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ABSTRACT: While biomaterials provide a platform to
control the delivery of vaccines, the recently discovered
intrinsic inflammatory characteristics of many polymeric
carriers can also complicate rational design because the carrier
itself can alter the response to other vaccine components. To
address this challenge, we recently developed immune-
polyelectrolyte multilayer (iPEMs) capsules electrostatically
assembled entirely from peptide antigen and molecular
adjuvants. Here, we use iPEMs built from SIINFEKL model
antigen and polyIC, a stimulatory toll-like receptor agonist, to
investigate the impact of pH on iPEM assembly, the processing and interactions of each iPEM component with primary immune
cells, and the role of these interactions during antigen-specific T cell responses in coculture and mice. We discovered that iPEM
assembly is pH dependent with respect to both the antigen and adjuvant component. Controlling the pH also allows tuning of
the relative loading of SIINFEKL and polyIC in iPEM capsules. During in vitro studies with primary dendritic cells (DCs), iPEM
capsules ensure that greater than 95% of cells containing at least one signal (i.e., antigen, adjuvant) also contained the other
signal. This codelivery leads to DC maturation and SIINFEKL presentation via the MHC-I antigen presentation pathway,
resulting in antigen-specific T cell proliferation and pro-inflammatory cytokine secretion. In mice, iPEM capsules potently expand
antigen-specific T cells compared with equivalent admixed formulations. Of note, these enhancements become more pronounced
with successive booster injections, suggesting that iPEMs functionally improve memory recall response. Together our results
reveal some of the features that can be tuned to modulate the properties of iPEM capsules, and how these modular vaccine
structures can be used to enhance interactions with immune cells in vitro and in mice.
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■ INTRODUCTION

Self-assembled biomaterials offer many features that can be
exploited to enhance vaccination. Some of these capabilities
include codelivery, controlled release, and encapsulation or
condensation of antigens or molecular adjuvants into
particulate forms that more efficiently trigger pathogen-sensing
pathways that promote adaptive immunity.1−3 One important
class of such pathways are toll-like receptors (TLRs). These
signaling cascades have evolved to detect pathogen-associated
molecular patterns (PAMPs) that are common in viruses and
bacteria, but not in humans.4 Since ligands for these pathways
−TLR agonists−drive strong pro-immune responses, TLR
agonists have recently been the subject of enormous investment
as new, molecular vaccines adjuvants that offer better definition
compared with more classical adjuvants, such as alum.5,6 For
example, CpG sequences (TLR9 ligands) are oligonucleotide
sequences that are unmethylated and exhibit a high

concentration of cytosine and guanine residues.7 Since these
features are absent in most mammalian DNA, TLR9 activation
drives strong inflammatory responses that support adaptive
responses; this modality has motivated intense clinical
exploration of CpG as a vaccine adjuvant.7 Similarly, polyIC,
a TLR3 agonist, is based on double-stranded RNA often
associated with viruses.4 Because CpG, polyIC, and other TLR
agonists are recognized in a pattern-specific manner, these
ligands offer more targeted strategies for directing activation of
specific immune pathways during vaccination.
Polymers and other biomaterials offer significant potential to

enhance vaccination by codelivering antigens and combinations
of one or more TLR agonists. However, from a translational
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perspective, the increasing complexity of vaccines is also
creating challenges in vaccine characterization and elucidation
of mechanism of action.8 Amplifying these hurdles, biomaterial
studies over the past decade have revealed many common
polymers, including poly(lactide-co-glycolide), exhibit inflam-
matory characteristics that cause inflammation or modulate the
signaling of TLRs and other stimulatory pathways.9−12

Underscoring the role of polymer properties in driving intrinsic
immunogenicity, several studies have investigated the link
between polymer-mediated immune stimulation and physico-
chemical properties, such as molecular weight,12,13 hydro-
phobicity,14 or shape.15,16 One outcome of these findings is
certainly the potential to harness the intrinsic immunogenicity
of biomaterials to enhance immunity. From another
perspective, however, these intrinsic effects complicate vaccine
design and characterization because the carrier itself can alter
the response to the antigens, adjuvants, or other vaccine
components in a given formulation. Thus, design of self-
assembled materials that mimic attractive features of bio-
materials (e.g., codelivery, tunable loading) while eliminating
traditional carriers or excipients could enhance vaccination by
supporting simpler, more defined compositions.
Polyelectrolyte multilayers (PEMs) provide unique features

to support well-defined vaccines. These materials are prepared
through electrostatic, layer-by-layer assembly of oppositely
charged components to create ordered, multilayer structures.
PEMs have been widely employed for catalysis, sensing, and
drug delivery.17−20 Recently, PEMs have been studied as
vaccine carriers administered by injection or transcutaneous
delivery.20−23 In these studies, PEMs have been used to adsorb
or encapsulate vaccine components on or within multilayers
composed of polymers such as poly(sodium styrenesulfonate)
(PSS), poly(allylamine hydrochloride) (PAH), dextran sulfate,
and poly-L-arginine.24−26 These polymeric microcapsules have
generated exciting preclinical results in the context of cancer
and viral pathogens.21,25−28

