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ABSTRACT

Recent studies have shown a high potency of protein-based vaccines for cell-me-
diated cancer immunotherapy. However, due to their poor cellular uptake, effi-
cient immune responses with soluble protein antigens are often not observed.
As a result of superior cellular uptake, nanogels loaded with antigenic peptides
were investigated in this study as carrier systems for cancer immunotherapy.
Different synthetic long peptides (SLPs) containing the CTL and CD4* T-helper
(Help) epitopes were synthesized and covalently conjugated via disulfide bonds
to the polymeric network of cationic dextran nanogels. Cationic nanogels with
a size of 210 nm, positive zeta potential (+24 mV) and high peptide loading
content (15%) showed triggered release of the loaded peptides under reducing
conditions. An in vitro study demonstrated the capability of cationic nanogels
to maturate dendritic cells (DCs). Importantly, covalently SLP-loaded nanogels
adjuvanted with poly(l:C) showed superior CD8* T cell responses compared to
soluble peptides and nanogel formulations with physically loaded peptides both
in vitro and in vivo. In conclusion, covalently SLPs-loaded cationic nanogels are
a promising system to provoke immune responses for therapeutic cancer vacci-
nation.
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INTRODUCTION

Therapeutic vaccination has attracted much attention in recent years as a prom-
ising strategy for the treatment of different types of cancers. Stimulation of CD8*
cytotoxic T lymphocytes (CTLs) and CD4* T- helper (Th) cells through MHC class
| and class Il pathways, respectively, is fundamental to induce effective antitumor
responses 3. Dendritic cells (DCs) as the most specialized antigen-presenting
cells (APCs) play a crucial role in the activation of T-cell immune responses and
subsequent tumor eradication 48, Synthetic long peptides (SLPs) including CTL
and Th epitopes were successful in clinical trials against several tumor types due
to their remarkable ability to elicit a cellular immune response °''. Despite su-
perior characteristics compared to protein-based vaccines '3, SLPs have also
important drawbacks including their susceptibility for enzymatic degradation,
rapid clearance from the injection site and poor cellular uptake that limit their
therapeutic efficacy %10 415,

Different vehicles have been developed to formulate SLPs as well as other sol-
uble antigens with the aim to improve their therapeutic effects '¢%2. Montanide,
a water-in-oil emulsion-based vaccine formulation has been extensively used
in clinical trials to deliver SLPs into DCs 2%, In 2011, a phase lll clinical trial
was conducted in patients with advanced melanoma. Three subcutaneous injec-
tions at 3 week intervals of Montanide-based vaccine (gp100209-217) showed
significant improvement in response rates and progression-free survival com-
pared to interleukin-2 treatment alone 26. Oka et al. showed strong induction of
antigen-specific CD8* CTL responses in patients immunized with WT-1-derived
peptide vaccine in Montanide #. However, it was shown that due to T cell dys-
function and deletion resulting from the depot at the injection site, complete tu-
mor eradication did not occur®®. Therefore, due to the drawbacks of these emul-
sion formulations such as local adverse side effects at the site of injection, poor
stability and non-controlled release kinetics, alternative delivery methods like
particulate delivery systems have recently gained growing interest 2°-3, Self-as-
sembling peptide-based systems are an alternative approach to enhance the
cellular uptake of peptides and raise immunogenicity against peptide epitope
vaccines %2, Black et al. showed that self-assembled diC16-OVA provide effective
in vivo protection from tumors by stimulating OVA-specific T-cells. By anchoring
the hydrophobic tail into cell membranes, these nano-sized micelles improve the
DCs uptake without TLR stimulation .

Moreover, it has been demonstrated that poly(lactic-co-glycolic acid) (PLGA)
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nanoparticles can be used to encapsulate SLPs and provoke T-cell responses.
By optimizing these nanoparticles regarding loading and release as well as size,
Silva et al. showed an enhanced CD8+ T cell activation in vitro when compared to
soluble peptides3*. Hamdy et al. showed effective activation of T cells and induc-
tion of therapeutic antitumor effects in B16 melanoma tumors by co-encapsu-
lating of TRP2,, ... along with TLR ligand A into PLGA nanoparticles *. L-BLP25,
a liposome-based vaccine showed strong survival rates in phase | and Il trials in
non-small cell lung cancer patients . In a recent in vivo study, Varypataki et al.
showed a remarkable capacity of cationic liposome formulation as an antigen
delivery system ' indicating that particulate systems are attractive candidates as
SLP delivery platforms with clinical translation potential.

