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Abstract
Many current cancer vaccine strategies suffer from the inability to mount a CD8 T cell response
that is strong enough to overcome the low immunogenicity of tumors. Viruses naturally possess
the sizes, geometries, and physical properties for which the immune system has evolved to
recognize, and mimicking those properties with nanoparticles can produce robust platforms for
vaccine design. Using the non-viral E2 core of pyruvate dehydrogenase, we have engineered a
viral-mimicking vaccine platform capable of encapsulating dendritic cell (DC)-activating CpG
molecules in an acid-releasable manner and displaying MHC I-restricted SIINFEKL peptide
epitopes. Encapsulated CpG activated bone marrow-derived DCs at a 25- fold lower concentration
in vitro when delivered with the E2 nanoparticle than with unbound CpG alone. Combining CpG
and SIINFEKL within a single multifunctional particle induced ~ 3-fold greater SIINFEKL
display on MHC I by DCs over unbound peptide. Importantly, combining CpG and SIINFEKL to
the E2 nanoparticle for simultaneous temporal and spatial delivery to DCs showed increased and
prolonged CD8 T cell activation, relative to free peptide or peptide-bound E2. By co-delivering
peptide epitopes and CpG activator in a particle of optimal DC-uptake size, we demonstrate the
ability of a non-infectious protein nanoparticle to mimic viral properties and facilitate enhanced
DC activation and cross-presentation.
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Although recent years have seen advances in cancer therapies, common treatment strategies
(e.g., chemotherapy, radiation therapy, and surgical resection) still rely on techniques that
lack specificity and risk side effects, including toxicity.1 Recently, a more targeted approach
to cancer therapy has included harnessing the body’s immune system for tumor destruction.
While cancer vaccination is a promising strategy, critical barriers to becoming a viable
treatment include immune tolerance and the inability to provoke a robust enough immune
response to overcome the weak immunogenicity of many cancer antigens.1, 2
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In contrast, the natural immune system has evolved to become particularly adept at
recognizing key geometries and pathogenic features, most notably those of viruses. Viruses,
virus-like particles (VLPs), and other protein nanoparticles have proven to be well-suited as
vaccine platforms,3 and examples of their development exist in the clinic (e.g., Gardasil) and
many others in clinical trials.3, 4 VLPs typically contain a hollow core and multiple
interfaces (i.e., internal, external, and inter-subunit) for engineering functional
elements,3, 5–7 allowing fine control over physical properties such as particle stability,
surface chemistry, and biological interaction.6, 8–11 However, many viral-based vaccine
platforms exhibit strong self-adjuvanting properties that may not always be desired,
depending on the preferred immunotherapeutic outcome.3, 12 Additionally, VLPs and
attenuated viruses may be difficult to produce and purify in large quantities using common
protein expression systems, and therefore alternative platforms should be explored.12

Our group has been developing the structural core of the non-viral E2 subunit of pyruvate
dehydrogenase as a protein nanoparticle platform for therapeutic application.8–11, 13, 14 E2 is
a caged protein structure exhibiting unusually high thermostability and is comprised of 60
identical self-assembling monomers that produce a hollow dodecahedral capsule ~25 nm in
diameter.13, 15–17 This size falls within the narrow size range of 20–45 nm, which is reported
to be optimal for passive diffusion to regions of high immune activity (i.e. the lymph nodes)
for uptake by the body’s most potent antigen presenting cell, the dendritic cell (DC).7, 18, 19

Because E2 is a non-viral particle, it does not possess any infectious ability or native
biological function for entrance into mammalian cells. We have engineered an E2 particle
that contains recombinantly introduced internal cysteine residues for packaging of bioactive
molecules and cellular delivery.11 Other groups have explored E2 as a platform for inducing
helper T cell and humoral responses to HIV in vivo.20, 21 These recent studies, along with
our demonstrated ability to modulate immune interaction with E2 in vitro and to deliver
therapeutic molecules to cells, has prompted us to explore the redesign of our protein
nanoparticle as a viral-mimicking DC-based vaccine platform.9–11

DCs have been identified as the key target for cell mediated immunotherapies because of
their antigen processing capabilities and orchestration of downstream adaptive immune
responses.22–24 Important for cancer, DCs are particularly efficient at capturing and
presenting endogenous antigen via MHC I (i.e., cross-presentation), leading to a strong CD8
T cell effector response.22, 23, 25 Viruses are strong inducers of CD8 T cell immunity, and
therefore nanoparticles by virtue of their similar size, have been explored for the delivery of
antigens to DCs.24, 26, 27 In addition to the packaging of antigen, nanoparticles may also
encapsulate DC-activating molecules (e.g., CpG DNA motifs) to mediate the magnitude and
type of immune response.28

