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S
ynthetic subunit vaccines offer poten-
tial benefits over live or attenuated
vaccine vectors in some disease appli-

cations, including improved safety, reduced
cost, ease of manufacturability, and control
over the antigen specificity of the immune
response.1,2 General limitations of protein
subunit vaccines, however, include typically
weak and short-lived humoral and cellular
immune responses.3�6 It has beenparticularly
challenging to elicit CD8þ cytotoxic T lym-
phocyte (CTL) responses, which are thought
to be critical for effective vaccination against
diseases such as HIV, hepatitis C, and malaria,
aswell as in cancer immunotherapy.7,8 Under-
lying this difficulty are keydelivery challenges,
including transport and targeting of the vac-
cine to the correct antigen-presenting cells
(APCs) and cross-presentationof exogenously

administered antigens on major histocompat-
ibility complex class I (MHC-I) of dendritic cells
(DCs).5�7,9,10 Soluble protein antigen endocy-
tosed by APCs is generally degraded in specia-
lized endo/lysosomal compartments, result-
ing in preferential MHC class II presentation
and subsequent generation of CD4þ helper T
cell responses.5,6 By contrast, engineered viral
vectors have been developed that induce
robust CTL responses, due inpart to expression
of antigen in the cytosol with subsequent
entry to the endogenous MHC class I anti-
gen presentation pathway.7,11 Safety and
specificity concerns regarding the use of
viral vectors continue to drive work aimed
at improving subunit vaccine efficacies.6,7,11

A number of investigators have engineered
pathogen-inspired synthetic vaccines to en-
hance antigen cross-presentation.3,5,6,12�16
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ABSTRACT Protein subunit vaccines offer important potential advantages over live

vaccine vectors but generally elicit weaker and shorter-lived cellular immune responses.

Here we investigate the use of pH-responsive, endosomolytic polymer nanoparticles that

were originally developed for RNA delivery as vaccine delivery vehicles for enhancing

cellular and humoral immune responses. Micellar nanoparticles were assembled from

amphiphilic diblock copolymers composed of an ampholytic core-forming block and a

redesigned polycationic corona block doped with thiol-reactive pyridyl disulfide groups to

enable dual-delivery of antigens and immunostimulatory CpG oligodeoxynucleotide (CpG ODN) adjuvants. Polymers assembled into 23 nm particles with

simultaneous packaging of CpG ODN and a thiolated protein antigen, ovalbumin (ova). Conjugation of ova to nanoparticles significantly enhanced antigen

cross-presentation in vitro relative to free ova or an unconjugated, physical mixture of the parent compounds. Subcutaneous vaccination of mice with

ova�nanoparticle conjugates elicited a significantly higher CD8þ T cell response (0.5% IFN-γþ of CD8þ) compared to mice vaccinated with free ova or a

physical mixture of the two components. Significantly, immunization with ova�nanoparticle conjugates electrostatically complexed with CpG ODN (dual-

delivery) enhanced CD8þ T cell responses (3.4% IFN-γþ of CD8þ) 7-, 18-, and 8-fold relative to immunization with conjugates, ova administered with free

CpG, or a formulation containing free ova and CpG complexed to micelles, respectively. Similarly, dual-delivery carriers significantly increased CD4þIFN-γþ

(Th1) responses and elicited a balanced IgG1/IgG2c antibody response. Intradermal administration further augmented cellular immune responses, with

dual-delivery carriers inducing ∼7% antigen-specific CD8þ T cells. This work demonstrates the ability of pH-responsive, endosomolytic nanoparticles to

actively promote antigen cross-presentation and augment cellular and humoral immune responses via dual-delivery of protein antigens and CpG ODN.

Hence, pH-responsive polymeric nanoparticles offer promise as a delivery platform for protein subunit vaccines.
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A common approach has been to use micro- and
nanoparticles as a platform for co-delivery of antigen
and immunostimulatory molecules to the same APC,
which can promote cross-presentation and help elicit a
broader cellular response.12,17�21 Additionally, a num-
ber of pathogenic organisms utilize pH-dependent
mechanisms to facilitate their escape from endo/
lysosomal trafficking pathways into the cytosol.22,23

By analogy, our group has postulated that synthetic
materials with pH-dependentmembrane-destabilizing
characteristics provide a versatile strategy for enhanc-
ing delivery of protein antigens into the cytosolic
MHC-I antigen presentation pathway. We have pre-
viously demonstrated that covalent tethering of anti-
gen to the pH-responsive polymer poly(propylacrylic
acid) can enhance intracellular antigen accumulation,
thereby increasing MHC-I presentation and enhancing
CD8þ T cell responses in vivo.24,25

While a number of nanoparticle delivery systems
have been developed that enable dual-delivery of
antigen and immunostimulatory adjuvants, there are
relatively few below 100 nm in diameter and, to the
best of our knowledge, none within this size range that
also incorporate endosomal escape functionalities to
actively alter intracellular trafficking. Here we build
upon a recently described pH-responsive, endosomo-
lytic polymer micelle design, initially developed for
siRNA delivery,26,27 to construct a subunit vaccine that
facilitates concomitant delivery of antigen and immu-
nostimulatory oligonucleotide adjuvants on a single
nanoparticle platform (Figure 1). To enable the appli-
cation of this micellar carrier for vaccine delivery, we
have introduced pyridyl disulfide groups into the
cationic corona for reversible conjugation of protein
antigens to be carried togetherwith an electrostatically
complexed nucleic acid species. The diblock copoly-
mers self-assemble intomicellar nanoparticles∼30 nm
in diameter and demonstrate potent pH-dependent
membrane destabilizing activity. As an adjuvant, we
have used an oligodeoxyribonucleotide (ODN) con-
taining an unmethylated cytosine-phosphate-guanine
(CpG) sequence that mimics motifs found in bacterial
and viral DNA. CpGODNs bind the endosomal receptor
TLR9, initiating an innate immune response character-
ized by the production of pro-inflammatory and Th1
cytokines that promote CTL and CD4þ Th1 activa-
tion.28,29 Here we show that this micelle carrier
facilitates loading of both a protein antigen
(ovalbumin) and CpG ODN, and that dual-delivery
synergistically enhances humoral and cellular im-
mune responses. This represents the first use of such
pH-responsive endosomolytic polymeric nanoparti-
cles to enhance the intracellular delivery of a protein
antigen and demonstrates the unique capability of
these carriers to actively promote antigen cross-
presentation via increased cytosolic delivery and

enhance antigen-specific immune responses via

dual-delivery of antigen and an endosomal-acting
oligonucleotide adjuvant.

RESULTS AND DISCUSSION

Synthesis of pH-Responsive Nanocarriers for Dual-Delivery of
Antigen and CpG ODN. RAFT polymerization was em-
ployed to synthesize amphiphilic diblock copolymers
comprising a polycation-rich block that incorporated
pyridyl disulfide (PDS) functional groups and a hydro-
phobic, endosomolytic segment to induce micelle
assembly and promote antigen cross-presentation
via enhanced cytosolic delivery (Figure 1). The first
module was achieved through synthesis of a new
copolymer composed primarily of the cationic mono-
mer dimethylaminoethyl methacrylate (DMAEMA)
(97%) dopedwith a small percentage (3%) of PDS ethyl
methacrylate (PDSEMA). The number average molec-
ular weight (Mn) of the copolymer was 10 kDa, and the
polydispersity index (PDI) was 1.1. Using poly-
(DMAEMA-co-PDSEMA) as a macro-chain transfer
agent (mCTA), a second terpolymer ampholyte block
was polymerized with DMAEMA, propylacrylic acid
(PAA), and butyl methacrylate (BMA).26 The Mn of this
second block was 21.5 kDa with a composition of 34%
DMAEMA, 27% PAA, and 39% BMA. The PDI of 1.9 for
the diblock copolymer is high for a true RAFT-based
polymerization, likely due to the sterically hindered
PAA monomer which slows chain propagation result-
ing in hybrid behavior between conventional and
living free-radical polymerization.30,31 Nonetheless, a
clear shift in the molecular weight distribution is ob-
served (see Supporting Information, Figure S2), indi-
cating the formation of the desired diblock copolymer

