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Abstract

Despite remarkable progresses in vaccinology, therapeutic cancer vaccines have not achieved their
full potential. We previously showed that an excessively long duration of antigen presentation
critically reduced the quantity and quality of vaccination-induced T cell responses and subsequent
anti-tumor efficacy. Here, using murine model and tumor cell lines, we studied L-Tyrosine amino
acid-based microparticles as a peptide vaccine adjuvant with a short-term antigen depot function
for the induction of tumor-specific T cells. L-Tyrosine microparticles did not induce dendritic cell
maturation, and their adjuvant activity was not mediated by inflammasome activation. Instead,
prolonged antigen presentation /77 vivo translated into increased numbers and anti-tumor activity of
vaccination-induced CD8+ T cells. Indeed, prolonging antigen presentation by repeated injection
of peptide in saline resulted in an increase in T cell numbers similar to that observed after
vaccination with peptide/L-Tyrosine microparticles. Our results show that the duration of antigen
presentation is critical for optimal induction of anti-tumor T cells, and can be manipulated through
vaccine formulation.

Introduction

Immunotherapy is a potent modality in the treatment of several cancers, thanks to the major
success of immune checkpoint blockade therapy with anti-CTLA4 and anti-PD1/PD-L1
monoclonal antibodies. Immune checkpoint blockade potentiates pre-existing tumor-specific
T cell responses to mediate tumor destruction (1). However, many tumors induce insufficient
spontaneous T cell responses, a limitation that can potentially be overcome by anti-cancer
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vaccination. Unfortunately this approach has yet to deliver robust therapeutic efficacy (2, 3).
With recent advances in the personalized identification of tumor antigens (Ag) (i.e.
neoepitopes derived from mutated gene products) (4) and better understandings of vaccine
adjuvants (i.e. delivery systems and immunopotentiators), new avenues are open for more
potent therapeutic cancer vaccines (5). For example, Gubin et a/. showed in a murine model
that immunization using tumor neoantigens (peptides) was as effective as checkpoint
blockade (6). Recently, personal neoantigen vaccines were demonstrated to be safe and
effective in treating patients with high risk melanoma (7, 8). Exciting results from these
studies provide a strong rationale for cancer vaccine as a standalone treatment or in
combination with checkpoint blockade or other immunotherapies.

We have previously shown that for peptide-based cancer vaccines, the choice of antigen
delivery system can affect the ensuing anti-tumor immune response (9). Long-lived water-in-
oil emulsions of Incomplete Freund's Adjuvant (IFA), which greatly prolong Ag presentation
time through a long-lived Ag depot function, diminished therapeutic efficacy when used as
adjuvant for short antigenic peptides. Specifically, tumor-specific CD8 T cells became
sequestered at the persisting, antigen-rich vaccination site, where they underwent apoptosis
without reaching the tumor. While a very short-lived, water-based formulation showed no T
cell sequestration and consequently improved anti-tumor activity, T cell responses were
weaker, possibly because Ag was cleared too rapidly to allow maximal T cell priming. We
therefore hypothesized that Ag delivery systems can be created to extend Ag presentation
time sufficiently long to allow induction of an optimal T cell response, but not so long as to
induce T cell sequestration at the vaccination site. Here, we report that microparticles
consisting of the poorly soluble amino acid L-Tyrosine are a promising peptide Ag delivery
system for the induction of potent anti-tumor immune responses. Mechanistically, L-
Tyrosine functioned as a short-lived depot, extending the Ag presentation time during a
critical window for optimal T cell priming. Interestingly, this effect could be largely
mimicked by repeated injections of peptide in saline, thus suggesting a simple strategy for
increasing the potency of peptide-based anti-cancer vaccines. Overall, our results point to
duration of antigen presentation as a critical factor in vaccine-induced T cell priming, which
can be controlled by proper choice of vaccine adjuvant.

Materials and Methods

Reagents and Chemicals

The synthetic, high-affinity H-2DP-restricted heteroclitic mouse gp100,5_33 peptide
(KVPRNQDWL) and H-2KP-restricted chicken OVA-I »57_264 peptide (SHINFEKL) were
purchased from Peptides International (Louisville, KY) at a purity >95%. Optima-Grade
acetonitrile, methanol, and water were purchased from Thermo-Fisher Scientific (Waltham,
MA). Mass Spectrometry-grade formic acid (Fluka; 98%) was purchased from Sigma
Aldrich (St. Louis, MO). 1x Phosphate Buffered Saline (PBS) was purchased from
Mediatech Inc. (Manassas, VA). Sodium hydroxide (molecular biology grade) and
hydrochloric acid (36.5% v/v) were purchased from Fisher Scientific (Fair Lawn, NJ).
Sodium chloride, sodium phosphate monobasic, sodium phosphate dibasic, and L-Tyrosine
(cell culture grade) were purchased from Sigma (St. Louis, MO). Mouse cytokine/
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chemokine milliplex kit (catalog # MXMCY70KPX25MGBK) was purchased from EMD
Millipore (Massachusetts, USA). OVA-I dextramer H2-Kb was purchased from Immudex
(Fairfax, VA).