Reports have shown that a requisite for a strong anti-tumor response includes simultaneous
co-delivery of antigen and activator to the same DC subcellular compartment, as would
happen with a natural viral infection.29, 30 Many current strategies employ systemic delivery
of antigen together with adjuvant, thereby not likely meeting this criteria, as it places a high
constraint on both free antigen and activator arriving in the same DC subcellular
compartment simultaneously in vivo. Recent attempts to overcome this barrier have included
use of nanoparticles for packaged delivery of vaccine components.3, 31, 32 Furthermore,
nanoparticles protect the molecular cargo while also shielding the host from toxic or
immune-impairing side-effects, which have been linked to systemic delivery of Toll-like
receptor (TLR) agonists in humans.33–35 A nanoparticle vaccine to mimic the natural
properties of viruses for a cell-mediated immune response should deliver antigen to DCs,
facilitate increased levels of antigen cross-presentation, and provide necessary signals to
induce immune activation.
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Natural viruses display repeating patterns of antigen, and they also package genetic material.
Therefore, we hypothesized that by mimicking the simultaneous packaging and transport of
a repeated MHC I-restricted peptide epitope and a DNA-based DC activator (CpG) within
the non-viral E2 particle, we can induce DC maturation and antigen cross-presentation to a
greater extent than with free CpG or free peptide, respectively. No studies to date have
demonstrated the modular "reprogramming" of an empty protein nanoscaffold shell of non-
infectious origin for eliciting immune response to the most potent antigen-presenting cell.
We report, for the first time, the biomimetic design and characterization of a protein
nanoparticle that is functionalized with CpG and peptide epitopes, for which release can be
triggered by DC uptake (Figure 1A). The DC-activating properties of acid-releasable,
encapsulated CpG are measured, and we also evaluate the CD8 T cell-activating properties
of DCs that have been loaded with E2 nanoparticles harboring both CpG and antigen.

Results and Discussion
E2 Nanocapsules Can Be Simultaneously Functionalized with CpG Activator and Antigenic
Peptide Epitopes

To induce a sufficiently strong CD8 T cell immune response, both antigen and activator
molecules should co-localize within the same DC endosomal compartment.30 Therefore, in
the design of E2 as a vaccine platform, the combination of antigenic peptides and CpG
within the same particle is critical. Our previously characterized E2 containing the
functional amino acid mutation D381C (referred to as E2 in this study) was used as the
starting scaffold.13 The design of this E2 nanoparticle enabled encapsulation of an
endosomal TLR ligand (i.e., CpG for TLR 9) for release in the acidic environment that
occurs during DC endocytosis and processing of antigen.36

CpG molecules were successfully and stably encapsulated within core of the E2
nanoparticle. The synthetic CpG molecule was conjugated to the internal E2 cysteine
residues (CpG-E2), forming an acid-labile hydrazone bond (Figure 1B). The CpG-E2 lane in
the SDS-PAGE gel of Figure 2A revealed two distinct bands, corresponding to an E2
monomer without a CpG conjugate (theoretical molecular weight is 28105 Da for an E2
monomer or 28288 Da for a monomer + cross-linker) and with an attached CpG (theoretical
molecular weight of 34879 Da). Dynamic light scattering (DLS) measured a hydrodynamic
diameter of 28.0 ± 0.9 nm for CpG-E2 (Supporting Information, Figure S1), which is within
the optimal reported DC uptake size range.7, 18, 19

Relatively high amounts of CpG were packaged and contained within the E2 core. The
presence of 2 distinct bands in Figure 2A indicates incomplete conjugation to all 60
available internal cysteine residues, likely due to steric limitations within the ~ 12 nm
cavity.17 Encapsulation amounts were estimated to be 22 ± 3 CpG molecules per E2 particle,
corresponding to ~ 36% of theoretical maximum. The ratio we report here is comparable to
those obtained for CpG encapsulation within other VLP systems, which has relied on non-
covalent interactions within the viral core, and is even higher than values reported for
synthetic nanoparticle systems.34, 37, 38

We observed pH-dependent release of the encapsulated CpG at acidic endosomal conditions.
Figure 2B shows that the CpG molecules are fully released from the E2 monomers after 1 hr
at pH 5 and 37°C. Our previous studies showed that the E2 particle alone remains intact
below pH 5, and therefore the observed CpG release is likely due to hydrazone hydrolysis,
rather than protein instability.8, 11 Incubation at 37°C for 1 hr at pH 7.4 did not result in loss
of the CpG-conjugates, confirming the stability of the covalent linkage at normal
physiologic conditions (Figure 2B). Therefore, we have engineered an E2 particle for pH-
responsive encapsulation of CpG activator molecules that should only become available
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following exposure to an acidic environment (e.g., the endosome). This feature may be
important for in vivo application, imparting the potential to protect the host from global
immune activation and inflammation, problems of CpG which have been alleviated by
nanoparticle delivery.28, 39 While enzymatic degradation is not a major concern with the
nuclease-resistant phosphorothioated CpG used in this study, others have shown that porous
caged protein complexes can indeed protect the molecular cargo from enzymatic
degradation.34, 40

