur-
chased from TCI chemicals. Methoxyphenol inhibitor was removed
from DEAEMA and BMA monomers via gravity filtration through
aluminum oxide prior to polymerizations.

Poly[ (ethylene glycol)-block-[(2-diethylaminoethyl methacrylate)-
co-(butyl methacrylate)]] was synthesized via RAFT polymerization.
A 2 kDa PEG-CPADB macro-RAFT chain transfer agent (mCTA)
was synthesized as previously described.”” Briefly, PEG (MW = 2000
Da) was coupled to the chain transfer agent CPADB by mixing with
DCC and DMAP at a molar ratio of 1:2.5:3:0.15 in dichloromethane
and reacting overnight. Unreacted reagent was removed through
gravity filtration, and the resulting product was purified by
precipitating in cold diethyl ether five times and then vacuum drying.
"H NMR was used to calculate the degree of labeling. This mCTA
was then dissolved with DEAEMA and BMA monomers (at a 60:40
molar ratio) and the initiator VSOl in 1,4-dioxane, purged with
nitrogen gas for 30 min, and polymerized for 18h at 70 °C. An
mCTA:initiator of 5:1 and a weight fraction of monomer and mCTA
to dioxane of 0.4 were used. The resulting polymer was then
precipitated five times in cold pentane and vacuum-dried. "H NMR
was used to calculate polymer composition, degree of polymerization,
and theoretical molecular weight (Figure S11).

Nanoparticle Formulation. 2’3 ¢cGAMP was synthesized as
previously described.”” MPLA was purchased from Avanti Polar
Lipids. Synthetic long peptides (SLPs) containing the epitopes of
known neoantigens were purchased from GenScript. The peptides
used in this study include the SLP for Ovalbumin, OVAp
(SGLEQLESIINFEKL), the MC38 SLP Repsl (RVLELFRAAQ-
LANDDVVLQIMELC), and the MC38 SLP Adpgk (GIPVHLE-
LASMTNMELMSSIVHQQVE).

Nanoparticles were formulated using CIJ mixing as previously
described.®>*>** PEG-DB and MPLA were dissolved in THF and
aspirated into a 1 mL polypropylene syringe. Peptide and cGAMP
were dissolved in water and aspirated into a separate 1 mL
polypropylene syringe. The syringes were then attached to the CIJ
unit and impinged against each other by hand into a 20 mL
scintillation vial. The total volume impinged was then recollected into
both syringes at equal volumes and coimpinged again. This was
repeated for a total of five impingements. The final impingement was
collected into a 4 mL stirring aqueous reservoir. For all formulations,
the concentration of PEG-DB was held constant at 10 mg/mL. For
NP-Pep, 500 pg/mL peptide was dissolved in the aqueous phase, for
NP-cGAMP 500 pig/mL cGAMP was dissolved in the aqueous phase,
and for NP-MPLA 400 ug/mL MPLA was dissolved in the organic
phase. For NP-cGAMP/MPLA, cGAMP concentration in the
aqueous stream ranged from 200 to 100 ug/mL and MPLA
concentration in the organic stream ranged from 100 to 400 ,ug/
mL to ensure the desired cGAMP:MPLA molar ratio was achieved.
For all formulations containing peptide antigens, peptide concen-
tration in the aqueous stream was maintained at 500 pg/mL, and
cGAMP and MPLA concentrations in their inlet streams were
adjusted to achieve the correct ratios.