All mouse protocols were reviewed and approved by the Institutional Animal Care and Use
Committee at The University of Texas - M.D. Anderson Cancer Center. Pmel-1 TCR
transgenic mice on C57BL/6 background (the Jackson Laboratory, ME) were crossed with
CD90.1 congenic mice to yield pmel-1**CD90.1*"* mice (hereafter referred as pmel-1
mice). C57BL/6 (B6) mice were purchased from Charles River (Wilmington, MA). B16-F10
melanoma bearing mice were established by injecting 300,000 B16 cells in a volume of 0.1
ml subcutaneously. Tumor bearing mice received treatments on day 6 after tumor injection
when the average tumor size was approximately 30 mm?2. ASC knock-out mice were a kind
gift from Dr. Thirumala-Devi Kanneganti at St. Jude Children's Research Hospital.

B16-F10 melanoma cell line, from ATCC (Manassas, VA), was cultured in complete
medium including RPMI 1640 with 10% FBS, 100 pg/ml streptomycin and 100 pg/ml
penicillin (Life Technologies, Carlsbad, CA.)

Peptides in saline and IFA were prepared as previously described (9). Preparation of peptide
with L-Tyrosine was adapted from a protocol for grass pollen/L-Tyrosine described by
Wheeler et al. (10). A peptide solution was prepared by dissolving 4 mg of peptide in 2 mL
of 1x-PBS. After dissolution, 0.667 mL of strong PBS (0.83 M NayHPOy4, 0.25 M
NaH,PO4, 0.137 M NaCl) was added to the solution. Next, 0.667 mL each of 3.2 M sodium
hydroxide and 1.3 M L-Tyrosine in 3.9 M hydrochloric acid were added simultaneously,
mixed, resulting in a final solution volume of 4 ml. The suspension was centrifuged and
supernatant was discarded. Remaining peptide/L-Tyrosine pellet was dissolved in PBS to
make up a volume of 4 ml and ready for injection. Final peptide concentration was
approximately 0.25 mg/ml. Each mouse received 50 ug peptide in 200 pl vaccine (100 pl x2
vaccination sites). For the quantification of tumor specific CD8+ T cells, pmel-1 splenocytes
were intravenously transferred to B6 mice in the same day with vaccination. Covax,
including anti-CD40 antibody (clone FGK4.5/FGK45, BioXcell, New Hampshire), IL-2
(TECIN, Hoffman LaRoche) and Imiquimod cream 5% (Fougera, Melville, NY) was given
on the same day with peptide vaccination. Anti-CD40 dose: 50 pg subcutaneously; 1L-2:
100,000 IU, once on day 0 and twice on day 1 and 2 intraperitoneally; imiquimod cream: 50
mg, applied topically on vaccine site.

Adoptive transfer of pmel-1 T cells

Unless specified, each mouse received approximately 80,000 naive pmel-1 CD8 T cells from
pmel-1 donor mouse via i.v. tail vein injection. For /n vivo antigen detection experiments,
pmel-1 CD8 T cells were purified using CD8 T cell enrichment kit (StemCell Technologies,
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Vancouver, BC, Canada) then labeled with CFSE as described elsewhere (11). Each mouse
received 2x106 CFSE labeled pmel-1 CD8 T cells i.v.

Quantification of gp100 and OVA-I specific T cells

gp100 specific CD8 T cell responses of mice receiving pmel-1 T cells were detected basing
on congenic Thy1.1 (CD90.1). Endogenous gp100 and OVA-I specific CD8 T cell responses
were detected by IFN-g and OVA-I dextramer using flow cytometry, respectively.

FACS analysis

Mice were tail-bled on the indicated days. Extracellular staining was performed using FACS
buffer containing 2% FBS. Intracellular cytokine staining was performed using the cytofix/
cytoperm kit from BD Biosciences (San Jose, CA) basing on the manufacturer's
recommendation. Granzyme B staining was done without stimulation while IFN- staining
was done after 4 hours of stimulation with 1 uM gp100,5_33 peptide. Antibodies were either
purchased from eBioscience or BD Biosciences: CD8a (clone 56-6.7), CD4 (GK1.5),
CD90.1 (HIS51), IFN-y (XMGL1.2), TNF-a (MP6-XT22), Granzyme B (NGZB), CD19
(eBio1D3), CD3e (145-2C11), NK1.1 (PK136), CD44 (IM7), B220 (RA3-6B2), CD11b
(M1/70), CD11c (N418), F4/80 (BM8), CD62L (MEL-14), CD27 (A7R34) MHCII
(M5/114.15.2), CD40 (HM40-3), CD86 (GL-1), Ly6G (1A8), Ly6C (AL-21).