Figure 1. Nanoparticle vaccines based on pH-responsive poly-
mers for dual-delivery of antigen and oligonucleotides. Amphi-
philic diblock copolymers with two multifunctional modules
were synthesized by reversible addition�fragmentation chain
transfer (RAFT) polymerization. The hydrophilic and cat-
ionic first block was composed of DMAEMA for electrostatic
complexation of oligonucleotide adjuvants (CpG ODN) and
a small percentage of PDSEMA for conjugation of thiol-
bearing antigens (ovalbumin) via disulfide exchange. The
hydrophobic and endosomolytic second block drives mi-
celle assembly and promotes cytosolic antigen delivery.
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architecture. Dynamic light scattering (DLS) of poly-
mers in aqueous solution (PBS, pH 7.4) revealed parti-
cles with an average diameter of 23.4 ( 3.3 nm,
indicating the assembly of a micellar architecture
driven by the hydrophobic core-forming pH-respon-
sive block. Static light scattering measurements indi-
cated a micelle molecular weight of ∼2610 kDa and,
therefore, an aggregation number of∼80 polymer chains
per micelle.

The ability of micellar nanoparticles to carry oval-
bumin (ova) and/or CpG ODN was next assessed. In
order to identify the relationship (mixed, conjugated,
or electrostatically associated) between the different
components of the formulation (polymer, ova, and
CpG), the following nomenclature was adopted and
used henceforth. Free ovalbumin will be referred to as
“ova”, free ova mixed with CpG as “ovaþCpG”, ova-
polymer conjugates as “ova-pol”, free ova mixed with
free polymer as “ovaþpol”, ova-polymer conjugates
electrostatically associated with CpG as “ova-pol/CpG”,
and free ova mixed with polymer electrostatically
associated with CpG as “ovaþpol/CpG”. To enable
conjugation of ova to the PDS groups, thiols were first
introduced using 2-iminothiolane (3�5 thiols/ova).25,32

Conjugation of ova to polymer (ova-pol) was evaluated
using SDS-PAGE to monitor the shift of fluorescently
labeled ova to highermolecular weights, accompanied
by disappearance of the free protein band. Reaction of
thiolated ova and polymer at a 20:1 polymer/ova ratio
resulted in >95% conjugation of protein to themicelles
as determined by SDS-PAGE (Figure 2a). By contrast,
conjugation was not observed upon mixing nonthio-
lated, native ova with polymer (ovaþpol), likely owing
to the low accessibility of free cysteine residues present
in ovalbumin.33 Incubation of nanoparticle�ova con-
jugates with cytosolic levels of glutathione (10 mM)34

resulted in complete liberation of ova from the carrier
(Figure 2a), a property which has been shown to
improve delivery of conjugate-based vaccines.35 It
should be noted that, upon conjugation to the poly-
mer, the ova band becomes distributed over a broad
range of molecular weights. This is most likely reflec-
tive of both the polydispersity of the polymeric carrier,
which also displays a band over a range of molecular
weights (Figure S3, Supporting Information), as well as
heterogeneity in the number of conjugation events per
ova or polymer chain (e.g., multiple ova per polymer
chain or multiple polymer chains per ova). Nonethe-
less, no significant change in particle size was observed
upon antigen conjugation via DLS (25.1 ( 5.2 nm),
suggesting maintenance of micellar structure and
minimal particle cross-linking or aggregation. Conju-
gates were subsequently incubated with CpG ODN at
various (charge ratios (ova-pol/CpG), defined as the
molar ratio of protonated DMAEMA tertiary amines in
the first block (assuming 50% protonation at physio-
logical pH) and phosphate groups along the CpG

backbone. An agarose gel electrophoretic shift assay
was performed to determine the charge ratio where
polymers were able to bind and completely neutralize
the negative charges of CpG. At charge ratios of 1:1 and
above, CpG ODN was completely complexed to poly-
meric carriers, as indicated by the disappearance of a free
CpG band and the lack of CpG migration toward the
cathode (Figure 2b). However, at charge ratios of 1:1
and 2:1, particle size increased dramatically (∼1000�
3000 nm), likely as a result of colloidal destabilization
and/or cross-bridge formation associated with addi-
tion of CpG ODN. Increasing the charge ratio to 4:1
mitigated this effect with resultant particles returning
to 26.7 ( 6.0 nm (Figure 2c), a size comparable to
smaller viruses (e.g., adeno-associated virus, pox virus,
polio virus) that is also amenable to sterile filtration.36

Consistent with our previous reports,27 nanoparticles
demonstrated potent pH-dependent membrane disrup-
tive properties in an erythrocyte lysis assay (Figure 2d),
therebymimicking themechanism of endosomal escape
utilized by a number of pathogens (e.g., influenza, ade-
novirus, Listeria monocytogenes). This response was only
modestly inhibited by conjugation of ova or electrostatic
complexationofCpGata4:1 charge ratio. Thisnanoparticle

Figure 2. pH-responsive micellar nanocarriers for dual-
delivery of antigen and oligonucleotides. (a) SDS-PAGE of
fluorescently labeled ovalbumin (ova), nanoparticle�ova
conjugates at a polymer/ova molar ratio of 20:1 (ova-pol),
and a physical mixture of ova and polymer (ovaþpol).
Incubation of conjugates with intracellular concentra-
tions of glutathione (GSH) liberates ova from the carrier.
(b) Agarose gel electrophoresis of ova�nanoparticle con-
jugates incubated with CpG ODN1826 at various positive/
negative charge ratios. (c) Representative size distribution
(number average) measured by dynamic light scattering
(DLS) of ova-pol/CpG complexes at a 4:1 charge ratio. (d)
Erythrocyte lysis assay demonstrating pH-dependentmem-
brane destabilizing activity of the diblock copolymer micelles
(pol), nanoparticle�ova conjugate (ova-pol), and conjugate
complexed with CpG ODN (ova-pol/CpG). Concentrations are
normalized to 2.5 μg/mL polymer and data representmean(
SD (n=4); *p<0.05: ova-pol/CpG vspol andova-pol; #p<0.05:
ova-pol vs pol by ANOVA with Tukey's post-hoc test.
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formulation, comprising an average of ∼80 polymer
chains, ∼4 ova molecules, and ∼30 strands of CpG ODN,
was chosen for all subsequent investigations.

Nanoparticle Carriers Enhance Intracellular Uptake of Antigen
and CpG ODN. By mimicking the intracellular uptake of
antigen and immunostimulatory DNA that occurs dur-
ing bacterial and viral infections, the co-delivery of
antigen with CpG ODN has been shown to enhance
immune responses to vaccines.12,17�21,37,38 To demon-
strate that carriers promote uptake of both antigen and
CpG, flow cytometry was used to investigate the inter-
nalization of AlexaFluor488-labeled ova and TAMRA-
labeled CpG in DC2.4 cells, a dendritic cell line.39 After
1 h incubationwith particles carrying ova and CpG (ova-
pol/CpG), ova and CpG uptake were enhanced 5.5- and
2.5-fold, respectively, over the parental formulation of
ova mixed with CpG (ovaþCpG; Figure 3a). A physical
mixture of free ova and CpG complexed to particles
(ovaþpol/CpG) did not increase internalization of ova,
demonstrating a dependence on direct conjugation in
enhanced uptake. Additionally, nanoparticle delivery
increased the initial rate of uptake, defined as the
change in median fluorescence intensity (MFI) of the

DC2.4 cell population per minute over the first 240min
of incubation, 5-fold and 1.9-fold for ova and CpG,
respectively (Figure 3b). These data provide evidence
of dual-delivery of a protein antigen and an oligonu-
cleotide adjuvant on a common synthetic platform.

