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Abstract

Neoantigen cancer vaccines that target tumor specific mutations are emerging as a promising
modality for cancer immunotherapy. To date, various approaches have been adopted to enhance
efficacy of these therapies, but the low immunogenicity of neoantigens has hindered clinical
application. To address this challenge, we developed a polymeric nanovaccine platform that
activates the NLRP3 inflammasome, a key immunological signaling pathway in pathogen
recognition and clearance. The nanovaccine is comprised of a poly(orthoester) scaffold engrafted
with a small-molecule TLR7 agonist and endosomal escape peptide that facilitates lysosomal
rupture and NLRP3 inflammasome activation. Upon solvent transfer, the polymer self-assembles
with neoantigens to form ~50 nm nanoparticles that facilitate co-delivery to antigen-presenting
cells. This polymeric activator of the inflammasome (PAI) was found to induce potent antigen-
specific CD8* T cell responses characterized by IFN-y and GNZB secretion. Moreover, in
combination with immune checkpoint blockade therapy, the nanovaccine stimulated robust anti-
tumor immune responses against established tumors in EG.7-OVA, B16.F10, and CT-26 models.

*:C;orresponding author: aesserkahn@uchicago.edu.

‘Current Address: GreenLight Biosciences, Inc.
@:Current Address: Sanofi U.S.

“These authors contributed equally.
Author Contributions
Sai.M, Sam.M, W.D., and A.P.E-K. conceived the study. Sai.M and Sam.M synthesized compounds. Sai.M, J.S., and A.M.W.
conducted biological assays. E.J.M. conducted microscopic imaging. Sai.M, Sam.M., A.M.W., and A.P.E-K. wrote the manuscript.
W.D. and A.P.E-K. supervised the research. All authors approve of the final version of the manuscript.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Additional Information

Description of Supplementary Information. Synthesis and characterization of sugar poly(orthoesters), peptides, and small molecule
adjuvants. Formulation of PAIls with neoantigen peptides and encapsulation efficacy. Confocal microscopy images of cytosolic
delivery, immunohistochemical analysis of tumor tissues. Additional cytokine data from in-vitro assays and restimulation studies.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manna et al.

Page 2

Results from our studies indicate that NLRP3 inflammasome activating nanovaccines demonstrate
promise for development as a robust platform to enhance immunogenicity of neoantigen therapies.
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Introduction

Neoantigen vaccines that target tumor-specific mutations hold enormous promise for

cancer treatment.22 Such vaccines can be formulated with different synthetic peptides to
stimulate a response against patient-specific neoantigens and afford improved safety profiles
relative to chemotherapies and adoptive cell therapies. Despite extensive research toward
designing neoantigen vaccines, there remains a need for improved approaches to enhance
immunogenicity. This is especially true for targeting difficult to treat cancers, such as
immunologically cold tumors and late-stage metastases.? In this regard, incorporation of
various immunostimulatory adjuvants has been investigated,245.6.7.8 put the limited efficacy
of adjuvanted neoantigen vaccines remains a roadblock for clinical translation.®10.11 This
limited efficacy has created an urgent need to develop novel strategies that would bolster
immunogenicity of neoantigen vaccines.

Among the various mechanisms to enhance immune responses, the NACHT, LRR and

PYD domain-containing protein 3 (NLRP3) inflammasome could represent a valuable
target.1213 The NLRP3 inflammasome is a multi-protein complex generally formed by
co-activation of Toll-Like Receptors (TLRs) and NLRP3 signaling pathways that induces
Caspase-1 activation and pyroptotic cell death.14 The ability of NLRP3 inflammasome

to initiate immune responses via secretion of potent immunostimulatory cytokines, I1L-15
and IL-18, has been identified as a primary effector in the immunogenicity of vaccines

and various therapeutics.1>16.17 More recently, studies have identified a role of the

NLRP3 inflammasome in cancer immunosurveillance.18:19.20.21 For instance, Fu and co-
workers reported that radiation therapy could not induce tumor destruction in absence

of IL-1p secretion in inflammasome deficient mice.20 Similarly, IL-18 generated during
inflammasome activation has been investigated in clinical trials as an anti-cancer therapeutic
that stimulates activation of tumor-specific immune cell populations.22:23.24 These examples
highlight the potential of developing inflammasome activating adjuvants in neoantigen
vaccine design.

Unfortunately, the search for therapeutic inflammasome activating materials has resulted

in limited success, as most known NLRP3 activators suffer from challenging chemical
synthesis and formulation as well as unacceptable levels of off-target toxicity.2>26:14 |n

this context, Wang et a/. reported the development of NLRP3 inflammasome-activating
formulations for cancer immunotherapy by admixing NLRP3 activating spiky TiO,
microparticles with a TLR4 agonist, monophosphoryl lipid A (MPLA).1? The authors noted
that significant therapeutic efficacy was obtained only when both the activators were used
in combination. This study highlights the benefits of dual activation of TLR and NLRP3
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signaling pathways for future therapeutic design. However, the development of formulations
containing a mixture of activators can often be challenging due to activators’ different
physicochemical properties. Specifically, rapid systemic diffusion of one or more activators
from the site of injection can result in low efficacy and off-target toxicity.2”-28 We are
therefore interested in designing modular, single component materials that induce controlled
and localized inflammasome activation.

Earlier, we reported a new class of chemically modular, NLRP3 activating peptides
(TAT-P6-GWWWG) with the potential for incorporation into inflammasome-activating,
therapeutic biomaterials.28 Given the importance of co-stimulation of TLR and NLRP3
signaling pathways, we designed a single component vaccine platform that leverages the
advantages of co-administration of the NLRP3-activating peptide along with a TLR activator
for inflammasome activation. Herein, we employed 2BXy, a potent TLR7/8 activator that
induces generation of CD8" T-cells — key effector cells in anti-tumor immunity.>30 Finally,
to localize immune stimulation at the tumor site and lymphatic organs, the material was
designed to spontaneously self-assemble into ~50 nm structures.3132 We envisioned that
this NLRP3 inflammasome-activating neoantigen vaccine platform would lead to potent
localized immune activation resulting in robust anti-tumor efficacy.