To examine the DC cross-presentation of non-native E2-attached antigen, critical for a CD8
T cell response toward endogenous targets, we conjugated the MHC I-restricted SIINFEKL
epitope from the model antigen ovalbumin (OVA) to E2’s external lysines (Figure 1C). The
lane in Figure 2A containing the SIINFEKL-conjugated E2 particle (S-E2) shows a broad
band in the 28–32 kDa range, consistent with our expected heterogeneous peptide
conjugation to the E2 monomer, since crystallographic structure of E2 (PDB code 1B5S)
reveals multiple surface lysines as potential conjugation sites.16 The high molecular weight
bands of lighter intensities observed for the SIINFEKL-containing constructs (S-E2 and
CpG-S-E2) are due to reaction with sulfo-SMCC; these bands are also present in E2 + sulfo-
SMCC alone, and suggest a small population of cross-linked E2 subunits. Measurement of
peptide conjugation yielded a ratio of 2.9 ± 0.3 peptides per protein monomer, comparable
to reported SIINFEKL conjugation with other VLP systems.41 DLS size measurements
showed a size of 34.8 ± 4.2 nm (Supporting Information, Figure S1), within the reported
optimal size range for vaccine delivery.7, 18, 19

To achieve multiple functionalities, we first encapsulated CpG and subsequently conjugated
the SIINFEKL epitope to purified CpG-E2. This multifunctional E2 particle (CpG-S-E2)
displayed an average particle diameter of 29.9 ± 1.5 nm (Supporting Information, Figure S1)
and SDS-PAGE revealed 2 broad signals, corresponding to E2 monomers (with and without
conjugated CpG) with varying peptide conjugation amounts (Figure 2A). Further
confirmation of intact particles was obtained with transmission electron microscopy (TEM)
(Figure 3), which shows non-aggregated multifunctional particles with a diameter of ~ 30
nm, consistent with DLS data. This demonstrates our ability to combine both antigenic
peptides and CpG to a single E2 protein nanocapsule via stable covalent linkages that retain
the optimal particle size for DC-based vaccines. Upon mild acidification, CpG is released
and available to interact with TLR 9.

CpG Activation of BMDCs is Enhanced Following E2 Encapsulation
We expected that by combining the CpG activator within a protein nanoparticle of optimal
DC uptake size, the concentrations necessary to activate DCs could be decreased, relative to
unbound CpG. Delivery of the small CpG oligonucleotides in a 25-nm protein nanoparticle
could allow for more efficient shuttling to endosomal compartments where TLR 9 is located.
This could also potentially decrease the dose needed in a therapeutic application, while
simultaneously shielding interaction of the CpG with systemic components that could
degrade the CpG or cause nonspecific immune activation.34

CpG induced greater bone marrow-derived dendritic cell (BMDC) activation following
encapsulation within the E2 nanoparticle. BMDCs were incubated with varying amounts of
the E2 particle alone, unbound CpG, and the CpG-E2 particle. Flow cytometry was used to
measure the fold-change in percent positive cells, relative to immature DCs (iDCs), for the
DC activation markers MHC II and CD86. CD11c served as our activation-invariant marker,
and LPS served as our positive control for DC activation. The E2 particle alone, at the
concentrations tested, did not have any significant effect on the expression levels of CD11c,
MHC II or CD86, relative to iDCs (Figure 4, with representative dot plot data set in
Supporting Information, Figure S2). Incubation of unbound CpG with BMDCs showed no
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significant increased expression of activation markers at 0.02 and 0.1 µg/ml and induced
only a modest increase in the relative MHC II and CD86 expression levels at 0.5 µg/ml
(Figure 4). However, encapsulation of CpG activators within the internal cavity of E2 (CpG-
E2) resulted in significant increases in the relative expression levels of MHC II at 0.1 and
0.5 µg/ml CpG and CD86 at 0.02, 0.1, and 0.5 µg/ml CpG, compared to unbound CpG at
equivalent concentrations.