To elucidate the mechanism through which ova
and CpG are endocytosed by DC2.4 cells, treat-
ments were performed at 4 �C or in the presence
of the macropinocytosis inhibitor amiloride,40 the
caveolae inhibitor genistein,41 or the inhibitor of clathrin-
mediated endocytosis, chloropromazine.42 Uptake of
CpG and ova associated with the carrier (ova-pol/CpG)
was nearly completely abrogated at 4 �C (Figure 3c),
demonstrating the energy dependence of uptake and
that particle internalization is not mediated by non-
specific membrane fusion or translocation. Uptake of
CpG and ova on carriers was inhibited to similar extents
by genistein, amiloride, and chloropromazine, indicat-
ing that multiple endocytotic pathways are likely in-
volved in the internalization of nanoparticles. It is
notable that the uptake of CpG and ova on carriers
was reduced by comparable degrees in all treat-
ment groups, further suggesting that both species

Figure 3. Dual-delivery nanoparticles enhance uptake of ova and CpG by dendritic cells through multiple endocytotic
pathways. (a) Uptake of AlexaFluor488-labeled ova and TAMRA-labeled CpGmeasuredby flowcytometry after 1 h incubation
at 37 �C. Left: Representative flow cytometry histograms of DC2.4 cells untreated (gray fill) or incubated with ovamixed with
CpG (ovaþCpG; orange line), dual-delivery carriers (ova-pol/CpG; blue line), and ova mixed with CpG complexed to polymer
(ovaþpol/CpG; dotted red line). Right: Median fluorescent intensity (MFI) for each treatment group (mean ( SD, n = 3;
*p < 0.05 ovaþpol/CpG and ova-pol/CpG vs ovaþCpG, #p < 0.05 ova-pol/CpG vs ovaþCpG and ovaþpol/CpG by ANOVAwith
Tukey's post-hoc test). (b) Kinetics of uptake for ova (circles) and CpG (squares) either delivered free (ovaþCpG; orange) or as
part of the dual-delivery (ova-pol/CpG) construct (blue; mean( SD, n = 3). At each time point, theMFI corresponding to both
ova and CpG are statistically higher (p < 0.05 by student's t test) in the ova-pol/CpG (blue) treatment group. (c) Inhibition of
ova (left) andCpG (right) uptake upon incubation at 4 �Cor in thepresenceof the indicated inhibitors for 1 h at 37 �Cexpressed
as apercentageof control after subtractingbackgroundMFI.Orangebars representovamixedwithCpG (ovaþCpG), andbluebars
represent dual-delivery carriers (ova-pol/CpG). Genistein treatment did not significantly (p . 0.05) change ova uptake in the
ovaþCpG (orange) group relative to untreated control; the average percent inhibition of ova in this group was slightly negative
(�5%), and this data point has been eliminated for clarity. Data are expressed as the mean ( SD from four independent
experiments; *p < 0.05, † < 0.1 ova-pol/CpG (blue) vs ovaþCpG (orange) by student's t test for a given treatment group.
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are entering cells together. It is also notable that free
ova does not enter dendritic cells through caveolae,
consistent with previous studies demonstrating that
ova uptake is mediated by macropinocytosis and the
mannose receptor (clathrin),43�45 whereas ova conju-
gated to nanocarriers can utilize caveolae as an alter-
native internalization route.

Polymeric Delivery of Antigen Enhances MHC-I Presentation
in a B3Z T Cell Activation Assay. A coculture assay was used
to characterize antigen delivery into the MHC class
I processing pathway. DC2.4 cells were incubated
with the indicated ova-containing formulations and
subsequently cocultured with a B3Z T cell hybridoma
which produces β-galactosidase upon recognition of
ova257�264 (SIINFEKL) presented on the murine H-2Kb

MHC molecule. Conjugation of ova to pH-responsive
carriers dramatically increased class I antigen presen-
tation relative to soluble ova, which was detected at
negligible levels over background (Figure 4a). Addi-
tionally, a physical mixture of nonthiolated ova and
polymer did not significantly enhance antigen presenta-
tion, further demonstrating the requirement for antigen
conjugation.While noncovalent interactions (e.g., electro-
static interactions, hydrogen bonding) between the mi-
celle and ova are possible, these data, combinedwith the
cellular uptake data described previously (Figure 3),
strongly suggest that such interactions, if present, are
weak and/or transient and, therefore, likely play a negli-
gible role in enhancing the intracellular delivery of ova.

To probe themechanism of polymer-mediated cross-
presentation, DC2.4 cells were treated with chloroquine,
an inhibitor of endosomal acidification, lactacystin, a
proteosome inhibitor, and brefeldin A, which inhibits

transport of assembled MHC-I/peptide complexes from
the endoplasmic reticulum (ER) to the cell surface. Treat-
ment with chloroquine resulted in a 35% reduction in
antigen presentation, while lactacystin and brefeldin A
completely abrogated the response (Figure 4b). The
persistence of some class I presentation in the presence
of chloroquine is likely due to incomplete inhibition of
endosomal acidification,46 resulting in elevatedpHvalues
where polymers nonetheless still maintain membrane-
disruptive capabilities. Treatment of antigen-presenting
cells with chloroquine has also been associated with
increased cross-presentation of endocytosed antigen
due to membrane leakage and reduced proteolytic
antigen degradation.47 However, a dependence on en-
dosomal acidification as well as proteosomal processing
and transport from the ER suggests that the acidic milieu
of endosomal trafficking facilitates polymer-mediated
delivery of antigen to the cytosol for processing via the
classical/endogenous class I presentation pathway.

Nanoparticle�Antigen Conjugates Enhance CD8þ T Cell and
Antibody Responses in Vivo. To evaluate the capacity of
conjugates to enhance CD8þ T cell responses in vivo,
C57BL/6 mice were injected subcutaneously with free
ova (ova), nanoparticle�ova conjugate (ova-pol), or a
physical mixture of micelles and ova (ovaþpol) in
formulations containing 25 μg ova and/or 360 μg of
polymer. A booster injection of the same formulation
was given on day 21. Mice were sacrificed 1 week later,
and the CD8þ T cell response was determined through
ex vivo stimulation of isolated splenocytes with the
immunodominant class I ova epitope (SIINFEKL). The
quantification of INF-γ producing cells was performed
using intracellular cytokine staining and ELISPOT. Im-
munization with polymer�ova conjugates resulted in
0.5 ( 0.13% ova-specific CD8þ T cells (% IFN-γþ of
CD8þ) as measured by intracellular cytokine staining
(Figure 5a), a significantly (p < 0.05) higher response
than elicitedwith free ova (0.02%) or a physical mixture
of particles and ova (0.03%). Quantification of the CD8þ

T cell response using IFN-γ ELISPOT (Figure 5b) corro-
borated these findings, with conjugates (200 ( 60
spot forming cells (SFC)/1 � 106) generating a 17- and
90-fold increase in response relative to the physical
mixture and free ova, respectively. This is consistent
with the need for intracellular colocalization of poly-
mer and antigen. Further studies will be necessary to
elucidate the mechanisms through which conjugates
mediate enhanced cross-presentation in vivo and the
cell types involved.