We recently reported the design of immune-polyelectrolyte
multilayers (iPEMs) composed entirely of model peptide
antigen (SIINFEKL) and polyIC (TLR3 agonist) as an
adjuvant.1,29 In these studies, SIINFEKL was appended with
arginine residues to serve as a cationic anchor for assembly with
the natural-anionic polyIC. By depositing iPEMs on a sacrificial
core and subsequently exposing these particles to a chelator,
hollow iPEM capsules composed entirely of SIINFEKL and
polyIC can be prepared.1 These iPEMs eliminate all supports
and carrier components, while providing tunable control over
the relative composition of immune signals (i.e., antigen,
adjuvant) used for assembly. iPEMs also confer functional
benefits for immune response in mice, expanding circulating
antigen-specific CD8+ T cells and promoting antitumor
immunity in response to tumor challenge.1 A unique
consequence of the iPEM strategy is an effective cargo loading
level of 100%, since all structural components of the iPEMs also
serve as the vaccine components. Common polymer or lipid
particles encapsulating or adsorbing vaccine cargo typically
allow entrapment efficiencies of 1−10%. This observation
highlights cargo loading in iPEMs as a feature that is not readily
achievable with other approaches, as well as a limitation
encountered by many traditional carriers: the need for a large
quantities of carrier to deliver an effective dose of the active
components.
To develop insight into the physicochemical and immuno-

logical function of iPEMs, here we studied the impact of

assembly conditions on iPEM growth and cargo levels, then
used these materials to assess codelivery of the antigens and
adjuvants comprising the iPEMs into primary dendritic cells
(DCs). These effects were correlated to primary DC activation,
antigen presentation, and T cell function during coculture of
DCs with transgenic T cells. Finally, we investigated the
durability and magnitude of recall responses during successive
immunization of mice with iPEMs. Development of iPEMs or
other well-defined structures that provide direct control over
the relative loading of vaccine components without additional
carriers or supports could enable more rationally designed
vaccines. This knowledge could lead to multifunctional vaccines
in which immune signals serve both as specific signaling
components and as carriers.

■ MATERIALS AND METHODS
iPEM Assembly on Planar Substrates. SIINFEKL

(SIIN) and SIIINFEKL-R9 (SIIN*) were synthesized by
Genscript with >98% purity, with or without a FITC label on
the N-terminus. Poly(ethylenimine) (PEI, MW 25 000) was
purchased from Polysciences, Inc. and poly(sodium 4-
styrenesulfonate) (SPS, MW 70 000) was purchased from
Sigma-Aldrich. Low molecular weight polyinosinic-polycytidylic
acid (polyIC) was purchased from Invivogen. Label-IT nucleic
acid labeling kits (Cy5) were purchased from Mirus Bio LLC.
PolyIC was labeled according to the Mirus Bio instructions. For
experiments with planar substrates, silicon (Silicon Inc.) and
quartz (VWR) substrates were cut into 25 mm × 5 mm
substrates using a dicing saw (Model 1006, Micro Automation).
The substrates were cleaned by sequential washing with
acetone, ethanol, methanol, and deionized (DI) water.
Substrates were then cleaned and charged using an oxygen
plasma Jupiter III (March).
The prepared planar substrates were coated with a precursor

layer of 10 bilayers of PEI and SPS as previously reported.18,30

Briefly, 20 mM solutions of SPS and PEI containing 25 mM
NaCl were adjusted to pH 5 with NaOH or HCl. Substrates
were then sequentially dipped in PEI solution for 5 min, two DI
water rinse solutions for 1 min each, SPS solution for 5 min,
and two 1 min DI water rinse solutions. This process was
carried out for a total of 10 cycles using a DR3 dipping robot
(Riegler & Kirstein GmbH, Germany). Substrates were dried
under filtered air and stored at room temperature. iPEMs were
assembled on planar substrates using solutions of polyIC and
either SIIN, or SIIN*; the latter contained nona-arginine (R9)
to serve as a cationic anchor. Peptide and polyIC solutions were
prepared at 0.2 mg/mL in PBS with 0.5 M NaCl. The pH was
adjusted as indicated in the text using 0.1 M NaOH.31 The
wash buffer was 0.05 M NaCl in PBS with the pH adjusted as
indicated using 1 M NaOH. Films were assembled by dipping
quartz or silicon substrates coated with the precursor layer into
peptide solution for 5 min, followed by two 1 min rinses in
wash buffer, 5 min in polyIC solution, and two additional 1 min
rinses in fresh wash buffer. This sequence was repeated for up
to 16 cycles to form (SIIN/polyIC)8 or (SIIN*/polyIC)8. To
prepare iPEMs capsules from SIIN* and polyIC, first 1 mg/mL
solutions of SIIN* and polyIC were prepared in 0.5 M NaCl in
PBS with pH adjusted as indicated in the text using 0.1 M
NaOH. iPEMs were then synthesized by coating sacrificial
colloidal CaCO3 supports with iPEMs composed of SIIN* and
polyIC.1 Each deposition step was carried out by incubating the
cores in the appropriate signal for 1 min, collecting particles by
centrifugation, then performing two 1 min wash steps in PBS.
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After the final deposition step, the core was removed using two
washes with pH 4 EDTA, then the final capsules were washed
and resuspended in PBS.1