This demonstrates that CpG, at concentrations that do not measurably activate BMDCs in
vitro, can do so if combined within the E2 particle, which itself does not cause activation.
Significant increases in the activation markers over background can be observed at 25-fold
lower concentration of CpG when encapsulated within E2 relative to unbound form, where
0.02 µg/ml E2-encapsulated CpG induces roughly the same amount of increased MHC II
and CD86 expression as 0.5 µg/ml unbound CpG. Our observed relative increase in DC-
activation is comparable to that reported for nanoparticle studies using alternative activators
that also showed significant added therapeutic benefit in vivo.42, 43

One explanation for our observed DC activation increase from CpG in nanoparticle-bound
form could be that unbound CpG is below the 20-nm lower reported limit for optimal DC
uptake size. This would be consistent with the observations of Wu et al. showing that the
aggregation of CpG is necessary for the in vitro activation of DCs.44 Indeed, incubation with
fluorescently labeled CpG-E2 (at 0.5 µg/ml CpG) showed greater than 25-fold increase in
MFI, relative to unbound fluorescent CpG at an equivalent concentration (Supporting
Information, Figure S3). This data supports increased uptake of CpG by BMDC when it is
encapsulation within the 25-nm E2 nanoparticle, compared to free CpG. As noted earlier,
optimal sizes for vaccine delivery to lymph residing DCs in vivo have been reported to be
between 20–45 nm, and the CpG-E2 particle falls within this narrow range.19 Our
observations showing specific activation of DCs with a 25-nm CpG-containing E2 protein
nanoparticle may be important for vaccine design, since it is mature DCs that display
antigen and orchestrate downstream adaptive immune responses.

DCs Can Display E2-bound MHC Class I Epitopes
We assessed the ability of DCs to process the OVA257–264 peptide conjugated to E2 and to
display this epitope in the context of H-2Kb (MHC I). BMDCs were incubated with the
SIINFEKL peptide at varying concentrations in either unbound form or conjugated to E2,
followed by antibody staining for MHC I presentation of the epitope. Averaged MFI values
are reported as relative to DCs alone (Figure 5A), and representative dot plots are presented
in Supporting Information (Figure S4). Unbound SIINFEKL showed a relative MFI increase
over background (DC only) of 3.3 ± 1.7 at a concentration of 0.5 µg/ml (p < 0.01). No
statistically significant increase in MFI at a concentration of 0.02 or 0.1 µg/ml was observed.
At 0.1 and 0.5 µg/ml SIINFEKL delivered as S-E2 to BMDCs, we observed a 2.2 ± 0.6 and
4.6 ± 1.4-fold increase in antibody labeling for SIINFEKL display, respectively, relative to
DC only (p < 0.001). No statistically significant display was measured for S-E2 at 0.02 µg/
ml SIINFEKL concentration.

Our data shows that peptide antigens covalently bound to E2 (S-E2) are able to be processed
for display by BMDCs at levels comparable to those of free unbound peptide. In unbound
form, peptides can potentially bind surface MHC I markers without needing to be
internalized and processed in subcellular compartments. However, in the case of S-E2, the
covalent peptide attachment requires intracellular processing. This suggests that the E2
particle is taken up by DC, and the SIINFEKL peptide is cleaved and processed for display
on MHC I (i.e., cross-presented). Interestingly, at a SIINFEKL concentration of 0.1 µg/ml
there is a significant increase in relative display levels when delivered in E2-bound form (S-
E2), relative to unbound form (SIINFEKL, p < 0.01) (Figure 5A). This result shows that
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conjugating antigen to the E2 protein nanoparticle through stable bonds does not preclude
processing and display, and may increase or prolong antigen presentation.

This enhanced presentation effect has been reported before with antigens encapsulated in
PLGA nanoparticles and with peptides bound to poly(propylene sulfide) nanoparticles.45, 46

In fact, Hirosue et al. showed that when SIINFEKL peptides were bound to nanoparticles
through reducible disulfide bonds rather than more stable linkages, DCs exhibited greater
cross-presentation to CD8 T cells.45 In our study, the SIINFEKL peptides are immobilized
through succinimidyl thioether bonds, and Baldwin et al. have shown that this type of bond
can become labile in physiological reducing environments, such as that of the endosome.47

The kinetics for reduction of disulfide bonds is much faster than that of succinimidyl
thioethers, and design of these linkages may be one variable for controlled release of antigen
upon cellular uptake.

For a strong cellular mediated immune response against cancer, DCs must display antigen
and also engage antigen-specific CD8 T cells. The B3Z hybridoma CD8 T cell, expressing a
T cell receptor specific for SIINFEKL in the context of H-2Kb, was incubated overnight
with antigen-pulsed BMDC, and SIINFEKL recognition by the CD8 T cell was measured.
The results shown in Figure 5B demonstrate that BMDC loaded with the S-E2 nanoparticle
have the capability to functionally engage CD8 T cells, a critical event linking innate and
adaptive immunity for a cell-mediated effector response. While no statistically significant
difference is evident based on averages, the S-E2-pulsed BMDCs exhibited ~ 2-fold greater
T cell activation in four out of five separate experiments compared to the free peptide.
Therefore, a modest increase in T cell activation may be evident when DCs are incubated
with S-E2 rather than unbound peptide, consistent with our observed result of increased
antigen display (Figure 5). Taken together, our data shows that the BMDCs can internalize
the S-E2 particle, process the covalently bound peptides for display via MHC I, and activate
complementary CD8 T cells.

