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Abstract

Synthetic subunit vaccines need to induce CD8" cytotoxic T-cell (CTL) responses for effective
vaccination against intracellular pathogens. Most subunit vaccines primarily generate humoral
immune responses, with a weaker than desired CD8* cytotoxic T-cell response. Here, a neutral,
pH-responsive polymer micelle carrier that alters intracellular antigen trafficking was shown to
enhance CD8* T-cell responses with a correlated increase in cytosolic delivery and a decrease in
exocytosis. Polymer diblock carriers consisted of a N-(2-hydroxypropyl) methacrylamide corona
block with pendant pyridy!l disulfide groups for reversible conjugation of thiolated ovalbumin, and
a tercopolymer ampholytic core-forming block composed of propylacrylic acid (PAA),
dimethylaminoethyl methacrylate (DMAEMA), and butyl methacrylate (BMA). The diblock
copolymers self-assembled into 25-30 nm diameter micellar nanoparticles. Conjugation of
ovalbumin to the micelles significantly enhanced antigen cross-presentation in vitro relative to
free ovalbumin, an unconjugated physical mixture of ovalbumin and polymer, and a non pH-
responsive micelle-ovalbumin control. Mechanistic studies in a murine dendritic cell line (DC2.4)
demonstrated micelle-mediated enhancements in intracellular antigen retention and cytosolic
antigen accumulation. Approximately 90% of initially internalized ovalbumin-conjugated micelles
were retained in cells after 1.5 h, compared to only ~40% for controls. Furthermore, cells dosed
with conjugates displayed 67-fold higher cytosolic antigen levels relative to soluble ovalbumin 4 h
post uptake. Subcutaneous immunization of mice with ovalbumin-polymer conjugates
significantly enhanced antigen-specific CD8* T cell responses (0.4 % IFN-y* of CD8*) compared
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to immunization with soluble protein, ovalbumin and polymer mixture, and the control micelle
without endosome-releasing activity. Additionally, pH-responsive carrier facilitated antigen
delivery to antigen presenting cells in the draining lymph nodes. As early as 90 min post injection
ova-micelle conjugates were associated with 28% and 55% of dendritic cells and macrophages,
respectively. After 24 h, conjugates preferentially associated with dendritic cells, affording 30-, 3-,
and 3-fold enhancements in uptake relative to free protein, physical mixture, and the non pH-
responsive conjugate controls, respectively. These results demonstrate the potential of pH-
responsive polymeric micelles for use in vaccine applications that rely on CD8* T cell activation.
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1. Introduction

Protein subunit vaccines present a safer alternative to live and inactivated vaccine vectors,
but there is a general need for delivery vehicles that induce a more potent, antigen-specific
CD8™ cytotoxic T-cell (CTL) response against intracellular pathogens like HIV, malaria, and
tuberculosis [1-4]. Induction of such a response requires antigen presentation via class |
major histocompatibility complex (MHC-I) by dendritic cells. Exogenous antigens are
endocytosed by antigen presenting cells and degraded into peptides within compartments of
the endo/lysosomal processing pathway. Peptides generated in these compartments are
predominantly presented on the cell surface via MHC-11 complexes, giving rise to CD4* T-
cell responses [2,3]. Some specialized subsets of dendritic cells can cross-present exogenous
antigens to MHC-1 via a variety of intracellular pathways, yet CTL stimulation is often
minimal [3]. Directing extracellular antigen to the cell cytoplasm for processing via the
classical cross-presentation pathway is one approach to promote MHC-I restricted antigen
presentation for CTL activation [4,5].

Considerable research has focused on the development of particle-based, synthetic delivery
systems in the viral size range (~20-200 nm) [2,6,7] that can protect antigen against
degradation [8], enhance cross-presentation [9,10], and facilitate uptake by professional
antigen presenting cells (APCs) [14-16]. These include liposomes [12,13], immune
stimulating complexes (ISCOMs) [3], and polymer-based nanoparticles such as
polymerosomes [14,15], dendrimers [11,16], and micelles [9,10]. Our group has previously
reported on polymeric antigen carriers that incorporate pH-dependent, endosomal releasing
activity [17-19]. This polymer activity mimics that of some viruses which have evolved to
evade lysosomal degradation through the activity of fusogenic coat proteins that undergo a
pH-induced conformational change to a membrane destabilizing state [20].

Recently, we described the reversible addition-fragmentation chain transfer (RAFT)-based
synthesis of a new type of amphiphilic diblock carrier for RNA therapeutics that self-
assembles into 25-30 nm micelles under physiological conditions (pH 7.4) [18]. These
carriers are composed of a neutral hydrophilic N-(2-hydroxypropyl) methacrylamide
(HPMA) [21] corona featuring pyridyl disulfide (PDS) functionalities for the conjugation of
biologic drugs, and a previously exploited pH-responsive endosomal-releasing core
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containing dimethylaminoethyl methacrylate (DMAEMA), propylacrylic acid (PAA), and
butyl methacrylate (BMA) [19,22]. The neutral corona imparts micelles with a favorable
toxicity profile over cationic carriers, and we have shown that the PDS moieties can
reversibly link to a variety of thiolated cargo [4,18]. The latter is especially attractive for
antigen delivery, as Hirosue et al and Nembrini et al have also shown that bond reversibility
under reducing conditions is associated with enhanced cross-presentation [23,24].

In this study, we demonstrate that antigen conjugation to this micelle carrier promotes
antigen uptake and accumulation in the cytosol of murine dendritic cells (DC 2.4), reduces
exocytosis, and enhances cross-presentation. We further show that protein-polymer
conjugates preferentially associate with DCs in the draining lymph node. Immunization with
conjugates elicited antigen-specific CD8* T cell and antibody responses in the absence of
any additional vaccine adjuvant, demonstrating the potential of this delivery platform for
protein- based vaccine applications.

2. Materials and Methods

Materials

Chemicals and reagents were purchased from Sigma-Aldrich and used as received unless
otherwise specified. 4,4’-Azobis(4-cyano valeric acid) (V501) was purchased from Wako
Chemicals USA, Inc. Trithiocarbonate CTA, ethyl cyanovaleric trithiocarbonate (ECT) [22],
pyridyl disulfide methacrylamide (PDSMA) [25], and propylacrylic acid (PAA) [26] were
synthesized as previously reported. HPMA was purchased from Polysciences, Inc. Butyl
methacrylate (BMA) was passed through a short column of basic alumina and
poly(dimethylaminoethyl methacrylate) (DMAEMA) and methacrylic acid (MMA) were
distilled prior to use. Bond-Breaker TCEP solution, Traut’s reagent (2-iminothiolane-HCI),
Ellman’s reagent (5,5’-dithio-bis-[2-nitrobenzoic acid]; DTNB), and HALT protease
inhibitor cocktail were obtained from Thermo Scientific. 3H-N-Succinimidyl propionate was
purchased from American Radiolabeled Chemicals. Antibodies for intracellular cytokine
staining were purchased from BD Bioscience.