iPEM Characterization. iPEM build up on silicon and
quartz chips was measured by LSE stokes ellipsometry
(Gaertner Scientific Corporation) and Evolution 60 UV−
visible spectrophotometer (Thermo Scientific) to assess PEM
thickness and relative cargo loading, respectively. Quartz chips
were scanned every 1 nm, measuring absorbance from 200 to
700 nm. Five different areas throughout each chip were
measured every 2 bilayers. iPEM-coated particles or capsules
were measured using ImageJ to calculate diameters of at least
50 particles for each sample or condition.
In Vitro DC Studies. All animal and cell experiments were

approved by the institutional animal care and use committee
(IACUC) at University of Maryland, College Park. Splenic DCs
were isolated from C57BL/6 mice purchased from The Jackson
Laboratory (Bar Harbor, ME) with CD11c positive magnetic
isolation kit (Miltenyi Biotec) following the manufactuer’s
protocol. After isolation, the cell pellet was resuspended in 1
mL of DC medium (RPMI1640, 10% FBS, 0.5% pen/strep, 50
μM 2-mercaptoethanol (2-ME)) prior to use. Capsules were
serially diluted and added to DCs (1 × 105 cells per well in 96
well plates) to reach final capsule concentrations of 42, 21, 10,
5, 3, 1 μg/mL. Untreated DCs, soluble peptide SIIN (5 μg/
mL), LPS (1 μg/mL), polyIC (10 μg/mL), LPS (1 μg/mL) +
SIIN (5 μg/mL), and polyIC (10 μg/mL) + SIIN (5 μg/mL)
were used as controls in in vitro studies. After 24 h, flow
cytometry was used to assess DC maturation. Briefly, cells were
washed with 200 μL of FACS buffer (1% BSA in PBS),
collected by centrifugation, then blocked with anti-CD16/32
(BD Biosciences) prior to surface marker staining. To assess
DC maturation, DCs were stained for CD11c (APC-Cy7, BD
Biosciences), CD40 (PE, BD Biosciences), CD80 (PerCP-
Cy5.5, BD Biosciences), CD86 (PE-Cy7, BD Biosciences), IE/
IA (Alexa Fluor 647, BD Biosciences), and viability (DAPI,
Invitrogen). In antigen presentation studies, cells were stained
with Anti-Mouse OVA257−264 (SIINFEKL) peptide bound to
H-2Kb (PE-Cy7, Bio Legend) and CD11c (APC-Cy7, BD
Biosciences). Antibody stained samples were analyzed by flow
cytometry (CantoII, BD) and Flowjo v. Ten (Treestar). FlowJo
software was used for all data analysis.
For iPEM internalization studies, DCs were isolated and

treated as above with iPEM capsules synthesized from
fluorescently labeled SIIN* and polyIC. After 2 h incubation,
cells were washed with PBS and fixed with 4% paraformalde-
hyde, then stained with wheat germ agglutinin Texas Red
conjugate (5 μg/mL in PBS) (Invitrogen) and Hoescht
(Invitrogen). Confocal microscopy (Leica SP5X) was used to
visualize colocalization of both fluorescently tagged SIIN*
(FITC) and polyIC (Cy5) in DCs. To access DC uptake of
SIIN* and polyIC quantitatively, DCs were incubated with
iPEMs for 24 h, then cells were washed with PBS and stained
for CD11c (APC-Cy7, BD, Bio) and a viability dye (DAPI).
Samples were analyzed by flow cytometry (CantoII, BD) and
Flowjo v. Ten (Treestar).
In Vitro CD8+ T Cell Expansion. OT-I mice (C57BL/6-