Immunization with ova�nanoparticle conjugates
(ova-pol) enhanced IgG1 and IgG2c antibody titer
∼1500- and ∼300-fold, respectively, over antigen
alone (Figure 5c; note that titer values are plotted on
a log10 axis). However, the physical mixture of particles
and ova (ovaþpol) also increased antibody titer over
free ova, albeit to a lesser extent (∼30-fold for IgG1 and
∼150-fold for IgG2c). The difference in titer between

Figure 4. Conjugation of antigen to polymeric carriers
enhances MHC class I antigen presentation. (a) DC2.4 cells
were incubated with ova (1 μg/mL), ova�nanoparticle con-
jugates (ova-pol), or a mixture of micelles and nonthiolated
ova (ovaþpol) for 4 h and subsequently cocultured for
18�20 h with B3Z T cell hybridomas which produce
β-galactosidase upon recognition of ova257�264 (SIINFEKL)
presented on the murine H-2Kb MHC class molecule.
β-Galactosidase was subsequently detected using a lysis
buffer containing a colorimetric substrate with an absor-
bance at 570 nm (mean ( SD, n = 4, *p < 0.05 ova-pol vs
ovaþpol and ova by ANOVA with Tukey's post-hoc test.
(b) Enhanced MHC-I presentation was inhibited by addition of
chloroquine and completely abrogated with lactacystin and
brefeldin A, indicating that polymer-mediated cross-presenta-
tion is dependent on endosomal acidification, proteosomal
processing, and transport of MHC-I/peptide complexes from
the endoplasmic reticulum to the cell surface (mean ( SD,
n = 4, *p < 0.05 vs ova-pol by student's t test).
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mixture and conjugate might be explained by overall
enhancements in antigen uptake with the latter. Vac-
cination with the conjugate, as well as the mixture,
elicited a significantly higher IgG1 than IgG2 titer
(IgG2c/IgG1 < 1.0; Figure S4a, Supporting Information),
indicating a Th2 bias in the CD4þ response48 and
suggesting a potential adjuvant effect inherent to the
nanoparticle. Indeed, a number of polymeric materials,
including synthetic polycations, have been shown to
possess inherent inflammatory or adjuvant prop-
erties13,49�52 that here may be augmenting Th2 CD4þ T
cell and B cell responses without inducing a CD8þ T cell
response. Additionally, it is conceivable that the endoso-
molytic nature of these carriers may have adjuvant effects
mediated by the induction of inflammasomes that can
induce cytokine production and enhance DC activation.52

Dual-Delivery of Antigen and CpG ODN Enhances CD8þ and
Th1 CD4þ Responses in Vivo. Generation of robust CD8þ T
cell responses requires not only class I antigen pre-
sentation but also additional immunostimulatory sig-
nals delivered by antigen-presenting cells and type 1
CD4þ T helper (Th1) cells. A growing class of molecular
adjuvants has been developed to stimulate inflamma-
tory pathways that promote Th1-biased responses.7,53,54

Class B CpG ODNs are a promising type of oligonucleo-
tide adjuvant that are widely investigated clinically.55,56

Therefore,wepostulated that combining theCTL-inducing
capabilities of pH-responsive nanocarriers with the im-
munopotentiating properties of a class B CpG ODN
would allow the benefits of each to be harnessed in a
cooperative manner. To test this hypothesis, mice were
immunized as described previously with dual-delivery
vehicles assembled through electrostatic complexation
of CpG ODN 1826, a murine B-type CpG ODN, to
nanoparticle�ova conjugates (ova-pol/CpG). To eluci-
date the importance of delivering both antigen and
adjuvant on a common nanoparticle, free ova was
mixed with nanoparticles carrying CpG (ovaþpol/CpG).
Free ova mixed with soluble CpG (ovaþCpG) served as
an additional control, representing the most common
delivery modality for CpG as a vaccine adjuvant. As
shown in Figure 6, immunization with dual-delivery
nanocarriers dramatically enhanced both CD8þ T cell
and Th1 responses relative to those elicited by conjugates
(ova-pol), ova administered with free CpG (ovaþCpG),
or a formulation containing free ova and CpG complexed
to polymer (ovaþpol/CpG). Dual-delivery of CpG and ova
on pH-responsive nanoparticles (ova-pol/CpG) resulted in
an average of 3.4% CD8þ T cells (%INF-γþ of CD8þ) as
measured by intracellular cytokine staining (Figure 6a),
a ∼7-fold increase over the conjugate alone (0.5%) and
an∼18-fold increase over antigen administered with free

Figure 5. Immunizationwith ovalbumin�nanoparticle conjugates enhances CD8þIFN-γþ T cell and antibody responses.Mice
were immunized on days 0 and 21 with free ovalbumin (ova), a physical mixture of ova andmicelles (ovaþpol), or conjugates
(ova-pol) and the immune response characterized on day 28. Splenocytes were restimulated ex vivowith ova257�264 (SIINFEKL)
and IFN-γ production detected via intracellular cytokine staining and ELISPOT. (a) Representative flow cytometry dot plots of
CD8þIFN-γþ T cells from individualmice (left) and the average response fromgroups (right). (b) ELISPOT quantification (SFCs:
spot forming cells) of CD8þIFN-γþ T cell response. (c) IgG1 (black bars) and IgG2c (gray bars) antibody end point titers were
measured by ELISA from serum collected at day 27. Data represent the mean ( SEM of two independent experiments with
n = 10 total, with the exception of ova where n = 6; *p < 0.05 by ANOVA with Tukey's post-hoc test.
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CpG (0.18%). Notably, the CD8þ T cell response elicited
by ova�nanoparticle conjugates (ova-pol; 0.5%) was
comparable to that induced using soluble CpG ODN
1826 as an adjuvant (0.18%; Figure 6a), providing a
metric for the relative capability of these polymeric
nanoparticles to enhance CD8þ T cell responses. Ad-
ditionally, administration of free ova mixed with CpG/
polymer complexes (ovaþpol/CpG) did not signifi-
cantly increase the CD8þ T cell response relative to
free CpG (0.4% vs 0.18%). Similar trends were observed
when measuring CD8þ T cell responses using IFN-γ
ELISPOT (Figure 6b).

Dual-delivery of antigen and CpG (ova-pol/CpG)
also significantly enhanced the Th1 (CD4þINF-γþ) re-
sponse relative to other experimental groups, all of
which elicited comparably low responses as measured
by ELISPOT (Figure 6c). Th1 responses were increased
∼11-fold relative to the conjugate (ova-pol) and ova
mixed with polymer-complexed CpG (ovaþpol/CpG)
and nearly 20-fold relative to soluble antigen mixed
with CpG (ovaþCpG). Consistent with the heightened
Th1 response, complexation of CpG to nanoparti-
cle�ova conjugates (ova-pol/CpG) increased IgG2c
titer nearly 200-fold without significant change in the

IgG1 titer, yielding an IgG2c/IgG1 ratio close to unity
(Figure 6d and Figure S4b, Supporting Information),
which suggests a balanced Th1/Th2 response. These
findings are consistent with several previous reports
demonstrating enhanced CpG activity achieved by
delivery with antigen on the same vehicle.20,21,57,58

Significantly, the CD8þ T cell and Th1 responses eli-
cited with dual-delivery carriers are substantially great-
er than the additive effects of polymeric antigen
conjugation and addition of CpG as an adjuvant.