Polymer Synthesis

Poly(HPMA-co-PDSMA)-b-(PAA-co-DMAEMA-co-BMA) was synthesized as previously
described with minor modifications [18]. The macroCTA poly(HPMA-co-PDSMA) was
prepared in a mixed solvent system of ultra-pure water/ethanol (2:1 vol:vol) at 70°C under a
nitrogen atmosphere for 4-5 h. ECT and V501 were used as chain transfer agent (CTA) and
radical initiator, respectively. The initial CTA to monomer molar ratio ([CTA]g:[M]o) was
200:1, and the initial CTA to initiator molar ratio ([CTA]g:[1]o) was 10:1. A PDSMA
concentration of 8% was targeted. HPMA was dissolved in molecular grade water (Hyclone)
and immediately added to CTA and PDSMA dissolved in ethanol for a final concentration
of 16 wt. % monomer and macroCTA to solvent. Lastly, initiator was added from a stock
solution in ethanol. Post polymerization ultra-pure water was added to the reaction solution.
The solution was frozen under liquid nitrogen and water removed by lyophilization for 48 h.
The resultant polymer was dissolved in methanol and precipitated (4X) in an excess of ether.
Residual ether was removed by a final precipitation with pentane followed by drying in
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vacuo overnight. For addition of the second block, macroCTA dissolved in dimethyl
acetamide (DMAC) was added to PAA, DMAEMA and BMA to obtain a final concentration
of 30 wt. % monomer and macroCTA to solvent. The initial molar feed ratio of
PAA:BMA:DMAEMA was 3:4:3. [M]o/[CTA]p and [CTA]/[1]o were 500:1 and 2.5:1,
respectively. Following addition of V70, the solution was purged with nitrogen for 30 min
and reacted for 18 h at 30°C. The resulting diblock copolymer was purified by precipitation
(4X) from methanol into an excess of pentane/ether (3:1 vol:vol). The final precipitant was
rinsed with pentane and dried under vacuum overnight. The polymer was re-dissolved at 200
mg/mL in MeOH, dripped into an excess of ultra-pure water, and lyophilized. Poly(HPMA)-
b-(PAA-co-DMAEMA-co-BMA) was synthesized in the same manner, with the exception
of no PDSMA monomer in the first block. Poly[(HPMA-co-PDSMA)-b-(MMA)] non pH-
responsive control polymer was prepared by chain extension of the poly[(HPMA-co-
PDSMA) macroCTA described here with methyl methacrylate (MMA) according to the
protocol described by Lundy et al [18].

Polymer Characterization

Absolute molecular weights and polydispersities (PDI) were determined by gel permeation
chromatography (GPC) as described previously [9]. Polymer compositions were determined
by 1H-NMR (Bruker AV500) in deuterated methanol (CD30D) at 25°C. Reduction of the
diblock polymer in the presence of Bond-Breaker TCEP solution (~210 molar excess per
polymer) followed by spectroscopic measurement of the liberated pyridine-2-thione (e343 =
8080 M~1cm™1) after 1 h was used as a secondary method for quantifying incorporation and
retention of PDSMA.. Additional synthetic details, summaries of polymer properties,
representative NMR spectra and GPC traces can be found in the Supplementary Information.

Formulation of Polymer Micelles

From their lyophilized form, polymers were reconstituted to induce micelle formation as
described previously [9]. Briefly, polymer was dissolved at 50 mg/mL in EtOH and dripped
into 1X PBS (0.0067 M PQy, pH 7.2, HyClone) to obtain a final polymer concentration of
10 mg/mL. Ethanol was removed by 4 rounds of buffer exchange into 1X PBS using
Amicon Ultra-0.5 mL Centrifugal Filters (3K MWCO). Final ethanol content was < 1% as
determined using an Amplite ethanol quantitation kit according to the manufacturer’s
instructions. Polymer concentration post ethanol removal was determined
spectrophotometrically via absorbance of the aromatic PDS groups at 284 nm or, for the
non-PDS containing polymer, the trithiocarbonate chain ends at 312 nm. Prior to use,
polymer micelles were sterilized using 0.22 pum syringe filters (Pall Corporation).

Formation of Protein-Polymer Conjugates

For all studies, an average of 4 thiol residues were introduced onto the model antigen
ovalbumin (45 kDa). A 22 molar excess of 2-iminothiolane (Traut’s reagent) was added to a
10 mg/mL solution of the protein in sodium phosphate buffer (100 mM, pH 8.0, 1 mM
EDTA). The reaction was mixed continuously on a rotator for 1 h at RT. Unreacted Traut’s
reagent was removed using a Zeba desalting column (0.5 mL, 7K MWCO, Thermo
Scientific) equilibrated with 1X PBS (HyClone). The degree of thiol modification was
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determined using Ellman’s reagent as described by the manufacturer. For the preparation of
fluorescent conjugates, ovalbumin was labeled with an amine reactive dye, AlexaFluor488-
TFP (Invitrogen) prior to thiolation (~0.5-1 dye/protein) according to the manufacturer’s
instructions. Thiol-functionalized protein solutions were filter-sterilized, and subsequently
reacted with polymer micelles (prepared as described above) at a polymer to protein molar
ratio of 20:1 at RT overnight under sterile conditions. Extent of conjugation was verified by
non-reducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using conjugates
prepared with fluorescently-labeled ova [9]. To show reducibility of the disulfide bond
between the polymer and protein, conjugates were incubated with 20 mM Bond-Breaker
TCEP solution for 1 h prior to running the gel.