Among various nanoparticulate systems, nanogels have shown excellent prop-
erties as systems for the intracellular delivery of biopharmaceuticals including
therapeutic antigens 342, These nano-sized crosslinked networks are able to load
biopharmaceuticals such as proteins and peptides and to protect them against
undesirable (enzymatic) degradation -4, Their properties can be tailored by
varying the particle size, cross-link density and surface chemistry (PEGylation
and targeting ligand decorations) #4648, The particle size and surface chemistry
of nanogels largely influence their internalization by different cells. It has been
shown that the uptake of relatively large particle (>1 um) occurs by phagocyto-
sis, whereas particles with a size between 500 nm - 1 pm are taken up via micro-
pinocytosis 4. Smaller particles (<100 nm) are internalized via clathrin-mediated
or cavelae-mediated endocytosis. Further, positively charged nanogels are less
cytocompatible than neutral or negatively charged particles *°. Furthermore, the
loaded biotherapeutics can be released from nanogels in a sustainable and con-
trollable manner due to hydrolytic degradation of the network which in turn is
dependent on the selected building blocks 52, Importantly, triggered release
of biotherapeutics from responsive nanogels can be acquired in response to
biological stimuli (e.g. pH, enzymes and reducing agents) #> %%, Zhong et al.
showed that 95% of cytochrome C loaded in reduction sensitive nanogels was
released under reductive conditions. These nanogels loaded with this protein
showed more cytotoxic effects against tumor cells compared to free cytochrome
C %8, Tang et al. developed enzyme responsive nanogels in which a polymeric
shell composed of peptide crosslinker was formed by free radical polymeriza-
tion on the surface of the protein. The entrapped protein can be released upon
recognition and cleavage of the peptide crosslinker by furin, a peptidase present



in the Golgi apparat *°. These features make nanogels attractive systems for anti-
gen/vaccine delivery. In a recent study, Li et al. showed strong in vivo antitumor
responses elicited by ovalbumin protein-loaded in nanogels. The strong features
in that study were that the ovalbumin as a model antigen was very conveniently
loaded into the pre-fabricated nanogels by electrostatic interactions, that the ov-
albumin could subsequently be fixed into the nanogel by formation of a covalent
disulfide bond between the protein and the nanogel network, and the protein
was released by disulfide reduction in the lysosomes after internalization of the
nanogels by dendritic cells. It was shown that these ovalbumin loaded cation-
ic nanogels provoked robust antigen specific T-cell responses resulting in high
percentage (40%) of regression of established tumor and substantial delay in
tumor progression in vivo ®. Therefore, these cationic nanogels are a potentially
interesting delivery system for SLPs for cancer immunotherapy. Moreover, these
nanogels have attractive advantages compared to other particulate systems in
terms of loading of sensitive peptides during the manufacturing process. The
peptides are loaded into the nanogels after particle formations (post-loading)
which avoids possible unwanted modifications and aggregation of the peptides
under harsh process conditions, e.g. the use of organic solvents and high shear
forces, applied for the preparation of polymeric nanoparticles based on aliphatic
polyesters of the PLGA/PLLA family of polymers.

In the present study, we explored the potency of SLP-loaded nanogels for the
induction of T-cell responses. For that purpose, four SLPs covering CD8* and
CD4* epitopes were synthesized and loaded both physically and chemically in
cationic dextran-based nanogels. The formulated nanogels were characterized
for size, zeta-potential and release profile in vitro. The capability of SLP loaded
nanogels in priming antigen-specific T-cells was assessed in vitro. Finally, an in
vivo study in mice was conducted to evaluate the antitumor immune response of
these antigen-loaded nanogels.

RESULTS AND DISCUSSION

Peptide synthesis and characterization

Four peptides (CTL, Help, Cys-CTL and Cys-Help) were synthesized by solid-phase
peptide synthesis (Table 1). The synthesized peptides were purified by Prep-
HPLC to at least 90% purity and the obtained yields for the different peptides
were approx. 40%. The UPLC chromatograms of the synthesized and purified
peptides are shown in Figure 1. Mass spectroscopic analysis (Figure 2) showed
that the main peaks eluting at approximately 5 min (Figure 1A), 9 min (Figure
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1B), 13 min (Figure 1C) and 10 min (Figure 1D) correspond to CTL SLP, Cys-CTL
SLP, Help SLP and Cys-Help SLP, respectively. To explain, MS analysis showed the
[M+2H]?* of the main peaks at m/z 1317.7, 1369.3, 1232.1 and 1283.6 which are
attributed to the masses of CTL SLP, Cys-CTL SLP, Help SLP and Cys-Help, re-
spectively. In the MS experiment, DTT was added to the samples before analysis.
Therefore no peaks attributed to the dimeric structures were observed, whereas
when the samples were not treated with DDT, extra peaks were present in the
chromatograms of Cys-CTL and Cys-Help (Figure 1) that according to MS corre-
spond with the dimeric peptides formed due to the disulfide formation between
the cysteine moieties. As listed in Table 1, the molecular masses of the differ-
ent synthesized peptides measured by MS are similar to the theoretical values

demonstrating that the aimed peptides were indeed obtained.
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Figure 1. UPLC chromatograms of SLPs. A) Help, B) Cys-Help, C) CTL, D) Cys-CTL
Preparation and characterization of nanogel formulations

It has been shown that small nanoparticles (~200 nm) can be internalized by
antigen presenting cells (APCs) and have a better ability to promote CD8+ T-cell
immunity, which is crucial for immunotherapy of cancer -0, Moreover, posi-
tively charged nanoparticles show the highest uptake by DCs. Therefore, in the
present study, we were aiming to have a high loading and preferable particles

that after loading still have a positive zeta-potential to allow uptake by DCs .
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Table 1. Characteristics of the synthesized peptides used in this study.