Simultaneously Delivery of Peptide and CpG within E2 Enhances Antigen Display
Since free CpG can enhance cross-presentation in BMDCs,48 and subcellular co-localization
of antigen and adjuvant correlates to a more efficacious anti-tumor immune response in
vivo,30 we combined the OVA peptide with the CpG activator in a single multifunctional E2
particle (CpG-S-E2). Control studies showed that the conjugation of peptides did not
interfere with the DC-activating capacity of the CpG-functionalized nanoparticle
(Supporting Information, Figure S5), with no significant difference in relative expression
levels of CD11c, MHC II, and CD86 between the CpG-E2 and CpG-S-E2 particles.

Antigen display experiments showed that the CpG-S-E2 particle induced significantly
greater BMDC cross-presentation compared to unbound CpG + S-E2, with ~2.5-fold
increase in relative MFI at 0.1 µg/ml and 0.5 µg/ml SIINFEKL. In fact, at SIINFEKL
concentrations of 0.1 and 0.5 µg/ml, CpG-S-E2 facilitated significantly greater display than
any other SIINFEKL formulation (p < 0.001) (Figure 6; Figure S4 in Supporting
Information also shows representative dot plot and histogram overlays). Importantly, while
no significant amount of MHC I presentation was detected in BMDCs above background
(DC only) at 0.02 µg/ml SIINFEKL for both unbound SIINFEKL peptide and S-E2 (Figure
5A), there is a 1.6 ± 0.4 increase in MFI over background when delivered as CpG-S-E2 (p <
0.05; Figure 6). This shows that combining CpG and peptide within the same E2 particle
decreases the amount necessary to induce detectable levels of BMDC antigen display. These
results also demonstrate that simultaneous delivery of activator and antigen by use of a
protein nanoparticle can significantly enhance the antigen display and cross-presentation
capabilities of DCs.
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The B3Z assay confirmed these cross-presentation observations, with ~2.5-fold increase in T
cell activation at 1 ng/ml peptide concentration delivered as CpG-S-E2, compared to any of
the other formulations containing unbound SIINFEKL (p < 0.05, Figure 7). This further
confirms our ability to specifically increase antigen display and CD8 T cell activation by
simultaneous spatial and temporal dosing of activator and antigen within the E2
nanoparticle. While no statistically significant difference was observed between the CpG-S-
E2 or unbound CpG + S-E2 groups within the B3Z assay following 12 hours incubation
(Figure 7), T cell activation of the CpG-S-E2 group was higher every time the experiment
was performed (n = 5 independent experiments), with an average 1.4-fold increase over CpG
+ S-E2. Following 48 hour incubation of BMDCs with B3Z T cells, there was indeed a
statistically significant increase in T cell activation for the CpG-S-E2 group compared to
CpG + S-E2 of ~ 1.5-fold (p < 0.05, Supporting Information, Figure S6). In fact, at 48 hours
incubation, CpG-S-E2 was the only SIINFEKL formulation that exhibited statistically
greater CD8 T cell activation over DC-only background (p < 0.001). Together, this data
shows that simultaneous delivery of CpG and antigen on a nanoparticle (CpG-S-E2)
facilitates prolonged antigen display.

Peptide epitopes delivered in the E2 nanoparticle enable increased DC-mediated activation
of CD8 T cells, and simultaneous delivery of peptide and CpG activator to DCs with E2
further increases and prolongs B3Z activation, compared to unbound peptide and S-E2.
While T cell activation differences reported here appear modest, a cancer
immunotherapeutic study using free CpG reported relative B3Z activation increases which
were similar to our observations using the CpG-S-E2 particle.49 The 2-fold difference
reported for the B3Z assay in this previous report translated to animal death or survival,
showing that even small relative increases with in vitro CD8 T cell activation can signify
noticeable therapeutic immune response differences.

