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ABSTRACT: Elicitation of effective antitumor immunity following TUNED PARAMETERS FUNCTIONAL READOUTS
cancer vaccination requires the selective activation of distinct ~E/\o} +0EG % Uptake by APCs

effector cell populations and pathways. Here we report a therapeutic —— )Z P 4 : ; lﬁ)e': g;st;\?;.ﬁ:}() routh
approach for generating potent T cell responses using a modular Chemistry

vaccination platform technology capable of inducing directed

immune activation, termed the Protein-like Polymer (PLP). PLPs L, %o
demonstrate increased proteolytic resistance, high uptake by Antigert Q ez @@

antigen-presenting cells (APCs), and enhanced payload-specific T
cell responses. Key design parameters, namely payload linkage
chemistry, degree of polymerization, and side chain composition, i ? 4' ol gree Of

were varied to optimize vaccine formulations. Linking antigens to Polymerization

the polymer backbone using an intracellularly cleaved disulfide bond

copolymerized with a diluent amount of oligo(ethylene glycol) (OEG) resulted in the highest payload-specific potentiation of
antigen immunogenicity, enhancing dendritic cell (DC) activation and antigen-specific T cell responses. Vaccination with PLPs
carrying either gp100, E7, or adpgk peptides significantly increased the survival of mice inoculated with B16F10, TC-1, or MC38
tumors, respectively, without the need for adjuvants. B16F10-bearing mice immunized with gp100-carrying PLPs showed increased
antitumor CD8" T cell immunity, suppressed tumor growth, and treatment synergy when paired with two distinct stimulator of
interferon gene (STING) agonists. In a human papillomavirus-associated TC-1 model, combination therapy with PLP and 2'3'-
c¢GAMP resulted in 40% of mice completely eliminating implanted tumors while also displaying curative protection from rechallenge,
consistent with conferment of lasting immunological memory. Finally, PLPs can be stored long-term in a lyophilized state and are
highly tunable, underscoring the unique properties of the platform for use as generalizable cancer vaccines.

B INTRODUCTION hurdles remain to be addressed. First, peptide epitopes are
susceptible to rapid proteolytic cleavage, dampening the raised
immune reaction.'’ Second, the efficient delivery of vaccine
components to professional antigen-presenting cells (APCs)
residing in secondary lymphoid organs has remained
challenging. Third, available technologies are inefficient at
codelivering multiple heterologous epitope antigens with
adjuvants to raise broad spectrum immune responses.
Therefore, there is an unmet clinical need for platform
technologies capable of potentiating neoantigen immunoge-
nicity to propagate durable cancer immunotherapies.

We report here the development of a cancer vaccine
approach built on a modular peptide brush polymer platform
technology termed the Protein-like Polymer (PLP),

Cancer immunotherapy, which utilize the immune system to
eradicate tumors, is a promising therapeutic approach for
generating personalized treatments.' > Clinically successful
examples include immune checkpoint inhibitors, chimeric
antigen receptor T (CAR-T) cell therapy, and therapeutic
cancer vaccines.” Cancer vaccine development in particular has
taken advantage of innovations in nanocarrier technologies to
improve efficacy by selective trafficking to lymphoid organs
and codelivery of antigens with adjuvants."”” Since elicitation
of antigen-specific immune responses following vaccination
requires the recruitment of multiple immune cell populations
and orchestration of complex signaling pathways, generating
durable therapies has remained a challenge. Major barriers
preventing vaccine induced antitumor immunity include poor

immunogenicity of tumor-associated antigens and limited Received:  May 23, 2023 '::"J'AC‘G
spatiotemporal control over antigen cross-presentation and Revised:  August 21, 2023 oy
production of costimulatory signals required for T cell Accepted: August 22, 2023 ,;z;m
priming.3 To circumvent these limitations, cancer vaccines Published: May 23, 2024
using neoantigens have been employed with promising early
phase clinical trial results.*”'® However, several significant
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Figure 1. Synthesis and characterization of immunostimulatory Protein-like Polymers (PLPs). (a) Synthetic scheme showing gene ration of PLPs
from norbornenyl-peptide monomers via ROMP and summary schematic of physical parameters optimized. L-L: linkage chemistry. (b)
Representative in silico model of a generalized PLP (DP: 15) in aqueous solution. (c) Three distinct linker chemistries (green) were used to
construct antigen-PLP conjugates: Amide (PLP-1, -6), Ester (PLP-2, -S), and Disulfide (PLP-3, -4). Blended copolymers of each linker were made
with the OEG interdigitated throughout. Theoretical DPs labeled—see Table S4 for experimental batch characterization. (d) Characterization of
PLPs, including number-average molecular weight (M,), degree of polymerization (DP), and dispersity (PDI) as determined by SEC-MALS, as
well as hydrodynamic diameter in H,O measured by DLS and surface charge (n = 3—4 separate syntheses).