After the final impingement into the aqueous reservoir,
unencapsulated drug was removed via ultracentrifugal filtration
through a 50,000 Da MWCO membrane. To quantify peptide and
cGAMP loading, an aliquot was removed and diluted in acetonitrile
and analyzed via HPLC. OVAp was analyzed using a C18 column
(130 A pore size, 5 um particle size, 150 X 4 mm inside diameter,
ThermoScientific) at 60 °C with a gradient mobile phase from 95%
water with 0.1% trifluoroacetic acid (TFA) to 95% acetonitrile with
0.19% TFA over 8 min. Repsl and Adpgk were analyzed using a
Hypersil GOLD C4 column (175 A pore size, S ym particle size, 150
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X 4.6 mm inside diameter, ThermoScientific) at 60 °C with a gradient
mobile phase from 75% water with 0.1% TFA to 95% acetonitrile with
0.1% TFA over 10 min. cGAMP was analyzed via normal phase
HPLC as previously described.’”” Encapsulation of MPLA was
measured using mass spectrometry, with an LTQ XL Linear Ion
Trap Mass Spectrometer (ThermoScientific) coupled to an AQUITY
Ultra Performance LC (UPLC) (Waters). The mass spectrometer was
operated in negative ionization mode. An AQUITY UPLC BEH C8
column (130 A pore size, 1.7 ym particle size, 150 X 2.1 mm inside
diameter, Waters) was used for chromatographic separation at 45 °C.
The mobile phase consisted of 2 solvents: solvent A of 10 mM
NH,OAc in ACN/H,0/MeOH 8/1/1 and solvent B of 10 mM
NH,OAc in MeOH/Iso/ACN 2/2/1. An isocratic flow of 30%
solvent A and 70% solvent B was run at 0.3 mL/min for 15 min. The
m/z of 1745.28 was used to quantify MPLA.

Particle diameter and PDI was measured via dynamic light
scattering (DLS) by diluting particles in sterile-filtered PBS and
characterizing with a Malvern Zetasizer Ultra. For cryoTEM
morphology evaluation, 200 mesh Cu grids with a lacey carbon
membrane (EMS Cat# LC200-CU-100) were glow-discharged in a
Pelco easiGlow glow discharger (Ted Pella Inc.,, Redding, CA, USA)
using an atmosphere plasma generated at 15 mA for 15 s with a
pressure of 0.24 mbar. This treatment created a negative charge on
the carbon membrane, allowing aqueous samples to spread evenly
over of the grid. Four uL of loaded nanoparticles (1 mg/mL stock)
was pipetted onto the grid and blotted for S s with a blotting pressure
of 1, followed by immediate plunging into liquid ethane within an FEI
Vitrobot Mark IV plunge freezing instrument (Thermo Fisher
Scientific, Waltham, MA, USA). Grids were then transferred to liquid
nitrogen for storage. The plunge-frozen grids were kept vitreous at
—180 °C in a Gatan Cryo Transfer Holder model 626.5 (Gatan Inc.,
Pleasanton, CA, USA) while viewing in a JEOL JEM1230 LaB6
emission TEM (JEOL USA, Inc., Peabody, MA,) at 120 keV. Image
data was collected by a Gatan Orius SC1000 CCD camera Model 831
(Gatan Inc., Pleasanton, CA, USA).

Gal9 Recruitment Assay. Gal9 recruitment assays were
performed as previously described with minor modifications as
follows.*””® NCI-H358 cells stably expressing Gal9-mCherry were
seeded in 96-well black walled clear bottom plates (Grenier, catalog
number 655090) at a density of 7,500 cells/well and allowed to
adhere overnight. The following day, cells were treated with
nanoparticle formulations at indicated concentrations and incubated
for an additional 24 h. Media was then exchanged with 100 uL of
imaging media (FluoroBrite DMEM supplemented with 25 mM
HEPES, 10% FBS, 1% Pen/Strep, and 4 uM Hoechst 33342). Cells
were imaged using an ImageXpress Nano Automated Imaging System
(Molecular Devices) with a 20 x Nikon CFI60 series objective,
courtesy of the Vanderbilt High Throughput Screening Core. Images
were analyzed using the Transfluor Application Module within the
MetaXpress Software (Molecular Devices), which blindly counted the
integrated pixel intensity of the Gal9 positive spots within each image.