Static and Dynamic Light Scattering

Static and dynamic light scattering measurements were conducted using a Malvern Zetasizer
Nano ZS (Worcestershire, UK) at a constant scattering angle of 173° as described previously
[9]. Briefly, particle sizes of diblock copolymer micelles and protein-polymer conjugates
were determined by dynamic light scattering (DLS) at RT in 1X PBS (pH 7.4) at 1 mg/mL
polymer. In some cases, DLS measurements were performed with copolymers (1 mg/mL)
incubated with 100 mM sodium phosphate buffer (supplemented with 150 mM NaCl) in the
pH range of the endosomal processing pathway (7.4, 7.0, 6.6, 6.2, and 5.8). Mean diameters
are reported as the number average * standard deviation from three or more independently
prepared formulations. Micelle molecular weight (My,micelle) @nd second virial coefficient
(A») were estimated from Debye plots based on the dn/dc of the micelle solution as
measured using an Optilab-rEX refractometer (Wyatt). Micelle aggregation number (Nagg)
was determined based on the relationship Nagg = My, micelle/Mw,unimer-

Red Blood Cell Lysis

Cell Lines

The capacity of free polymer and protein-polymer conjugate to promote pH-dependent
disruption of lipid bilayer membranes was assessed via a red blood cell hemolysis assay as
previously described [27]. Briefly, polymer or conjugate were incubated for 1 h at 37°C in
the presence of human erythrocytes at 40 pg/mL in 100 mM sodium phosphate buffer
(supplemented with 150 mM NaCl) in the pH range of the endosomal processing pathway
(7.4,7.0, 6.6, 6.2, and 5.8). Extent of cell lysis (i.e. hemolytic activity) was determined
spectrophotometrically by measuring the amount of hemoglobin released (Aggq NM).
Hemolytic activity was normalized to a 100% lysis control (1% Triton X-100 treated red
blood cells). Samples were run in triplicate.

DC 2.4s (H-2KP-positive murine dendritic cell line) were generously provided by K. Rock
(University of Massachusetts Medical School). Cells were cultured in RPMI 1640 (Gibco)
medium supplemented with 10% fetal bovine serum (FBS, PAA Laboratories or Gibco), 100
U/mL penicillin/100 pg/mL streptomycin (GIBCO), 2 mM L-glutamine, 55 pM 2-
mercaptoethanol (Gibco), 1X non-essential amino acids (Cellgro) and 10 mM HEPES
(Invitrogen). Cells were passaged at ~60-70% confluency using 0.25% trypsin-EDTA
(Gibco). B3Z T cells, a lacZ-inducible T cell hybridoma specific for SINFEKL complexed
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with H-2KP, were kindly provided by N. Shastri (UC Berkeley) and cultured in RPMI 1640
(Gibco) supplemented with 10% FBS, 100 U/mL penicillin/100 pg/mL streptomycin
(GIBCO), 2 mM L-glutamine, 55 pM 2-mercaptoethanol (Gibco), and 1 mM sodium
pyruvate (Gibco). All cell lines were grown at 37°C and 5% CO,.

In vitro Cytotoxicity

Diblock copolymer toxicity was evaluated in DC2.4 cells using a CellTiter 96AQueous One
Solution Cell Proliferation Assay (MTS, Promega Corp). Cells were plated in 96-well plates
(10,000 cells/well) and allowed to adhere overnight. Media was aspirated and replaced with
200 uL of fresh media containing polymer or conjugate at the appropriate concentrations.
Samples were run in sextuplicate and cytotoxicity determined after 4 or 24 h using using the
CellTiter assay according to manufacturer’s protocols. Absorbance measurements (A4gg NM)
were obtained using a Tecan Safire 2 microplate reader. Reported values were normalized to
untreated cells.

In vitro MHC-1 Antigen Presentation

The polymer’s ability to promote antigen presentation to MHC-I was evaluated by a lacZ
antigen presentation assay [4,9,11]. A specialized LacZ B3Z CTL hybridoma which
produces B-galactosidase upon binding ovalbumin class | antigenic epitope SINFEKL
complexed with MHC-1 H-2KP present on DC2.4s, acts as a reporter cell to determine the
degree to which ovalbumin is presented as a class | antigen [28]. DC2.4s were cultured
overnight (50K cells/well) in 96-well U-bottom plates (BD Falcon). The following day,
samples (10 uL) were added in quadruplicate at a final concentration of 10 or 100 pg/mL
ova and allowed to incubate for 4-5 h at 37°C. SINFEKL peptide (0.25 pg/mL) and PBS
were used as positive and negative controls, respectively. Post incubation, cells were
carefully rinsed 2X with 1X DPBS, and B3Z cells (100K cells/well) were added and co-
cultured with DCs for 24 h. Cells were pelleted via centrifugation for 7 min at 1250 rpm,
media was carefully aspirated, and cells were resuspended in 150 uL of CPRG/lysis buffer
(1X PBS supplemented with 0.15 mM chlorophenol red-B-D-galactopyranoside
(CalBiochem), 0.1% Triton-X 100, 9 mM MgCl, 100 uM mercaptoethanol). Plates were
incubated at 37°C in the dark for 24 h, at which time 100 pL of sample was transferred to
96-well clear flat-bottom plates and the absorbance of released chlorophenol red measured
at 570 nm with a reference at 595 nm using a Tecan Safire 2 plate reader. Reported values
are normalized to SINFEKL peptide (0.25 pg/mL).

Preparation of Radiolabeled Polymer and Conjugates

To determine the dynamics of uptake and exocytosis, conjugates were prepared with tritium-
labeled ova. Ova (100 mM sodium phosphate buffer pH 8, ImM EDTA) was labeled

with 3H-N-succinimidyl propionate (DMF) for 2 h in the dark at RT. The reaction was
conducted using 2 mg/mL protein, and radiolabel was added such as to obtain 5% vol:vol
DMF in the final reaction mixture. Excess radiolabel was removed using two Zeba desalting
columns (2 mL, 7K MWCQO; Thermo Scientific) equilibrated with pH 8 sodium phosphate
buffer. For studying polymer trafficking dynamics, radiolabeled polymer was prepared by
reacting 3H-iodoacetamine with tertiary amines on core DMAEMA residues. 3H-
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iodoacetamine (1 mCi/ml in EtOH) and polymer (50 mg/ml in EtOH) were combined to a
final target concentration of 12.5 uCi/mg polymer, and allowed to react for 1 h at RT in the
dark on a rotator. Labeled polymer was assembled into micelles in 1X PBS, and passed
through two 2 mL Zeba desalting columns (Thermo Scientific) equilibrated with dH20 to
remove unreacted label. The solution was subsequently lyophilized. The specific reactivity
of 3H-ova and 3H-polymer were determined using a liquid scintillation counter (Beckman
LS6500) with Ultima Gold scintillation fluid (PerkinElmer).