Results and Discussion

Synthesis and optimization of polymeric activators.

With the goal of generating an inflammasome activating immunostimulant platform, variable
ratios of azido-functionalized 2BXy and azido-functionalized TAT-P6-GWWWG peptide
(N3-YGRKKRRQRRR-PEGE-GWWWG) were sequentially grafted to a non-immunogenic
sugar poly(orthoester) scaffold (SPOE)33 via Cu(/) catalyzed Huisgen cycloaddition
chemistry (Figures 1A and S1-S8). Such a design afforded a series of amphiphilic polymers
with varying ratios of 2BXy and TAT-P6-GWWWG. Owing to the polymeric nature of

these immune activators, we referred to them as Polymeric Activators of Inflammasomes
(PAIS). The ratio of 2BXy and TAT-P6-GWWWG peptide in the synthesized PAls were
quantified by high performance liquid chromatography (HPLC) following degradation of the
pH-sensitive ortho-ester linkages with trifluoroacetic acid (Figure S8 and Table S1).

With these PAIs in hand, we next performed the synthesis of NPs through self-assembly
(Figure 1B). The amphiphilic nature of the polymer-conjugates led to generation of well-
defined nano-micelles upon solvent transfer from dimethyl sulfoxide (DMSO) to phosphate
buffered saline (PBS). Depending on the ratio of 2BXy to TAT-P6-GWWWG, NPs of
varying sizes were obtained as confirmed via DLS and TEM (Figure S9 and Table S2).
Notably, the particles remained stable in PBS, and no significant structural or functional
changes were observed when stored at 4 °C for a period of at least 8 weeks. We next
investigated the ability of PAls to elicit immune responses. Initial /n vitro studies were
performed to measure cytokine secretion. PAls were incubated with bone marrow-derived
dendritic cells (BMDCs), and cytokine secretion was analyzed in the supernatant (Figures
1C & Figure S10). In addition to analysis of IL-1p to measure inflammasome activation, we
also investigated I1L-12 and TNF-a as markers of immunotherapeutic potential. Our study
indicated that a PAI with a ratio of 1.5:1 of 2Bxy and TAT-P6-GWWWG generated the
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highest amount of IL-1p secretion. Notably, this ratio also elicited the highest secretion
of TNF-a and IL-12 — important cytokines in antigen presenting cell (APC) activation
and cancer immunosurveillance. Therefore, this PAI (1.5:1) ratio was chosen for further
biological studies.

robust NLRP3 inflammasome activation.

With this encouraging initial data, we performed detailed evaluation of inflammasome
activation using the selected PAI (1.5:1) (hereafter referred to as PAI) in comparison with
equivalent amount of unlinked agonist mixtures (hereafter referred to as unlinked or UL)
and PBS. We evaluated caspase-| enzyme activity along with secretion of IL-1p and IL-18
cytokines in BMDCs to assay inflammasome activation. Compared to the BMDCs treated
with unlinked agonist, BMDCs treated with PAls induced significantly higher caspase-I
enzyme activity (Figure 1D) along with 10-fold higher IL-1p and 5-fold higher IL-18
secretion (Figure 1E-F). Additionally, to explore whether the responses are specific to the
NLRP3 activation, BMDCs were co-incubated with NLRP3-specific inhibitor MCC-950
along with PAI. Co-incubation with MCC-950 resulted in a significant reduction of IL-1p
and IL-18 secretion (Figure 1E-F), indicating the observed responses were specific to
NLRP3 activation. Overall, these studies indicated robust NLRP3 inflammasome activation
by PAI.

PAI enhances lysosomal escape and antigen cross presentation.

Results from the analysis of NLRP3 inflammasome activation demonstrated that our PAIs
could induce robust IL-1p and IL-18 production. Due to the known lysosomotropic property
of the TAT-P6-GWWWG peptides,28:34 we also evaluated the lysosomal rupture induced
by the PALI. Lysosomal rupture and cytosolic delivery can enhance antigen presentation in
APCs, leading to potent downstream adaptive immune responses.3> We thereby incubated
THP-1 monocytes with PAI or an equivalent amount of unlinked agonist mixtures in
addition to a fluorescent protein antigen (DQ Green BSA) to determine the efficacy of
lysosomal proteolysis. Confocal microscopy analysis (Figure S11) of THP-1 cells indicated
that PAI induced significant cytosolic diffusion of DQ-Green BSA, whereas DQ green
BSA was mostly confined in distinct punctate lysosomes when co-incubated with PBS or
unlinked agonist. These results thereby indicate that PAI formulations enhance lysosomal
degradation relative to controls to allow cytosolic delivery of antigen.

With this promising observation, we then evaluated whether increased cytosolic delivery

of protein antigens by PAI can enhance antigen cross-presentation. In this study, PAI
formulation was incubated with BMDCs along with a model antigen, ovalbumin (OVA).
After 24 h of incubation, cells were stained for MHC-I antigen presentation on the surface
of DCs using an antibody against SIINFEKL:H-2KP complexes (Figure 1G). Parallel studies
were performed with unlinked agonist formulation in combination with OVA or with OVA
in PBS. Flow cytometry analysis demonstrated that PAI-OVA treated cells exhibited a
significantly higher level of surface SIINFEKL:H-2KP staining compared to other treatment
groups. This indicates that the PAI formulation can potentially induce higher downstream
antigen-specific immune responses. These results thereby validated our hypothesis that
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co-activation of TLR and NLRP3 by PAI can induce potent immune activation and antigen
processing by APCs.