Cytokine/chemokine assay

On day 1, 2, 3 and 7 post vaccination, skins at vaccine site were depilated, weighted,
mechanically disrupted in ice cold PBS (1 ml/sample) and centrifuged for supernatant
collection. The cytokines/chemokines in the supernatant were measured using Milliplex
mouse cytokine/chemokine panel (Millipore) according to the manufacturer's instructions.
Fluorescence signal was measured on Luminex 100/200 system and data were analyzed
using Excel software. Final cytokine/chemokine readouts were normalized by sample
weight.

Quantification of peptides (gp100 and OVA-I) in L-Tyrosine formulation

After the peptide/L-Tyrosine co-precipitation (as described in vaccination section), the final
volumes of the supernatant and crystal fractions were determined to be 2.85 mL and 1.15
mL, respectively. The individual fractions were stored at 4 °C until analysis. Peptide stock
(2.49 mg/mL) and intermediate (100 ug/mL) solutions were prepared in water, and were
stored at 4 °C until analysis. The intermediate solution was used to prepare calibration
standards at 50.0, 25.0, 10.0, 2.00, and 1.00 pg/mL concentrations in water. Prior to sample
processing, the peptide loaded particle and supernatant fractions were warmed to room
temperature. The peptide-loaded L-Tyrosine particles contained in the crystal fraction were
dissolved by an addition of 4 mL of formic acid followed by gentle vortex-mixing. Once the
particles were completely dissolved, an additional 1.88 mL aliquot of water was added to the
sample to increase the final sample volume to 7.00 ml. In prior to analysis, three individual
sample dilutions were prepared at 10x, 50x, and 100x in water.
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LC-MS/MS System Conditions

Sample analysis was performed on an Agilent 1290 Infinity Binary UHPLC coupled to an
Agilent 6460 tandem-mass spectrometer. Mobile phase A (MPA) and mobile phase B
(MPB) used for this study were 0.1% formic acid in water and 0.1% formic acid in
acetonitrile, respectively. The chromatographic column used was an Agilent Zorbax RRHD
Eclipse Plus C18 (2.1 x 50 mm, 1.8 micrometer; dead volume: ~0.12 mL; dead time: ~0.60
min at 0.200 mL/min). The column was heated to 40 °C, and the chromatographic flow rate
was 0.200 mL/min. The gradient elution program was set as follows: dwell at initial
conditions of 90:10 MPA:MPB for 1.5 minutes post-injection; ramp to 20:80 MPA:MPB at
4.0 minutes post-injection; ramp to 0:100 MPA:MPB at 5.0 minutes post-injection; and ramp
back to initial conditions (90:10 MPA:MPB) at 5.5 minutes post-injection until the gradient
stops at 6.5 minutes post-injection. The overall cycle-time for a single injection was
approximately 7.0 minutes. The mass spectrometer acquisition source parameters were as
follows: source: Agilent Jet Stream ESI source; gas temperature: 275°C; gas flow: 6 L/min;
nebulizer: 40 psi; sheath gas temperature: 325 °C; sheath gas flow: 9 L/min; capillary
voltage: +3,750 V; nozzle voltage: 0 V. The molecule specific acquisition parameters were
as follows: precursor to product transition: m/z 490.n2 to m/z 848.4; MS1 and MS2 were set
to unit resolution; dwell time: 250 ms; fragmentor voltage: 100 V; collision energy voltage:
10 V; cell acceleration voltage: 7 V; and the source polarity was set to positive mode.

Statistical analysis

Results

All results are expressed as mean + s.e.m (standard error of the mean. Group size was at
least 3 mice per group. Tumor challenge experiments had group size of 10 mice/group. Data
were analyzed using unpaired t-test where p value < 0.05 is considered as significant.
Survival experiments used log-rank (Mantel-Cox) test for survival analysis. All experiments
were repeated at least once with comparable results.