Uptake and Exocytosis of Radiolabeled Ova and Conjugates

For uptake experiments, DC2.4 cells were plated in 24 well plates (BD Falcon) at 100,000
cells/well. Cells were dosed with radiolabeled samples (2.5 pg/ml ova) and allowed to
incubate for 4 h. For exocytosis experiments, cells were pulsed for 4 hours with each
treatment group upon which media was replaced and cells were further incubated for various
chase times. At the end of each chase period, cells were washed once with 1X PBS and
lysed with 1X RIPA buffer (Thermo Scientific). Radioactivity of cell lysates was measured
using a liquid scintillation counter.

Cellular Fractionation

DC2.4 cells were plated at 6.5x106 cells/plate in 150 mm TC-treated dishes (CellTreat) in
20 ml complete media and allowed to adhere overnight. The following day, cells were dosed
with treatment groups (2.5 ug/ml ova) for 4 h, and subsequently chased for various times up
to 4 h. At the end of either pulse or chase periods, media was removed and cells were
washed once with cold PBS. To collect cells from culture dishes, cells were gently lifted
using a flat edge cell scraper and 10 ml cold PBS. Cells were pelleted by centrifugation at
100 g for 5 min at 4°C, followed by resuspension in cold 5 mL homogenization buffer (0.25
M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.4) and another round of centrifugation at
200 g for 6 min at 4°C. Pellets were weighed and re-suspended in homogenization buffer
(vol = 2.5X pellet weight) supplemented with HALT protease inhibitor (1:100, Thermo
Fisher). Cells were homogenized with 30 strokes of a syringe with a 25 gauge needle to
achieve 80-90% cell breakage as determined using an LDH cytotoxicity assay kit (Takara).
Cells treated with 0.05% Triton-X 100 represented 100% cell breakage. Lysates were
centrifuged at 1000 g for 10 min at 4°C to sediment nuclei and unbroken cells. The
remaining pellet, termed the nuclear pellet (NP), was re-suspended in homogenization buffer
supplemented with protease inhibitor. The resulting post-nuclear supernatant (PNS) was
further separated into cytosolic (C) and vesicular (V) fractions by ultracentrifugation at
100,000 g for 30 min at 4°C. Sample radioactivity was read using a liquid scintillation
counter (Beckman) and Ultima Gold scintillation fluid (Perkin-Elmer).

Characterization of Subcellular Fractions

The relative purity of cytosolic and vesicular fractions was assayed as described previously
with minor modifications [29]. Briefly, fractions were analyzed for lactate dehydrogenase
(cytosol; LDH cytotoxicity kit, Takara) and hexosaminidase A [29] (lysosome) activity, and
probed for Rab5 (endosome) and Lamp2 (lysosome) markers using a Western blot. Total
protein content was measured using a Bradford-based protein assay kit (Bio-Rad). For
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Western blots, 10 ug total protein from cytosolic and vesicular fractions was reduced using
1X Laemmli buffer (BioRad) containing B-mercaptoethanol, and denatured by incubation at
100°C for 10 min. Samples were run by SDS-PAGE as previously described [29] and
proteins were transferred onto a PVDF membrane (Bio-Rad) in transfer buffer (12 mM Tris-
base, 100 mM glycine, 10% MeOH, 0.1% w/v SDS) for 1.5 h at 100V. Non-specific binding
sites were blocked with SuperBlock PBS-Tween 20 (Thermo Scientific) for 1 h at RT.
Membrane was incubated with mouse cross-reactive anti-human Rab5 (1:200, SantaCruz
Biotech) or rat anti-mouse Lamp2 (1:400; Developmental Studies Hybridoma Bank; DSHB)
in blocking buffer for 1 h at RT. After 3X 10 min washes with PBS-Tween 20 (PBST,
Sigma-Aldrich), membranes were probed with HRP-conjugated goat anti-mouse antibody
(1:50,000; BD Pharmingen) or HRP conjugated anti-rat antibody (1:20,000; Santa Cruz
Biotech) in blocking buffer for 1 h at RT. Membranes were washed 3X for 10 min in PBST
and incubated with West Femto chemiluminescence substrate (Thermo Scientific) for 5 min.
Finally, chemiluminescence was detected using a Kodak Image Station 4000MM and band
intensity was calculated using Image J.

Female C57BI/6 mice, 6 to 8 weeks old, were purchased from The Jackson Laboratory (Bar
Harbor, ME), maintained at the University of Washington under specific pathogen-free
conditions and treated in accordance with the regulations and guidelines of the University of
Washington Institutional Animal Care and Use Committee.

Lymph Node Biodistribution Studies

To evaluate the distribution of vaccine formulations in the draining lymph nodes, fluorescent
conjugates were prepared using AlexaFluor647-carboxylic acid succinimidyl ester
(Molecular Probes)-labeled ova (~1.4 dye/protein). Mice were injected with treatment
groups (12.5 pug ova, 150 ug polymer) into the dorsal part of the right hind foot (20 uL).
Prior to immunization mice were anesthetized with isofluorane. Either 90 min or 24 h post
injection mice were sacrificed and the draining popliteal lymph nodes harvested to assess
antigen uptake in lymphocyte populations. Lymph nodes from two random mice were
pooled to obtain a single data point for each group. Lymph nodes were incubated in digest
buffer (RPMI 1640, 2 mM L-glutamine, 0.34 mg/ml Liberase TL (Roche), 2 mg/ml DNasel
(Roche)) for 20 min at 37°C. Post digestion, lymph nodes were mechanically homogenized
using a 70 pm cell strainer, washed with 1X PBS, and incubated with cell dissociation
solution (Sigma) for 10 min at 37°C. This reaction was quenched with RPMI 1640 media
supplemented with 10% heat inactivated FBS (Gibco). Cells were subsequently incubated
with lysis buffer (BD Pharm/lyse) at RT for 5 min to lyse red blood cells. The reaction was
quenched with 1X PBS and cells were washed, counted, and resuspended in 150 pL stain
buffer (BD Pharmingen). Lymphocytes were plated at 2-5x10° cells/well (150 pL) in 96-
well U-bottom plates and incubated with Fc-block (anti-CD16/CD32, BD Bioscience) for 15
min at 4°C. Post incubation cells were washed once with stain buffer and stained with
monoclonal antibodies (mAb) Pacific Blue anti-mouse CD11c (BioLegend), PE-Cy7 anti-
mouse CD11b (BD Pharmingen), PerCP-Cy5.5 anti-mouse CD45R/B220 (BD Pharmingen),
anti-mouse F4/80 antigen PE (eBioscience), and AlexaFluor-488 anti-mouse CD3e
(eBioscience) for 30 mins at 4°C. Following another wash, cells were suspended in stain
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buffer and counted by flow cytometry using an LSRII cytometer (Becton Dickinson).
Splenocytes isolated from a naiive mouse and processed in the same manner were used as
compensation controls. Viable cells were gated by forward and side scatter, height and
width, and a minimum of 500,000 events acquired for each sample. Samples were analyzed
using FlowJo software (Tree Star Inc.).