PAl induces antigen localization and delivery.

With the promising /n-vitro results, we evaluated the /n-vivo biodistribution of PAI when
formulated with antigens. For this study, PAIl was admixed with Alexa Fluor 647 labelled
OVA (AF647-OVA) to generate PAI-AF647-OVA formulations. DLS and TEM analysis
indicated that the PAI particles were stable in formulation. Identical formulations were also
developed with AF647-OVA in PBS or with equivalent quantities of unlinked activators.
For bio-imaging studies, the formulations were injected subcutaneously in the flank of nude
mice (n=6) and biodistribution of antigen-formulations was monitored using an in-vivo
imaging system (IVIS) at regular intervals (Figure 2A—-C). Nude mice are commonly
employed in biodistribution studies to enhance the resolution of /n-vivo imaging through
the skin.38 It was observed that PAI-AF647-OVA formulation induced significant antigen
localization at the injection site compared to the other groups. Notably, while mice

treated with free AF647-OVA in PBS or unlinked PAI formulation had undetectable

levels of antigen 48 h post-injection, PAI formulations demonstrated significant antigen
localization even 72 h post-injection (Figure 2C). To further explore the effect of PAI
formulations, organs were isolated from a cohort of the same animals 48 h post injection
and analyzed for bio-distribution of AF647-OVA. Notably, the PAI group demonstrated
significant localization of PAI-AF647-OVA formulations in the draining inguinal lymph
node, while detectable levels of AF647-OVA were not observed in other organs (Figure
2F). Consistent with our previous observation, antigens were also not detectable in organs
isolated from groups treated with the unlinked PAI formulation or soluble AF647-OVA 48 h
post-injection. These studies indicate that the PAls formulated with antigen induce improved
localization at the site of injection and draining lymph nodes compared to unlinked agonist
formulation.

PAIl enhances vaccine immunogenicity and anti-tumor efficacy.

With the promising /n-vitro studies and biodistribution analysis, we were motivated to
evaluate the efficacy of PAI in enhancing immunogenicity of anti-tumor vaccines. Thereby,
we initially performed /n-vivo studies to understand immunogenicity of PAI formulated
with OVA in comparison with unadjuvanted OVA or OVA formulated with molar equivalent
quantities of unlinked PAI components. Mice (n=5) were injected subcutaneously with

each formulation followed by a subsequent, identical boost on day 14. On day 24, blood
sera were collected to analyze for antibody titers, and splenocytes were harvested to

analyze antigen-specific T-cell responses (Figure 3A). It was observed that PAI significantly
enhanced antibody titers compared to the mixture of unlinked components (173 + 22%) or
unadjuvanted (9362 + 312%) formulations (Figure 3B). Additionally, analysis of splenocytes
restimulated with OVA revealed that PAI formulation enhanced IFN-y secreting CD4*
T-cell response by 113 + 41% and IFN-vy secreting CD8* T-cell response by 61 + 14%
relative to the unlinked formulation (Figure 3C-D). These results thereby PAI significantly
enhanced antigen-specific immune responses to vaccination relative to unadjuvanted antigen
or unlinked agonist formulations.

Biomaterials. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Manna et al.

Page 6

With the promising analysis of immunogenicity PAI in the OVA vaccination studies, we
next proceeded to investigate the application of PAI in enhancing antigen-specific immune
responses in cancer vaccines. First, we performed studies in an E.G7-OVA lymphoma
model (Figure 3E). In this model, EL4 cells that stably express OVA protein were
implanted onto C57BI6/J mice (n=6/group) in the right flank on day 0. Mice were then
vaccinated subcutaneously on days 5 and 12 with OVA formulated with PAI or OVA

with unlinked agonists. The control group received PBS. Mice were monitored for tumor
growth and sacrificed when tumor size reached 20 mm in any linear dimension. We

found that administration of PAI formulations significantly reduced tumor burden and
prolonged survival compared to other formations (Figure 3F-G). Notably, animals in the
PAI formulation-treated group had a median survival of 38 days — significantly higher
compared to median survival of 29 days for unlinked agonist formulation and 25 days for
PBS treated animals. The enhanced efficacy of PAI formulation is thereby consistent with
our previous observation of enhanced antigen-specific cell-mediated immune responses of
PAI formulations in OVA vaccination studies.

With these exciting findings, we evaluated the efficacy of PAI formulations to induce
anti-tumor immunity against tumor-specific neoantigens in a B16.F10 melanoma model.
This model has been widely investigated as a poorly immunogenic and highly aggressive
murine tumor model.3” It is unresponsive to many immunotherapeutic modalities including
clinically approved checkpoint blockade therapies.3%:38 We wanted to test whether
therapeutic cancer vaccines targeting the NLRP3 inflammasome could assist in reducing
tumor burden in combination with immune checkpoint blockade therapy (ICB: treatment
with anti-CTLA4 and anti-PD-L1 antibodies). For this study, PAIl was formulated with
multiple B16.F10 neoantigen peptides (Table S3 and Figure S12). These peptides were
modified with glutamate linkers to promote adsorption with PAI in formulation. To
differentiate between the effects of adjuvanticity and carrier properties of the PAI scaffold,
an analogous nano-formulation (PT) was developed by grafting equivalent quantities of TAT-
P6-GWWWG to the SPOE scaffold in the absence of 2BXy. For comparison, studies were
also performed with ICB antibodies and with unlinked agonist formulation in combination
with ICB. Finally, parallel studies were performed with NLRP3-deficient mice to investigate
the role of NLRP3 inflammasome activation in the efficacy of PAI formulations. Mice

(n = 7) were injected with tumor cells subcutaneously in the right flank, and vaccine
formulations were injected peritumorally on days 9 and 15 (Figure 4A). ICB antibodies
were administered intraperitoneally at the same time as vaccine formulations. The study was
concluded at day 42 when all mice were either tumor free or sacrificed due to tumor burden
(20 mm in any dimension).