Calculated Observed A
2+ Molecular mass Isoelectric

Peptide name Peptide Sequence molecular [M+2H] .
(g/mol)* point (PI)
mass (g/mol) (g/mol)

CTL NH,-DEWSGLEQLESIIN- 2633.9 1317.7 2633.4 3.9
FEKLAAAAAK-COOH

™ Cys-CTL NH,-CDEWSGLEQLESI- 2737.1 1369.3 2736.6 3.9

INFEKLAAAAAK-COOH

Help NH,-DEWEISQAVHAA- 2462.6 12321 2462.2 4.1
HAEINEAGRE-COOH

" Cys-Help NH,-CDEWEISQAVHAA- 2565.7 1283.6 2565.2 4.1

HAEINEAGRE-COOH

‘Determined by mass spectroscopy (ESI)
™ Cysteine residue is located at the N-terminus of the peptide
~ Determined theoretically using an Innovagen peptide calculator program™

Following the inverse mini-emulsion technique # " cationic dextran nanogels
were obtained by exposing an emulsion of a dispersed water phase containing
soluble polymer (dextran methacrylate) and monomers (TMAEMA, linker) in a
continuous oil phase to UV irradiation, which resulted in photopolymerization
of the methacrylate units. The average size of obtained empty nanogels was 207
nm and the nanogels showed positive zeta potential (+24.7 mV) which can be
explained by copolymerization of TMAEMA monomers in the dextran network.
After washing and freeze-drying, the photo-crosslinked nanogels were loaded
both physically and covalently with the SLPs (CTL and Help) and Cys-SLPs (CTL
and Help), respectively. The negatively charged peptides (pl values ~4, table 1)
were absorbed into the cationic particles via electrostatic interactions, while the
peptides containing a cysteine amino acid residue were additionally linked to the
methacrylamide-disulfide linker that was present in the nanogels (Scheme 1). As
shown in Table 2, the nanogels were physically loaded with a high efficiency with
both peptides (CTL and Help) in a buffer of HEPES with low ionic strength (20
mm, pH 7.4). This demonstrates the capability of cationic nanogels for absorb-
ing oppositely charged peptides exploiting electrostatic interactions as a driving
force for the loading process. The obtained peptide-loaded nanogels were posi-
tively charged (zeta potential: +21-24 mV) and had an average size of about 210
nm and narrow size distribution (PDI <0.03).

The zeta potential of the nanogels slightly dropped from +24.7 to +22.6 mV
and +24.6 mV for covalent CTL and Help, respectively, which is in agreement
with a previous study where OVA was loaded into cationic nanogels®. This also



excludes that the peptides are adsorbed on the surface of the particles since
then a negative zeta potential will be measured. Thus, the loading of the pep-
tides had not affected the characteristics (size, charge) of the nanogels.

Table 3 shows that the CTL SLP was released from the nanogels in buffer of
pH 7.4 containing 150 mM NaCl, indicating that under these high ionic strength
conditions the electrostatic interactions between the polymer matrix and the
absorbed peptides were broken. In contrast to CTL SLP, the Help SLP was not
released in buffer of neutral pH and 150 mM NaCl. However, in a buffer of lower
pH (150 mM NaCL, pH 4) the loaded peptide was quantitatively released in 2
hours demonstrating the pH-dependent release property of this peptide (Table
3). Importantly, nanogels loaded with both Cys-CTL and Cys-Help showed high
loading even after two washings using the high ionic strength buffer (150 mM,
pH 7 and 150 mM, pH 4 for CTL and Help, respectively, Table 2) demonstrating
that these peptides were indeed immobilized/covalently linked to the nanogel
network by thiol-disulfide exchange reaction as observed previously for thiolat-
ed ovalbumin and thiolated RNase #>°’.
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Cationic dextran nanogels containing Immobilized SLPs into cationic nanogels
methacrylamide-disulfide linker

Scheme 1. Schematic representation of the cationic dextran nanogels containing N-(4-(2-(pyr-
idine-2-yldisulfanyl)ethyl)-amidobutyl) methacrylamide as linker (left), and SLP loaded nano-
gels (right).
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Table 2. Characteristics of SLP-loaded dex-MA-co-TMAEMA nanogels. Mean values with
corresponding standard deviations of three independently prepared batches are shown.

Dex-MA-co-TMAEMA z . (-potential Loading Loading
nanogels (nm) (mV) efficiency ® (%) content® (%)
Empty nanogels 207+3  +24.7+08 NA NA
Non-covalent CTL-loaded 210+6  +23.0£0.9 100 15.0£0.0
nanogels
Non-covalent Help- 212+3  +24.3%10 100 15.0£0.0
loaded nanogels
Covalent CTL-loaded 2065  +22.6+0.3 86.7+0.5 13.7+0.1
nanogels ¢
Covalent Help-loaded 215+2  +24.6+0.7 95.8+0.5 14.5+0.1
nanogels ¢

2Loaded peptide in nanogels/feed peptide weight x 100%
bLoaded peptide/dry peptide-loaded nanogels weight x 100%
¢ After washing with high ionic strength buffer of pH 7.4

4 After washing with high ionic strength buffer of pH 4.0

Table 3. Percentage of released non-covalently bound peptides from nanogels in low and
high ionic strength buffer of different pH. Mean values with corresponding standard devia-
tions of three independently prepared batches are shown.