Immunization Studies

Intracellular

All vaccine formulations were prepared using low endotoxin grade ovalbumin (<0.01 EU/g;
EndoGrade, Hyglos GMBH). Endotoxin levels in prepared samples were periodically tested
using a Limulus amoebocyte lysate assay kit (Lonza), and consistently found to be less than
5 EU/kg as recommended by the United States Pharmacopoeia [30]. Mice (n = 7-15 per
group) were injected subcutaneously (s.c.) at the base of the tail on days 0 and 21 (opposite
sides), with treatment groups (100 pug ova and/or ~1.2 mg polymer in 200 uL PBS; 0.5
mg/mL ova, ~6 mg/mL polymer). Conjugates were prepared one day prior to immunization
and stored in a sterile environment. The mixture was prepared by combining non-thiolated
endo-free ova (100 mM phosphate buffer, pH 8.0, ImM EDTA) with polymer (1X PBS;
20M excess to protein) within one hour of immunization. One week post boost
immunization (day 28) mice were sacrificed and spleens harvested to assess the cellular
immune response as described by Wilson et al [9].

Cytokine Staining (ICS)

Splenocytes were plated at 2x108 cells/well (100 uL) in 96-well U-bottom plates and
stimulated with CD8557.964 (SINFEKL) peptide (20 pg/mL) or PMA/ionomycin as a
positive control (2 pg/mL) for 9 hr at 37°C. A protein transport inhibitor, GolgiPlug (BD
Bioscience), was added 1 h post stimulation begin to induce intracellular accumulation of
cytokines. Cells were subsequently washed and stained as described by Wilson et al [9].
Viable splenocytes were gated by forward and side scatter, height and width, and 1,000,000
events acquired for each sample. Samples were analyzed with FlowJo software (Tree Star,
Inc).

Indirect Enzyme-Linked Immunosorbent Assay (ELISA)

Approximately 100 pL of blood were collected from mice via submandibular bleeding one
day prior to sacrifice, and sera tested for ova-specific 1gG1 and 1gG2c as previously
described [9]. Briefly, Nunc MaxiSorp plates (Nunc-Thermo Fisher Scientific Inc.) were
coated with 5 ug/mL ovalbumin in 1X DPBS overnight at 4°C. Plates were blocked twice
with Super Block Blocking Buffer (Thermo Scientific) and sera were added at a 1:50
dilution and subsequent 5-fold serial dilutions in 0.1% BSA/PBS-Tween 20 (PBST) and
incubated for 2 h at RT. To determine cutoff values, serum from a naiive mouse was run on
each plate. Post incubation plates were washed with PBST and incubated with biotin-
conjugated anti-mouse antibodies to 1gG1 (BD Pharmingen) or 1IgG2c (Bethyl Laboratories)
at 0.005 pug/mL in 0.1% BSA/PBST for 1 h at RT. Plates were again washed and incubated
with SA-HRP (BD Pharmingen) at a 1:20,000 dilution in 0.1% BSA/PBST for 30 min at
RT. Following a final round of washes, plates were developed with 100 uL SureBlue
Reserve TMB 1 peroxidase substrate (KPL). After 5 min the enzymatic reaction was
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quenched with 1 M HCI and plates were read within 30 min at 450 nm using a Tecan Safire
2 microplate reader. Endpoint titers were determined from reciprocal dilutions using a
sigmoidal fit in GraphPad Prism 5 (GraphPad Software Inc.) to determine the dilution at
which the 450 nm OD value equaled the cutoff value, defined as the average titer of the
naiive group + two standard deviations.

Statistical analysis

3. Results

Standard one-way analysis of variance (ANOVA) was used to test for treatment effects at a
significance of p<0.05 followed by Tukey post-test for pairwise comparisons among means.

3.1 Preparation of protein-polymer conjugates

pH-responsive diblock copolymers were synthesized by RAFT polymerization [31,32] as
described previously [18]. Briefly, a poly(HPMA-co-PDSMA) macroCTA (MW: 11,500 g/
mol, PDI: 1.1) was purified and chain-extended with PAA, DMAEMA and BMA (PDB) to
obtain the final diblock copolymer (MW: 26,000 g/mol, PDI: 1.8). The macroCTA and
diblock displayed unimodal size distributions by GPC, although an increase in the PDI was
observed upon addition of the second block (SI Figure 1). This peak broadening can be
attributed to the sterically hindered PAA monomer [18,33,34]. The diblock peak showed a
clear transition to lower elution volumes indicating successful chain extension. Final
copolymer compositions, determined by 1H-NMR spectroscopy (SI Table 1), were similar to
those targeted, with 21% PAA, 25% DMAEMA, and 55% BMA in the second block and 7%
PDSMA in the first. A TCEP reduction assay was used in conjunction with NMR analysis to
calculate final values of 3 and 5 PDS groups per polymer chain, respectively. A micelle
molecular weight of 2010 kDa was determined by static light scattering, indicating an
aggregation number of ~80 polymer chains per micelle. A control carrier lacking
conjugatable PDS moieties was synthesized in a similar manner (SI Table 2 & Figure 3-4).
An additional control polymer containing a non pH-responsive and non endosomal-releasing
core (methyl methacrylate, MMA) was prepared as described previously [18] (SI Table 3 &
Figure 5-6). For clarification purposes, henceforth the pH-responsive or “active” carrier is
referred to as “HP-PDB”, the non-conjugatable control carrier as “H-PDB”, and the non pH-
responsive or “inactive” carrier as “HP-MMA”.

Dynamic light scattering analysis in PBS (pH 7.4) yielded hydrodynamic diameters of 30 £
2 nm, indicative of a micellar morphology. A shift in particle size to below 10 nm at pH 5.8
was consistent with micelle dissociation into unimers (Figure 1a). The incorporation of a
neutral corona was anticipated to impart favorable biocompatibility to the antigen delivery
system. Indeed, high levels of cell viability were observed in DC2.4 dendritic cells after 4
and 24 h at polymer concentrations of up to 125 and 80 pg/mL, respectively (SI Figure 7, 4
h data not shown). All subsequent in vitro assays were conducted in these time and/or
concentration ranges.