It was observed that the PAI vaccines in combination with ICB significantly reduced tumor
burden and prolonged survival (Figure 4B—C). Of the mice treated with PAI + ICB, 2/7
mice achieved complete remission. Notably, treatment with the PAI vaccine improved
median survival to 36 days compared to 24 days for PBS treated animals and 26 days

for animals treated with ICB only. In comparison, neither the PAI-ICB combination therapy
in NLRP3-deficient mice, nor the PT-ICB combination therapy improved survival compared
to treatment with ICB alone. Moreover, with this treatment regime, unlinked activator
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formulations induced severe toxicity resulting in weight loss (>20%) and death in 7/7 mice,
and hence could not be included in further studies.

To better understand the role of each formulation in the generation of antigen-specific
anti-tumor responses, we performed a parallel study where splenocytes were isolated from
treated animals on day 22. Splenocytes were incubated with the neoantigen cocktail for 48
h, and cytokine secretion was measured in the supernatant to quantify the antigen-specific
immune response (Figure 4D-G). Remarkably, compared with other treatment groups, only
the PAI formulations induced significant levels of the key apoptosis-inducing protease,
Granzyme-B (GNZB) (Figure 4D), and immunostimulatory cytokine, IFN-y (Figure 4E).
In comparison, splenocytes from animals receiving ICB therapy alone did not include

any detectable levels of IFN-y or GNZB while PT treated animals were observed to
induce detectable levels of IFN-y or GNZB in only 50% of samples. Moreover, compared
to ICB therapy, the PAI treated mice did not induce significantly higher levels of the
immunosuppressive regulatory cytokine, IL-10 (Figure 4F), or other cytokines tested (Figure
S13). We further evaluated the IFN-y/IL-10 ratio in the supernatants — an indicator of
therapeutic efficacy.3? Notably, PAI vaccines in wild-type mice demonstrated twenty-fold
higher IFN-y/IL-10 ratio compared to PAI vaccines in NLRP3-deficient, mice indicating
stronger antigen-specific anti-tumor responses in presence of NLRP3 inflammasome
activation (Figure 4G). Finally, restimulated splenocytes were fixed, permeabilized, and
stained for intracellular IFN-vy to directly probe CD4* and CD8* T cell responses (Figure
S14). 1t was observed that NLRP3-deficient mice had reduced IFN-y* CD8* T cell
responses, providing further evidence that the NLRP3 inflammasome drives drive the anti-
tumor immune phenotype. These results suggest highly potent antigen-specific anti-tumor
responses when the NLRP3-activating PAI formulation is employed as an adjuvant for
therapeutic cancer neoantigen vaccines.

With our observation of significantly higher antigen-specific IFN-y secretion by the

PAI vaccine group compared to the ICB treatment group, we further analyzed for

tumor infiltrating leukocytes (TILSs) in isolated tumors in these groups on day 22.
Immunohistochemical staining indicated the presence of significantly higher levels of CD4*
and CD8* TILs in the PAI vaccine treated group compared to PBS or ICB treated animals
(Figure S15). We also did not observe any significant increases in FoxP3* regulatory T cells
staining in all the groups, which indicates that PAI vaccines induced an immunostimulatory
tumor microenvironment rather than an immunosuppressive one. Overall, these data indicate
that dual TLR and NLRP3 inflammasome activation by PAI formulation can enhance
antitumor efficacy and vaccine-induced protection.

With these promising findings, we were interested in performing additional studies to
analyze efficacy of PAI vaccine formulations against larger and more established tumors.
Hence, we performed studies in an aggressive CT-26 colon carcinoma model (Figure

5A). Here, PAI was similarly formulated with glutamate linker-modified CT-26 neoantigen
peptides to promote adsorption (Table S4 and Figure S16). Vaccines were administered in
mice (n = 10) peritumorally on day 13 when tumor volumes reached 150—-200 mms3 followed
by two additional boost injections at 18 and 23 d. As with previous experiments, ICB
antibodies were administered intraperitoneally alongside vaccines, and PBS, unadjuvanted
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antigens, or ICB without PAI were used as controls. Animals were monitored through day
60 when all the treated animals were either observed to be tumor free or had already been
sacrificed due to large tumor burden (20 mm in any linear dimension). It was observed

that PAI vaccines synergized with ICB treatment leading to complete remission of tumors
in 70% of treated animals on day 60 (Figure 5B-D). In contrast, ICB treatment alone or
ICB+antigen only led to complete regression of tumors in just 20% of treated animals, while
PBS- and antigen-treated mice had a median survival of 33 and 32 d, respectively (Figure
5B-D & Figure S17). On day 60, all surviving mice in the PAI vaccination group were
rechallenged with 1.0x10° CT-26 cells and monitored for tumor recurrence until day 90. All
mice rejected new tumor growth indicating development of immunological memory in the
animals. These results further validated our previous observations on enhanced anti-tumor
functionality of PAl-vaccine formulations and demonstrate their efficacy in a breadth of
aggressive tumor models.

systemic off-target toxicity.