reference to its globular three-dimensional structure consisting
of peptide side chains covalently linked to and wrapped around
a hydrophobic polymeric core.'”'> PLP architectures can be
rapidly optimized for desired functionalities by controlling
side-chain peptide identity, linkage and backbone chemistry,
and molecular weight. Compared to current nanotechnologies
employed for cancer vaccines (e.g, nanoparticles,4 nanodiscs,’
scaffolds,” microparticles,” etc.), the PLP platform allows for
much higher levels of control over peptide incorporation, as
they are attached covalently forming single polymer chains not
reliant on self-assembly into noncovalent nanoscale materials,
and storable long-term in a lyophilized state. PLPs are
generated using two robust chemical processes: (1) solid-
support synthesis of desired native peptide sequences
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containing a polymerizable functional group requiring minimal
chemical modification of the payload and (2) living polymer-
ization of peptide monomers yielding densely arrayed peptide
brushes with narrow polydispersity where every side chain is a
predetermined amino acid sequence (Figure lab). PLPs
employed in this work were synthesized via ring-opening
metathesis polymerization (ROMP), allowing for control of
side chain incorporation and degree of polymerization (DP)
through modulating the order of monomer addition and
monomer to initiator ratios, respectively.lz’13

To ascertain design rules for immunostimulatory PLPs, three
key parameters were modulated: (i) antigen linkage chemistry;
(ii) incorporation of oligo(ethylene glycol) (OEG); and (iii)
DP (Figure la). PLPs were found to be more efficient at
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Figure 2. Uptake and trafficking profiles of PLPs over time. (a) CyS.5-labeled versions of PLP-1, 2, 3, and 4 were made by copolymerizing 1 equiv
of dye-monomer added at the end of the reaction. CyS.S structure shown in red. (b) Uptake of PLPs by splenic DCs following 4 or 24 h incubation,
measured by flow cytometry. Representative histogram shown. MFI: Median Fluorescence Intensity. (c) Representative confocal images of labeled
PLPs (CyS.S, red) and late endosomes (Alexa-488, green, Rab9) following 4 or 24 h incubation with BMDCs. Scale bar: S ym. (d) Manders
overlap coefficient (M) quantifying fraction of CyS.S signal colocalized with Rab9. M > 0.6 indicates strong colocalization (n = 10—1S randomly
selected images per group, two independent experiments). PLPs were dosed at 0.5 uM of CyS.S. (e) Expression of CD80, CD86, or CD40 in
BMDC:s following 24 h incubation with indicated PLPs. Data depict mean + s.d. P-values determined using one- (b,e) or two-way (c, 4 h values

shown) ANOVAEs.

eliciting a payload-specific immune response compared to
liposomes containing the same tumor antigen. Importantly,
PLPs can be stored long-term in a lyophilized state with
minimal loss of activity, a comparative advantage over
alternative technologies. Furthermore, PLP vaccination
triggered potent and durable antitumor immunity in three
different tumor models, which synergized with two different
agonists of stimulator of interferon genes (STING)."* We
present here the first successful demonstration of the PLP
platform technology as a cancer vaccine capable of eliciting
payload-specific immune activation, resulting in reductions in
disease burden and establishing a paradigm for constructing
polymer-based vaccine candidates with superior clinical utility.

B RESULTS

Design and Characterization of PLPs with Different
Linkages. gpl100,5_3;, a MHC class I restricted tumor-
associated antigen expressed in melanocytes, was first used as
a proof-of-concept model system due to its ability to elicit
specific cytotoxic T lymphocyte (CTL) mediated immune
responses leading to regression of established B16F10
melanoma.'>'® Three classes of PLPs were designed where
human melanoma-specific antigenic peptide, gpl00
(KVPRNQDWL), was attached to the polymer backbone
using three linkage chemistries: a noncleavable amide, an easily
hydrolyzed ester, and an intracellularly cleavable disulfide
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(Figure 1c). We used an approximately six-carbon linker
between the first amino acid and the norbornene unit, which
has previously been shown to polymerize rapidly with high
percent conversion'~ (Figure S1). Ester bonds are indiscrim-
inately cleaved by esterases,"® while APCs are known to reduce
disulfide bonds as part of the antigen processing pathway,'” a
phenomenon that has been previously exploited in nano-
particle formulations.””™> Monomers were prepared by
coupling norbornenes functionalized with a carboxylic acid,
hydroxyl, or pyridyldithio group to the N-terminus of the
corresponding end-functionalized peptide sequence (Figure S1
and Table S1). Pyridyl disulfide chemistry was chosen due to
its ease of synthesis and amenability to ROMP compared to
other modifications, which fail to polymerize (i.e., unprotected
cysteines'’). '"H NMR showed full consumption of the
monomer and the appearance of resonances corresponding
to the cis and trans olefinic protons of the polymer backbone
after 8 h (Figure S2). PLPs were characterized by size-
exclusion chromatography with multiangle light scattering
(SEC-MALS) to ascertain DP and molecular weight
distribution, which agreed with apparent molecular weights,
as determined by SDS-PAGE (Figure S3). Repeat polymer-
izations exhibited agreement between measured and theoreti-
cal DP based on initial monomer-to-initiator ratios ([M]y/
[1],) with low dispersity (M,/M, < 1.1) (Table S2). DPs
within 10% of the desired value were considered to be
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Figure 3. PLP pulsed DCs induce conjugation chemistry-dependent antigen-specific T cell responses. (a) Isolated CD11c* BMDCs were pulsed
with indicated treatments at 10 pg/mL peptide concentration for 4 h, washed, and then cocultured with pmel CD8" T cells at indicated ratios for
72 h. Created with BioRender.com. (b) CD8" T cell proliferation measured by flow cytometry (n = 3 independent samples per group). Percentages
of CD8" T cells positive for CD69 (c) and expressed CD44"8"/CD62L"8" (d). Cytokine expression of IFN-y (e), TNF-a (f), or Granzyme B (g) in
CD8" T cells analyzed using flow cytometry (n = 3 independent samples per group). (h) Proliferation of OT-1 CD8" T cells following treatment
with the OVA peptide (SIINFEKL), PLP-4y,, or PLP-4,,140 (1 = 3 independent samples per group). Data depict mean = s.d. P-values determined
by two (b) or one-way (c-h) ANOVA. Experiment repeated with similar results.

equivalent formulations. (See Table S4 for batch character-
ization).