L-Tyrosine formulation potentiates peptide vaccine-induced CD8 T cell responses

L-Tyrosine is an amino acid with poor water-solubility and the capacity to adsorb
macromolecular grass and tree allergens during pH change-induced flash-precipitation
(figure S1A and S1C) (10). /n vivo, injected L-Tyrosine microparticles dissolve over a
period of several days and L-Tyrosine-formulated macromolecular grass and tree pollen
allergens have been used in human allergen desensitization vaccines (10, 12). Here, we
tested whether L-Tyrosine could also be used as a short-term slow release formulation for
short (9 amino acid) gp100,5_33 (hereafter referred to as gp100) antigenic peptide. After co-
precipitation of L-Tyrosine and gp100 peptide (hereafter referred to as gp100/L-Tyrosine),
we determined the gp100 peptide content in the resulting microparticles (Table SI).
Approximately 25 percent of initial gp100 peptide input was reproducibly retained in the
gp100/L-Tyrosine formulation. We previously showed that covax (a molecularly defined
adjuvant consisting of agonistic anti-CD40 antibody, the Toll-Like Receptor (TLR)7 agonist,
imiquimod, and IL-2) could remarkably improve vaccination-induced CD8+ T cell
responses (9). We therefore vaccinated mice with gp100/L-Tyrosine and covax and
measured the resulting gp100-specific pmel-1 T cell response. gp100/L-Tyrosine induced
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superior T cell numbers in peripheral blood compared to the equivalent dose (50 pg/mouse)
of gp100 in saline formulation (figure 1A). Functionally, L-Tyrosine induced similar IFN-y
but significantly less granzyme B production by pmel-1 T cells (figure 1B and 1C). Three
hundred days later, gp100/L-Tyrosine-vaccinated mice contained significantly more memory
T cells than mice vaccinated with gp100/saline. T cells in both groups displayed a central
memory (CD62LhiCD127hi) phenotype (figure 1D). Noticeably, peptide formulated in
either the D- or L- optical isomer of Tyrosine induced similar T cell responses, suggesting
the ability of L-Tyrosine's to form microparticles was more important for its vaccine
adjuvant activity than its possible pharmacological activity (figure S2A). In the absence of
covax, gpl00/L-Tyrosine induced a very modest pmel-1 T cell response (figure S2B),
confirming the importance of including specific APC-activating (TLR7 agonist and agonistic
anti-CD40 mAb) and T cell survival signals (IL-2) for inducing a robust T cell response after
vaccination with synthetic peptides.

L-Tyrosine-based vaccination induces chemokine production and immune cell recruitment
without direct activation of dendritic cells or inflammasome

Successful vaccination requires the induction of local inflammation, resulting in recruitment
and activation of antigen presenting cells (APC) such as dendritic cells (DC). To understand
the contribution of these processes in gp100/L-Tyrosine-induced T cell immunity, we
characterized chemokine production and leukocyte recruitment at the cutaneous vaccination
site. L-Tyrosine microparticles did not induce upregulation of co-stimulatory molecules such
as CD86 and CD40 on DCs (figure 2A and 2B). Instead, L-Tyrosine induced particularly
high expression of the granulocyte/neutrophil attractant, CXCL-1, as well as G-CSF, which
was accompanied by increased recruitment of neutrophils to the vaccination site (figure 2C,
2D, 2E and 2F). To determine whether this neutrophil recruitment contributed to superior
CD8 T cell priming by L-Tyrosine microparticles, we depleted neutrophils with a Ly6G-
specific antibody. We found no difference in gp100-specific CD8 T cell responses between
Ly6G-depleted and control groups (figure 3), suggesting that while the particulate nature of
L-Tyrosine vaccine triggered the influx of neutrophils, these did not contribute to the
enhanced T cell priming.

Because particulate materials have previously been shown to exert vaccine adjuvant activity
through inflammation mediated by activation of the inflammasome (13, 14), and the
recruitment of neutrophils is a strong indicator of inflammation (15), we determined whether
the adjuvant activity of L-Tyrosine was mediated by the inflammasome. We measured gp100
specific pmel-1 T cell responses after L-Tyrosine vaccination in wild-type and genetically
inflammasome-deficient ASC knock-out mice. We found no difference in T cell response
among wild-type and genetically inflammasome-deficient ASC-KO mice (figure 4A). In
addition, vaccination with gp100 peptide mixed with “empty” L-Tyrosine microparticles
(preparation shown in figure S1B) did not improve T cell response, as opposed to
vaccination with co-precipitated gp100 peptide and L-Tyrosine (figure 4B). Thus the vaccine
adjuvant activity of L-Tyrosine required co-precipitation of peptide and L-Tyrosine into
mixed microparticles, and “empty” L-Tyrosine microparticles did not demonstrate any
vaccine adjuvant activity even when co-injected with free peptide antigen, as would be
expected if the microparticles induced local inflammation. Taken together, the activity of L-
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Tyrosine did not appear to be mediated by inflammasome activation or direct activation of
APCs.

L-Tyrosine formulation extends the duration of antigen presentation

Since L-Tyrosine was only active when co-precipitated with peptide, we hypothesized that
L-Tyrosine extends the duration of peptide presentation to naive CD8+ T cells compared to
free peptide delivered in saline. To test this hypothesis, we vaccinated mice with gp100/L-
Tyrosine, gp100/saline or gp100/1FA (all with covax) and then transferred CFSE-labeled,
naive gp100-specific pmel-1 CD8 T cells at different time points after vaccination. IFA
formulation with peptide was included because it has been well documented to extend Ag
presentation time over a long period of time and served as a positive control (9, 16, 17). The
productive presentation of gp100 peptide antigen in vivo was detected by measuring the
proliferation of naive gp100 specific pmel-1 T cells, as indicated by CFSE dilution, at 72
hours after their adoptive transfer. We found that gp100/L-Tyrosine extended the duration of
gp100 peptide presentation beyond gp100/saline by approximately 3-4 days, but not to the
extent caused by gp100/IFA, which was still potently presented after 98 days, in line with
our previous observations (figure 5 and figure S3 and (9)). Thus, L-Tyrosine microparticles
functioned as a peptide vaccine formulation that caused an intermediate duration of antigen
presentation to T cells /n vivo.