An important attribute of immunomodulatory therapeutics that prevents further clinical
translation is unacceptable levels of off-target toxicity.#%:41 With the strong in-vivo antitumor
efficacy of PAI vaccines, we next evaluated off-target toxicity of PAI in the CT-26

model (Figure 5E). We evaluated systemic cytokines in the blood often resulting from
diffusion of immune stimulants from the site of injection.28:42 We also evaluated correlated
measures of toxicity including reduction of cellular counts including total white blood
cells (WBCs), lymphocytes, and thrombocytes in blood that provide a reflection of
toxicity due to diffusion of immune activators.2%:30 For this study PBS, unlinked agonist
formulations, PAI formulations with and without ICB, and ICB were injected 13 d post
tumor injection. Analysis of serum cytokines (TNF-a and IL-6) 2 h post injection revealed
that PAI resulted in no significant systemic cytokine secretion (Figure 5F) consistent with
our previous observation on enhanced localization of PAI vaccines at the injection site
(Figure 2). Notably, when PAI vaccines were combined with ICB therapy, no significant
enhancement in levels of systemic cytokines were observed compared to ICB injection
alone. In comparison, animals treated with the unlinked PAI formulation had significantly
enhanced systemic cytokine secretion (Figure 5F). Consistent with our observation of
systemic cytokine secretion, we observed that the PAI formulation induced significantly
lower hematological cellular toxicity compared to unlinked formulations at 48 h post
injection (Figures 5G-I). Additionally, when combined with ICB, the PAI formulation did
not significantly enhance hematological toxicity compared to ICB treatment alone. These
results suggest that the PAls mitigate systemic toxicity compared to treatment with unlinked
immune activators, possibly by localizing the immune response to the tumor site.

Conclusion

In conclusion, we designed and synthesized a novel inflammasome activating nanovaccine
platform (PAI) for enhancing efficacy of neoantigen vaccines. The design incorporated

a small molecule TLR7/8 activator, 2BXy, along with an inflammasome activating TAT-
P6-GWWWG peptide on a carbohydrate scaffold. Upon solvent transfer, the scaffold self-
assembles into stable ~50 nm PAI nanoparticles. The PAls, when formulated with antigen,
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demonstrated robust NLRP3-inflammasome activation along with antigen processing in
dendritic cells. They also exhibited superior localization at the injection site and draining
lymph nodes, resulting in enhanced antigen specific CD8* T cell responses with reduced
systemic cytokine production. A summary of the proposed mechanism of action is provided
in Figure 6. Our /n-vivo vaccination studies in comparison with unlinked activators and
checkpoint blockade therapy in multiple tumor models indicated that PAIls enhanced
efficacy of neoantigen vaccines. PAls also reduced off-target toxicity compared to unlinked
combination of activators. This study represents a new material platform to induce

robust protective immune response and, more broadly, demonstrates that localized NLRP3
inflammasome activation can be employed to enhance the efficacy of anti-cancer vaccines.

Mice and Materials.

All reactions were conducted under dried nitrogen or argon stream. Anhydrous solvents
were purchased in capped DriSolv™ bottles, used without further purification, and stored
under argon. Azidohexanoic acid was purchased from Click Chemistry Tools, and PEG
linkers were purchased from Quanta Biodesign. All other solvents and reagents were
obtained from Sigma Aldrich or Thermo Fisher and used without further purification
unless otherwise noted. All glassware was flame-dried before use. Silica gel column
chromatography was performed using flash silica gel (32—63 um). All cell culture reagents
unless otherwise noted were purchased from Thermo Fisher. THP-1, B16.F10, and E.G7-
OVA cells were purchased from ATCC. CT-26 cells were obtained as a gift from Prof.
Jeffrey Hubbell’s laboratory. Antibodies used for flow cytometry, immunohistochemistry,
and checkpoint blockade are listed with clone and vendor in the Supplementary Information.
Female C57BI/6J, Nu/J, B6.12956-NIrp3i™1Bhk/j and Balb/C mice (5-week-old) were
purchased from Jackson Laboratory (JAX). Mice were housed in an AAALAC accredited
animal facility. All animal procedures were performed under a protocol approved by

the University of Chicago Institutional Animal Care and Use Committee (IACUC). All
compounds used in-vivo were tested for endotoxin prior to use. The animals were allowed
to acclimatize for at least 7 days prior to experiment onset. All in-vivo experiments were
conducted at least two times, and mice were randomly assigned to groups to minimize cage
effects. All data unless otherwise noted are analyzed and plotted in GraphPad Prism 9.

Synthesis of Polymeric Activators of Inflammasomes (PAIs).

Synthesis of the alkyne-modified sugar poly(orthoester) (SPOE) backbone and azide
modified adjuvants were synthesized as described in the Supplementary Information and
characterized by proton nuclear magnetic resonance (:H-NMR) and/or mass spectrometry
(MS). The synthesis of PAI was performed by sequential Cu(l) catalyzed Huisgen
cycloaddition reaction with the SPOE scaffold. In a representative example, alkyne-
containing SPOE (0.037 g, M, 6PC = 7.2 kDa, 0.021 mmol alkynes) and 2BXy-N3 (0.006
g, 0.013 mmol) were added to a 10 mL, flame-dried Schlenk flask in anhydrous THF

(3.0 mL). After three cycles of freeze-pump-thaw, Cu(l)Br (1.0 mg, 0.0063 mmol) and
N,N,N’,N’,N"-pentamethyldiethylenetriamine (4.73 mg, 0.0273 mmol) were added. The
reaction was stirred at 37 °C for 12 h. The reaction mixture was purified by passing
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through neutral alumina and then further precipitated in diethyl ether (3x10 mL) to afford
the product (2Bxy-SPOE) as a very light brown powder (0.035 g, 80%). 2Bxy-SPOE was
then reacted with azido-TAT-P6-GWWWG (0.023 mg, 0.008 mmol in anhydrous DMF
(3.0 mL). After three cycles of freeze-pump-thaw, CuBr (1.0 mg, 0.0063 mmol) and
N,N,N’,N’,N"-pentamethyldiethylenetriamine (4.73 mg, 0.0273 mmol) were added. The
reaction was stirred at 37 °C for 12 h following which the reaction mixture was dialyzed

in EDTA solution followed by dialysis in deionized water. The solution was lyophilized to
obtain a brown powder. PAls with varied ratios of 2BXy: TAT-P6-GWWWG were prepared
analogously by varying the molar ratios of these components.