In Vitro Evaluation of Adjuvant Activity. Activation of IRF and
NF-kB pathways were measured in RAW-Dual and THP1-Dual cells
(Invivogen). RAW-Dual cells were cultured in DMEM supplemented
with 2 mM L-Glutamine, 4.5 g/mL p-glucose, 10% fetal bovine serum
(FBS), 100 U/mL penicillin/100 pg/mL streptomycin, and 100 ug/
mL normocin. Zeocin (200 yg/mL) was added every other passage to
maintain selection pressure. THP1-Dual cells were cultured in RPMI
supplemented with 2 mM L-glutamine, 25 mM HEPES, 10% FBS, 100
U/mL penicillin/100 ug/mL streptomycin, and 100 pg/mL
normocin. Zeocin (100 yg/mL) and blasticidin (10 pg/mL) were
added every other passage to maintain selection pressure. RAW-Dual
(50,000 cells/well) or THP1-Dual (20,000 cells/well) were plated in
96-well plates and treated the next day with indicated formulations
and concentrations for 24 h. Relative IRF activation was measured
using QUANTI-Lug, a lucia luciferase detection reagent, and relative
NF-kB activation was measured using QUANTI-blue, a secreted
alkaline phosphatase (SEAP) detection reagent, by following
manufacturer’s instructions.
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In Vitro Evaluation of BMDC Activation. BMDCs were
prepared from bone marrow cells harvested from the femurs and
tibias from 6 to 8 weeks old C57/Bl6] mice by flushing the bone
marrow out with complete BMDC media (RPMI supplemented with
10% FBS, 100 U/mL penicillin/100 pug/mL streptomycin, 2 mM L-
glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 1X nonessential
amino acids, 55 uM f-mercaptoethanol, 50 pg/mL gentamicin, and
2.5 pug/mL amphotericin B) and passing the cell suspension through a
70 uM cell strainer. Cells were cultured on nontreated 100 X 15 mm
Petri dishes in complete BMDC media containing 20 ng/mL
granulocyte-macrophage colony-stimulating factor (GM-CSF). Fresh
media with 20 ng/mL GM-CSF was added on days 3, 5, and 7. On
day 8 differentiation into dendritic cells was confirmed by measuring
CD11c expression via flow cytometry using aCD11c (N418, FITC,
BioLegend). Cells were then plated on nontreated 12-wells plates in
complete BMDC media containing 10 ng/mL GM-CSF at 500,000
cells/well and allowed to adhere overnight. The next day cells were
treated with indicated formulations and concentrations for 24 h.
Following incubation, the media was removed and stored at —80 °C
for cytokine analysis, then cells were scraped into PBS, washed with
FACS buffer (PBS supplemented with 1% BSA), incubated with Fc-
block (aCD16/32, 2.4G2, Tonbo) for 15 min at 4 °C, then stained
with the appropriate antibodies for 1 h at 4 °C. The antibodies used
were aCD86 (GL-1, PE/Cy7, BioLegend) and aCDIllc (N418,
KIRAVIA Blue 520, BioLegend). Cells were then washed with FACS
buffer again and then resuspended in DAPI (1 ug/mL in FACS
buffer). Flow cytometry was then run on an Amnis CellStream, and
median fluorescence intensity (MFI) of CD86 was quantified.

Cytokines secreted into the media was quantified using a
LEGENDplex multianalyte flow assay kit (BioLegend) following the
manufacturer’s instructions using a v-bottom plate. Data was collected
on a Amnis CellStream Flow Cytometer and analyzed using
LEGENDplex data analysis software.

In Vitro Evaluation of Antigen Cross-Presentation. BMDCs
were harvested and differentiated as described above. Cells were
plated on nontreated 12-wells plates in complete BMDC media
containing 10 ng/mL GM-CSF at 500,000 cells/well and allowed to
adhere overnight. The next day, cells were treated with indicated
formulations for 24 h. All treatment groups were 2 yuM OVAp,
corresponding to 3.75 ng/mL cGAMP in NP-Pep/cGAMP/
MPLA(1:4), 15 ng/mL cGAMP in NP-Pep/cGAMP/MPLA(1:1),
60 ng/mL cGAMP in NP-Pep/cGAMP/MPLA(4:l) and NP-Pep/
c¢GAMP, and 45 ng/mL MPLA in all formulations containing MPLA.
The next day, cells were scraped, washed with FACS buffer (PBS
supplemented with 1% BSA), incubated with Fc-block (aCD16/32,
2.4G2, Tonbo) for 15 min at 4 °C, then stained with aCD11c (N418,
APC/Cy7, BioLegend) and aH-2KP—SIINFEKL (25-D1.16, PE/
Dazzle, BioLegend) for 1 h at 4 °C. Cells were then washed with
FACS buffer again, resuspended in DAPI (1 pug/mL in FACS buffer),
and analyzed on an Amnis CellStream Flow Cytometer.