Tg(TcraTcrb)1100Mjb/J) were purchased from The Jackson
Laboratory (Bar Harbor, ME). CD11c-enriched DCs were
isolated and treated with capsules as described above for 24 h.
Positive and negative control wells received free SIINFEKL
peptide (5 μg/mL) or an irrelevant myelin-derived peptide
(MEVGWYRSPFSRVVHLYRNGK, 5 μg/mL; Genscript),

respectively. Myelin peptides have been used as specificity
controls in other recent studies investigating myelin or
ovalbumin-specific immune responses.32 After an additional
24 h, CD8+ T cells were isolated from OT-I mice using a CD8
negative selection isolation kit from Stemcell. The purified cells
were washed twice to remove any serum and labeled with 5 μM
of a proliferation dye (eFluor 670; eBioscience) for 10 min at
37 °C in the dark. After 10 min, the dye was neutralized with 5
times the volume of T cell medium (RPMI11640, 10% FBS, 1×
nonessential amino acids, 10 mM HEPES, 2 mM L-glutamine,
0.5% penicillin streptomycin, 50 μM 2-ME) followed by
washing three times with T cell medium. The resulting cells (3
× 105cells/50 μL) were added into the wells containing DCs/
capsules and DCs/controls, then incubated for 48 h. After
incubation, cells were split into two portions for analysis by (i)
proliferation and (ii) intracellular cytokine staining (ICCS).
To assess T cell proliferation, cells were first blocked with

anti-CD16/32 as described above and stained with anti-CD3
(PE-Cy7, BD Biosciences) and anti-CD8a (APC, BD
Biosciences) for CD8+ T cells. Flow cytometry was used to
analyze the signal of eFluor 670 dye as an indication of
fluorescence dilution resulting from T cell proliferation. For
ICCS, medium was exchanged with fresh T cell medium
containing 1/1000 dilution of brefeldin A (BFA) (eBioscience),
then incubated for 4 h at 37 °C. Cells were washed with ice
cold FACS buffer, collected by centrifugation at 800 g for 5
min, and blocked with anti-CD16/32 for 10 min followed by
staining for CD3 (PE-Cy7, BD Biosciences) and CD8a (APC,
BD Biosciences) for 20 min at 4 °C. After surface staining, cells
were washed twice with ice cold FACS buffer, then fixed and
permeabilized using a fixation and permeabilization kit (BD
Biosciences). Briefly, 100 uL of fixation solution was added to
each well and incubated at 4 °C for 20 min, followed by
washing twice with 200 μL of permeabilization wash buffer, and
collection by centrifugation at 800 g for 5 min. Anti-IFN-γ (PE,
BD Biosciences) antibody was diluted into permeabilization
wash buffer and cells were stained for 30 min at 4 °C. After
staining, cells were washed twice with 200 μL of permeabiliza-
tion washing buffer and resuspended in 100 μL FACS buffer
prior for flow cytometry analysis.

Immunizations Studies. Six to eight week old C57BL/6
female mice purchased from the Jackson Laboratory were used
in all immunization studies. To assess the ability of iPEMs to
expand antigen-specific CD8+ T cells during successive
immunizations, mice were immunized by intradermal (i.d.)
injection with iPEM capsules (n = 6), a soluble mixture of
SIINFEKL/polyIC (n = 6), or left untreated (n = 6). Both
capsule groups and vaccines formulated as soluble mixtures
were prepared using the same dose of antigen (60 μg) and
polyIC (240 μg). Mice were injected on day 0 and boosted with
identical treatments at day 15 and day 28. For quantification of
SIINFEKL-specific T cells, MHC-I SIINFEKL tetramer (MBL
International Corporation) staining was conducted on
peripheral blood every 7 days. Briefly, peripheral blood was
collected into ETDA-coated tubes and treated twice with ACK
Lysing buffer (Thermo Scientific) followed by a 1 mL PBS
wash.1 Cells were blocked with CD16/32 (BD Biosciences) for
10 min followed by MHC-I tetramer (PE, H2-Kb, SIINFEKL)
staining for 30 min. After tetramer staining, cell were stained
with CD8a (APC, BD Biosciences) for 20 min and washed
twice with FACS buffer. DAPI was added for viability
assessment prior to analysis by flow cytometry (CantoII, BD).
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Statistical Analysis. Data was analyzed by multiple group
comparison using one way analysis of variance (ANOVA) with
a Tukey post-test in GraphPad Prism v.6.02. Statistical
significance was defined at p values <0.05 (95% confidence
interval) and indicated as * = p ≤ 0.05, ** = p ≤ 0.01, *** = p
≤ 0.001, and **** = p ≤ 0.0001.

■ RESULTS AND DISCUSSION
We first studied the effect of pH on the assembly of iPEMs
formed through layer-by-layer (LbL) deposition of polyIC
(anionic) and either native SIIN (zwitterionic), or SIIN
modified with R9 (SIIN*) to serve as a cationic anchor. We
began these experiments using planar substrates to support
initial characterization of film growth and assembly, for
example, by ellipsometry and solid-state UV/Visible spectro-
photometry measurements. After deposition of eight bilayers
(i.e., 16 layers) on planar substrates (Figure 1a), polyIC/SIIN*
films reached a thickness of up to 64.1 ± 0.85 nm, depending
on the pH of the solution used to assemble PEMs (Figure 1a).
In contrast, exposure of substrates to polyIC and SIIN did not
result in significant increases in film thickness at any
combination of pH values (Figure 1a). These results are
consistent with fundamental studies demonstrating that
substitution of charged amino acid residues into polypeptides
can be used to tune the assembly and stability of PEMs.33−35