Nanoassembly of PAls.

PAIs were dissolved in DMSO (1.5 mL) and stirred at room temperature overnight. The
solution volume was then subjected to dialysis against endotoxin-free PBS for 24 h to
afford NP solution. Following this the particles were stored at 4 °C. The stability of the
nanoparticles was monitored using TEM over a period of eight weeks at 4 °C.

Characterization of PAIs.

Prior to nanoassembly, PAIs were characterized via gel permeation chromatography (GPC)
and high-performance liquid chromatography (HPLC). Following nanoassembly, PAls
were further characterized via transmission electron microscopy (TEM) and dynamic

light scattering (DLS) as described in the Supplementary Information. When loaded with
neoantigen peptides, encapsulation efficiency of PAls was again analyzed via HPLC.

Evaluation of cytokines using BMDCs.

Bone marrow-derived dendritic cells (BMDCs) were harvested from 6-week-old C57BL/6J
mice (Jackson Laboratory) following previous literature protocol.29 On day 6, BMDCs were
released and plated on 96-well plates at a density of 1.1x10° cells/mL (180 pL) in RPMI

+ 10% heat-inactivated fetal bovine serum (HI-FBS) and incubated with PAI (25 ug/mL)
or equivalent quantities of unlinked activators for 18 h following which the plates were
centrifuged at 400xg and the supernatants were collected. For studies with MCC-950, cells
were pre-incubated with MCC-950 (1 mM) 30 mins prior to addition of PAI. IL-1f and
IL-18 cytokines were measured in undiluted serum by ELISA (BioLegend ELISA MAX
Deluxe kit) according to the manufacturer’s procedure and read on a Multiskan FC plate
reader (Thermo Scientific) at 450 nm. All other cytokines were analyzed in 2.5x diluted
serum via Mouse Inflammation CBA Kit (BD Bioscience) using a NovoCyte 3000 flow
cytometer.

Evaluation of cell activation using BMDCs.

BMDCs were released and plated on 96-well plates at a density of 1.1x106 cells/mL (180
uL) and incubated with PAI (25 pg/mL) or equivalent quantities of unlinked agonists.

For Caspase-1 activation, cells were incubated with PAls for 18 h, and then washed

and incubated with caspase-I substrate FAM-YVAD-FMK (FAM-Flica Caspase-1 assay
kit, Immunochemistry Technologies) according to the manufacturer’s protocol to identify
the percentage of caspase-I positive cells. For MHC-I antigen presentation, cells were
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incubated with PAls for 24 h, then washed and incubated with anti-CD16/32 antibody to
block Fc receptors. The cells were subsequently stained with Zombie NIR fixable viability
dye (BioLegend) and PE anti-mouse SIINFEKL:H-2KP antibody. The percentage of live,
SIINFEKL:H-2KP positive cells were then analyzed. Flow cytometry was conducted using a
NovoCyte 3000 flow cytometer, and data were analyzed using the NovoEXxpress software.

Evaluation of antigen processing using THP-1 cells.

THP-1 cells were plated at a density of 2x10° cells/mL (180 pL) in RPMI + 10% HI-

FBS and incubated with 25 mg/mL PAI or equivalent amounts of unlinked agonists. The
control group received PBS. All cells were simultaneously co-incubated with 10 mg/mL
DQ Green BSA (Thermo Fisher) and various agonists for 24 h. Cells were then washed
and stained with Hoechst 33342 and Lysoview 633. Fluorescent images were obtained on
a Leica SP5 laser confocal microscope. Each microscopy experiment was performed twice
independently. At least 5 different regions were analyzed for each sample. Images were
processed with ImageJ software.

Biodistribution analysis in nude mice.

Athymic Nu/J (nude) mice (n=6) were injected subcutaneously with AF647-labelled OVA
(20 pg) adjuvanted with PAI (50 pg) or with equivalent quantities of unlinked activators.
AF647-labelled OVA (20 ug) was used as a control. Mice were injected subcutaneously with
various formulations and fluorescence imaging was performed on an IVIS Spectrum in-vivo
imaging system (PerkinElmer). 48 h post-administration of formulations, a cohort of mice
from each group were euthanized, and their organs were also imaged with IVIS.

Prophylactic vaccination with OVA.

Mice (n=5) were vaccinated subcutaneously with OVA (20 pg) adjuvanted with PAI (50
ug) or with equivalent quantities of unlinked 2BXy and TAT-P6-GWWWG. The control
group received unadjuvanted OVA in PBS. Mice were given an identical vaccine boost

on day 14. On day 24, sera and spleens were collected from mice. Antibody titer was
measured by anti-OVA 1gG ELISA kit (ADI) and splenic T cell response was measured

by intracellular cytokine staining (ICS). For ICS, spleens were processed into a single-cell
suspension via mechanical disruption and passed through a 70 um strainer. The splenocytes
were washed with PBS and then treated with ACK lysing buffer (Gibco) for 3 min at

room temperature. The single-cell suspension was washed with PBS and resuspended in
RPMI. These single cell suspensions were then plated at a density of 5x108 cells/mL in
200 pL and treated with respective peptide epitopes (20 pg/mL). SIINFEKL (Invivogen)
was employed as an OVA-specific CD8* T cell epitope, and ISQAVHAAHAEINEAGR
(Invivogen) was employed as an OVA-specific CD4" T cell epitope. Following 2 h of
incubation, 0.2 uL GolgiPlug (BD) was added, and the cells were stimulated for 4 h

longer. Following incubation, cells were washed, stained with viability stain, stained for cell
surface markers, fixed and permeabilized with Cytofix/Cytoperm kit (BD), and stained for
intracellular cytokines. Samples were then analyzed on a NovoCyte 3000 flow-cytometer
and analyzed using the NovoExpress software.
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Immunotherapy studies with EG7.0OVA lymphoma.