In Vitro Evaluation of Peptide Uptake by BMDCs. BMDCs
were harvested and differentiated as described above. Cells were
plated on nontreated 12-well plates in complete BMDC media
containing 10 ng/mL GM-CSF at 500,000 cells/well and allowed to
adhere overnight. The next day, cells were treated with indicated
formulations for 24 h. All treatment groups were 2 uM CyS-labeled
OVAp, corresponding to 3.75 ng/mL cGAMP in NP-Pep/cGAMP/
MPLA(1:4) and NP-Pep/cGAMP, and 45 ng/mL MPLA in NP-Pep/
cGAMP/MPLA(1:4). The following day, cells were scraped, washed
with FACS buffer (PBS supplemented with 2% FBS), incubated with
Fc-block (aCD16/32, 2.4G2, Tonbo) for 1S5 min at 4 °C, then
stained with aCD11c (N418, FITC, BioLegend) for 1 h at 4 °C. Cells
were then washed with FACS buffer, resuspended in DAPI (1 pug/mL
in FACS buffer), and analyzed on an Amnis CellStream Flow
Cytometer.

Animal Care. Female C57B1/6] and B6.129S(C)-Batf3"™<mm /y
(Batf3 knockout) mice (6—8 weeks old) were purchased from
Jackson Laboratory and housed at Vanderbilt University animal
facilities. All animal experiments were reviewed and approved by the
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Vanderbilt University Institutional Animal Care and Use Committee
(IACUC).

Analysis of Nanoparticle Accumulation and Uptake in
Lymph Node. C57/Bl6] mice were injected subcutaneously at the
base of the tail with PBS, a soluble mix of CyS-labeled OVAp,
cGAMP, and MPLA, or NP-Pep/cGAMP/MPLA(1:4) loaded with
CyS-labled OVAp. Mice were dosed with 50 ug of OVAp, 0.08 ug of
c¢GAMP, and 0.8 ug of MPLA. 6h after injection, the draining inguinal
lymph node, spleen, and axillary lymph node (nondraining) were
harvested and CyS fluorescence was imaged and measured with the
IVIS Lumina III.

Inguinal lymph nodes were mechanically disrupted into single cell
suspensions in complete RPMI (cRPMI, RPMI supplemented with
10% FBS, 100 U/mL penicillin/100 pug/mL streptomycin, 2 mM L-
glutamine, and 10 mM HEPES) by forcing them through a 70 ym cell
strainer. The cells were then stained with Fc-block (aCD16/32,
2.4G2, Tonbo) for 15 min at 4 °C, and then stained with the
appropriate antibodies for 30 min at 4 °C. The antibodies used were
eFluor 780 viability dye (eBioscience), aTCRf (HS7—597, eFluor
450, eBioscience), aCD4 (RM4—5, SB780, eBioscience), aCD8a
(53—6.7, BV60S, BioLegend), aCD11b (M1/70, BVS10, BioLegend),
aCDllc (N418, BV711, BioLegend), aGR-1 (RB6—8CS, PE/Cy7,
eBioscience), aF4/80 (BMS8, AF488, BioLegend), aCD19 (6DS, PE,
BioLegend), and aBST2 (927, PE, BioLegend). Cells were then
washed with FACS buffer (PBS supplemented with 2% FBS), fixed
with 2% paraformaldehyde for 10 min, washed again with FACS
buffer, and then analyzed on a Cytek Aurora flow cytometer (Figure
S12, S13).