Comparison of size and surface charge, known to play
determining roles in cellular uptake and pharmacokinetic
profiles,”** showed no significant differences between linkage
chemistries (Figure 1d, Figure S4). Previous studies on similar
PLP structures have shown, by small-angle X-ray scattering
(SAXS), that they resemble globular proteins morphologi-
cally,”® a feature recapitulated by gp100-conjugated PLPs
(Figure SS). To confirm antigen-PLP conjugates are reduction
sensitive in a linkage-dependent manner, PLPs were incubated
in PBS containing either 0 mM or 10 mM glutathione (GSH,
physiologically relevant cytosolic concentration””*") with
antigen release tracked by HPLC. As expected, >95% of the
peptide antigen was released from PLP-3 after 24 h incubation
in 10 mM GSH, whereas negligible peptide signal was detected
in the absence of GSH. Conversely, no changes in antigen
release were observed for PLP-1 and PLP-2 following GSH
treatment (Figure S6). PLP-2 showed a minor antigen release
independent of GSH, which is attributed to hydrolysis (Figure
S7).

PLPs Are Resistant to Enzymatic Degradation while
Sustaining DC Activation. Incubation in supraphysiological
concentrations (20X human serum levels*”) of model enzyme
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trypsin was performed with cleavage monitored by HPLC.
Free peptide was rapidly cleaved, whereas all PLP formulations
had marked resistance to proteolysis. PLP-2 showed slightly
higher rates of cleavage compared to PLP-1 and PLP-3 which
can be attributed to the more labile nature of the ester bond
(Figure S8a). Next, the ability of PLPs to activate bone-
marrow derived dendritic cells (BMDCs) in vitro was assessed
due to the cell type’s potency as APCs and ability to elicit
antitumor immunity when pulsed with tumor epitopes.’*™**
PLPs were incubated in mouse serum prior to treatment with
BMDCs to mimic biological conditions. In the absence of
serum pretreatment, CD86 expression in BMDCs was similar
between PLP formulations and the free peptide. However,
following overnight serum incubation, free peptide treatment
showed significantly decreased CD86 levels compared to PLP
treatments, which maintained BMDC activation (Figure S9).
These results show that PLPs can resist enzymatic degradation,
thereby sustaining APC activation under biological conditions.

Uptake and Trafficking of PLPs by DCs. Cellular uptake
and intracellular localization of PLPs were assessed by
incorporating a CyS.5 fluorescent monomer on the polymer
backbone (Figure 2a, see Supplemental Methods). A CyS.5
standard curve was used to quantify dye incorporation and
ensure similar fluorescence doses between groups (Figure

https://doi.org/10.1021/jacs.3c05340
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Figure 4. PLPs promote CD8"* T cell proliferation and activation in an antigen-specific and formulation dependent manner more efficiently than
comparable liposomal formulations. (a) in silico models of short and long PLPs showing differences in globularity and antigen exposure quantified
using SASA per repeat unit (n = 8 independent simulations) Purple: PLP backbone, Red: OEG side chains, Blue Ribbons: antigen side chains. (b)
Dose—response curve of PLP treatment on CD8" T cell proliferation following incubation for 72 h with Pmel-1 splenocytes. Three replicates are
shown for each point. Curves show three-parameter dose—response fits. (c—f) Pmel-1 splenocytes were incubated with indicated treatments at a 1
ug/mL peptide concentration for 72 h. Percentages of Pmel-1 CD8" T cells that were positive for CD69 (c) or expressed Ki-67 (d) (n = 4
independent samples per group). Expression of IFN-y (e) and TNF-a (f) in Pmel-1 CD8+ T cells following ex vivo restimulation was analyzed
using flow cytometry (n = 4 independent samples per group). (g—i) Comparison of stored and freshly prepared PLPs to a liposomal formulation.
Pmel-1 splenocytes were incubated with indicated treatments at a 10 yg/mL peptide concentration for 72 h. PLP-4y,, (Stored) was stored as a
lyophilized powder at —20 °C for >18 months. Expression of CD44/CD69 (g), K-67 (h), and TNF-a (i) in CD8" T cells as analyzed by flow
cytometry (n = 3 independent samples per group). Data depict mean + s.d. P-values determined by one-way ANOVA throughout. Experiment
repeated with similar results.