The ability of dual-delivery carriers to elicit CD8þ

and CD4þ T cell responses suggests that antigen is
accessible to both MHC-I and MHC-II processing path-
ways, the latter of which may be mediated by a cohort
of antigen that remains in endo/lysosomal compart-
ments. A similar response has been observed for
antigen encapsulated in virosomes that fail to escape
the endosome.6 Though we employed a pH-responsive
tercopolymerwith strong endosomolytic activity,26 the
persistence of a CD4þ response that can act to mod-
ulate both cellular and humoral immunity is also an
important element of this design. Similarly, these data
suggest that CpG complexed with endosomolytic car-
riers maintains a capacity to engage TLR9 localized in

Figure 6. Dual-delivery of ovalbumin and CpG ODN on pH-responsive nanocarriers enhances CD8þ T cell and CD4þ Th1
responses. Micewere immunizedwith conjugates (ova-pol), ovamixedwith free CpG (ovaþCpG), dual-delivery vehicles (ova-
pol/CpG), and free ova mixed with CpG/micelle complexes (ovaþpol/CpG). Splenocytes were restimulated ex vivo with
ova257�264 (SIINFEKL; CD8

þ response) or ova323�339 (ISQAVHAAHAEINEAGR; CD4
þ response) and IFN-γ production detected

via intracellular cytokine staining and ELISPOT. (a) Representative flow cytometry dot plots of CD8þIFN-γþ T cells from
individual mice and average response from groups. (b) ELISPOT quantification (SFCs: spot forming cells) of CD8þIFN-γþ T cell
response. (c) ELISPOT quantification of CD4þIFN-γþ T cell response. (d) IgG1 (black bars) and IgG2c (gray bars) antibody end
point titers were measured by ELISA from serum collected at day 27. Data represent the mean ( SEM of two independent
experiments with n = 10; *p < 0.05 by ANOVA with Tukey's post-hoc test.
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endosomal compartments. A similar phenomenon has
beendescribed for CpGencapsulated in pH-responsive
liposomes.19 Interestingly, this is not the case for all
cationic CpG delivery platforms, as a number of cat-
ionic carriers have been shown to reduce the adjuvant
activity of CpG.49,59 This may be attributed to the
relative accessibility of electrostatically bound CpG in
endosomal compartments, which is thought to be
influenced by the strength of binding between the
polymer and CpG.59�61 Additionally, particulate car-
riers can also influence endosomal trafficking, which
has been shown to affect the magnitude and nature of
the response to CpG.60,61 For example, complexation of
CpG-B with the cationic liposome DOTAP shifted the
localization of CpG-B from lysosomes to endosomes, a
change that stimulated the production of interferon-R
in plasmacytoid DCs.61 Alternatively, ova or CpG deliv-
ered to the cytosol might subsequently be trafficked
back to endo/lysosomal compartments through au-
tophagy, the catabolic process that leads to engulf-
ment of cytosol and organelles in autophagic vacuoles
that fuse with lysosomes. Indeed, there is considerable
evidence that autophagy promotes MHC class II pre-
sentation of endogenous cytosolic proteins and pro-
teins of viral origin,62�64 and therefore, it is conceivable
that a cohort of cytosolic ova becomes engulfed in
autophagosomes and ultimately is processed for class II
presentation. Similarly, Lee et al. found that cytosolic RNA
intermediates from certain single-stranded RNA viruses
must be transported into lysosomes via autophagy in
order to be recognized by TLR7, another endo/lysosomal
TLR;65 a similar role for autophagy has been postulated
in TLR9 recognition of cytosolic CpG-containingDNA.66

While the effect of polymeric CpG delivery on TLR9
signaling remains to be investigated, these studies
suggest that endosomal releasing activity and endo-
somal signaling are not mutually exclusive events.

Intradermal Immunization Further Augments Responses.
Intradermal administration of vaccines offers a poten-
tial strategy for enhancing immune responses by im-
proving delivery to antigen-presenting cells abundant
in the dermis67,68 as well as increasing access to
lymphatic vessels and lymph nodes.69 We evaluated
responses elicited by both nanoparticle�ova conju-
gates (ova-pol) and dual-delivery carriers (ova-pol/
CpG) that were injected intradermally in the pinna of
the ear using the same doses and immunization regi-
men utilized for subcutaneous administration. Intra-
dermal vaccination enhanced both CD8þ T cell and
Th1 responses approximately 2-fold for both the con-
jugates (Figure 7a�c) and dual-delivery vehicles
(Figure 7e�g). Notably, intradermal vaccination with
nanocarriers for dual-delivery of antigen and CpG
resulted in an average of 6.8% antigen-specific CD8þ

T cells with responses as high as ∼15% percent
observed in 2 of 11 mice. Though differences in dose,
adjuvant choice, immunization regimen, and charac-
terization techniques render direct comparison diffi-
cult, these CD8þ T cell responses are among the
strongest elicited for a protein antigen using a sub-
100 nm nanoparticle vaccine.12,19,70�72 Additionally,
intradermal vaccination elicited significantly higher
IgG2c titer compared to subcutaneous administration
for both conjugates (∼30-fold) and dual-delivery car-
riers (2-fold), while IgG1 titer was not significantly
increased, commensurate with the elevated Th1 re-
sponse (Figure 7d,h). These data demonstrate the
capacity of this system to elicit strong cellular and
humoral immune responses that may be further en-
hanced through optimized immunization regimens.

CONCLUSION

Throughdual-delivery of protein antigen andCpGODN
on endosomolytic nanoparticles, we have developed a

Figure 7. Intradermal (i.d.) immunization increases cellular and humoral immune responses relative to subcutaneous (s.c.)
administration. CD8þ T cell response to (a,b) conjugates (ova-pol) and (e,f) dual-delivery vehicles (ova-pol/CpG) determined
by intracellular cytokine staining (a,e) and ELISPOT (b,f). Th1 response to conjugates (c) and dual-delivery vehicles (g)
measured by ELISPOT. IgG1 (filled bars) and IgG2c (hollow bars) antibody end point titers elicited by conjugates (ova-pol) (d)
and dual-delivery (ova-pol/CpG) carriers (h) measured by ELISA. Data represent the mean ( SEM of 2�3 independent
experiments with n = 10�16 total; **p = 0.08, *p < 0.05 by student's t test; #p < 0.05, IgG2c intradermal vs subcutaneous
administration by student's t test.
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new class of subunit vaccine combining multiple patho-
gen-inspired cues into a single synthetic platform that
actively promotes antigen cross-presentation and stimu-
lates innate immunity. Owing to their pH-dependent
membrane destabilizing activity, carriers increased MHC
class I antigen presentation with attendant augmentation
of antigen-specific CD8þ T cell responses. Significantly,
dual-delivery of antigen and CpG ODN on a single carrier
synergistically enhancedbothCD8þ T cell andCD4þ Th1T
cell responses while eliciting a balanced IgG1/IgG2c anti-
body response. Though a model antigen was used and
immunization regimens remain to be optimized, the
considerable magnitude of immune responses elicited

by this vaccine formulation, particularly the CD8þ T cell
response, warrants future evaluation of this technology
for vaccination against refractory infectious diseases as
well as for the treatment of cancer. Additionally, this
modular vaccine delivery platform is composed entirely
of synthetic components that can be economically
and scalably synthesized and is anticipated to allow
for conjugation of diverse antigens and complexation
of additional immunomodulatory oligonucleotides. Col-
lectively, these investigations demonstrate the potential
of pH-responsive nanoparticles as a multimodal and
tunable platform for improving the efficacy of protein
subunit vaccines.