1 x 10° E.G7-OVA cells were injected subcutaneously into the flank of 6-week-old C57BI/6
mice (n= 6 per group) in 100 pL of PBS. Following this OVA (20 ug) adjuvanted with PAI
(50 pg) or with equivalent quantities of unlinked 2BXy and TAT-P6-GWWWG were injected
subcutaneously on days 5 and 12 post tumor inoculation. The control group received PBS.
The tumor size was monitored every alternate day by a singly blinded observer. Tumor
volumes were measured using the equation V=1/2xLxWxW. Mice were euthanized when the
tumors reached 20 mm in any linear dimension.

Immunotherapy studies with B16.F10 melanoma.

1 x 10° B16.F10 cells in 100 pL of PBS were injected subcutaneously into the flank

of 6-week-old C57BI/6J (wild type) or B6.12956-NIrp3t™M1Bhk/j (NLRP3 knockout) mice
(n=7 per group). The tumor size was monitored on alternating days by a singly blinded
observer. Tumor volumes were measured using the equation V=1/2xLxWxW. When the
tumors reached a size of approx. 100 mm3 (day 9), treatment was started. Various NP

(75 pg) were formulated with neoantigens (B16-M30, B16-M48, B16-M27; 20 g each)

and injected peritumorally. Neoantigens were prepared by solid-phase peptide synthesis

as described in the Supplementary Information. Simultaneously, treatment groups received
intraperitoneal injections of checkpoint blockade antibodies (anti-CTLA4 + anti-PD-L1, 75
ug each). Treatment was repeated on day 15. The control groups received PBS or checkpoint
blockade antibodies only. Mice were euthanized when the tumors reached 20 mm in any
linear dimension. A parallel study was performed with B16.F10 tumors as described to
evaluate antigen-specific T cell production. This study was conducted analogously, and mice
were euthanized on day 22. Tumors and spleens were collected. Tumors were smashed,
strained through a 70 um cell strainer, and treated with ACK lysing buffer (Gibco). 2 x10°
cells from each spleen were plated at a density of 2.5 M cells/mL. Cells were incubated with
a cocktail of the three neoantigen peptides (5 pg/mL of each peptide) for 48 h. Cells were
then centrifuged at 400 x G for 5 mins, and the supernatants were collected and analyzed
using Mouse TH1/Th2/Th17 cytokine CBA kit (BD Biosciences) following manufacturer’s
protocol. Granzyme B levels in the supernatant were measured by Granzyme B Mouse
ELISA Kit (Thermo Fisher). Finally, tumors were extracted from mice in various treatment
groups on day 22. The tissues were sectioned and fixed with 10% neutral buffered formalin
solution. Samples were then washed and stored in ethanol following which they were
embedded in paraffin and sectioned. Samples were then stained for CD4, CD8 and Foxp3
and imaged using an Axio Observer 7 microscope (Carl Zeiss AG) with an Axiocam 506
color camera (Carl Zeiss AG).

Immunotherapy studies with CT-26 carcinoma.

1 x 10° CT-26 cells in 100 pL of PBS were injected subcutaneously into the flank of
6-week-old BALB/c mice (n= 10 per group). The tumor size was monitored on alternating
days by a singly blinded observer. Tumor volumes were measured using the equation

V =1/2xLxWxW. When the tumors reached a size of approx. 150-200 mm? (day 13),
treatment was started. PAI (100 pg) was formulated with neoantigens (CT-26-M03, CT-26-
M20, CT-26-M90, CT-26-GP70; 20 g each) and injected peritumorally. Neoantigens were
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prepared by solid-phase peptide synthesis as described in the Supplementary Information.
Simultaneously, treatment groups received intraperitoneal injections of checkpoint blockade
antibodies (anti-CTLA4 + anti-PD-L1, 75 pg each). The control groups received either

PBS or antigen cocktail or checkpoint blockade antibodies only. Treatment was repeated on
day 18 and day 23. Mice were euthanized when the tumors reached 20 mm in any linear
dimensions. The tumors were monitored until day 60, when all surviving animals were
tumor free. Remaining surviving mice in PAI groups were reinjected with 1 x 10° CT-26
cells and monitored for tumor growth until day 90.

Toxicity studies with CT-26 carcinoma.

Mice were injected with CT-26 cells and vaccinated on day 13 as described above. Plasma
was collected by submandibular bleed 2 h post injection of formulations on day 13 for
cytokine analysis. 2 d post injection, blood was collected from animals by submandibular
bleed in EDTA coated Eppendorf tubes (Fisher Scientific). Samples were immediately
analyzed for complete blood count (CBC) using a Hemavet 950 instrument (Drew
Scientific). The instrument was fitted with a reagent pack obtained from the manufacturer.
Prior to analysis a blank run and a quality control run (using manufacturer provided control
sample) were performed to ensure optimal performance by the instrument. 20 uL of blood
were injected for each analysis using a sample cycle of approximately 2 min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Synthesis and in vitro characterization of PAls. (A) PAls were synthesized via Cu(l)-
mediated cycloaddition to affix a TLR7/8 agonist, 2BXy, and inflammasome activating
peptide, TAT-P6-GWWWG, to the carbohydrate SPOE scaffold. (B) PAIls were assembled
into nanostructures via solvent transfer from DMSO to PBS and, where appropriate,
electrostatically complexed with antigen. (C) BMDCs were cultured with 25 pg/mL PAls
with various ratios of 2BXy:TAT-P6-GWWWG, and cytokine production was assayed in the
supernatant after 18 h. TLR7/8a_TAT (1.5:1) NP was identified as an optimal formulation
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and used for all subsequent studies. (D) Caspase-1 activation was assayed in BMDCs