Thus, for future studies, SIIN* was used as a model antigen to
investigate iPEM assembly and processing by immune cells and
the subsequent responses.
To determine how pH impacts the growth and loading of

immune signals in iPEMs during film build-up, film thickness

was measured every 2 bilayers during deposition of polyIC and
SIIN* solutions prepared at different pH values. While all pH
conditions initially resulted in film growth over two bilayers,
continued growth was greatest with more basic pH values
(Figure 1b). Film growth was linear and most efficient (i.e.,
thickest) using antigen and wash solutions at pH 8, and
adjuvant solutions at pH 10. These conditions generated film
thicknesses of 136 ± 2.2 nm (Figure 1b) and this growth
correlated to an increase in the loading of polyIC and SIIN*
peptide measured directly on iPEM-coated quartz substrates
(Figure 1c, 1d). Compared to the lower cargo loading
concentrations (0.2 mg/mL) employed in Figure 1a, the
higher concentrations (1.0 mg/mL) used in Figure 1b resulted
in higher absolute cargo loading of each iPEM component at
equivalent pH conditions. Thus, assembly is pH dependent and
can be manipulated to control the loading efficiency of each
immune signal, as well as through number of layers deposited
and the deposition concentration of each component.
The importance of pH in assembling polyelectrolytes on

planar substrates has been well established for biologically
derived polysaccharides (e.g., heparin and chitosan),36 pep-
tides,34 and nucleic acids assembled with synthetic poly-
mers.18,37 For iPEMs, the impact of pH likely results from a
combination of factors. First, while polyIC is polyanionic, past
studies have clearly established that the pKa values and
isoelectric points of RNA nucleotides shift as a function of
nucleic acid confirmation and secondary or tertiary structure,38

even becoming neutral at pH 7 in some cases.39 Similarly, while
SIIN* is expected to be positively charged at the pH values
tested (pI ∼13), many past studies with both strong and weak

Figure 1. Antigens and adjuvants can be assembled into iPEMs in a pH-dependent manner. (a) Quantification of final film thickness following
deposition of eight bilayers of iPEMs composed of SIIN/polyIC or SIIN*/polyIC on silicon substrates. Thicknesses were measured by ellipsometry
at different pH conditions for peptide, wash, and polyIC solutions. SIIN represents SIINFEKL and SIIN* represents SIINFEKL-R9. (b) Stepwise
film growth of iPEMs composed of SIIN*/polyIC as a function of the pH of deposition solutions. (c) Representative absorbance traces
demonstrating increasing antigen and adjuvant loading during deposition of iPEMs on quartz substrates using SIIN* (pH 8), wash (pH 8), and
polyIC (pH 10) solutions. SIIN* (dotted green line, 508 nm); polyIC (dotted red line, 260 nm). (d) Relative loading of SIIN* and polyIC based on
UV/vis measurements. Values represent the mean ± s.e.m. (n = 5). Concentrations of antigen and adjuvant in deposition solutions were 0.2 mg/mL
in (a) and 1.0 mg/mL in panels b−d.
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PEM electrolyte pairs reveal film thickness is often still a
function of pH.40,41 This occurs because higher or lower
amounts of cargo are assembled as the ionization state changes,
as well as due to swelling of the film that can alter film density
without changing the relative amount of film components
assembled. The latter effect is impacted by the balance between
electrostatic and hydrogen bonding interactions at a given pH
value.40,41 Interestingly, these past reports also reveal a strong
dependence on the pH of wash solutions and solutions used for
postassembly resuspension, effects we also observed in our
experiments (Figure 1a and b).
We next studied the impact of pH on assembly of injectable

iPEM capsules useful for in vivo injection studies. polyIC and
SIIN* were coated layer-by-layer on sacrificial CaCO3
templates using deposition solutions with different pH values
(Figure 2a). As observed with planar substrates, film thickness
and cargo loading after 3 bilayers were a function of pH, with
more basic solutions (SIIN*, pH 8; polyIC, pH 10; wash, pH
8) again resulting in higher cargo loading levels (Figure 2a).
After iPEM coating, we observed larger particle sizes (∼12.9−