MATERIALS AND METHODS
Synthesis of Pyridyl Disulfide Ethyl Methacrylate (PDSEMA). The

PDSEMA monomer was synthesized as described previously
with minor modifications.73 Hydroxyethyl pyridyldisulfide
(HDPS) was synthesized as described elsewhere.74 In brief, a
total of 3 g (38.5 mmol) of 2-mercaptoethanol was dissolved in
MeOH (20mL) followedby 5mL of 2,20-dipyridyl disulfide (10.3 g,
46.2 mmol, Sigma-Aldrich) in MeOH. The reaction mixture was
stirred at room temperature under N2 overnight. MeOH was
removed via evaporation and used for the next reactionwithout
further purification (TLC: Rf = 0.4, Rf = 0.8 is the excess 2,20-
dipyridyl disulfide, and Rf = 0.1 is 2-pyridinethione). Then, a total
of 4 g (21.4 mmol) of HDPS was placed in a dry round-bottom
flask followed by 50 mL of anhydrous dichloromethane (DCM).
The solutionwas cooled using an ice bath for another 5min, and
a total of 3.58mLof TEA (25.7mmol) was subsequently added to
the reactionmixture. Finally, methacryloyl chloride (3.1 mL, 32.0
mmol, Sigma-Aldrich) in 10 mL of DCM was added dropwise to
the precooled reaction mixture while stirring under nitrogen.
The reaction was stirred in an ice bath for an additional 2 h and
transferred to room temperature overnight. Formation of PDSE-
MA monomer was monitored by TLC using 33:67 ethyl acetate/
hexane solvent mixture as the mobile phase (Rf = 0.55, other
impurities all below Rf = 0.35). The reaction mixture was diluted
with DCM and subsequently washed with brine. The collected
organic phase was dried by anhydrous MgSO4 and the organic
solvent removed in vacuo. The crude product was further purified
via column chromatography using ethyl acetate/hexane as the
mobile phase (packing with pure hexane and increasing EA from
20 to 40%). 1H NMR (CDCl3): δ 1.9 (3H, m), 3.1 (2H, t), 4.4 (2H, t), 5.6
(1H,m), 6.1 (1H, m), 7.1 (1H, m), 7.6 (1H, m), 7.7 (1H, m), 8.5 (1H, m).

RAFT Polymerization of Poly[(DMAEMA-co-PDSEMA)-block-(DMAEMA-co-
BMA-co-PAA)]. RAFT copolymerization of dimethylaminoethyl
methacrylate (DMAEMA) and PDSEMA was conducted under a
nitrogen atmosphere in dioxane (40 wt % monomer) at 30 �C
for 18 h with 4-cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpen-
tanoic acid (ECT)26 and 2,20-azobis(4-methoxy-2.4-dimethyl
valeronitrile) (V-70) (Wako Chemicals) as the RAFT chain transfer
agent and initiator, respectively. All monomers were distilled
prior to use. The initial molar ratio of DMAEMA to PDSEMA was
95:5, and the initial monomer ([M]o) to CTA ([CTA]o) to initiator
([I]o) ratio was 100:1:0.05. The resultant poly(DMAEMA-co-
PDSEMA) macro-chain transfer agent (mCTA) was isolated by
precipitation (6�) into pentane. ThemCTAwas dried for 1 week
in vacuo and subsequently used for block copolymerization of
DMAEMA, propylacrylic acid (PAA), and butyl methacrylate
(BMA), as previously described with minor modifications.27

DMAEMA (30%), PAA (30%), and BMA (40%) ([M]0/[CTA]0 =
450) were added to the mCTA dissolved in dimethylacetamide
(40 wt % monomer and mCTA) along with the free radical
initiator V-70 at amCTA to initiator ratio ([mCTA]0/[I]0) of 2.5. The
polymerization was allowed to proceed under a nitrogen atmo-
sphere for 24 h at 30 �C. The resultant diblock copolymer was

isolated by initial precipitation into 80:20 pentane/ether and
subsequently redissolved in acetone and precipitated (6�) into
pentane. The product was then dried in vacuo for 48 h,
reconstituted into molecular grade water (HyClone) from a
stock solution prepared in ethanol, and subsequently lyophi-
lized for 96 h. The composition of both the mCTA and diblock
copolymer was analyzed by 1H NMR (CDCl3) spectroscopy
(Bruker AV 500). Gel permeation chromatography (GPC) was
used to determine molecular weights and polydispersities
(Mw/Mn, PDI) of both the mCTA and diblock copolymer. SEC
Tosoh TSK-GEL R-3000 and R-4000 columns (Tosoh Bioscience,
Montgomeryville, PA) were connected in series to a Agilent
1200 series (Agilent Technologies, Santa Clara, CA), refract-
ometer Optilab-rEX, and a triple-angle static light scattering
detector miniDAWN TREOS (Wyatt Technology, Santa Barbara,
CA). HPLC-grade DMF containing 0.1wt% LiBr at 60 �Cwas used
as the mobile phase at a flow rate of 1 mL/min. The molecular
weights of each polymer were determined using a multidetec-
tor calibration based on dn/dc values calculated separately
for each copolymer (0.071 and 0.065 for mCTA and diblock,
respectively). Additionally, the number of pyridyl disulfide
groups per polymer chain was determined to be 1.5 based on
spectrophotometric determination of the amount of pyridine-2-
thione released (343 nm, ε = 8080M�1 cm�1) after incubationwith
5 mM TCEP (Bond-Breaker TCEP, Thermo Scientific) for 1 h. Addi-
tional synthetic details, representativeNMR spectra, and a summary
of polymer properties can be found in the Supporting Information.

Formulation of Polymer Micelles. Aqueous polymer solutions
were prepared by first dissolving the dry copolymer into
ethanol at 50 mg/mL followed by rapid dilution into sodium
phosphate buffer (100mM, pH 7.0) to a final concentration of 10
mg/mL. Ethanol was removed by buffer exchange into phos-
phate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, 2 mM KH2PO4; Ambion) via four cycles of centrifugal
dialysis (Amicon, 3 kDa MWCO, Millipore). In selected instances,
the ethanol content of the final polymer solution was deter-
mined via the Amplite ethanol quantitation kit (AAT Bioquest)
according to manufacturer's instructions and consistently
found to be below 0.1%. Polymers were sterilized prior to use
via 0.22 μm syringe filtration (Pall Corporation). Polymer con-
centration was determined spectrophotometrically via absor-
bance of the aromatic PDS groups at 284 nm.

Preparation of Polymer�Ovalbumin Conjugates. Ovalbumin (ova)
was conjugated to PDS groups on polymer micelles via a
disulfide exchange reaction. Thiol groups were incorporated
onto ova using a 22 molar excess of 2-iminothiolane (Traut's
reagent) as previously described.25 Nonreacted 2-iminothiolane
was removed using a Zeba desalting column (0.5 mL, 7 K
MWCO; Thermo Scientific) equilibrated with 1� PBS (pH 7.4).
The solution was then sterile-filtered and the average number
of thiol groups per ova determined using Ellman's reagent
(Thermo Scientific) according to manufacturer instructions.
For all studies, 3�5 thiols per ova were introduced. In some
instances, ova was labeled with AlexaFluor488-TFP (Invitrogen)
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prior to thiolation with ∼0.5�1 dye/protein according to man-
ufacturer instructions. Thiolated ova was subsequently reacted
with polymer micelles (prepared as described above) at a 20:1
polymer/ova molar ratio in PBS under sterile conditions. The
extent of conjugation was determined via nonreducing SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) of conjugates pre-
pared with fluorescently labeled ova (137 V; 4�20% Tris-glycine;
PROTEANTGCprecast gel, Bio-Rad). Todemonstrate the reducibility
of the disulfide bond between polymer and protein, conjugates
were incubated with 10 mM glutathione (Sigma-Aldrich) for 1 h at
room temperature. Gels were imaged using a Storm 860Molecular
Imager (GMI Inc.) to determine protein shifts and ImageQuant TL
software was used to quantify the extent of conjugation.

Formation of Polymer/CpG Complexes. Polymer/CpG complexes
were formed by combining CpG ODN 1826 (Invivogen) and
micelle solution in PBS for 30 min at room temperature at
different theoretical charge ratios. The charge ratio was defined
as the molar ratio between protonated DMAEMA tertiary
amines in the first block (assuming 50% protonation at physio-
logical pH) and phosphate groups along the CpGbackbone. The
charge ratio at which polymers mediated complete CpG com-
plexation was determined via an agarose gel retardation assay.
Free CpG and complexes prepared at various charge ratios were
loaded into lanes of a 4% agarose gel and run at 90 V for 1 h. Gels
were stained with SYBR Safe (Invitrogen) for 1 h and subse-
quently visualized with a Storm 860 Molecular Imager (GMI).