Released in HEPES Released in PBS Released in PBS
Samples 20 mM 150 mM 150 mM
pH 7.4 (%) pH 7.4 (%) pH 4.0 (%)
Non-covalent
CTL-loaded 0.0 98.7+£7.7 NA
nanogels
Non-covalent
Help-loaded 0.0 0.0 95.5+3.9

nanogels

To prove the triggered release of covalently linked peptides from cationic nano-
gels in reducing condition, CTL peptide and HELP peptide formulations were in-
cubated in buffer containing glutathione as reducing agent. Figure 3 shows that
upon addition of glutathione, triggered-release of peptides was observed (80%
for Help SLP loaded nanogels and 100% for CTL SLP loaded nanogels) within 1
hour, revealing that the formed disulfide bonds between the linker present in the
nanogels and cysteine groups of the N-terminus of the peptide were cleaved un-



der these reducing conditions which lead to release of peptides from the nano-
gels. This rapid triggered release from reduction-sensitive dextran nanogels is
in line with our previous studies where proteins (ovalbumin or RNase A) were
reversibly immobilized into cationic and anionic nanogels, respectively, via the
same reducible linker 4>, This release pattern results attractive for vaccination
as the loaded peptides can be kept protected extracellularly and only released
upon internalization due to the exposure to the endosomal reductive environ-
ment.

2.5 mM GSH

= 100
X
& 80—
[}]
©
o 60—
2
S 40—
E —e— Cyc-CTL loaded NGs (covalent)
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=—i— Cyc-Help loaded NGs (covalent)
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0 2 4 6 8 10 12 14 16
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Figure 3. Release of Cys-Help and Cys-CTL from dex-MA-co-TMAEMA nanogels in PBS pH 4.0
and pH 7.4 at 37 C respectively; glutathione was added (2.5 mM final concentration) at 8 h.

Data are shown as mean + SD (n = 3).
Cytotoxicity and DC maturation

To determine the cytotoxicity of the different nanogel formulations, D1 dendritic
cells were stimulated for 24 h at different concentrations of the free peptides as
well as formulated in nanogels and cell viability and dendritic cell maturation
were evaluated. Figure 4 shows that both peptides in their free form at the high-
est concentration tested (25 g/mL) exhibited excellent cytocompatibility for D1
cells (viability > 95%). The nanogels (concentrations ranging from 2.7 to 175 g/
mL were well-tolerated by DCs, which is in agreement with our previous stud-
ies 50. However, at increasing concentrations (25 g/mL of peptide, 175 g/mL of
nanogels) some toxicity was observed for covalent HELP peptide loaded nano-
gels (viability 80%) and both CTL peptide formulations (viability 80%).
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Figure 4. The viability of D1 cells, incubated for 24 h with free peptides (CTL and Help),
non-covalent and covalent CTL peptide-loaded nanogels, non-covalent and covalent Help
peptide-loaded nanogels. The colorimetric reading at 490 nm of nontreated cells were set at

100%; the data are shown as mean + SD (n = 3).

Dendritic cells are susceptible to exogenous stimuli and can undergo matura-
tion upon the encounter of foreign substances. This process leads to the upreg-
ulation of costimulatory molecules that in turn will enhance T cell activation. The
ability of the nanogels to induce DC maturation was assessed by measuring the
expression of the two costimulatory molecules, CD40* and CD86* (Figure 5)72. As
expected, incubation of immature cells with LPS, as a positive control, resulted
in increased CD40* and CD86* expression. There were no marked effects on DCs
maturation in the presence of the free peptides (CTL and Help) while all nanogel
formulations caused the up-regulation of co-stimulatory molecules (CD40* and
CD86%) in a concentration dependent manner. These data are in line with pre-
vious studies in which it was reported that positively charged particles are able
to induce the maturation of DCs 7. Maturation of DCs has a vital role in efficient
DC-T cell interaction and of antigen-specific immune response initiation 2° 74,

In vitro antigen presentation

An essential step in the induction of a T cell response is the presentation of the
epitopes on MHC | or MHC Il molecules. The ability of dendritic cells to pro-
cess and present the peptide upon nanogel-mediated uptake was investigated
in vitro with the B3Z and OTIIZ T cell hybridoma reporter cell lines, which are
specific respectively for the CTL and helper epitopes of OVA. Immature dendritic
cells were pulsed for two hours with the free peptide or the different nano-
gels formulations and subsequently incubated with B3Z or OT IIZ cells for 24h.
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Figure 5. Nanogels induce maturation in DCs and upregulation of CD86* and CD40" co-
stimulatory molecules. A. Representative dot plots for the expression of the costimulatory
molecules CD40* and CD86* displayed for the highest concentration tested (25 pug/mL) after
overnight incubation of D1 DCs . LPS (1 ug/mL) is used as positive control for DC maturation.
B. Percentages of cells that upregulated CD40* and CD86 after overnight incubation with
titrated amounts of the indicated formulations. LPS (1 ug/mL) was used as positive control
and soluble CTL and Help peptides (25 pg/mL) were used as controls. The data are shown as

mean + SD (n=3).

Antigen-dependent T cell activation was measured via a colorimetric assay. As
shown in Figure 6A, the soluble peptides (CTL and Cys-CTL) display limited T cell
activation, attributable to the poor cellular uptake of soluble peptide by DCs. In
contrast, incubation of DCs with covalently conjugated CTL-loaded nanogels led
to significantly enhanced activation of CD8* T cells in a concentration-dependent
manner. Moreover, this effect was dependent on the covalent attachment of the
peptide to the nanogels, as the non-covalent CTL-loaded nanogels and physical
mixtures of nanogels and soluble peptides did not result in an increase of T cell
activation compared to free peptide. This could indicate that the non-covalent
nanogels were not able to retain the peptide efficiently before uptake by the
cells, whereas the nanogels with covalently immobilized peptide promote en-
hanced uptake of the peptide which is released only under the reducing condi-
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tions of the endosomes. These data are also in line with previous publications on
OVA-conjugated nanogels in which it was shown that OVA can be delivered into
DCs via the nanogel carrier and subsequently released intracellularly leading to
antigen presentation and activation of CD8* T cells 57 ¢°.