Repeated dosing of free peptides recapitulates the vaccine adjuvant effect of single-dose
L-Tyrosine-formulated peptides

Since the extended duration of Ag presentation by L-Tyrosine formulation correlated with its
ability to induce a superior T cell response, we determined whether a similar result could be
attained by extending Ag presentation through repeated injections of unformulated, soluble
peptide. Indeed, T cell levels were very comparable between mice receiving 1 dose of
gp100/L-Tyrosine and 3 doses of gp100/saline on 3 consecutive days (figure 6A), while
cytokine (IFN»/TNFa) production was reduced (figure 6B). This may explain why tumor
rejection after repeated peptide injection was improved compared to single gp100/saline
injection, but still not efficient as gp100/L-Tyrosine (figure 6C).

To rule out the possibility that our findings applied uniquely to our specific model system
based on gp100 antigen and gp100-specific, transgenic T cells, we examined endogenous T
cell responses to gp100 and OVA-I557_264 (SIINFEKL) peptides. When testing endogenous
T cell responses to gp100, we observed a very low response after 1 vaccination, likely due to
the reported very low T cell precursor frequency to this self antigen (18). However, after 2
booster vaccination, mice receiving gp100/L-Tyrosine showed a dramatically stronger
gp100-specific CD8+ T cell response than mice receiving gp100/saline (figure 7A). We then
tested endogenous T cell responses to the unrelated non-self antigen, OVA-I, and observed a
strong CD8+ T cell response after two vaccinations, with OVA-I/L-Tyrosine and especially
three successive daily OVA-I/saline vaccinations giving a clearly enhanced T cell response.
Overall, these results demonstrate that approaches that prolong antigen presentation in vivo
deserve further investigation in the development of human cancer vaccines.
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Discussion

Cancer vaccines are widely explored as a mean to induce tumor-specific T cells, but thus far
clinical success has been limited. One reason is a profound lack of sufficiently potent
vaccine adjuvants available for the potentiation of cancer vaccines aimed at inducing robust
tumor-specific T cell responses. Vaccine adjuvants can be broadly categorized into 2 groups:
Ag delivery systems and immunopotentiators (19-21).

Most Ag delivery systems influence the availability of Ag /n vivo, either by protecting Ag
from rapid clearance (e.g. by proteases) and/or delivering the Ag to LN, either directly or
indirectly (by targeting tissue APC that traffic to LN). Importantly, Ag delivery systems can
also serve as carriers for immunopotentiators) as well as function as innate immune
activators themselves. For example, IFA and other water-in-oil emulsion adjuvants
(Montanide™ oil series, SEPPIC Corp.) can both retain and slowly release the Ag at the
vaccination site and cause local inflammation(16). Alum, which has been used for over 80
years, is the most widely used vaccine adjuvant for human and veterinary vaccines(20). The
Ag depot effect has generally been accepted as a major mechanism of action of alum until
recently. Hutchinson et al. showed that Ab production induced by alum remained intact even
when the injection site was surgically removed shortly (2 hours) after vaccination(22). This
observation suggested adjuvant activity of alum is likely due to its immunopotentiating
activity. Indeed, alum was shown to activate the NALP3 inflammasome in DC (23).
Inflammasome activation results in production of pro-inflammatory cytokines such as IL-1p
and IL-18 (24) (25). In contrast, the adjuvant activity of L-Tyrosine microparticles did not
require inflammasome activation, but could be largely mimicked by extending Ag
presentation through repeated Ag injection, suggesting the depot function of L-Tyrosine was
a major determinant of its adjuvant activity. Micro- and nanoparticles that can be generated
in well-defined structure, size, and shape, offer several advantages in vaccine design.
Particles can be loaded with Ag and different molecular immunopotentiators (e.g. STING
agonist cdGMP, TLR9 agonist CpG etc.), and target desired cell types (such as APC) or
tissues (such as lymph nodes or tumors)(26-30). Size, shape, half-life, surface charge,
hydrophobicity, material choice as well as the type of physicochemical interaction with
peptide all contribute to adjuvanticity of particles. In terms of size, particles with the size of
200 nm or larger are trapped by local APC which eventually migrate to draining LN.
Particles of 20-200 nm drain passively through LN where they will be taken up by LN
resident DC (17, 24). Particles smaller than 10 nm drain through blood capillaries (30).
20-200 nm size range is ideal for DC while 500 nm or larger preferentially target
macrophage (32). Micro-/nanoparticles can activate innate immune components, depending
on their materials. Poly(D,L-lactic-co-glycolide) (PLG) and polystyrene particles are
Inflammasome activators enhancing IL-1p production by DC in a phagocytosis-dependent
manner (31) while carbon nanotubes activate the complement system and subsequent
inflammatory responses via binding to the complement factor, C1q(33). The lipid layer of
liposomes can be positively charged (cationic liposome) to promote interaction with cell
membranes (which is negatively charged)(34). The persistence of particle liposomes in vivo
can be extended when they are coated with polyethylene glycol (PEG) or other
biocompatible polymers(35). Beside the half-life of Ag carriers, Ag — carrier interaction is
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another factor controlling Ag persistence. Generally, encapsulation and chemical
conjugation provide stronger interaction between Ag and carrier than adsorption which is
basically a charge or hydrophobic interaction(30). Virus-like particles (VLP), formed by
viral structural proteins, are distinct from other antigen delivery systems due to their unique
formation. Repetitive antigenic epitopes displayed on VVLP cross-link B cell receptors,
leading to humoral responses while their ability to target to DC (and be cross-presented on
MHC Class I) is responsible for cellular response(36—38). Target antigens can be genetically
fused with structural proteins in non-enveloped VLP or integrated in the outer surface
(derived from host cell membrane) in enveloped VLP (39).