Analysis of OVA-Specific CD8" T Cell Response in Spleen.
C57/Bl6] mice were injected subcutaneously at the base of the tail on
days 0, 7, and 14 with indicated formulations. Mice were dosed with
S0 ug of OVAp in all formulations, and 0.8 ug of MPLA in
formulations containing MPLA. NP-Pep/cGAMP/MPLA(1:4) mice
were dosed with 0.08 ug of cGAMP, NP-Pep/cGAMP/MPLA(1:1)
mice were dosed with 0.3125 g of cGAMP, and NP-Pep/cGAMP/
MPLA(4:1) and NP-Pep/cGAMP mice were dosed with 1.25 ug of
c¢GAMP. On day 21, the mice were euthanized to evaluate the CD8"
T cell response in the spleen. Spleens were harvested and
mechanically disrupted into single cell suspensions in ¢cRPMI by
forcing them through a 70 pm cell strainer. Red blood cells were then
lysed with ACK lysis buffer, and splenocytes were resuspended in
cRPMI and counted.

Splenocytes were plated at 2 X 10° cell/well in a 96-well round-
bottom plate, washed twice with FACS buffer (PBS supplemented
with 2% FBS and 50 uM dasatinib), stained with Fc-block (aCD16/
32, 2.4G2, Tonbo) for 1S min at 4 °C, and then stained with the
appropriate antibodies for 1 h at 4 °C. The antibodies used were
eFluor 780 viability dye (eBioscience), aCD3e (145—2C11, BV510,
BioLegend), and aCD8a (53—6.7, FITC, eBiosceince). The cells
were then washed 3 times with FACS buffer and stained for 2 h at 4
°C with 1.5 ug/mL PE-labeled pOVA/ H-2K" tetramer. The cells were
then washed again with FACS buffer, fixed with 2% paraformaldehyde
for 10 min, wash again with FACS buffer, then analyzed on a Cytek
Aurora flow cytometer (Figure S14).

Vaccination and Splenocyte Isolation for Downstream T
Cell Analysis Studies. C57/Bl6] mice were injected subcutaneously
at the base of the tail on days 0, 7, and 14 with indicated formulations.
For studies with OVAp, NP-Pep/cGAMP/MPLA(1:4) contained SO
pg of OVAp, 0.08 ug of cGAMP, and 0.8 ug of MPLA. For studies
with MC38 neoantigens, NP-Pep/cGAMP/ MPLA(1:4) contained 25
ug of Repsl, 25 ug of Adpgk, 0.08 ug of cGAMP, and 0.8 ug of
MPLA. On days 1, 4, 8, 11, 15, and 18, mice were administered 100
ug of aPD-1 (RMP1-14, BioXCell) intraperitoneally for indicated
studies. On day 21, the mice were euthanized to evaluate the CD8" T
cell response in the spleen. Spleens were harvested and mechanically
disrupted into single cell suspensions in ¢cRPMI by forcing them
through a 70 pm cell strainer. Red blood cells were then lysed with
ACK lysis buffer, and splenocytes were resuspended in ¢cRPMI and
counted.
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Establishment of Batf3~/~ Model and Evaluation of CD8* T
Cell Response. Batf3~/~ mice (The Jackson Laboratory) are
knockout mice on a C57/Bl6J background that lack exons 1-2 of
the Batf3 gene and are thus deficient in cross-presenting CD8a"
conventional dendritic cells (cDCls).”* To validate the model,
splenocytes from Batf3™/~ and WT mice were harvested as previously
described, washed twice with FACS buffer (PBS supplemented with
2% FBS), stained with Fc-block (aCD16/32, 2.4G2, Tonbo) for 15
min at 4 °C, and then stained with the appropriate antibodies for 30
min at 4 °C. The antibodies used were eFluor 780 viability dye
(eBioscience), aTCRf (HS7—597, eFluor 450, eBioscience), aCD4
(RM4—-5, SB780, eBioscience), aCD8a (53—6.7, BV60S, BioL-
egend), aCD11b (M1/70, BVS10, BioLegend), aCD1lc (N418,
BV711, BioLegend), and aBST2 (927, PE, BioLegend). Cells were
then washed with FACS buffer (PBS supplemented with 2% FBS),
fixed with 2% paraformaldehyde for 10 min, washed again with FACS
buffer, then analyzed on a Cytek Aurora flow cytometer to confirm
that Batf3™/~ mice maintained the same amount of overall CD8* T
cells but lacked cross-presenting cDC1s (Figure S15).