Static and Dynamic Light Scattering. Static light scattering mea-
surements were performed on a Nanoseries Zetasizer (Malvern)
at a constant scattering angle of 173�. The micelle molecular
weight (Mw) and second virial coefficient (A2) were estimated
from the relationship: KCp/RΘ= 1/Mw þ 2A2Cp, where K, Cp, Mw,
RΘ, and A2 are the optical constant, polymer concentration,
molecular weight, Rayleigh ratio, and second virial coefficient,
respectively. The dn/dc of the micelle solution was measured
using an Optilab-rEX refractometer (Wyatt Technology, Santa
Barbara, CA) and determined to be 0.161. By measuring RΘ at a
series of Cp values between 0.75 and 0.15 mg/mL, Mw and A2
were estimated from Debye plots. Micelle aggregation number
(Nagg) was determined by comparing the molecular weight of
the diblock copolymer micelles (Mw) to the molecular weight of
the unimeric species as determined by GPC using the relation
Nagg = Mw,micelle /Mw,unimer. The sizes of free diblock copolymer
micelles, micelle�ova conjugates, and conjugate/CpG com-
plexes were determined by dynamic light scattering (DLS) using
a Nanoseries Zetasizer (Malvern) at a constant scattering angle
of 173�. All samples were analyzed at room temperature in PBS
(pH 7.4) normalized to 0.1 mg/mL polymer. Mean diameters are
reported as the number average ( standard deviation from a
minimum of three independently prepared formulations.

Cell Lines. The mouse dendritic cell line DC2.4 (H-2Kb-
positive) was kindly provided by K. Rock (University of Massa-
chusetts Medical School) and cultured in RPMI 1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM
L-glutamine, 100 U/mL penicillin/100 μg/mL streptomycin
(Gibco), 55 μM 2-mercaptoethanol (Gibco), 1� nonessential
amino acids (Cellgro), and 10 mM HEPES (Invitrogen). B3Z T
cells, a lacZ-inducible T cell hybridoma specific for the SIINFEKL-
H-2Kb complex, were a generous gift from Nilabh Shastri (UC
Berkeley) and cultured in RPMI 1640 (Gibco) supplementedwith
10%FBS, 100U/mLpenicillin/100μg/mL streptomycin (Cellgro),
50 μM 2-mercaptoethanol (Gibco), and 1 mM sodium pyruvate
(Gibco). Both cell types were grown in a humidified atmosphere
with 5% CO2 at 37 �C.

In Vitro Cross-Presentation Assay. The ability of polymeric nano-
particles to enhance MHC class I antigen presentation was
assessed by an in vitro antigen presentation assay19,24,75 using
DC2.4 cells39 as the antigen-presenting cell. This assay utilizes a
specialized LacZ B3Z T cell hybridoma that produces β-galacto-
sidase upon recognition of the immunodominant ovalbumin
class I epitope SIINFEKL presented on MHC class I H-2Kb on
DC2.4 cells.76 DC2.4 cells were plated at 5 � 104 cells/well in
U-bottom 96-well cell culture plates and grown overnight. The
following day, ova�nanoparticle conjugates and controls were
added to a final concentration of 1 μg/mL ova and incubated
with DC2.4 cells for 4 h at 37 �C in a 5%CO2 incubator. Cells were

then carefully rinsed 3� with DPBS, and 10 � 104 B3Z T cells
were added to each well and cocultured for 22�24 h in RPMI
1640 supplemented with 10% FBS, 2 mM L-glutamine, 55 μM
β-mercaptoethanol, 1 mM pyruvate, and 100 U/mL penicillin/
100 μg/mL streptomycin. Cells were then pelleted via centrifu-
gation (7min,∼500 rcf), media carefully aspirated, and 150μL of
CPRG/lysis buffer (0.15 mM chlorophenol red-β-D-galactopyra-
noside (CalBiochem), 0.1% Triton-X 100, 9 mM MgCl, 100 μM
mercaptoethanol) added. Plates were incubated at 37 �C in the
dark for 90m, and the absorbance of released chlorophenol red
was measured at 570 nm using a Tecan Safire 2 plate reader.

To elucidate the intracellular processing pathways asso-
ciated with polymer-mediated cross-presentation, DC2.4 cells
were incubated with conjugates or controls in the presence or
absence of 100 μM chloroquine, an inhibitor of endosomal
acidification,77 the proteosome inhibitor lactacystin (3 μM),78 or
brefeldin A (GolgiPlug, BD), an inhibitor of TAP-mediated
translocation of MHC-I molecules to the cell surface.77 Conju-
gates and controls were added to cells 1 h after addition of
inhibitors. After 4 h, cells were washed 3� with DPBS, fixed on
ice for 5minwith 1%parformaldehyde, andwashedagain 3�with
DPBS79 prior to addition of 50� 103 B3Z cells as described above.
In a parallel study, cell viability was determined after incubation
with conjugates and inhibitors using an MTS cell viability assay
(Promega). Chlorophenol red absorbance (570 nm) data were
normalized to viability to account for small differences in cell
viability induced by treatment with inhibitors; in all instances, cell
viability after treatment with conjugates and inhibitors was deter-
mined to be greater than 70% of untreated control.

Erythrocyte Lysis Assay. The capacity of free polymer,
ova�polymer conjugates, and conjugate/CpG complexes to
induce pH-dependent disruption of lipid bilayer membranes
was assessed via a red blood cell hemolysis assay as previously
described.80 Briefly, polymers were incubated for 1 h at 37 �C in
the presence of human erythrocytes at 2.5 μg/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 (abs = 541 nm) and normalized to a 100%
lysis control (1% Triton X-100). Samples were run in quadruplicate.

In Vitro Dendritic Cell Uptake. Intracellular uptake of ovalbumin
and CpGwas evaluated by flow cytometry using AlexaFluor488-
labeled ovalbumin and 30-TAMRA-labeled CpG (Integrated DNA
Technologies). DC2.4 cells were plated at 75k cells/well in 24-
well plates and allowed to adhere overnight. Cells were subse-
quently incubated with formulations containing fluorescently
labeled ova and CpG for the indicated amount of time, rinsed
2� with DPBS, trypsinized (0.25%, 5 min), pelleted by centrifu-
gation, and resuspended in DPBS containing 2% FBS. Flow
cytometry was performed on a FACSCantoII (BD) and analyzed
using FlowJo software (Tree Star Inc.). To determine the initial rate
of ova and CpG uptake by DC2.4 cells, the median fluorescent
intensity (MFI) was plotted as a function of time over a 4 h
incubation period, fit with a linear regression, and the initial rate
of uptake was defined as the slope of the line. To investigate the
mechanismof uptake, cells were preincubated for 30min at 4 �Cor
at 37 �C in the presence of chlorpromazine (10 μg/mL), 5-(N,N-
dimethyl)amiloride (150 μg/mL),32 or genistein (50 μg/mL)81 fol-
lowed by addition of CpG and/or ova-containing samples for 1 h.

Animals. Female C57BL/6 mice, 6�8 weeks old, were ob-
tained from The Jackson Laboratory (Bar Harbor, ME). All
animals weremaintained at the University ofWashington under
specific pathogen-free conditions and treated in accordance
with the regulations and guidelines of the University of Wa-
shington Institutional Animal Care and Use Committee.