MHC class Il presentation was also analyzed by detecting activation of OTIIZ.
As shown in Figure 6B, all nanogel formulations display enhanced MHC Il antigen
presentation compared to free soluble peptide, differently from what observed
with class | presentation. This effect is at least partially independent from the di-
sulfide bond as both the non-covalently loaded nanogels as well as the mixture
of helper peptide and empty nanogels already display increased OTIIZ activation.
This could be explained by an overall increased uptake of the peptide that is still
retained in the nanogels. However, the covalently loaded nanogels still yield the
highest activation, indicating that peptide protection by nanogels before uptake
is indeed occurring and that intracellular release allows efficient MHC Il presen-
tation.
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Figure 6. Enhanced MHC class | and class Il presentation upon nanogel-mediated uptake
of peptide A. MHC class | presentation of nanogel-formulated CTL peptide by DCs was ana-
lyzed by measuring the activation of B3Z hybridoma CD8* T cell line upon overnight incuba-
tion with DCs pulsed for 2 hours with titrated amounts of the indicated formulations. SIINFEKL
peptide (100 ng/mL) was used as positive control. B. MHC class Il presentation of nanogel-for-
mulated Help peptide was analyzed by measuring the activation of the OTIIZ hybridoma CD4*
T cell line upon overnight incubation with DCs pulsed for 2 hours with titrated amounts of
the indicated formulations. For both A and B, each bar represents the average of triplicates
with SD. Statistical significance of the differences between the different formulations at every
concentration was determined by 2-way ANOVA followed by multiple comparison and Dunnet
correction. The experiment was repeated three times with similar outcomes.



In conclusion, in vitro evaluation of nanogels as peptide carriers on DCs exhibit
low toxicity and maturating properties. Moreover, the covalent attachment of
the peptide to the nanogel via a disulfide link results functional for peptide re-
tention into the nanogels until arrival to the endosomes, where peptide can be
released to enter both the class | and class Il presentation pathways.

In vivo induction of CD8* T cells

We observed that covalently loaded nanogels promote uptake of peptide by DCs
and increased antigen presentation, the potency of peptide-loaded nanogels to
induce de novo T cell-mediated immunity was investigated in vivo. Mice were
injected intradermally with different nanogel formulations containing SLPs and
poly(l:C) as adjuvant®. As nanogels were able to induce in vitro DC maturation,
the potential of covalently loaded nanogels as a self-adjuvating vaccine was also
investigated. Mice received a prime and booster immunization on day 0 and 14
respectively. The SIINFEKL-specific CD8* T cell responses could be monitored
in blood via SIINFEKL/H2-Kb tetramer staining. As presented in Figure 7A, at
day 9 after the prime immunization, vaccination with only the CTL SLPs raises
little CD8* responses. However, covalent loading of the same peptide into nano-
gels significantly enhance T cell induction. The addition of a helper epitope and
therefore a CD4* T cell helper response greatly enhances the induction of spe-
cific CD8* T cells, as observed in mice vaccinated with combination of CTL and
Help peptide. The combination of adjuvanted covalent CTL and Helper nanogels
induces the highest responses for SIINFEKL. Furthermore, the addition of an ad-
juvant is important for optimal induction, as the nonadjuvanted group displays
no induction. Importantly, the nanogels with covalently immobilized peptides
adjuvanted with poly (I:C) showed superior CD8* T cell responses activation as
compared to nanogels physically loaded with the peptides (both adjuvanted
with poly (I:C)), again indicating the key role of covalent conjugation of peptides
to the nanogels.

One week after the booster injection (on day 22), the CD8* T cell responses
in blood samples were analyzed again quantitatively. Booster injection induced
an overall increase of the magnitude of SIINFEKL-specific CD8* responses in all
groups, except the one vaccinated with CTL peptide only, underlining the impor-
tance of CD4* T cell help for optimal CD8* induction. Notably, nanogel-formulat-
ed CTL peptide display responses comparable to the peptide group that contains
both the CTL and the Helper epitopes, highlighting the importance of the meth-
od of peptide delivery for optima T cell induction. This is especially evident in the
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combination group of CTL and Help covalent loaded nanogels. Non covalently
loaded nanogel do not achieve the same effect and it can be concluded that,
although the peptide-loaded nanogels showed effective DC maturing properties
in vitro (Figure 5), a strong TLR ligand adjuvant (poly(l:C)) was needed to achieve
a strong DC activation in vivo.
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Figure 7. Peptide vaccination with covalently loaded nanogels enhances induction of
CTL responses A. Schematic overview of the vaccination experiment. All groups were vacci-
nated intradermally twice at interval of two weeks with 10 pg of the indicated peptide (CTL
or Help) or a mixture of both and adjuvanted with 20 ug of poly(l:C), except for the nonadju-
vanted group (NG COV no poly(l:C)). The induction of CTL responses was monitored in blood
by SIINFEKL-Kb tetramer staining at day 9 and day 22. At day 23 spleens were harvested to
analyze both CTL and helper responses via intracellular cytokine staining. B and C. Levels of
SIINFEKL-specific CD8* T cells as percentages of total CD8* T cells upon tetramer staining in
blood after prime (day 9, panel B) and booster (day 22, panel C) vaccine injections. Statistical
significance was determined by one-way ANOVA followed by multiple comparison and Bon-