$10). Computational and experimental studies on similar PLP environment expected to release disulfide-linked antigens for
structures have shown incorporation of a diluent amount of processing and cross presentation.””*"** OEG-containing
OEG can improve aqueous phase solubility.'”> PEGylation is copolymers were also able to evoke higher levels of BMDC
also known to promote activation of APCs and cross-priming activation (Figure 2e) and, as such, were focused on going
of CTLs.”>*>*" As such, copolymer PLP formulations with forward.

norbornene-OEG, monomers interspersed throughout were PLP Copolymers Induce BMDC-Mediated Antigen-

also tested (Figure S3 and Table S2) with uptake in splenic Specific T Cell Priming in Vitro in a Linkage-Dependent
CD11b*/CD11c* DCs quantified by FACS (Figure S11). A Manner. The copolymers PLP-4, -5, and -6 were constructed
significant linkage and side chain composition trend was found, with a 15:5 peptide:OEG ratio (Figure 1c) and characterized
with PLP-4 having the highest fluorescence levels, followed by using SEC-MALS showing good agreement with theoretical
PLP-3 (Figure 2b, Figure S12). It was somewhat surprising values (Figure S3 and Table S2). Similar zeta potentials were

that differential levels of uptake were observed between PLPs measured for PLPs consisting of the same linkages with and
1-3, which have conserved physical properties outside of without OEG (Figure 1d). PLP copolymers incubated with
linkage chemistry. However, these results are consistent with trypsin had reduced levels of proteolysis compared with
reports in other systems showing that reducible linkages result homopolymers, maintaining the same established trend

in higher levels of dendritic cell uptake, endosomal localization, between linkages (Figure S8b).
and antigen cross-presentation.”>>” We hypothesized that this Having shown favorable uptake profiles and cleavage
observed difference in uptake could be partially explained by kinetics, the ability of PLP-treated APCs to induce T cell
the increased endosomal retention of disulfide linked PLPs. priming was probed. BMDCs were pulsed with PLPs or free
To examine subcellular localization, confocal microscopy peptide prior to coincubation with gp100-specific CD8* T cells
was performed on PLP-treated BMDCs (Figure 2c,d), where a from pmel-1 mice'® to track payload-specific immune
formulation-dependent trend emerged. Disulfide linkages activation®’ and DC primed CTL responses>> (Figure 3a). A
displayed the highest levels of endosomal localization with linkage chemistry dependent difference in gp100-specific T cell
PLP-4 maintaining the highest levels of endosomal entrapment proliferation was detected (Figure 3b, Figure S13), with both
(Figure S12). The increased uptake of disulfide containing cleavable linkages boosting proliferation at all DC ratios tested.
PLPs and endosomal retention time of OEG-containing Of note, PLPs with antigen conjugated using a stable amide
copolymers are consistent with trends seen in other nanoplat- linkage performed better than the free antigen peptide at a
forms,**~* resulting in longer exposure to a reductive stimulator-to-responder ratio of 1:8. Both CD69 and
14963 https://doi.org/10.1021/jacs.3c05340
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CD44"8"/CD62L"¢" expression showed PLP-4 and PLP-$
outperforming other treatment arms, with PLP-4 evoking the
highest levels of activated and central memory T cells (Figure
3c,d, Figure S14). PLP-4 was also superior at stimulating the
production of IFN-y, TNF-a, and Granzyme B (Figure 3e—g,
Figure S15). No significant difference in cell viability was seen
between the groups (Figure S16).

To confirm PLP activity was antigen-specific, PLPs
containing an unrelated OVA antigen (PLP-4¢y,, Table S1)
were forged and compared to the gpl00-containing PLP-4
(Figure 3h, Figure S17). PLP-4y, was able to induce more
OVA-specific CD8" T cell proliferation and cytokine
production compared to free OVA peptides alone in its
cognate OT-1 system. Notably, PLP-4 failed to provoke OT-1
T cell proliferation, validating the generalizability of the PLP
platform to carry different antigen payloads to initiate antigen-
specific immune responses. Having down selected the disulfide
linkage copolymer as the lead candidate, formulations were
further optimized by modulating DP.

Effects of Increasing DP on DC Activation. Both the
dose and density of antigen used in vaccine formulations are
known to affect the magnitude of the elicited immune
response.””*> Since PLP structures covalently link multiple
side chains, increasing DP, or molecular weight, simultaneously
increases both the amount and the density of antigens per
uptake event. Longer length disulfide-containing PLPs (PLP-
4long) were fabricated and characterized (Figure 1, Figure S3,
Table S2). PLPs with DPs greater than 35 had limited
solubility and were not studied further. CyS.S labeled PLP-4y,,,
was efficiently internalized by BMDCs and colocalized in
endosomes. Additionally, flow cytometry showed similar levels
of polymer fluorescence between PLP-4,,,; and PLP-4 (Figure
S12). However, since dosage was performed relative to CyS.5
concentration (~one dye per polymer), the total amount of
antigen delivered by PLP-4,,,, was roughly double that of PLP-
4.