14.4 μm) at lower pH conditions (SIIN*, pH 7; polyIC, pH 7;
wash, pH 7), but not with the most basic set of pH values
(Figure 2a, 5.5 μm). Confocal microscopy imaging of iPEM-
coated particles formed from fluorescently labeled polyIC and
SIIN* revealed these effects resulted from bridging and
aggregation of iPEM-coated particles that was pH dependent
(Figure 2b). However, the optimized pH conditions (SIIN*,
pH 8; polyIC, pH 10; wash, pH 8) minimized these effects and
also supported the highest level of cargo loading (Figure 2b).
Together, the results above with coated templates are in
agreement with the pH-dependencies we observed when
assembling SIIN*/polyIC iPEMs on planar substrates (Figure
1).
Using the optimal pH values above, we investigated the

growth and physicochemical properties of (SIIN*/polyIC)3
during the assembly process on CaCO3 templates with initial
diameters of 5.0 ± 0.10 μm. During coating with these
conditions−which limited aggregation−no significant size
change was observed after deposition of 1, 2, or 3 bilayers
(Figure 2c), results that were in good agreement with the

Figure 2. Effect of pH on iPEM assembly, diameter, and cargo loading. (a) Diameters and cargo loading of iPEMs assembled on sacrificial templates
using different pH conditions for peptide solutions (PBS with 0.5 M NaCl), wash buffers (PBS with 0.05 M NaCl), and polyIC solutions (PBS with
0.5 M NaCl). Values represent the mean ± s.e.m., SIIN* represents SIINFEKL-R9. (b) Representative confocal microscopy images of iPEM-coated
particles assembled using different pH conditions. Exposure times were fixed for all samples. (c) Diameter of iPEM-coated templates during
assembly. d) Antigen and adjuvant loading in iPEM capsules after removal of the template and washing.
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nanoscale thicknesses of the films (Figure 1b,c). Cargo loading
in capsules after core removal with EDTA (pH 4) was ∼200 μg
SIIN*/mg of iPEM capsules and 800 μg polyIC/mg of iPEM
capsules, a composition of approximately 20% antigen and 80%
adjuvant (Figure 2d). Compared with other biomaterial
vaccines−polymer particles encapsulating antigens or adjuvant,
for example−this loading modality illustrates a unique feature
of iPEMs: the 100% cargo loading per mass of carrier that is
achieved as a result of assembling the iPEMs entirely from
immune signals.
To test if iPEM capsules codeliver each iPEM component to

DCs, mouse CD11c+ DCs isolated from spleens were treated
with fluorescent iPEMs assembled from three bilayers of SIIN*
(FITC) and polyIC (Cy5). While both bone marrow-derived
DCs and splenic DCs are widely used in the literature for in
vitro studies, we selected splenic DCs to minimize manipu-
lation and culture steps, and to mimic as closely as possible the
populations existing in immune tissues typically targeted by
nanoparticles and other vaccines (i.e., spleen and LNs). After
24 h, up to 78% of DCs internalized iPEMs in a dose
dependent manner (Figure S1). Strikingly, iPEMs supported a
high degree of codelivery to these cells, particularly at moderate
and high dose (Figure 3a and b). For example, at the highest
dose, 96.9 ± 0.65% of cells exhibiting signal for at least one
iPEM component also exhibited signals for both components
(Figure 3a,3b). This feature is particularly important in
vaccination, where generation of effective adaptive immune
responses requires DCs or other antigen presenting cells
(APCs) to encounter both an antigen that can be processed
and presented to T cells, as well as an inflammatory cue that
promotes expression of costimulatory molecules on APCs to
serve as a second activating signal for T and B cells. Viability
measurements in these studies also revealed iPEM capsules do
not cause any significant toxicity to DCs compared with

untreated DCs (Figure 3c). Confocal microscopy analysis of
cells treated similarly to those above confirmed uptake of
iPEMs capsules by DCs, with capsules dispersed through the
cytosolic regions (Figure 3d). Of note, the fluorescent signals
corresponding to both SIIN* and polyIC were easily observed
within the cytosol, and exhibited a high degree of colocalization
(indicated by yellow color) between the fluorescent signals
associated with each of these components (Figure 3d).
The measurements of codelivery described in Figure 3

highlight another unique aspect of the iPEMs used in our
experiments: the R9 moiety conjugated on the antigen as a
cationic anchor to support electrostatic assembly. R9 is one of a
number of cell penetrating peptide (CPP) moieties that
promote uptake by cells, typically through nonendocytic
processes.42−44 Thus, R9 or other CPPs might provide unique
opportunities to improve uptake relative to energy-dependent
processes, or even to tune the route or level of uptake by
controlling the number of cationic amino acid residues. Our
current results do not provide the insight needed to distinguish
if and how significantly this concept ultimately impacts antigen
processing and immune cell activation. Thus, follow-on studies
will need to investigate the route by which iPEMs are
internalized, and how these mechanisms are impacted by the
sequence and length of anchor. An important outcome of these
studies will also be isolation of the importance of juxtaposing
signals in iPEMs relative to directly improving uptake of signals
(e.g., SIIN, SIIN*, TLR agonists).
To determine if iPEM capsules generate functional responses

in DCs, we assessed expression of DC surface activation
markers using flow cytometry. DCs treated with capsules for 24
h exhibited increased expression of CD40, CD86, and CD80,
compared with untreated cells or cells treated only with
peptide. This increase was dependent on capsule dose and
reached maximum frequencies of 56.8 ± 3.5%, 90.0 ± 0.2%,