ferroni correction. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001

Upon antigen recognition, CTL T cells produce different cytokines that are im-
portant for their functions, the most important being IFNy and TNFa. There-
fore, mice were sacrificed at day 23, and OVA-specific CD8* and CD4* T cells
responses were both analyzed in cells harvested from spleens upon intracellular
cytokine staining (ICS).The number of CD8* T cells in the spleen producing these
two cytokines in response to SIINFEKL displays a similar response among groups



as observed in blood via tetramer staining (Figure 8A). Double TNFa and IFNy

producers are indicators of the quality of the response, as the ability of pro- 1
ducing both cytokines is associated with improved differentiation and effector
functions. Notably, we observe that the highest percentage of double producers 2

is observed in the adjuvanted covalent-loaded nanogels group when CTL and
helper peptides are combined (Figure 8B).

Cytokine staining also allows quantification of CD4* T cell helper responses,
by staining of IFNy and IL-2 producing cells. All groups exhibit similar amount
of OVA-specific CD4* T cell responses (Figure 8C), and the nanogel seem to only
partially increase the overall amount of Help responses. However, when looking
at the quality of T cells in terms of single or double producer, the covalently
loaded nanogel exhibit the most efficient T cell responses with the highest per-

centage of total double producers (Figure 8D).
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Figure 8. Vaccination with nanogel-formulated peptides induces higher quality CD8*
and CD4* T cell responses. A-D Splenocytes from vaccinated mice were incubated ex vivo
with CTL and Help peptide-loaded DCs and cytokine producing CD8* (A) and CD4* (C) were
detected via intracellular cytokine staining. The average percentage of single or double cyto-
kine producers among cytokine producing CD8* (B) and CD4* (D) T cells is represented.
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CONCLUSIONS

In this study, we demonstrated the potential of cationic dextran nanogels to
induce antigen-specific immune responses. SLP conjugated nanogels were in-
ternalized by DCs and activated these immature cells and subsequently boost
the antigen presentation in vitro. An In vivo study showed that the covalently
conjugated peptide nanogels in the presence of poly I:C can effectively stimulate
strong functional CD8* and CD4* responses in comparison to naked SLP and
non-conjugated formulations, indicating the key role of reducible covalent bond
for intracellular delivery of vaccine peptides. Therefore, cationic dextran nano-
gels are promising carriers as vaccine formulations for cancer immune therapy.

MATERIAL AND METHODS

Materials. Dextran (from Leuconostoc ssp) Mw=40,000 Da, glycidyl methac-
rylate (GMA) and hydroxyethyl methacrylate (HEMA) were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Methacrylate-derivatized dextran (dex-MA)
with a degree of substitution of 8 (DS, i.e. a number of MA groups per 100 glu-
copyranose units as analyzed by 'H-nuclear magnetic resonance (NMR) spec-
troscopy) was synthesized as described by van Dijk-Wolthuis et al. 612 [2-(Meth-
acryloyloxy)-ethyl] trimethylammonium chloride (TMAEMA, 80 wt % solution in
water) and light mineral oil (M8410) were purchased from Sigma (St. Louis, MO,
USA). ABIL EM 90 and Irgacure 2959 were purchased from Goldschmidt (Essen,
Germany) and Ciba Specialty Chemicals (Hercules, USA), respectively. Fmoc-ami-
no acids were obtained from lIris Biotech GmbH (Germany). Acetone, acetoni-
trile, dimethyl sulfoxide, n-hexane and trifluoroacetic acid (TFA), HBTU/HOBt and
N,N-diisopropylethylamine were products of Biosolve (Valkenswaard, the Neth-
erlands). Glutathione, thioanisole, 1,4-Dithiothreitol (DTT), ethanedithiol (EDT)
and anisole were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands).
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) was purchased
from Acros Chimica (Geel, Belgium). Phosphate buffer saline (Na+ 163.9 mM, Cl-
140.3 mM, HPO42- 8.7 mM, H2PO4- 1.8 mM, pH 7.4) was purchased from Braun
(Germany). Chlorophenol red-B-D-galactopyranoside was acquired from Sigma
(St. Louis, MO, USA). Chlorophenol red-3-d-galactopyranoside (CPRG) was pro-
vided by Merck (Darmstadt, Germany). All other chemicals used were obtained
from commercial suppliers and were of analytical grade. N-(4-(2-(pyridine-2-yld-
isulfanyl)ethyl)-amidobutyl) methacrylamide was synthesized as described pre-
viously *’.