In the absence of serum preincubation, PLP-3, PLP-4, and
PLP-4y,,, induced similar levels of BMDC activation, as
measured by CD86 expression (Figure S9). However, PLP-
410ng maintained higher levels of activation compared with
lower DP PLPs following preincubation in serum, likely due to
decreased degradation. To quantify the extent of degradation,
trypsin cleavage rates were monitored via HPLC (Figure S8c).
PLPs showed a decrease in proteolysis as DP increased and
following the addition of OEG side chains. A series of all-atom
explicit solvent molecular dynamics simulations were per-
formed to closely examine these observed effects. For
computational simplicity, exact DPs of either 15 or 30 peptide
side chains with and without S OEG side chains (i.e., single
molecular entities) were simulated (Figure S18, Table S3).
Increasing DP resulted in increased overall globularity and
density of antigen payloads as well as decreased average solvent
accessible surface area (SASA) per side chain (Figure 4a),
representing reduced exposure to the surrounding environ-
ment.”® The trypsin cleavage site SASA was also determined
using spherical probes with a radius of either 3.14 or 0.14 nm
to mimic a protein or water molecule, respectively (Figure
S19). Using a protein-sized probe, increasing DP led to
decreased accessibility of the cleavage site irrespective of the
chemical linkage or presence of OEG, consistent with
experimental data. However, simulated PLPs with OEG did
not show significant differences in SASA. This is partially
explained by the limited duration and number of molecules

simulated, with copolymers showing large variations between
independent simulations. Copolymer proteolytic resistance
could also be independent of cleavage site SASA, but rather
from hindered engagement with proteases.*® Water-sized
probes showed uniform levels of accessible surface areas
across all constructs, suggesting that peptide side chains
maintain accessibility to small molecules such as GSH.

As PLP treatment increased expression levels of CD86 in
BMDCs (Figure S9), the mechanism behind these effects was
examined by RNA sequencing. BMDCs were treated with
either PLP-4,,,, confirmed to be endotoxin free (Figure S20),
or LPS, a quintessential innate immune activator, and
transcriptomic features compared. Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis showed
343 transcripts differentially expressed compared to LPS
treatment, with most enriched genes being involved in antigen
processing and presentation, innate immune responses, and
inflammatory responses (Figure S21). Comparison of a select
set of genes showed similar levels of enrichment in antigen
processing and presentation pathways between PLP-4,,, and
LPS treated BMDCs. However, genes involved in NOD-like
receptors and phagosomes were not as highly enriched
following PLP-4,,, treatment compared to those following
LPS. This differential transcriptomic profile suggests that these
particular PLPs are capable of stimulating BMDC activation
and antigen presentation, albeit to a mild extent.

Next, the ability of PLPs to cultivate antigen-specific T cell
activity was examined. A disulfide monomer group was
included to check for effects of the terminal free thiol
remaining following bond reduction. A dose response curve
tracking antigen-specific T cell proliferation following
incubation of Pmel-1 splenocytes (which contain a mixture
of both APCs and T cells) was generated (Figure 4b, Figure
S22) showing proliferation saturating at 10 pg/mL for all
groups. However, at lower concentrations, DP has a significant
effect on T cell proliferation with only PLP-4y,, having
detectable T cell proliferation at 100 pg/mL. No difference was
detected between the free gpl00 peptide and monomer
treatments, suggesting minimal interference of the residual
thiol group. Following a three day incubation at a lower 1 ug/
mL concentration, pmel T cells treated with either PLP-4 or
PLP-4,,,, both showed higher levels of CD69 (Figure 4c) and
K;-67 (Figure 4d, Figure S23) compared to free peptide or
monomer. PLP-4;,,, treated pmel T cells showed significantly
higher expression levels of IFN-y (Figure 4e, Figure S23) and
TNF-a (Figure 4f) compared to PLP-4 which was marginally
higher than peptide/monomer treatment. PLP-44y, mean-
while was comparable to that of PBS, confirming antigen-
specific effects.

PLPs Perform Better than Comparable Liposome
Formulations and Can Be Stored Frozen. We next
compared the optimized PLP formulation to the currently
available liposome-based delivery platforms. One major
limitation of liposomal formulations is their need to be
manufactured at point of use or implementation of complex
protocols and addition of cryoprotectants for long-term storage
in a lyophilized state.*’~* Comparatively, PLPs can be
lyophilized, stored in the powder state for extended periods
of time, and redispersed without loss in activity. Pmel-1
splenocytes were incubated with gpl00 at the same peptide
concentration either conjugated to a PLP or encapsulated
within a liposome (See Supplemental Methods). CD8" T cell
activation and proliferation markers, as well as TNF-a
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Figure 5. PLP vaccination suppressed tumor growth in three mouse tumor models. BI6F10 tumor cells expressing gpl00 (0.5 X 10°) were
subcutaneously (s.c.) implanted in C57BL/6 mice and allowed to establish for 8 days until tumors were palpable. Treatment schedule (a) and
tumor growth curves (b) of mice vaccinated three times s.c. with free peptide or PLP-4 (100 g gp100 dose) at days 8, 12, and 1S as indicated (n =
S mice per group, compared with PBS). Tumors and dLNs were excised at day 19, stimulated ex vivo (see Supplemental Methods), and proportions
of IFN-y* and TNF-a* cells in CD45*/CD8" (c,d) or CD45"/CD4" (e,f) dLN populations or CD8" TILs (g) were analyzed by flow cytometry (n
= S mice per group). (h) Mice bearing TC-1 or MC38 tumors were injected subcutaneously with corresponding peptides or PLPs as monotherapy
at indicated days post tumor challenge (100 ug antigen per dose). (i—k) Survival and individual tumor growth curves. Data depict mean + s.d. P-
values determined by one-way ANOVA at day 19 (b—g) or log-rank test (ik). ***P < 0.001; **P < 0.01.

expression in CD45" cells were significantly higher for both
freshly prepared and PLPs stored lyophilized at —20 °C for
>18 months compared to liposomes (Figure 4g—i). PLPs
containing OVA side chains were used as payload controls,
showing no immune cell activation, further confirming that
raised immune responses are antigen-specific. Taken together,
these results underscore the clinical relevance of PLPs as they
can be fabricated in advance and stored until use.