Immunopotentiators induce co-stimulatory signals on APC to increase immune responses. In
the current study we used a combination of 3 defined immunopotentiators: IL-2, CD40
agonist mAb and imiquimod, collectively called covax. This combination of multiple
specific immunological signals, similar to those induced by a viral infection, induces a
potent and functional T cell response to suppress established tumors. Versions of covax that
include 1 or 2 of these 3 components are dramatically less powerful (data not shown).
Indeed, experimental single-agent vaccine adjuvants such as IFA, GM-CSF or poly I:C have
met with limited success in clinical trials of vaccines against established tumors.

L-tyrosine microparticle adjuvant has been used clinically in pollen allergy vaccines and its
safety has been extensively documented(12). Formulated with pollen allergens it promotes
Th1 (particularly 1gG2a) antibody responses and therefore desensitizes allergic
reactions(40). In comparison, same allergens formulated with alum induce Th2 responses.
Although the exact nature of the interaction between L-tyrosine particles and peptide
antigens remains to be thoroughly investigated, we speculate that peptide antigen is adsorbed
to L-tyrosine by hydrophobic interaction. Our preliminary observation suggests that peptides
with higher grand average hydropathy (GRAVY) scores may adsorb more efficiently to L-
tyrosine particles (unpublished data). As previously mentioned, the interaction between Ag
and other delivery systems can be manipulated through chemical conjugation, encapsulation
or charge interaction. It would be interesting to compare the activity of such other Ag
delivery platforms with L-tyrosine. In particular, it would be interesting to examine the
relationship between the duration of Ag presentation of different Ag formulations with the
magnitude and quality of the T cell responses they induce. However, beside a certain
duration of Ag presentation, each Ag delivery system will have additional, unique attributes,
including the ability to activate the inflammasome and complement systems, to attract influx
of specific immune cells, particle size, stability and propensity for /n vivo dispersal, surface
charge and resulting uptake by specific (immune) cell types. This would make it impossible
to isolate the impact of duration of Ag presentation on T cell immunity from a study of
multiple different vaccine adjuvants. To more directly probe the impact of extended duration
of Ag presentation on T cell response, we therefore administered peptide in saline over a
varying number of days, keeping all other variables constant, and found that duration of Ag
presentation was a powerful driver of T cell immunity. This demonstrated that prolonging
the availability of Ag by repeated administration directly induced a more powerful T cell
response. It is important to recognize that different vaccine adjuvants and formulations have
many important effects on T cell immunity beyond controlling the duration of antigen
presentation. It is also quite possible that individual peptides may benefit most from
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different vaccine adjuvants, depending on the unique physicochemical attributes of the
peptide. In our studies, gp100-specificic immunity was strongly enhanced by formulating
the gp100 peptide in L-Tyrosine as well as by repeated peptide administration in saline,
while OVA-specific immunity was only modestly enhanced by formulation in L-Tyrosine,
and benefited from more repeated administration in saline. It will therefore be interesting to
determine, for individual peptides, the relative potency and safety of the wide variety of
currently approved and experimental vaccine formulations and adjuvants, including L-
Tyrosine microparticles and repeated peptide administration in saline, in order to gain a
deeper understanding of their relative utility in clinical vaccine applications.