Reactive thiol groups were introduced on ovalbumin via modification of lysine primary
amines with 2-iminothiolane (~4 thiols/ova). pH-responsive Ova-(HP-PDB) and non-
responsive Ova-(HP-MMA\) conjugates were formed via a disulfide exchange reaction with
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the PDS functionalities on the carrier. Conjugation efficiency was monitored by non-
reducing SDS polyacrylamide gel electrophoresis using conjugates prepared with
fluorescently labeled ova (Figure 1b). A shift of the ova band to higher molecular weights
accompanied by disappearance of the free protein was used to monitor protein-polymer
coupling. Approximately 95% conjugation was achieved at a polymer:protein ratio of 20:1
(~4 ova/micelle). The distribution of ova over a broad range of molecular weights upon
conjugation to active carrier reflects polymer polydispersity, as well as variations in the
number of conjugation events per ova or polymer chain [9]. By contrast, the lower
polydispersity of the HP-MMA (Sl Table 3) yields a tight band on the gel upon antigen
conjugation. Incubation of conjugates with reducing agent (20 mM TCEP) for 1 h at RT
regenerated the free protein band, demonstrating disulfide bond reversibility and protein
release. As anticipated, no conjugation was observed in a physical mixture of ova and the
control polymer lacking reactive PDS groups [Ova+(H-PDB)] (Figure 1b). Micelles
exhibited no significant size change via DLS following antigen conjugation, suggesting
minimal particle cross-linking or aggregation.

The carrier’s membrane-destabilizing activities were evaluated using an established red
blood cell hemolysis assay (Figure 1c). Both the pH-responsive carrier and ovalbumin
conjugate exhibited potent hemolytic activity at endosomal pH values. As expected, the non-
pH responsive control carrier was inactive across the studied pH range.

carrier enhances antigen cross-presentation in vitro

A B3Z presentation assay was performed to assess the carrier’s ability to activate CTLs
through enhanced MHC-1 presentation. DC2.4s were pulsed with polymer conjugates,
polymer and ova mixture, and free ova, and subsequently co-cultured with B3Z T cells
which produce B-galactosidase upon recognition of Ovass7.o64 (SIINFEKL) complexed with
MHC-I. The pH-responsive Ova-(HP-PDB) carrier showed significantly greater T-cell
activation than controls (Figure 2). Physical attachment of antigen to the active carrier was
necessary for cross-presentation, as the polymer and ova mixture minimally activated CTLs.
While observed enhancements in T cell activation may be due to differences in intracellular
antigen processing, they could also be a result of varied antigen uptake between species (Sl
Figure 10a). To minimize the effect of antigen uptake on cross-presentation, Ova and Ova-
(HP-MMA) were also dosed at 100 pg/mL ova, a concentration at which uptake was
comparable to that of Ova-(HP-PDB) at 10 pg/mL after 4 h (SI Figure 10b). No substantial
increase in cross-presentation was observed at this higher antigen dose (Figure 2). These
data, along with evidence in our previous work demonstrating a dependence on endosomal
acidification in polymer-mediated antigen cross-presentation [9], strongly suggest that the
membrane interactive properties of HP-PDB play a key role in facilitating antigen display by
MHC-I.

carrier potentiates antigen uptake and intracellular retention

To gain insight into the mechanism by which this carrier may be enhancing antigen cross-
presentation, a series of cellular fractionation studies was conducted to quantitatively assess
ova accumulation in cytosolic and vesicular compartments of DC2.4 cells. Marker enzyme
assays for LDH (cytosol) [35] and HexA (lysosomes) [36], and immunoblotting for Rab5
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(early endosomes) [37] and Lamp2 (late endosomes and lysosomes) [38] were used to assess
fraction purity. The procedure yielded reproducible marker distribution, with a majority of
LDH (~80%) and minimal HexA (~20%), Lamp2 (~10%) and Rab5 (~10%) in cytosolic
fractions (SI Figure 8). The total amount of antigen in cytosolic fractions after a 4 h pulse
followed by various chase periods was determined for free ova and the active conjugate.
Immediately after the pulse, total ova levels observed in cytosolic and vesicular fractions
were ~10 times higher for cells treated with Ova-(HP-PDB) relative to free protein (Figure
3a and b). While intracellular antigen levels in cells dosed with soluble ova gradually
decreased over time, cells dosed with conjugate retained high antigen levels over the 4 h
chase period, peaking at 67-fold and 74-fold enhancements over soluble protein in cytosolic
and vesicular fractions, respectively. This trend is likely a result of enhanced uptake
combined with prolonged intracellular retention mediated by the membrane-interactive
polymer segment. Interestingly, the intracellular localization of tritium-labeled HP-PDB
polymer was ~90% associated with the vesicular membrane fraction after a 4 h pulse (S|
Figure 9), suggesting that the hydrophobic, cationic core partitioned with vesicle-membrane
lipids [29] while significant fractions of the ova cargo was released to the cytosol.

A series of pulse-chase experiments was performed to characterize the dynamics of antigen
exocytosis. Cells were incubated with radiolabeled samples at an equivalent ova dose for 4
h, and subsequently chased for another 4 h. At each chase time point supernatant was
removed, cells were washed and lysed, and the remaining intracellular radioactivity was
measured. From this, the amount of ova taken up and respectively exocytosed was
calculated as a percentage of the amount internalized after the 4 h pulse. Conjugation to
carrier markedly decreased the amount of ova exocytosed compared to control groups
(Figure 3c). In fact, at the 15 min timepoint we observed ~30% exocytosis of control groups,
as compared to a modest ~7% for Ova-(HP-PDB). After 4 h, the percent of ova exocytosed
rose to ~ 40% for conjugate and greater than 80% for controls. Interestingly, in control
groups most exocytosis occurred within 15 min, while ova delivered via HP-PDB was
predominantly retained within cells for up to 1.5 h. Combined, fractionation and exocytosis
studies demonstrate that conjugation to pH-responsive micelles enhances antigen uptake and
significantly increases cytosolic delivery as well as endosomal-lysosomal residence times in
DC2.4 cells.