PLPs Traffic to the Draining Lymph Node and Slow
Tumor Growth in Multiple Tumor Models. Whether PLP
vaccination can suppress tumor growth in vivo was next
assessed in mice bearing established B16F10 melanoma tumors
overexpressing gpl00 and treated with gpl00 carrying PLP-
41ong- First, to confirm PLPs injected subcutaneously traffic to
draining lymph nodes (dLN), tumor bearing mice were
injected subcutaneously with one dose of CyS.5-labeled PLPs
and imaged after 3 h (Figure S24a). Twenty-four hours post
injection, organs were excised and imaged ex vivo (Figure
S24b,c). PLPs were shown to accumulate primarily in the
tumor and dLN, with confocal laser-scanning microscopy
confirming retention of fluorescent signal in the organ.
Residual fluorescent signal was also detected in the liver,
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kidney, and spleen, although how precisely PLPs are
metabolized and excreted remain to be determined.

Next, the ability of PLPs to induce an immune response was
examined. Vaccination with PLP-4,,, alone resulted in
significantly inhibited tumor growth compared to vehicle or
peptide treatment (Figure Sa,b). Tumors and dLN were also
excised, processed, and analyzed on day 19. Flow cytometry
analysis of dLN cells following ex vivo stimulation (Supple-
mental Methods) showed increased IFN-y and TNF-a
expression in the general CD8* (Figure Sc,d) and CD4*
(Figure Sef) T cell populations. In addition, the proportion
of polyfunctional (IFNy* TNFa") CD8" and CD4" T cells in
the dLN is roughly double compared to that of PBS controls
(Figure S25). PLP treatment also resulted in a significant
increase in the proportion of CD8" tumor infiltrating
lymphocytes (TILs) (Figure Sg), K-67 expression, and
CD44"/CD62L" effector phenotype in these CD8" TILs
(Figure S26a,b). Frequency of CD4" Foxp3* regulatory T cell
(T,eg) populations was lower in PLP treated tumors, and these
T, expressed lower levels of K-67 (Figure S26¢,d).

We employed two additional established tumor models to
further probe the ability of the PLP platform to induce
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Figure 6. Combination therapy with 2'3’-cGAMP leads to favorable antitumor immune profiles. Mice implanted with B16F10 cells (0.5 X 10°)
allowed to establish a palpable tumor were treated with PLP-4,,, (100 pg gp100, given s.c.) and STING agonist 2'3'-cGAMP (10 ug, given it.)
alone or in combination. Experimental timeline (a), tumor growth curves (b), and overall survival (c) in CS7BL/6 mice vaccinated with indicated
treatments (n = 6 mice/group). (d) Experimental timeline of mice bearing established B16F10 tumors (allowed to develop for 8 days) given
indicated treatments with tumors harvested at day 14 for analysis (n = S mice/group). (e) t-distributed stochastic neighbor embedding (t-SNE)
visualization of tumor-infiltrating leukocytes across different treatment groups. Percentages of gpl100-specific TILs in the total tumor cell
population, determined by gpl100 dimer staining (f), and total tumor cells that are polyfunctional (IFN-y* TNF-a*) CD8" (g) or CD4* (h)
following ex vivo restimulation. (i) Fold changes in mean fluorescence intensity of PD-L1 and PD-1 relative to PBS treated control cohort in excised
tumor samples stratified by cell type and treatment group (significant differences vs PBS control noted). Data depict mean + s.d. P-values were
determined by log-rank test (c) or one-way ANOVA (f—h). ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.

payload-specific antitumor immunity, a human papillomavirus-
associated TC-1 model®® and a high mutational burden MC38
colon carcinoma model.”" Briefly, PLPs were synthesized with
either E7*7 (PLP-4z,) or adpgk’ (PLP-4,4pq) peptide
antigens as the payload, all formulated as the lead configuration
(PLP-4long) consisting of roughly 30 antigen side chains
conjugated to the polymer backbone via a disulfide linkage and
copolymerized with OEG, (Figure S27). CS7BL/6 mice were
inoculated subcutaneously with either TC-1 or MC38 cells,
tumors were allowed to establish, and immunized twice weekly
with PLP-4g; or PLP-4,4, as monotherapies, respectively
(Figure Sh), with survival compared to mice treated with either
unpolymerized free peptide or vehicle control (Figure Si—k).
Dosage was again performed relative to the amount of peptide
antigen at 100 ug/dose, a concentration when administered as
a free peptide is indistinguishable from vehicle treatment.
Significant extensions in survival were conferred following
immunization with PLPs alone in both tumor lines compared
to control and peptide treatment arms (median survival in
days: TC-1, PBS = 29, PLP-4;, = 35; MC38, PBS = 24, PLP-
4odpek = 35). These results highlight the generalizability of the
PLP platform, including ability to deliver anionic sequences to
suppress tumor growth as single agent therapies.