Immunization of Mice. All vaccine formulations were prepared
using a low endotoxin grade ovalbumin (<0.01 EU/g; Endo-
Grade; Hyglos GmbH), and sterile, endotoxin-, protease-, and
nuclease-free water (Invivogen) and PBS (Ambion). To confirm
low endotoxin content of vaccines, formulations were periodi-
cally assayed for endotoxin content 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.82

Groups of mice (n = 6�16 per group) were immunized
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subcutaneously at the base of the tail or intradermally in the
pinna of the ear with formulations containing 25 μg ova with or
without 28 μg of CpG and/or 360 μg polymer in PBS. Mice were
immunized at days 0 and 21 in opposite sides (s.c.) or ears (i.d.)
using a 0.3 cc syringe with a 30 gauge needle. Subcutaneous
and intradermal immunizations were delivered in 200 and 20
μL, respectively, and intradermal injections were performed
under isoflurane anesthesia. Experimental groups were as fol-
lows: free ovalbumin (ova), a physicalmixture ofmicelles and ova
(ovaþpol), nanoparticle�
ova conjugate (ova-pol), ova mixed with free CpG (ovaþCpG),
CpG complexed with nanoparticle�ova conjugates (ova-pol/CpG),
and free ova combined with CpG complexed to polymeric
carriers (ovaþpol/CpG). Conjugates were prepared 18�24 h
prior to immunization and all other formulations prepared
within 3 h of injection. Animals were monitored for weight loss
and signs of lethargy, and no adverse effects were observed
with any formulation tested.

Preparation of Splenocyte Culture. One week post boost immu-
nization (day 28),micewere sacrificed and spleens harvested for
preparation of splenocyte cultures. Individual spleens were
mechanically digested into single-cell suspensions in com-
plete RPMI 1640 media (cRPMI; 10% FCS, 100 U/mL penicillin,
100 μg/mL streptomycin, 50 μM 2-mercaptoethanol, and 2 mM
L-glutamine) by forcing them through a 100 μmcell strainer (BD)
using a sterile syringe plunger. The cell suspension was subse-
quently filtered through a 70 μm cell strainer to remove any
residual tissue fragments, and erythrocytes were removed by
treatmentwith ammonium chloride (PharmLyse, BD). Cells were
then washed twice and resuspended in cRPMI.

Intracellular Cytokine Staining. Splenocytes were plated in 96-
well U-bottom plates at 2� 106 cells/well in cRPMI and cultured
in the presence or absence of 20 μg/mL of the class I epitope
ova257�264 (SIINFEKL) at 37 �C and 5% CO2. After 1 h, a protein
transport inhibitor (GolgiPlug; BD Bioscience) was added to
each well for an additional 8 h. After incubation, cells were
washed with DPBS supplemented with 2% FBS (Stain Buffer; BD
Bioscience), incubated with Fc-block (anti-CD16/CD32; BD
Bioscience) for 15 m at 4 �C, washed again, and subsequently
stained with AlexaFluor488-conjugated rat anti-mouse CD8a
antibody for 30 min at 4 �C (BD Bioscience). Following an
additional wash, cells were fixed and permeabilized for
20 min at 4 �C with BD Cytofix/Cytoperm (BD Bioscience)
according tomanufacturer instructions. Cells were thenwashed
2� with perm/wash buffer (BD Bioscience) and incubated for
30min at 4 �Cwith APC-conjugated rat anti-mouse IFN-γ antibody
(BD Bioscience) in permeabilization buffer. Following 3� wash
with perm/wash buffer, cells were resuspended in stain buffer
and analyzed by flow cytometry using a FACSCantoII flow
cytometer (BD) and FlowJo software (Tree Star, Inc.). Splenocytes
viable at the timeof fixationwere gatedby forward and side scatter,
height, and width, and a minimum of 100000 events within this
populationwere acquired for each sample. Data are reported as the
percentage of CD8þ cells that are IFN-γþ (i.e., INF-γþ of CD8þ) after
subtraction of background values from unstimulated controls. Data
are pooled from 2 to 3 independent experiments.

Enzyme-Linked Immunosorbent Spot Assay (ELISPOT). Splenocytes
from each mouse were evaluated for antigen-specific IFN-γ
production by ELISPOT (Ready-Set-Go! Mouse IFN-γ ELISPOT kit;
eBioscience) according to manufacturer's instructions with
minor modifications. 96-Well nitrocellulose MultiScreen filter
plates (Millipore) were treated briefly with 15 μL of 35% ethanol
in water, washed 3� with coating buffer, and coated overnight
at 4 �C with anti-mouse IFN-γ monoclonal antibody at the
recommended dilution. The following day, plates were washed
3�with coating buffer and blocked with 200 μL of cRPMI for 2 h
at 37 �C. Medium was aspirated and the appropriate stimulant
or control added: 20 μg/mL ova257�264 (CD8þ), 20 μg/mL
ova323�339 (ISQAVHAAHAEINEAGR; CD4

þ), 3 μg/mL concanava-
lin A (positive control), and cRPMI (negative control). Immedi-
ately thereafter, splenocytes were plated in quadruplicate at 1.5
or 3� 105 cells/well and incubated for 36 h at 37 �C. Plates were
subsequently washed twice with molecular-grade water
(HyClone) followed by three washes with wash buffer (0.05%
Tween/DPBS) and incubated for 2 h at room temperature with

biotin-conjugated rat anti-mouse IFN-γ detection antibody. Plates
were washed four times with wash buffer and incubated with
avidin-HRP for 45 m at room temperature. Following three washes
with wash buffer and two washes with DPBS, 100 μL of AEC
peroxidase substrate (Vector Laboratories), prepared according to
manufacturer instructions, was added to each well and left to
develop for 20 min. Plates were then washed 5� with water, dried
overnight, and the number of spots counted using an ImmunoSpot
ELISPOT reader and analysis software package (Cellular Technology
Limited). The average number of spots counted upon peptide
stimulationwas subtracted from thenumber of spots countedupon
incubation with cRPMI (i.e., background), and data are reported as
the number of spot forming cells (SFCs) normalized to 1� 106 cells.
Data are pooled from 2 to 3 independent experiments.

Antibody Titer. Approximately 100 μL of blood was collected
from mice via submandibular bleeding 1 day before sacrifice
(day 27), and sera were tested for ova-specific IgG1 and IgG2c.
Nunc MaxiSorp plates (Nunc-Thermo Fisher Scientific Inc.) were
coated with 5 μg/mL ovalbumin in 1� DPBS overnight at 4 �C.
Plates were blocked with Super Block blocking buffer (Thermo
Scientific) for 15 min followed by five washes with PBS-Tween 20
(PBST). After repeating the blocking step, sera were added at a 1/50
dilutionandsubsequent5-fold serial dilutions in0.1%BSA/PBSTand
incubated for 2 h at room temperature. Sera from one naïvemouse
were run on each plate to determine cutoff values. Post-incubation,
plates were washed 5� with PBST and incubated with biotin-
conjugated anti-mouse antibodies to IgG1 (BD Pharmingen) or
IgG2c (Bethyl Laboratories) at 0.005μg/mL in 0.1%BSA/PBST for 1 h
at room temperature. Plateswere againwashedand incubatedwith
SA-HRP (BDPharmingen) at a 1:20000dilution in 0.1%BSA/PBST for
30 min at room temperature. Following a final round of washes,
plates were developed with 100 μL SureBlue Reserve TMB 1
peroxidase substrate (KPL). After 5 min, the enzymatic reaction
was quenched with 1 M HCl and plates were read within 30 min at
450 nm using a Tecan Safire 2 microplate reader. End point titers
were determined from reciprocal dilutions using a sigmoidal fit
(GraphPad Prism 5; GraphPad Software Inc.) to determine the
dilution at which the 450 nm o.d. value was equal to the mean þ
two standard deviations of that of naïve serum. Titer values too low
for detectionwere fixed at 100, corresponding to the lowest dilution
used here.
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