To evaluate the antigen-specific CD8" T cell response, Batf3™/~
and WT mice were vaccinated with the OVAp formulation and
splenocytes were harvested on day 21 as described above. Splenocytes
were incubated with AF647-labeled pOVA/ H-2K" tetramer for 1 h at
4 °C followed by two washes with FACS buffer (PBS supplemented
with 2% FBS and SO uM dasatinib). Nonspecific binding was
inhibited via incubation in Fc-block (a¢CD16/32, 2.4G2, Tonbo) for
1S min at 4 °C, followed by staining with the appropriate antibodies
for 30 min at 4 °C. The antibodies used were eFluor 780 viability dye
(eBioscience), aTCRf (HS57—597, eFluor 450, eBioscience), aCD4
(RM4—5, SB780, eBioscience), and aCD8a (53—6.7, BV60S,
BioLegend). Cells were then washed twice with FACS buffer, fixed
with 2% paraformaldehyde for 10 min, washed again with FACS
buffer, then analyzed on a Cytek Aurora flow cytometer (Figure S$16).

Analysis of Memory Phenotype. Mice were vaccinated with
either OVAp or MC38 antigens as described above. Splenocytes were
incubated with either AF647-labeled pOVA/ H-2K" tetramer (NIH
Tetramer Core), AF647-labeled Adpgk/H-2D° tetramer (NIH
Tetramer Core), or APC-labeled Repsl/H-2D° tetramer (MBL
international corporation) for 1 h at 4 °C followed by two washes in
FACS buffer (PBS supplemented with 2% FBS and S0 M dasatinib).
Nonspecific binding was inhibited via incubation in Fc-block
(aCD16/32, 2.4G2, Tonbo) for 15 min at 4 °C, followed by staining
with the appropriate antibodies for 30 min at 4 °C. The antibodies
used were eFluor 780 viability dye (eBioscience), aTCR-f (S33—966,
eFluor 450, eBioscience), aCD4 (RM4—S, SB780, eBioscience),
aCD8a (53—6.7, AF488, Biolegend), aCD44 (IM7, PerCP,
BioLegend), and aCD62L (MEL-14, BV711, BioLegend). Cells
were then washed twice with FACS buffer, fixed with 2%
paraformaldehyde for 10 min, washed again with FACS buffer, then
analyzed on a Cytek Aurora flow cytometer (Figure S17).