Prior studies with PLGA nanoparticle systems have also shown relative B3Z activation
increases comparable to our observations,46 and potent anti-tumor effects following peptide
encapsulation.43 These past studies, however, used synthetic nanoparticles that did not
covalently associate with the antigen, and thus were subject to loss of the antigen by
diffusion over time.43 Therefore, while having similar effects on cross-presentation in vitro,
the non-viral E2 nanoparticle has the additional advantage of stable covalent peptide display
on the external surface, similar to viruses, ensuring delivery to the BMDCs in a packaged
size reported optimal for in vivo DC-based vaccination.7, 19 Our results here show that we
can specifically activate BMDCs with the CpG-S-E2 particle, and that associated antigen
can be processed for display via MHC I to CD8 T cells at greater levels than with unbound
peptides or nanoparticle-conjugated peptides with free CpG.

Conclusions
In this work, we have designed a multifunctional protein nanoparticle platform based on the
E2 core scaffold of pyruvate dehydrogenase for immune modulation. This is the first
investigation to demonstrate that a non-infectious protein scaffold of non-viral origin can be
reengineered to mimic viral properties, giving enhancement of DC response and antigen
presentation compared to free DC activator and antigen alone. The nanoparticle structure
was designed to allow for simultaneous arrival of both immune-activator and antigen to the
DC, which mimics the natural activity of viruses. Upon internalization by DC, release of
both DC activator and antigen is specifically triggered by the acidic and reducing
environment of the endosome. This controlled release is important because systematic
circulation of DC activators may result in inflammation and toxic side effects while
weakening the antigen-specific response. CpG DNA motifs were covalently bound
internally within the E2 capsule through acid-labile hydrazone linkages that hydrolyze at
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acidic endosomal conditions. Delivery of CpG to BMDCs in vitro was able to induce cell
activation at concentrations lower than required in unbound form, effectively decreasing the
dose needed for DC maturation. Peptide epitopes that were bound to the external surface of
the E2 nanoparticle were able to be processed by BMDCs in vitro for MHC I display, likely
through cross-presentation, and the DCs were able to further functionally engage antigen
specific CD8 T cells.

The combination of both CpG and peptide epitopes on a single multifunctional E2 particle
increased MHC I display and CD8 T cell activation, relative to unbound forms of the
individual components. This shows the ability to enhance cross-presentation of nanoparticle-
associated antigens by co-delivering an endosomally restricted TLR 9 ligand. With the use
of a model antigen, we demonstrate the potential of engineering a non-viral protein
nanoparticle system to induce a CD8 T cell mediated immune response, which is necessary
for anti-cancer responses and mimics the activity of viruses, without being infectious.
Decreasing the amount of adjuvant molecules needed for DC-activation while increasing
antigen cross-presentation may help reduce unwanted side effects or altered immune
responses (e.g., tolerance) evident with the systemic administration of these individual
components. This provides the groundwork for optimizing the design of an E2 nanoparticle
for targeting therapeutically relevant antigenic peptides to the immune system for anti-
cancer responses. More broadly, it demonstrates that using biomimetic strategies which
emulate viruses, such as size, symmetry, and simultaneous intracellular delivery of antigen
and activator to DCs, can be an effective strategy for eliciting immune response.

Methods
Materials

All buffer reagents were purchased from Fisher Scientific, unless otherwise noted. The
oligodeoxynucleotide Toll-like receptor 9 ligand CpG 1826 (5’-tccatgacgttcctgacgtt-3’)
(CpG) was synthesized with a phosphorothioated backbone and 5’ benzaldehyde
modification by TriLink Biotechnologies. The CpG 1826 oligonucleotide with a 5’ Alexa
Fluor 488 modification was synthesized by Integrated DNA Technologies. The MHC I
immunodominant peptide SIINFEKL (OVA257–264) was synthesized with an N-terminal
cysteine by Genscript. All cell culture media was comprised of RPMI 1640 (Mediatech)
supplemented with 10% heatinactivated fetal bovine serum (Gibco), 1 mM sodium pyruvate
(Hyclone), 2 mM L-glutamine (Lonza), 100 units/ml penicillin (Hyclone), 100 µg/ml
streptomycin (Hyclone), 50 µM 2-mercaptoethanol (Fisher), 0.1 mM non-essential amino
acids (Lonza) (complete RPMI media). NP-40 and chlorophenol red β–galactoside were
from Sigma.

Cell Lines
B3Z, a CD8 T cell hybridoma containing a T cell receptor specific for the MHC I ovalbumin
epitope SIINFEKL in the context of H-2Kb, was kindly provided by Prof. Nilabh Shastri
(University of California, Berkeley). Cells were maintained in complete RPMI media at less
than 7 × 105 cells/ml.50

E2 Nanocapsule Preparation
The D381C E2 protein (E2) was prepared as previously described.13 D381C is an E2 mutant
with a non-native cysteine introduced to the internal cavity of the nanoparticle for site-
directed functionalization. Briefly, proteins were expressed in E. coli, cells were lysed, and
soluble cell lysates were applied to a HiPrep Q Sepharose anion exchange column (GE
Healthcare) followed by a Superose 6 (GE Healthcare) size exclusion column for
purification. The purified proteins were analyzed by dynamic light scattering (Zetasizer
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Nano ZS, Malvern) for size measurements. Electrospray ionization mass spectrometry and
SDS-PAGE were performed for molecular weight and purity confirmation. Final protein
preparations were stored in 50 mM potassium phosphate at pH 7.4 with 100 mM NaCl at
4°C for short-term and −80°C for long-term storage.