3.4 Polymer conjugation facilitates antigen delivery to draining lymph node APCs

Previous studies have shown that sub-100 nm nanoparticles readily transport into lymphatic
vessels and subsequently to APCs in draining lymph nodes [7,10,15,39,40]. The transport of
the polymeric micelle carriers to draining lymph nodes and delivery to lymphocyte subsets
was evaluated using AlexaFluor647-labeled ova. Ninety minutes or 24 h after injection, the
draining popliteal lymph nodes were isolated and analyzed by flow cytometry to
characterize antigen uptake by lymphocyte subsets. By 90 min post injection, a large
percentage of cells (~12%) were ova-positive with HP-PDB (Figure 4a). This percentage
decreased to ~3% 24 h post injection (Figure 4b). Significantly lower levels of uptake were
observed for control groups at both time points (Figure 4a and b). Injection of Ova-(HP-
PDB) afforded a ~2.5-fold increase in dendritic cell uptake and up to ~2.8 fold increase in
macrophage uptake relative to controls (Figure 4c). Co-localization of conjugates with
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lymph node APCs 90 min post injection is suggestive of primarily passive transport via the
draining lymphatics [41,42]. 24 h post injection, ova was exclusively associated with
dendritic cells and macrophages (Figure 4d) for all groups. The active carrier enabled
superior ova uptake in dendritic cells compared to free protein (30-fold increase), the ova
and polymer mixture (3-fold increase), and HP-MMA polymer (3-fold increase), with
corresponding ~4-fold, ~2-fold, and ~1.5-fold increases in macrophage uptake, respectively.
For a potential vaccine platform, targeting dendritic cells in the lymph nodes is attractive, as
these cells are primarily responsible for antigen presentation to and co-stimulation of T-
cells. Co-localization of conjugates with lymph node APCs 90 min post injection is
suggestive of primarily passive transport via the draining lymphatics [41,42].

3.5 Conjugates enhance antigen-specific CD8* T cell and antibody responses in vivo

Mice were immunized subcutaneously with conjugate and controls on days 0 and 21. At one
week post-boost (day 29), the strength of the endogenous CD8* T cell response was
assessed based on the frequency of IFN-y-secreting CD8* T cells in isolated splenocyte
populations. Intracellular cytokine staining showed statistically elevated (p<0.05) levels of
ova-specific CD8* T-cells (0.44 + 0.09 % IFN-y* of CD8%) in mice immunized with the HP-
PDB conjugate, as compared to controls (Figure 5a). Immunization with physical mixture
produced a low but detectable response by intracellular cytokine staining (0.20 + 0.03%
IFN-y* of CD8"), suggesting a degree of co-uptake of antigen with polymer. Antibody
production in immunized mice was analyzed from blood drawn on day 28. Elevated titers of
antigen-specific 1gG1 were observed with conjugate (610-fold) and mixture (425-fold) as
compared to free protein and Ova-(HP-MMA) (Figure 5b; note that titers are plotted on a
logyg axis). Polymer-containing groups also enhanced IgG2c titers relative to antigen alone
(630- and 170-fold for conjugate and mixture respectively). Inactive conjugate generated no
detectable 1gG2c response (titer < 2).

4. Discussion

Previous studies with pH-responsive polymers and polymeric micelles have demonstrated
that carriers with endosomal-releasing activity can increase antigen-specific CD8* T-cell
responses. Herein we evaluated a related pH-responsive micelle platform, which exploits a
neutral corona-forming segment previously found to impart a favorable toxicity profile [18],
for antigen delivery. The dynamics of intracellular trafficking and exocytosis were
quantitated for the first time with this polymeric micelle system. These studies demonstrated
the benefits of direct antigen conjugation and the role of the pH-responsive segment in
promoting intracellular antigen accumulation. Enhancements in antigen uptake and
intracellular retention (reduced exocytosis) were only observed when antigen was directly
coupled to the membrane-destabilizing carrier. Improved uptake of active conjugates
relative to the inactive conjugates was likely due to electrostatic interactions between some
surface-exposed DMAEMA residues and the negatively charged cellular membrane.

Lower exocytosis rates could in part be due to polymer-mediated retardation of vesicle-
vesicle fusion, which may delay intracellular antigen processing. Using subcellular
fractionation in rat liver cells, Richardson et al previously observed that linear, cationic
poly(amidoamine) gene delivery carriers transiently accumulated in vesicles with increased
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buoyant density, indicative of inhibition of entry into the late endosomal-lysosomal
organelle [43]. Additionally, active micelles may contribute to compartmental pH buffering,
slowing the acidification of endosomes which inhibits their fusion and maturation [44].
Nanoparticle-induced pH buffering of intracellular compartments was previously observed
by Hirosue et al in bone marrow derived dendritic cells treated with poly(propylene) sulfide
nanoparticles [24].

The overall result of enhanced intracellular antigen presence on MHC-I presentation was
evaluated in an in vitro cross-presentation assay. Even when normalized to uptake, the active
carrier afforded a substantial advantage over free ova and inactive carrier at driving antigen
cross-presentation. This could be attributed to the combined effects of reduced exocytosis,
increased cytosolic delivery, and longer residence time in vesicular compartments which in
some cases can also cross-present antigen [3]. Though an equal amount of antigen was
internalized initially, the carrier aided in sustained payload delivery to the cell cytosol,
thereby likely allowing for prolonged antigen presentation to T cells [5]. While not explored
further here, enhancements in antigen cross-presentation may also in part be due to the
formation of more stable MHC I-peptide complexes with extended half-lives, an effect
which has been associated with inflammatory stimuli that may here be polymer-mediated
[45].

Consistent with previous findings [10,40,46], polymeric micelles were shown to fall into a
size range favorable for accessing DCs and macrophages in the draining lymph nodes.
Interestingly, physical mixture of ova and polymer displayed uptake patterns similar to free
ova at 90 min, but unlike free protein maintained some cell localization after 24 h. It is
possible that the polymer creates a “depot effect” at the injection site, retaining a cohort of
antigen long enough to be picked up by skin-resident APCs. While the non-pH-responsive
particles are also in a favorable size range for lymphatic transport, the decrease in signal
relative to the active formulation is likely due to marked differences in cellular uptake and
intracellular residence times, as was observed in vitro.