Cell lines. D1 cells, a long-term growth factor-dependent immature myeloid
dendritic cell line of splenic origin derived from a female C57BL/6 mouse was
cultured at 37°C with 5% CO, in IMDM (Iscove’s Modified Dulbecco’s Medium,
Lonza) %. B3Z, a CD8* T cell hybridoma specific for the SIINFEKL epitope of OVA
6 was maintained in IMDM (Iscove’'s Modified Dulbecco’'s Medium, Lonza) sup-
plemented with 100 IU/mL penicillin/streptomycin (Gibco™, Bleiswijk, the Neth-
erlands), 2 mM glutamine (Gibco, Bleiswijk, the Netherlands), 25 pM 2-mercap-
toethanol and 500 pg/mL Hygromycin B (AG Scientific, San Diego, USA).

Mice. Female C57BL/6 (H-2b) mice were obtained from Charles River Labora-
tories (L'Arbresle, France) and kept under standardized conditions in the Leiden
University Medical Centre animal facility. The in vivo experiment as described in
section 2.8 was carried out according to the Dutch Experiments on Animal Act,
which serves the implementation of "Guidelines on the protection of experimen-
tal animals” by the Council of Europe.

Synthesis of SLPs. The peptide epitopes (Table 1) were synthesized by stan-
dard Fmoc solid phase peptide synthesis using a Symphony peptide synthesizer
(Symphony; Protein Technologies, Tucson, AZ, United States) using protocols as
described by Coin et al. ®. In brief, N-methyl-2-pyrrolidone (NMP) was used as
a coupling and washing solvent during the synthesis process. For each coupling
step, Fmoc-amino acids were activated by 4 eq HBTU/HOBt and 8 eq N,N-diiso-
propylethylamine to react with the free N-terminal amino acids present on the
resin (Sigma-Aldrich, the Netherlands) for one hour. After each coupling step, the
Fmoc groups were removed by four times treatment of 20% piperidine in NMP
for ten minutes. Reagent R TFA/thioanisole/EDT/anisole (90/5/3/2) was used to
simultaneously cleave the peptide off from the resin and remove the side chain
protecting groups. The synthesized peptides were purified by Prep-HPLC using
Reprosil-Pur C18 column (10 um, 250 x 22 mm) eluted with water-acetonitrile
gradient from 5 to 80% acetonitrile (10 mM ammonium bicarbonate, pH 8.3) in
40 minutes at a flow-rate of 15 mL/min with UV detection at 220 nm. Fractions
of 30 mL were collected, and the purity was confirmed by analytical UPLC using
Waters XBridge C18 column eluted with water-acetonitrile gradient 5 to 80%
ACN (10 mM ammonium bicarbonate, pH 8.3) in 8 minutes at flow rate 1 m/min
and UV detection at 280 and 220 nm.

LC-MS analysis was carried out using an Acquity UPLC system, (Waters Cor-
poration, Milford, USA) combined with an Agilent Technologies 6300 Series LC/
MSD ion-trap mass spectrometer (Santa Clara, CA, USA) in the positive ion mode.
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A gradient was used with a mobile phase A (95% H,O, 5% ACN plus 0.1% formic
acid) and a mobile phase B (100% ACN plus 0.1% formic acid). Elution was done
at room temperature using a BEH300 C18 1.7 um column. The eluent linearly
changed from 100% A to 100% B in 20 min with a flow rate of T mL/min. The
MS settings were: capillary voltage, 2 kV; nebulizer pressure, 60 psi; dry gas flow,
11 L/min; dry gas temperature, 350 C; scan range, m/z 50-2000. To prevent di-
sulfide bond formation between the two cysteine residues in peptides (Cys-CTL
and Cys-Help), dithiothreitol (10 mg/mL) was added to the peptides before MS
analysis.

Preparation and characterization of peptide-loaded nanogels. Cationic
nanogels were prepared by inverse mini-emulsion technique as previously de-
scribed # 7. In brief, an emulsion with aqueous droplets containing 120 mg of
methacrylated dextran (DS 8), trimethyl aminoethyl methacrylate (160 pL) and the
pyridyldisulfide-containing methacrylamide monomer, N-(4-(2-(pyridine-2-yldi-
sulfanyl)ethyl)-amidobutyl)methacrylamide synthesized as described previously
7, (27 mg) was photo-polymerized (Bluepoint UV source, 60% amplitude, 940
mW/cm? , Honle UV technology, Germany) for 15 min. Particles were washed
with acetone and four times with acetone/hexane (1:1, v/v) to remove the used
mineral oil and surfactant. Finally, nanoparticles were collected by redispersion
in water and freeze drying. To covalently conjugate Cys-peptides to the nanogel
network (covalent NGs), 4.25 mL of a suspension of cationic nanogels (4 mg/
mL) in HEPES buffer (20 mM, pH 7.4) was mixed with 750 | peptide solutions (4
mg/mL) and incubated overnight at room temperature. To remove non-reacted
peptides, the particles were washed twice with high ionic strength buffer (PBS
150 mM,pH 7.4) and the final pellets obtained after centrifugation (15,000 rpm,
Th) were washed with water and subsequently lyophilized. The physically load-
ed nanogels (non-covalent NGs) were prepared by adding the peptides lacking
cysteine residues (Table 1, CTL and Help) to the particle dispersions in a HEPES
buffer solution (20 mM, pH 7.4). After overnight incubation at room temperature,
the particles were recovered by centrifugation (15,000 rpm, 1h), subsequently
washed with water and lyophilized. The particle size and zeta potential of the
obtained particles were measured in HEPES (10 mM, pH 7.4) using DLS (Malvern
ALV/CGS-3 Goniometer, Malvern Instruments, Malvern, UK) and Zetasizer (Zeta-
sizer Nano, Malvern Instruments, USA), respectively.