PLP Vaccination Acts Synergistically with STING
Agonists. Given the conserved ability of PLPs to induce
antigen-specific T cell responses in vivo, paired with tran-
scription-level information on the pathways upregulated
following monotherapy, we predicted complementary combi-
nation treatment with agonists for the STING pathway, a
crucial innate immune component for establishing neoantigen-
specific T cell priming,'* would increase vaccine efficacy and
regress established tumors. $,6-dimethylxanthenone-4-acetic
acid (DMXAA), a STING li§and previously shown effective in
multiple mouse models™ > was initially tested. Vaccination
with PLP-4,,,, paired with DMXAA resulted in impressively
suppressed tumor growth compared with treatment with either
agent alone (Figure S28). A PLP-4 plus DMXAA combination
therapy arm was also included, which was shown to not be as
effective as the PLP-4,,,, combination therapy, verifying trends
seen in vitro.

With promising results following combination therapy with
DMXAA, we next tested combination therapy with a clinically
relevant, STING agonist, 2'3’-cGAMP.>* % Mice bearing
B16F10 melanoma were treated with gpl00-carrying PLPs
and/or 2'3'-cGAMP (Figure 6a). 2'3'-cGAMP was given
intratumorally due to its poor pharmacokinetic profiles and
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rapid degradation by hydrolases, necessitating local admin-
istration for activity.”~°" Combination therapy resulted in the
highest inhibition of tumor growth and median survival times,
with 50% surviving over 30 days post tumor implantation
(Figure 6b,c). Strikingly, treatment with PLP-4,,, alone was
indistinguishable from 2'3’-cGAMP monotherapy on survival
times. Direct comparison to combination therapy with free
peptide plus 2'3-cGAMP confirmed the superior efficacy of
PLP-4,,, over vaccination with free peptide when given in
conjunction with the small molecule STING agonist (Figure
$29).

To assess the quality of the immune response induced by
PLP vaccination, mice were treated with a short two treatment
regimen of PLP-4y,,, and/or 2'3'cGAMP (Figure 6d), again
showing combination therapy significantly inhibits tumor
growth (Figure S30). On day 14, the tumor and spleens
were excised and analyzed using spectrum cytometry (Cytek)
(Figure S31). We used the dimensionality reduction tool
viSNE to differentiate treatment-induced antitumor immune
effects. Live CD45" tumor infiltrates could be clearly grouped
into distinct major immune cell subsets, and a CD8" T cell
cluster tended to be enriched on the viSNE map following
treatment with PLP-4;,, or 2'3'-cGAMP (Figure 6e). Closer
examination showed minor changes in immune cell type
frequency between treatment groups in both the tumor and
spleen, with slightly elevated proportions of CTLs in tumors
and Tumor-associated macrophages (TAMs) in spleens of
mice treated with combination therapy and lower levels of
MDSCs (Figure S32). However, tumor-infiltrating CD8* and
CD4" T cells (TILs) in mice treated with combination PLP
and 2'3'-cGAMP showed significantly higher levels of gp100-
specific TILs (Figure 6f) and polyfunctional IFN-y* TNF-a*
CD8" and CD4" T cells (Figure 6gh) following ex vivo
restimulation with mildly elevated single-expression of IFN-y*
or TNF-a" (Figure $33). CD3" cells, CD8" T cells, and
MDSCs in the tumor of animals treated with combination
therapy showed significantly higher levels of PD-L1 and
decreased levels of PD-1 compared to vehicle treated controls
with mild changes following 2'3’-cGAMP monotherapy
(Figure 6i). Splenocytes also showed mild increases in PD-1
expression in T, CD8" T cells, MDSCs, and TAMs (Figure
$34). The lower MDSC population, increased proportion of
cytokine producing lymphocytes, and reduced TIL exhaustion
profile together suggest combination treatment improves T cell
quality in the tumor, explaining the observed differences in
disease progression.

Finally, to confirm generalizability of the observed treatment
synergy with 2'3-cGAMP to a second tumor model, mice
bearing TC-1 tumors were treated with combination therapy of
PLP-4g, plus 2'3'-cGAMP as well as each treatment alone
(Figure 7a). Again, combination therapy showed the highest
levels of tumor suppression, with ~40% of mice in the
treatment group being tumor-free at 60 days post challenge
(Figure 7b). These tumor-free mice were subsequently
rechallenged on day 60 with a second inoculation of fresh
TC-1 cells in the opposite flank, without additional treatments
and followed over time. Of these rechallenged mice, all
rejected the newly implanted TC-1 cells, compared to a naive
reference group, which were not previously immunized (Figure
7¢c). These results suggest that strong immunological memory
was generated by combination therapy of PLP-4y, plus 2'3'-
c¢GAMP which led to long-term tumor protection. To screen
for toxic effects resulting from PLP treatment, healthy mice
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Figure 7. PLP vaccination synergizes with 2'3’-cGAMP to induce
sustained antitumor effects. (a) Experimental timeline of TC-1 tumor-
bearing mice treated with PBS, PLP-4g,, 2'3'-cGAMP, or the
combination of the two as indicated. (b) Tumor growth curves for
each treatment arm (n = 7 mice/group). (c) Lasting immunological
memory was assessed in mice treated with the combination therapy
that rejected initial TC-1 tumor implantation and were tumor-free
until day 60 and were subsequently rechallenged with a second
inoculation of TC-1 cells. Naive mice were used as controls. Data
depict mean =+ s.d. P-values were determined by one-way ANOVA
(b) or Student’s t test (c).

were injected with high doses of PLPs and body weight was
monitored (Figure S35) showing no changes.