Lipopolysaccharide (LPS), a component of gram-negative bacterial cell walls, is recognized
by Toll-like receptor 4 expressing immune cells (e.g. DCs), causing potentially unwanted
immune activation. Residual LPS was removed following the method described by Aida and
Pabst.51 Briefly, Triton X-114 (Sigma) was added to the purified protein at 1% (v/v), chilled
to 4°C, vortexed vigorously, and heated to 37°C. The mixture was then centrifuged at
18,000 × g and 37°C for 30 seconds, and the protein-containing aqueous portion was
separated from the detergent. This total process repeated ≥ 8 times. Residual Triton was
removed with detergent removal spin columns (Pierce). LPS levels were below 8 EU (0.8
ng) per milligram of E2 protein (LAL ToxinSensor gel clot assay, Genscript), significantly
lower than levels that activate DCs in our assays.

CpG and Peptide Conjugation
For CpG conjugation (Figure 1B), the cysteines of the E2 internal cavity were first reduced
with 10-fold excess of TCEP (Pierce) for 30 minutes followed by incubation with the N-(β-
maleimidopropionic acid) hydrazide (BMPH) linker (Pierce) at a 10-fold excess for 2 hr at
room temperature (RT). Unreacted linker was removed using Zeba Spin Desalting columns
with a 40 kDa cutoff (Pierce). The aldehyde-modified CpG 1826 was added at 5-fold excess
over protein monomer, incubated overnight at RT, and excess CpG removed by desalting
spin columns. Conjugation was estimated by SDS-PAGE and measured by band intensity
analysis with the NIH ImageJ software normalized to protein concentration measured with
the BCA assay (Pierce). Conjugation measurements are given as an average number of CpG
molecules per E2 particle (n=3). For CpG acid-hydrolysis assays, the conjugated-E2
nanocapsules were dialyzed against 50 mM potassium phosphate with 100 mM NaCl at
either pH 7.4 (negative control) or pH 5 using drop dialysis membranes (Millipore) for 60–
90 minutes. The nanoparticles were then removed from dialysis, incubated at 37°C for an
additional 1 hr, and examined by SDS-PAGE.

For peptide conjugation (Figure 1C), the E2 protein was first incubated with
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC, Pierce) at a
20-fold excess to protein monomer for 30 minutes at room temperature followed by removal
of unreacted linker by desalting spin columns. SMCC-functionalized E2 was combined with
a 10-fold excess to protein monomer of the CSIINFEKL (TCEP reduced) peptide for 2 hr at
RT. Excess peptide was removed by desalting spin columns. Conjugation of the peptide to
the E2 protein was assessed by SDS-PAGE, and the number of peptides attached per particle
was measured by the difference in free thiol concentration (i.e. unreacted peptides) between
a conjugation reaction with and without the SMCC cross-linker (non-specific loss of free
thiols over the incubation time). Free thiol concentration was determined using Ellman’s
assay (Pierce), following manufacturer’s instructions. Conjugation measurements are given
as an average ± standard deviation of CSIINFEKL peptides per E2 particle (n=3).

For particles to which both peptide and CpGs were attached, the reaction schemes for the
individual components were carried out as described above. The CpG oligonucleotide was
conjugated first, followed by peptide conjugation with extent of conjugation of both
components assessed by SDS-PAGE. Transmission electron micrographs of 2% uranyl
acetate stained nanoparticles on Cu 150 mesh Formvar-carbon coated grids were obtained
on a JEM1200EX (JEOL) with a BioScan600W digital camera (Gatan).
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Bone Marrow-Derived Dendritic Cells (BMDCs)
Discarded tissue from C57Bl/6 wild-type mice was kindly provided by the laboratories of
Prof. Paolo Casali and Prof. Wendy Liu at the University of California, Irvine. Bone
marrow-derived dendritic cells (BMDCs) were prepared following the method described by
Lutz et al.52 Briefly, the femurs and tibias were rinsed in 70% ethanol, epiphyses removed,
and the marrow flushed. Cells were broken up to a single cell suspension and applied to a 70
µm cell strainer (Fisher). Red blood cells were depleted with ACK lysing buffer (Lonza),
followed by washing with PBS. The marrow cells were plated at 2 × 105 cells/ml (10 ml
total) on sterile bacteriological Petri dishes (Fisher) in complete RPMI media supplemented
with 20 ng/ml murine recombinant GM-CSF (eBioscience) (DC media). Cells were
maintained at 37°C and 5% CO2, and 10 ml fresh DC media was added on day 3. On day 6,
50% of the media was replaced, and the non-adherent cells were pelleted and added back to
the plates. Loosely and non-adherent cells were collected and used as immature BMDCs on
day 8.