As was previously demonstrated with related unimeric polymer-antigen conjugates and a
cationic diblock polymer micelle, this new HPMA-based neutral corona micelle
significantly elevated cellular and humoral immune responses. A control polymer micelle
with a polyMMA core-forming segment was compared as a hon-pH-responsive control. This
carrier did not enhance cross-presentation in the B3Z assay, was not retained in draining
lymph node APCs, and finally did not induce significant CD8" T-cell or antibody responses.
These results underline the importance of the pH-responsive, membrane destabilizing block
to this carrier system. Interestingly, the physical mixture induced modest levels of IFN-y*
CD8™ T cells, indicating that co-injection of ova and polymer may result in low levels of co-
uptake by tissue resident APCs, or combined transport to the lymph node APC population. It
may also be possible that the pH-responsive segment has additional inflammatory and
adjuvanting effects. Consistent with this possibility, the pH-responsive HP-PDB micelle
induced a preferential IgG1 > 19gG2 Th2-like antibody response. While not explored further
in this work, these data suggest that the active carrier has intrinsic adjuvant properties which
here may be enhancing Th2 CD4* T cell and B cell activity. Prior studies with other
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synthetic vaccines have demonstrated that nanoparticles can exhibit adjuvant activities
[47,48].

In summary, this work provides new mechanistic insights into how pH-responsive micelles
can modulate intracellular antigen trafficking and thereby increase CD8* T cell responses.
The membrane-interactive properties of the pH-responsive core block were shown to be
essential for enhancing cytosolic delivery and cross-presentation of conjugated antigenic
cargo in vitro, as well as for promoting superior antigen uptake by antigen presenting cells
in the draining lymph nodes. Together, these effects significantly enhanced antigen-specific
CD8™ T cell responses in vivo. This versatile platform can be extended for use with other
disulfide-linked antigens as well as adjuvants, affording the benefits of co-delivering antigen
and immunostimulatory agent on a single particle.
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Figure 1. Conjugation of ova to polymer carrier via a reducible disulfide linkage
a) pH-responsive carrier transitions from micelle to unimer as a function of pH. HP-PDB

was incubated in phosphate buffers ranging from pH 7.4 (physiologic) to 5.8 (endosomal)
and particle size analyzed by dynamic light scattering, 1 mg/mL polymer. Data are from a
single experiment run in triplicate with error bars representing the standard deviation. b)
Fluorescence image of non-reducing SDS-PAGE validating protein-polymer conjugation via
a reducible disulfide linkage, 2.8 g ova-AF488/lane: native ova (Ova) (1), pH-responsive
conjugate at 20:1 polymer:ova molar ratio [Ova-(HP-PDB)] (2), conjugate + 20mM TCEP
(3), physical mixture of ova and polymer [Ova+(H-PDB)] (4), mixture + 20mM TCEP (5),
non pH-responsive control conjugate [Ova-(HP-MMA)] (6), non pH-responsive control
conjugate + 20mM TCEP (7). ¢) Hemolytic activity of diblock copolymer with [Ova-(HP-
PDB)] and without (HP-PDB) antigen conjugation, of mixture control polymer (H-PDB),
and of non pH-responsive control polymer (HP-MMA\), at a polymer concentration of 40
ug/mL. Values are normalized relative to a positive control, 1% v/v Triton X-100, and data
represent a single experiment conducted in triplicate + SD.
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Figure 2. Antigen conjugation enhances CTL activation/MHC-1 presentation in vitro
DC2.4 cells were stimulated with free protein, physical mixture, or conjugates (10 or 100

ug/mL ova) for 4 h and subsequently co-cultured with B3Z T-cells for 24 h. Cells were
rinsed, incubated 24 h with lysis buffer containing chlorophenol red p-D-galactoside, and the
absorbance of released chlorophenol red measured at 570 nm. Data represent a
representative experiment performed in quadruplicate, mean + SD. One-way ANOVA
followed by Tukey’s Multiple Comparison Test was used for statistical analysis, * = p
<0.05.
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Figure 3. Conjugation enhances antigen accumulation in DC 2.4s
a,b) DC 2.4s were pulsed with ova or active conjugate (2.5 pg/mL 3H-ova) for 4 h. After

various chase periods cells were homogenized and cytosolic and vesicular components
separated by ultracentrifugation. Ova content was determined by radioactivity measurements
and is plotted in terms of pmol ova. Data represent n = 3 = SD. ¢) DC2.4s were pulsed with
treatment groups (2.5 ug/mL 3H-ova) for 4 h. After various chase times cells were lysed to
measure the intracellular radioactivity. Exocytosis of 3H-ova represents the decrease in
intracellular radioactivity in cells post chase relative to radioactivity in cell lysates after the
4 h pulse period. Data from a representative experiment conducted in triplicate + SD is
shown.
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Figure 4. Conjugation enhances antigen delivery to lymph node APCs
C57BI/6 mice were immunized with free ova, mixture, or conjugates in the dorsal part of the

foot and draining popliteal lymph nodes isolated 90 min and 2
of fluorescent ova in total lymphocyte populations as measure
ANOVA followed by Tukey’s Multiple Comparison Test was
a level of p < 0.05 with * indicating significance as compared

4 h post injection. a,b) Uptake
d by flow cytometry. One-way
used for statistical analysis at

to Ova-(HP-PDB). c,d)

Uptake of ova in individual lymphocyte cell subtypes. Data shown are from two
independent experiments with n = 6 mice per group, mean £ SEM. * = p < 0.05, one-way

ANOVA followed by Tukey’s Multiple Comparison Test.
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Figure 5. Conjugation enhances antigen-specific CD8" IFN-y* T cell and antibody responses
Splenocytes were isolated on day 29 from mice immunized twice, 3 weeks apart, with free

ova, physical mixture, and pH-responsive conjugate. a) Cells were plated and tested for
IFN-y in vitro recall responses by incubating with CD8* T cell epitope ovass7_o64
(SINFEKL). CD8* T cells were identified by ICS based on CD8 expression, and the
percentage of these cells expressing IFN-y determined. Means + SEM (n = 7-15) shown are
pooled from three independent experiments. Representative flow cytometry dot plots of
CD8* IFN-y* T cells from individual mice. b) Ova-specific IgG1 (black bars) and 1gG2¢c
(white bars) antibody titres were measured on day 28 in sera from immunized mice. Data
shown are pooled from four independent experiments and represent the mean of the
reciprocal dilution £ SEM (n = 7-15). One-way ANOVA followed by Tukey’s Multiple
Comparison Test was used for all statistical analyses. *p < 0.05.
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Scheme 1. Nanoparticle vaccine based on pH-responsive polymers for antigen delivery
Amphiphilic diblock copolymers were synthesized by controlled Reversible Addition-

Fragmentation Chain Transfer (RAFT) polymerization and consist of a neutral, hydrophilic
corona segment with pendant pyridyl disulfide groups for reversible antigen conjugation,
and a hydrophobic, pH-responsive core that drives endosomal membrane destabilization.
The carrier self-assembles into 25-30 nm micelles under aqueous conditions.
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