B CONCLUSION

Extensive research has been devoted to the development of
strategies that coopt the immune system to treat and, in certain
cases, eradicate cancers. Despite this, clinical translation has
remained limited, particularly in cancer vaccine development.
This can partially be attributed to several interrelated barriers,
including poor lymph node trafficking, low APC uptake, and
suboptimal antigen immunogenicity. Here, we describe the
novel PLP platform, which allows for the facile cultivation of
potent immunotherapies that conveniently can be stored and
frozen for extended periods of time. Several advantageous
properties emerge when peptides are arranged as PLPs,
stemming from the graft-through polymerization method
used in their synthesis, wherein monomers are directly
functionalized with peptides prior to polymerization, resulting
in dense brush polymers with every side chain occupied by a
peptide sequence. Previous studies have used graft-to methods,
coupling peptide antigens to a functionalized backbone chain
to forge low-density polymers.””®> Compared to graft-through
PLPs, graft-to polymers exhibit modest grafting efficiencies due
to steric bulk and charge repulsion leading to batch to batch
variations.”* Additionally, PLPs as described here use a
hydrophobic peptide norbornylimide monomer conferring
resistance to proteolytic degradation as the polymers collapse
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to form globular structures via hydrophobic effects, while
providing for efficient cell penetration and uptake.*®

Using a library of PLP formulations with conserved antigenic
side chains but varied physical parameters, we demonstrate
that the PLP structure plays a determining role in raising
cellular immune responses and antitumor outcomes following
immunotherapy. How peptide antigens are conjugated onto a
PLP backbone (cleavable vs noncleavable), the specific
composition of polymer side chains (with or without OEG),
and the density of display (long vs short) all were found to
influence the final elicited immune reaction. The differing
immunostimulatory effects observed between PLP formula-
tions is a consequence of distinct uptake and subcellular
trafficking profiles in DCs, paired with variations in proteolytic
stability, the sum of which ultimately determines the quality of
effector cell function and antigen-specific killing of tumor cells
in vivo.

The findings of this study, which utilized a structure-based
approach, highlight both the tunability of the PLP platform
and how slight modifications in chemical design can lead to
dramatically disparate immune outcomes. While previous
studies on vaccine design have demonstrated the importance
of structure—function relationships as it pertains to raised
immune responses following vaccination,”****~%” PLPs are
particularly well suited for this application as their construction
permits a wide range of chemical modification while allowing
precise sequence-level control over side chains. This enables
both the chemical tuning of immune activation and the
manufacturing of polymers with limited molecule-to-molecule
and batch-to-batch variation. Building on this technology, this
study aimed to establish preliminary design rules governing the
immunogenicity of antigen carrying PLPs. To achieve this, we
employed a series of optimization steps to downselect PLP-
41ong as the lead candidate for in vivo assessment.

Key parameters that were found to impact payload-specific
immune activation include inclusion of a disulfide linkage
reducible by APCs allowing for loading onto MHC molecules,
incorporation of the OEG to increase proteolytic stability and
endosomal entrapment, and increasing the DP to improve
retention and quantity of internalized antigen per uptake event.
Interestingly, PLPs with cleavable disulfide linkages were found
to evoke mild DC activation on their own. Although the key
mechanisms underlying this activity warrant further study,
transcriptomic analysis revealed that PLP treatment enhances
pathways involved in antigen processing and presentation.

In a direct comparison between our compounds to currently
available platforms, both newly synthesized PLPs and ones
stored frozen for >18 months performed better than liposomes
at the same antigen dose, spotlighting the unique advantages of
the PLP platform and its ease of use. Single agent treatments
with PLPs resulted in marked increases in survival times in
three different tumor models, further confirming the general-
izability of the platform. Additionally, vaccination in an
aggressive melanoma model given in conjunction with
STING agonists resulted in increased antitumor CD8" T cell
responses, leading to an improved survival and tumor control.
Tumor and spleen analysis of PLP-treated mice showed
elevated expression of PD-L1 and PD-1 across cell types, which
is known to be upregulated following STING activation.”>*’
As dysregulation of the B7—H1/PD-1 pathway is a common
immune evasion mechanism in the tumor microenvironment,70
addition of checkpoint inhibitors may be a viable adjunct
therapy to augment PLP vaccine response. Although this study
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was limited in the scope of tumor peptide antigens explored,
the overall approach is generalizable to any individual peptide
sequence, as well as combinations of sequences. The insights
on PLP design derived from this work lay the foundation for
the facile assembly of complex personalized vaccine
formulations based on this platform with potential ramifica-
tions for the treatment of cancer and other diseases.

B EXPERIMENTAL SECTION

Experimental details can be found in the accompanying
Supporting Information file.
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