The contribution of Ag exposure time to the expansion and differentiation of T cells has
been previously recognized. Initial studies suggested that a very brief Ag stimulation (~2
hours) was enough for CD8 T cells to enter autonomous clonal expansion (41, 42).
Subsequent studies showed that longer antigenic stimulation (20-64 hours) was required for
CD8 T cell to acquire full effector function and memory differentiation after expansion (43—
45). In vitro settings used in these studies, however, did not truly mimic conditions of T cell
priming. To overcome such shortcomings, independent groups used L/steria monocytogenes
(LM) infection followed by antibiotic treatment as an /7 vivo model to study the role of Ag
presentation time to CD8 T cell response. Mercado et a/. showed that the magnitude and
kinetics of Ag specific T cell response was only determined within the first 24 hour of LM
infection(45)(44). Williams et a/. found that reducing infection time diminished memory
differentiation but not expansion of CD8 T cells (47). Importantly, when LM was increased
to high dose (10 folds), reduction of infection time had minimal effect on memory CD8 T
cell differentiation. The authors proposed that the initial dose of Ag and co-stimulatory
signals/cytokines dictated the differentiation of effector to memory T cells. However,
another possibility was that high dose LM infection resulted in more Ag that required longer
time for complete clearance after antibiotic administration. In fact, manipulating bacterial
clearance through antibiotics was a caveat of these studies. Although antibiotics block the
production of new protein Ag, previously produced Ag requires time to be completely
cleared and meanwhile can still prime T cells. Also, antibiotics curtail pathogeninduced
innate immune activation by nucleic acids and TLR ligands. To circumvent these issues,
Prlic et al. developed a model using peptide loaded-diphtheria receptor (DTR) expressing
DC to finely tune Ag presentation time(48). The authors found that duration of TCR
stimulus controlled the magnitude but not functionality of CD8 T cells response. Blair et al.
altered the Ag availability to T cells by employing monoclonal Ab that blocks Ag/MHC
from engaging TCR of Ag specific T cells(49). With this elegant model, they reached similar
conclusions as Prlic and colleagues. However, in all these cases, the natural duration of Ag
presentation was shortened, reducing the resulting T cell response level. In a setting of anti-
cancer vaccination, the goal would be to induce a T cell response of the greatest magnitude
and anti-tumor function. We therefore employed an opposite tactic where Ag presentation
was not limited but extended beyond its “natural” duration (i.e. the ubiquitously employed
single injection of peptide Ag), either by formulation with L-tyrosine or through repeated
injection of peptide in saline. Using this approach, we confirmed the critical contribution of
Ag exposure time for the activation and differentiation of CD8 T cells, and demonstrate that
artificially extending the duration of Ag presentation results in superior T cell number and
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consequent anti-tumor activity. Importantly, repeated injection of free peptide model
circumvents shortcomings of using different formulations to study contribution of Ag
presentation to T cell responses for reasons mentioned above. Theoretically, the magnitude
of T cell response by prolonged Ag stimulation may be controlled by number of Ag specific
T cell recruited to clonal expansion (50). Nonetheless, Ag specific T cells were recruited to
clonal expansion very efficiently in our vaccine settings, with virtually no naive T cells
remaining after 5 days, regardless of vaccine formulation (data not shown). This finding is
consistent with previous reports, where naive T cell precursor recruitment was also highly
efficient and near-complete (41, 48, 51). Therefore, we conclude that increased magnitude of
CD8 T cell response either after L-Tyrosine or by repeated injection is caused by increased
Ag driven clonal expansion rather than enhanced recruitment of Ag-specific naive T cells
into proliferation.

Intriguingly, although repeated injection of peptide and L-Tyrosine formulation induced
similar tumor specific T cell levels, the resulting anti-tumor efficacy of L-Tyrosine was more
potent. This discrepancy could imply that L-Tyrosine has other, undiscovered impacts on T
cell responses besides the extended Ag presentation effect we described here. In fact, meta-
and ortho-Tyrosine have been shown to mediate a form of concomitant tumor resistance, a
phenomenon where primary tumor suppresses the growth of distant secondary tumors (52).
L-Tyrosine used in our vaccine, however, was para-L-Tyrosine, which was described as not
mediating concomitant immunity. It appears more likely that 3 daily injections of peptide in
saline and 1 injection of peptide in L-Tyrosine microparticles do not produce identical
kinetics of Ag release and presentation by APCs, resulting in similar quantity but not quality
of the ensuing T cells response, as we observed. This indicates that there may be more
effective regimens of repeated Ag injection, for example a gradual increase of Ag dose
followed by a gradual decrease over time, more closely mimicking the kinetics of Ag
production during a viral infection; these permutations remain to be explored. From a
clinical perspective, repeated Ag injection in saline is attractive because it simplifies the
preparation process but it will complicate the administration since patients will have to
remain hospitalized for multiple days. In contrast, formulating Ag in an appropriate depot
adjuvant will complicate vaccine preparation but reduce the patients' hospital stays. The dose
and frequency of Ag administration may depend on the kinetics of Ag presentation and are
likely to be unique for each peptide, based on its solubility, length, susceptibility to proteases
and peptidases, and affinity for the MHC Class | binding groove, which protects bound
peptides from degradation. T cells with a low affinity TCR are less likely to undergo
prolonged expansion than high affinity T cell clones (53, 54). A recent report described a
mathematical model that helps predict T cell response basing on antigen affinity and dose
(55). If broadly applicable, this model could be very helpful in determining optimal peptide
dose and possibly schedule of administration. Still, in formulation with L-Tyrosine, the
kinetics of Ag presentation of an individual peptide will depend on the efficiency to
(dis)associate with L-Tyrosine microparticles, and how long the peptide will persist once
released in vivo. Future refinements in peptide vaccine adjuvants may include formulations
that are relatively insensitive to the physicochemical nature of the antigenic peptide,
allowing for standardized peptide incorporation efficiency. This will facilitate the
development of multi-peptide vaccines, reducing the chance of tumor escape through Ag
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loss (54, 55, 56). Given recent progress in the design of therapeutic vaccines, including
tumor Ag selection, Ag delivery platform, and immunopotentiators, the development of
effective therapeutic vaccine for cancer is accelerating. The duration of antigen presentation
is an important parameter that can be controlled through vaccine formulation to drive more
effective anti-cancer T cell responses for the therapy of patients with cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
L-Tyrosine is a potent vaccine adjuvant for the induction of CD8+ T cell responses. A)