Figure 3. iPEM capsules are internalized by primary DCs with a high frequency of codelivery. (a) Representative histograms demonstrating SIIN*
and polyIC uptake during treatment of splenic DCs with (SIIN*/polyIC)3 iPEM capsules for 24 h. SIIN* represents SIINFEKL-R9. (b) Distribution
of iPEM components in cells, calculated among cells positive for at least one iPEM signal (red, polyIC; green, SIIN*; blue, polyIC+SIIN*+) to
demonstrate the high degree of codelivery. (c) Viability of DCs treated with iPEM capsules relative to cells treated with LPS following a 24 h
incubation. (d) Confocal microscopy images of DCs indicating internalization and colocalization of iPEM capsule components after a 2 h incubation
(white, membrane; green, SIIN*; blue, nucleus; red, polyIC; scale bar = 20 μm). Values for all panels indicate the mean ± s.e.m.
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and 88.7 ± 0.4% for CD40, CD80, and CD86, respectively
(Figure 4a-4c, S2a-d). The highest activation levels were

generally similar to those achieved during treatment with free
forms of TLR agonists (e.g., LPS, TLR4a; polyIC, TLR3a),
indicating that assembly into iPEMs does not compromise the
functionality of immune signals. Interestingly, capsules did
reproducibly drive increased CD40 activation compared with
DCs treated with free polyIC or mixtures of free polyIC and
peptide (Figure 4a). To directly test if iPEM capsules promote
presentation of antigens used to build iPEMs, DCs were treated
with iPEMs and stained with an antibody that binds SIINFEKL
when presented in major histocompatibility complex I (MHC-
I). After 24 h, a significant fraction of DCs treated with capsules
expressed SIIN in MHC-I compared with untreated cells or
cells treated only with TLR agonists (Figure 4d). Several recent
reports demonstrate that modification of antigens with
cleavable linkers allows release and processing of
antigens.45,46 For example, polymeric carriers conjugated to
OVA antigen using a reduction-sensitive disulfide link have
been used to promote antigen cross-presentation and enhance
cytotoxic T cell response.45 Uniquely, all components of iPEMs
are naturally inspired (i.e., peptides, nucleic acids), thus release
or degradable linkers were not expected to be necessary for
immunogenicity. Our studies above confirmed this idea, as both
the antigen and adjuvant were efficiently processed from iPEM
capsules to promote potent (i.e., increase maturation markers)
and selective (i.e., antigen presentation) interactions with DCs.
Further, each of these effects were dose dependent, indicating
that iPEMs drive efficient and antigen-specific cross-presented
through the MHC-I pathway, a mechanism important in cell-

mediated immunity against viruses, tumors, and other
pathogens.
To determine if the stimulatory function of DCs driven by

iPEM capsules causes functional T cell responses, CD8+ T cells
from transgenic OT-I mice were isolated and cocultured with
DCs. In the OT-I strain, CD8+ T cells express T cell receptors
specific for SIINFEKL, providing a platform to test T cell
response to antigens presented by DCs. DCs were first treated
with capsules for 24 h, then cocultured with the T cells for an
additional 48 h. In these studies, iPEM capsules caused strong
T cell proliferation that was similar to positive control wells
treated with soluble SIINFEKL peptide based on analysis of
both frequency (Figure 5a) and mean fluorescent intensity

(MFI; Figure S3a and S3b). These levels were starkly different
than those observed in untreated cultures or cultures in which
T cells were incubated with DCs treated with an irrelevant (i.e.,
noncognate) peptide, demonstrating a lack of proliferation. In
agreement with proliferation levels, a significant fraction of T
cells in cocultures treated with iPEM capsules secreted IFN-γ,
while T cells in untreated samples or samples treated with
irrelevant peptide did not (Figure 5b). These effects were dose-
dependent, and generally lower than positive control wells
treated with a 5 μg dose of SIIN peptide. Although direct
comparison of dose is complicated by the presence of the
arginine tag on SIIN*, one interesting question that could
account for any nondose related differences is whether antigen
formulated in iPEMs might require a longer time for processing

Figure 4. iPEMs activate DCs and promote antigen presentation.
Expression of CD40 (a), CD80 (b), and CD86 (c) activation markers
following treatment of primary DCs with iPEM capsules or the
indicated controls for 24 h. SIIN represents SIINFEKL. d)
Presentation of the SIINFEKL epitope through the MHC-I pathway
assessed using anti-H-2kb-SIINFEKL following a 24 h incubation of
primary DCs with iPEM capsules. Values for all panels indicate the
mean ± s.e.m. Statistical comparisons indicate significance of **** = p
≤ 0.0001, and for clarity, are shown for each group compared against
the control (Untreated; dashed line).