Intracellular Cytokine Staining of Splenocytes. Mice were
vaccinated with either OVAp or MC38 antigens and splenocytes were
harvested on day 21 as described above. Splenocytes were plated at 2
X 10° cell/well in a 96-well round-bottom plate in the presence or
absence of 10 mg/mL indicated peptides and incubated for 90 min at
37 °C in a CO, incubator. Cells were then incubated with BD
GolgiPlug containing Brefeldin for S h at 37 °C in a CO, incubator,
then washed, then stained with the appropriate surface antibodies for
4S min at 4 °C. The antibodies used were eFluor 780 viability dye
(eBioscience), aCD3e-(145.2C11, PE-Cy7, Biolegend), aCD8a
(53—-6.7, APC-Cy7, Tonbo), and aCD4 (RM4-5, AF488,
Biolegend). The cells were then fixed and permeabilized using the
BD Cytofix/Cytoperm fixation/permeabilization kit (BD Biosciences)
according to manufacturer’s instructions, and then cells were
incubated with alFNy (XMGI1.2, APC, BD Biosciences) and
aTNFa (MP6-XT22, PE, BD Biosciences) antibodies or correspond-
ing isotype controls. Finally, cells were washed and resuspended in
FACS buffer, then analyzed on a Cytek Aurora flow cytometer (Figure
S18).
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Enzyme-Linked Immunosorbent Spot Assay (ELISpot). The
ELISpot assays were performed using ImmunoSpot mouse IFNg
single-color kit from Cellular Technology Limited using the
manufacturer’s protocol. Briefly, splenocytes were harvested as
above, and 3 X 10° (for Adgpk stimulation) or 1.5 X 10° (for
Repsl stimulation) splenocytes were cultured in IFNy precoated
plates in the presence or absence of corresponding peptides for 48 h
at 37 °C in a CO, incubator. Following steps as specified by the
manufacturer, plates were washed and incubated in a detection
solution containing detection antibodies. After washing the detection
solution, the plates were incubated in tertiary solution supplied by the
manufacturer, followed by washing and incubation in blue developer
solution. Plates were air-dried overnight and scanned using CTL S6
Universal-V Analyzer and ImmunoSpot software. Spots were counted
by BioSpot v7.0.26.0 and the counts adjusted to obtain counts/10°
cells.

Tumor Studies with EG7.0VA. For the EG7.OVA therapeutic
tumor model, C57Bl/6] mice were inoculated via subcutaneous flank
injection with 3 X 10° EG7.OVA cells. Mice were subcutaneously
vaccinated at the base of the tail on days 7, 14, and 21 with the
following groups: PBS, NP-Pep/cGAMP, NP-Pep/MPLA, NP-Pep/
cGAMP/MPLA(1:4), NP-Pep/cGAMP/MPLA(1:1), or NP-Pep/
cGAMP/MPLA(4:1). Mice were dosed with SO ug of OVAp in all
formulations, and 0.8 yg of MPLA in formulations containing MPLA.
NP-Pep/cGAMP/MPLA(1:4) mice were dosed with 0.08 ug of
cGAMP, NP-Pep/cGAMP/MPLA(1:1) mice were dosed with 0.3125
ug cGAMP, and NP-Pep/cGAMP/MPLA(4:1) and NP-Pep/cGAMP
mice were dosed with 1.25 pg of cGAMP. Tumor size was measured 3
times a week with calipers using the formula V = (LxWxW)/2. Mice
were euthanized at the tumor burden end point of 2000 mm?®.

Tumor Studies with MC38. For the MC38 therapeutic model,
C57/Bl6] mice were inoculated via subcutaneous flank injection with
1 X 10® MC38 cells. Mice were then vaccinated subcutaneously at the
base of tail of days 6, 13, and 20 with the following groups: PBS,
soluble mix (Repsl, Adpgk, cGAMP, and MPLA), NP-Pep/cGAMP,
NP-Pep/MPLA, and NP-Pep/ cGAMP/MPLA(1:4). All groups were
dosed with 25 ug of Repsl and 25 ug of Adpgk, 0.08 pg of cGAMP,
and 0.8 pig of MPLA. Tumor volume was monitored as described
above and mice were euthanized at the tumor burden end point of
2000 mm”.

For the MC38 therapeutic model with ICB, mice were inoculated
as described above. On days 6, 13, and 20 mice were vaccinated with
either PBS or NP-Pep/cGAMP/MPLA(1:4) with 25 ug of Repsl, 25
ug of Adpgk, 0.08 ug of cGAMP, and 0.8 g of MPLA. On days 7, 10,
14, 17, 21, and 24, mice were administered 100 ug of aPD-1
(RMP1-14, BioXCell) intraperitoneally. Tumor growth was moni-
tored as described above, and mice were euthanized at the tumor
burden end point of 2000 mm®.

Statistical Analysis. Significance for each experiment was
calculated as described in the figure caption using GraphPad Prism
version 9.3.1. ¥ P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.001.
Error bars represent standard deviation unless otherwise noted.
Synergy was calculated using the Loewe method on the Synergy-
Finder web application.”"
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