Pmel-1 T cell level as a percentage of CD8 + T cells in the blood of mice at different time
point. B) IFN-y and C) granzyme B production by pmel-1 T cells. D) Memory phenotype of
pmel-1 T cells on day 300 post vaccination. Mice received 8x10° pmel-1 T cells and
indicated treatments on day 0. Peptide dose was 50 pg per mouse. Data are shown as the
mean + s.e.m. Statistical differences between the two groups were determined by student t-
test. n = 5 mice per group per experiment. Data are representative of 3 independent
experiments.*: P< 0.05, **: P< 0.01, ns: not significant.
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Figure 2.

Local inflammatory response to L-Tyrosine-based vaccination. L-Tyrosine did not induced
CD86 and CD40 upregulation on dendritic cells at VALN (A and B) but induced chemo-

attractant CXCL-1 and G-CSF at vaccine site (C and D). L-Tyrosine induced massive
neutrophil (CD11b+, MHCII-, F4/80-, Ly6G+) infiltration to vaccine site (E and F).

Statistical differences between the two groups were determined by the unpaired two-tailed t-

test. n = 3-4 mice per group per experiment. Data are representative of 2 independent

experiments (mean £ s.e.m.). *: P< 0.05, **: P< 0.01, ns: not significant. VALN: vaccine

draining lymph node, DC: dendritic cell.
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Figure 3.

Neutrophils do not contribute to T cell priming after L-Tyrosine vaccine. Anti-Ly6G Ab was
given 2 days prior to vaccination and every 3 days afterward. A) Pmel-1 T cells level in the
blood after indicated treatments were shown. The depletion of Ly6G population was
confirmed in peripheral blood (B) and the skin at vaccine sites (C) on day 4 after
vaccination. Mice received 8x10° pmel-1 T cells and indicated treatments on day 0.n =5
mice per group. Data are representative of 2 independent experiments.
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L-Tyrosine adjuvant activity does not require inflammasome activation. A) No difference in
T cell responses between wild-type and ASC KO groups was found, regardless of vaccine

formulations. B) L-Tyrosine adjuvant activity requires peptide co-precipitation. Mice

received 8x10° pmel-1 T cells and indicated treatments on day 0. n= 5 mice per group. Data
are representative of 3 independent experiments. WT: wild type, ASC KO: ASC knockout.
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Figureb.

L-Tyrosine formulation extends the duration of antigen presentation. A) A schematic of the
experiment design. All mice were treated with indicated treatments on day 0. At indicated
time points, 2x108 CFSE labeled pmel-1 CD8+ T cells were transferred to hosts. 72 hours
post transfer, vaccine draining lymph nodes were harvested and CFSE dilution of pmel-1 T
cells was measured by flow cytometry. n = 3 - 5 mice per group. Data are representative of 2
independent experiments.
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Figure6.
Anti-tumor efficacy of different vaccine formulations regimens. Mice received 8x10° pmel-1

T cells and indicated treatments on day 0. A) Pmel-1 T cell response after different vaccine
formulations were followed and B) their function at day 7 post vaccination was shown
(mean £ s.e.m.). C) Anti-tumor efficacy of corresponding groups of the same experiment. n
=10 - 20 mice/group. Peptide dose was 50ug per mice. Data pooled from 2 independent
experiments. Differences in survival among groups were compared using log-rank test. *: P<
0.05, **: P< 0.01, ns: not significant, n/a: not available.
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Figure?.
T cell responses from the endogenous repertoire. A) Endogenous gp100 specific T cell

responses after saline and L-Tyrosine vaccines, detected by IFN-y positive CD8 T cells. B)
Endogenous OVA-I specific T cell responses after saline and L-Tyrosine vaccines, detected
by OVA-I dextramer H2-Kb positive CD8 T cells. Boosters were given as indicated times,
with same dose and formulations as for priming. n = 3 - 5 mice per group.
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