by incubating with 25 pg/mL PAIs or unlinked controls (UL) for 18 h, staining with
FAM-YVAD-FMK, and analyzing via flow cytometry. (E) IL-1p and (F) IL-18 secretion

in supernatants following incubation with BMDCs for 18 h. Co-incubation of PAI with the
NLRP3 inhibitor, MCC-950, results in loss of IL-1f and 11-18 production. (G) PAIls were
formulated with OVA and incubated with BMDCs for 24 h, and antigen presentation was
assayed via flow cytometry using the SIINFEKL:H-2K? antibody. For all assays, n = 3, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analyses were performed using
one-way ANOVA with Dunnett’s multiple comparisons test.
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Figure 2:
Biodistribution of PAIs in vivo. (A-C) AF647-OVA loaded PAIs or admixed controls were

injected subcutaneously in the flank of mice and imaged using an in-vivo imaging system
(IVIS) at 3 h, 24 h, 48 h and 72 h post injection. (D-F) Representative images of distribution
of AF-647 in lungs and heart, inguinal lymph node, spleen, liver, and kidney 48 h post
injection.
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Figure 3:

Vaccination studies of PAIs or controls formulated with OVA antigen (20 ug). (A) Study
design for prophylactic vaccination model (n=5/group). (B) Serum anti-OVA 1gG levels
were analyzed via ELISA. (C-D) Splenocytes were analyzed for antigen-specific T-cells
via intracellular cytokine staining and flow cytometry. (C) Percentage of IFN-y secreting
CD4* splenocytes after restimulation with OVA323-339. (D) Percentage of IFN-y secreting
CD8+ splenocytes after restimulation with OVA257-264. (E) Study design for therapeutic
vaccination model using a E.G7-OVA tumor (n=6/group). Mice were implanted with 2.0

x 10% E.G7-OVA cells in the flank and vaccinated with the indicated formulations 5 and
12 d after implantation. (F) Kaplan-Maier survival analysis of mice treated with various
formulations. (G) Growth curves of tumors until the first mouse died (day 22). For all
assays, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analyses were
performed using one-way ANOVA with Dunnett’s multiple comparisons test in B-D and G
and by using log-rank test with Bonferroni-correction in F.
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Figure 4:
PAI vaccine efficacy in a B16.F10 tumor model. (A) Study design for tumor challenge

model (n=7/group). Mice were implanted with 1.0 x 10° B16.F10 cells subcutaneously.
They were then treated 9 and 15 d after tumor implantation with the indicated vaccine
formulations peritumorally along with checkpoint blockade antibody cocktail (anti-CTLA-4
+ anti-PDL-1) intraperitoneally. Tumor growth and survival were monitored in one
experimental group, while in a parallel group, mice were sacrificed on day 22 to evaluate
antigen-specific cellular response. (B) Growth curves of tumors until the first mouse died
(day 20). (C) Kaplan-Maier survival analysis of mice treated with various formulations.
(D-F) Splenocytes were stimulated ex-vivo with neoantigen peptide cocktail for 48 h, and
supernatants were analyzed for (D) Granzyme B, (E) IFN-v, and (F) IL-10 using cytometric
bead array. (G) Ratio of IFN-y to IL-10 in supernatants. For all assays, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. Statistical analyses were performed using one-way
ANOVA with Dunnett’s multiple comparisons test in B and D-G and by using log-rank test
with Bonferroni-correction in C.
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PAI vaccine efficacy in a CT-26 tumor model. (A) Study design for tumor challenge model
(n=10/group). Mice were implanted with 1.0 x 10% CT-26 cells subcutaneously. They

were then treated 13, 18, and 23 d after tumor implantation with the indicated vaccine
formulations peritumorally along with checkpoint blockade antibody cocktail (anti-CTLA-4
+ anti-PDL-1) intraperitoneally. (B) Kaplan-Maier survival analysis of mice treated with
various formulations. (C) Images of representative animals from PBS and PAI/ICB groups
on day 33. (D) Tumor growth curves in animals treated with each of the formulations. (E)
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In a parallel study, mice (n=5/group) were implanted with 2.0 x 10° CT-26 cells on day 0
and treated at 13 d with the indicated vaccine and ICB treatments as in 5A. (F) Blood was
collected 2 h post injection for analysis of TNF-a and IL-6. (G-I) Blood cell counts 2 d
post-injection: (G) white blood cells (WBCs), (H) Lymphocytes, and (1) Thrombocytes For
all experiments, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analyses
were performed using one-way ANOVA with Dunnett’s multiple comparisons test in F-1 and
by using log-rank test with Bonferroni-correction in B.
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Figure 6:
Overview of the proposed mechanism of action of PAI nanovaccines based on mechanistic

analyses herein. PAI nanovaccines enhance endocytosis by antigen-presenting cells on
account of their ~50 nm structure. Their secondary structure localizes effects to the injection
site. Upon endocytosis, they then activate endosomal TLR7 and induce lysosomal rupture
to result in NLRP3 inflammasome activation and cytosolic delivery of neoantigen to afford
enhanced antigen presentation on MHC-I. When nanovaccines are injected peritumorally,
they induce tumor localized, neoantigen-specific CD8* T cell responses characterized by
secretion of IFN-y and GNZB to afford tumor clearance. Created using Biorender.com.
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