In vitro release. To study the release of SLP from the nanogels, freeze-dried
CTL SLP-loaded and Help SLP-loaded nanogels (5 mg/mL) were suspended in



PBS (Na* 163.9 mM, ClI- 140.3 mM, HPO,> 8.7 mM, H,PO4 1.8 mM) at pH 7.4 or
pH 4.0, and incubated at 37 °C. At different time points, 3 samples were taken
and centrifuged (15,000 rpm, 1 h) and the collected supernatants were subse-
quently analyzed by reversed-phase ultrahigh-performance liquid chromatogra-
phy (RP_UPLC) for peptide quantification. To trigger release of the immobilized
peptides, glutathione at a final concentration of 2.5 mM was added to the nano-
gel dispersion and the obtained supernatants after centrifugation (15,000 rpm,
1 h) were analyzed for concentration of peptides using UPLC (Acquity UPLC,
Waters Corporation, Milford, USA) equipped with a BEH300 C18 1.7 pm column.
Solvent mixtures consisting of 100% H,0/0.05% TFA and 100% ACN/0.04% TFA
were used as eluent A and B, respectively. A gradient was run from 5 to 70% B
at a flow rate of 1 mL/min. The injection volume was 7.5 pl and the detection
wavelength was 280 nm. The calibration curve was linear between 10 to 1000 pg/
mL CTL and Help SLP peptides.

Cell viability and DC maturation. D1 cells (100,000 cells/well) were seeded
in 96-well round-bottomed plates and incubated with empty nanogels, non-co-
valent NGs (loaded with CTL and Help peptides), covalent NGs (loaded with CTL
and Help peptides) and soluble peptides (CTL and Help) at indicated concentra-
tions (range 0.39-25 pg mL™") in culture medium. After 24 h of incubation, the
relative cell viability and dendritic cell maturation were assessed by 7-aminoacti-
nomycin D exclusion and staining with fluorescent antibodies directed against
CD86* and CD40* (eBioscience, Landsmeer, the Netherlands) followed by acqui-
sition by BD™ LSR Il flow cytometer.

In vitro antigen presentation. The immunogenicity of the peptide-loaded
nanogels was evaluated by an in vitro T hybridoma assay ®. In detail, immature
D1 cells (50,000 cells/well) were incubated in 96-well flat-bottomed plates in
supplemented IMDM with peptide-loaded nanogels (non-covalent and cova-
lent) or soluble peptides (CTL and Help) in PBS (composition given in section
2.1) at 37 °C and at different concentrations (0.39-25 g/mL of peptide). After 2 h,
the cells were washed with supplemented IMDM culture medium in order to re-
move excess antigen. Subsequently, 50,000/well B3Z T, a CD8* T cell hybridoma
cell or OTIIZ, a CD4* T-cell hybridoma cell line both producing a f-galactosidase
construct upon TCR triggering, were added followed by overnight incubation at
37 °C. MHC class | and Il antigen presentation was measured indirectly by a col-
orimetric assay using chlorophenol red-p-d-galactopyranoside (CPRG) and the
color conversion was detected by measuring absorbance at 595 nm 6657,
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Immunization of mice. Mice were immunized by intradermal injections of
the formulations in the tail base area. All formulations were prepared at the day
of injections and consisted of 10 ug of the different peptides (CTL, Help or both
combined) in a total volume of 30 pl PBS (composition given in section 2.1). The
nanogel vaccines were adjuvanted with 20 pg of poly(l:C) (InvivoGen, Toulouse,
France). Immunization was performed at day O (prime injection) and at day 14
(booster injection). During the study, blood samples were collected from the tail
vein at day 8 and 22 to monitor T cell responses. At day 23, spleens were harvest-
ed for ex vivo analysis of CD8* and CD4* T cell responses®.

Analysis of antigen-specific CD8 and CD4 T cell responses. For detection of
SIINFEKL-specific CD8* T cells, surface staining was performed on blood samples
after red blood cell lysis. Cells were washed using staining buffer and incubated
for 15 minutes at room temperature with labelled SIINFEKL-tetramers. After 15
minutes, cells were incubated on ice and a mix containing 7-aminoactinomycin
D (Life Technologies, for viability staining) and fluorescently labelled antibodies
against CD8* (BioLegend, San Diego, USA) and CD3* (eBioscience, Landsmeer,
the Netherlands) was added®. Intracellular cytokine analysis of splenocytes was
performed after incubating the cells for 5-6 hours with previously loaded nano-
gels (with 2 uyg/mL of CTL and Help peptide), in presence of the protein transport
inhibitor Brefeldin A (10 pg/mL, BD Biosciences, Breda, the Netherlands). After
incubation, the cells were stained for surface markers CD3*, CD8* and CD4* and
fixed overnight in 0.1% paraformaldehyde. Next day, permeabilization and in-
tracellular staining of IFNy, TNFa and IL-2 was performed and the samples were
subsequently analyzed on BD™ LSR Il flow cytometer as described previously®.

Statistical analysis. Graph Pad Prism software version 7 was used for statis-
tical analysis. Two-way analysis of variance (ANOVA) tests was used to evaluate
the induced CD8* and CD4* T-cell responses and cytokine production in vivo.
Statistical significance is considered when p < 0.05.
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