Figure 5. iPEM capsules induce T cell proliferation and effector
cytokine secretion in primary cell coculture. (a) Expansion of
SIINFEKL-specific T cells following coculture with DCs treated
with iPEM capsules for 24 h. Fluorescently labeled OT-I CD8+ T cells
were isolated from spleens and cultured with DCs for 48 h, then
proliferation was quantified by fluorescence dilution using flow
cytometry. SIIN represents SIINFEKL. (b) Secretion of IFN-γ by
the cells in panel a measured by ICCS. Values for all panels indicate
the mean ± s.e.m. Statistical comparisons indicate significance of ** =
p ≤ 0.01; **** = p ≤ 0.0001, and for clarity, are shown for each group
compared against the control (Untreated; dashed line).
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and presentation by DCs. While future studies could investigate
this idea by quantifying antigen presentation kinetics over time,
iPEMs still led to significant levels of IFN-γ, a key effector
cytokine. Thus, coupled with T cell proliferation studies
(Figure 5a), these data indicate iPEMs codeliver antigens and
adjuvants to DCs (Figure 3), driving DC activation and antigen
processing (Figure 4), and ultimately, expansion of functional,
antigen-specific CD8+ T cells (Figure 5b).
We previously discovered that immunization of mice with

iPEM capsules generates strong CD8+ T cells responses.1 Thus,
with new understanding of the ability of these materials to drive
cross-presentation, we sought to test if repeated immunizations
would lead to successively higher levels of T cell response, one
indicator of immunological memory. We thus immunized mice
at days 0, 15, and 28 using iPEM capsules or equivalent doses
of free components admixed just prior to injection. Priming
injections with either formulation led to detectable antigen-
specific responses at day 7, while iPEMs drove increasingly
strong recall responses after each of two booster injections (red
arrows) (Figure 6a). Mice receiving the first booster injection
of iPEM capsules exhibited strong responses, with 4.4 ± 0.96%
of circulating CD8+ T cells specific for SIINFEKL, compared
with an average of 2.51 ± 0.96% in mice receiving the free form
of the vaccine, and 0.35 ± 0.02% in untreated mice (Figure 6a,
5b). By day 35, 1 week after the second boost, a dramatic
further increase was observed, with 10.2 ± 1.40% of CD8+ T
cells specific for SIINFEKL in iPEM treated mice, compared
with 4.4 ± 0.58% in mice receiving the equivalent admixed
vaccines−a 3.9-fold increase (Figure 6a-c). Analysis of the rate
of increase of these antigen specific T cells 7 days after the first
boost was much more rapid in mice treated with iPEMs relative
to the admixed vaccines (Figure 6d), rate differences that were
further amplified 7 days after the second boost. This larger

relative increase in antigen-specific response between boosts
suggests that iPEMs contribute to more effective memory recall
responses compared with the free vaccine. However, more
detailed studies−for example, ex vivo peptide restimulation and
phenotypic analysis of central memory and effector memory T
cells−are needed to directly confirm if the improved recall
responses result from iPEM-driven expansion of memory T
cells.

■ CONCLUSION

In this study, we investigated the pH-controlled assembly of
iPEMs and the subsequent interaction with, and processing by,
immune cells. Of note, pH conditions were identified that
support improved cargo loading with reduced aggregation.
These iPEMs capsules ensure near-complete codelivery of
antigen and TLR agonists to DCs, leading to DC activation and
efficient antigen cross-presentation ex vivo. In mice, iPEMs
raise potent antigen-specific CD8+ T cells responses and
promote strong memory recall responses. These features, along
with tunable control over cargo loading and the elimination of
all carriers or excipients, could support vaccines with simpler
compositions and improved definition compared to existing
approved adjuvant formulations.
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Figure 6. Immunization with iPEM capsules promotes enhanced recall response of antigen-specific CD8+ T cells with successive immunization.
C57BL/6 mice were immunized with equivalent doses of SIINFEKL and PolyIC formulated in iPEM capsules or using a free mixture at day 0,
followed by booster injections at day 15 and 28 (red arrows). SIIN represents SIINFEKL. (a) Development of SIIN-specific tetramer kinetics over
35 days. (b) Representative flow cytometry plot from each treatment group in panel (a) shown on day 21 and day 35. (c) Tetramer frequencies of
individual animals at day 35 among CD8+ T cells. (d) Rate of increase (slope) in antigen-specific CD8+ T cells occurring 1 week after each booster
injection are greater following immunization with iPEMs relative to equivalent soluble vaccines. Slopes were calculated by measuring tetramer
frequencies just before boosting, and again after 7 days. Values for panels (a-c) indicate the mean ± s.e.m. Statistical comparisons the end of the
study (day 35) are indicated by * = p ≤ 0.05, *** = p ≤ 0.001, and **** = p < 0.0001.
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