BMDC Activation
Immature BMDCs (iDCs) harvested on day 8 were plated at 5 × 105 cells/well in 24-well
plates and allowed to settle overnight. The E2 nanocapsule, unbound CpG, CpG-conjugated
nanocapsules, or 100 ng/ml LPS (positive control) were added and incubated with cells for
24 hours at 37°C. After collecting DCs by gentle pipetting, surface expression of CD11c,
MHC II, and CD86 was assessed by labeling with fluorescently-tagged monoclonal
antibodies (eBioscience for FITC-anti-CD11c and FITC-anti-CD86 and Biolegend for PE-
anti-MHC II). Cells were analyzed by flow cytometry, collecting 5×104 events per sample,
using the Accuri C6 (BD Biosciences). The data is reported as fold-increase in percent
positive cells (n ≥ 4 independent experiments), relative to iDCs. Representative gating can
be found in Supporting Information Figure S2.

Antigen Display and B3Z Assays
BMDCs harvested on day 8 were plated at 2.5 × 105 per well in 48 well plates and allowed
to settle overnight. The E2 nanocapsule, SIINFEKL peptide (with or without unbound CpG),
the SIINFEKL-conjugated E2 (S-E2, with or without unbound CpG), or the CpG and
SIINFEKL double conjugated E2 (CpG-S-E2) nanocapsule were added for 18 hours. Cell
surface display of the SIINFEKL epitope in the context of H-2kb was labeled with PE-
tagged monoclonal antibody 25-D1.16 (Biolegend) and measured with flow cytometry
(collecting 5 × 104 events per sample). The data is presented as MFI (n ≥ 4 independent
experiments) relative to DCs only (non-specific antibody labeling of BMDCs).

For the T cell activation assays, BMDCs harvested on day 8 were plated at 1 × 105 cells/well
in a 96-well plate and allowed to settle overnight. The E2 nanocapsule, SIINFEKL peptide
(with or without unbound CpG), S-E2 (with or without unbound CpG), or CpG-S-E2 were
added to the BMDCs, washed away after 1 hr, and the B3Z CD8 T cells added at 1 × 105

cells/well for an additional 12 or 48 hr. The B3Z cells are activated by the SIINFEKL
epitope in the context of H-2kb, which can be measured by lacZ activity.50 Cells were
washed with PBS and incubated with 100 µl Z buffer (100 mM 2-mercaptoethanol, 9 mM
MgCl2, 0.125% NP-40, and 0.15 mM chlorophenol red β–galactoside) for 4 hours at 37°C.
Following incubation, 50 µl of stop buffer (300 mM glycine and 15 mM EDTA in water)
was added and absorbance at 570 nm was measured. The data is presented as an average
absorbance relative to unbound SIINFEKL peptide (n ≥ 4 independent experiments, unless
otherwise noted).
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Statistical Analysis
Statistical analyses were carried out using InStat version 3.10. Data is reported as mean ±
standard deviation (SD) of at least four independent experiments (unless otherwise noted),
with the value of a single independent experiment being the average of at least two
replicates for that set. Statistical significance was determined by performing a one-way
analysis of variance (ANOVA) followed by a Bonferroni post-test over pairs within the
group. P-values less than 0.05 were considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematics of this overall investigation and its chemical conjugation strategies. A) The E2
protein nanoparticle is first covalently combined with CpG activator internally and antigenic
peptide (S) externally. The multifunctional particle (CpG-S-E2) is then incubated with
immature dendritic cells (iDCs). After entering the acidic endosomal environment, the CpG
molecules are released for interaction with Toll-like receptor 9, inducing activation to a
mature phenotype (mDC). The co-delivery of CpG and peptide enhance cross-presentation
of the associated MHC class I-restricted peptide epitopes to CD8 T cells). B) Conjugation of
5’-aldehyde-terminated CpG to E2’s internal cysteines. C) Conjugation of SIINFEKL
peptide to E2’s external lysines.
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Figure 2.
SDS-PAGE of different E2 protein nanoparticles. A) Functionalization of the E2
nanoparticle (E2) with the SIINFEKL peptide (S-E2), CpG 1826 (CpG-E2), and
simultaneous conjugation with CpG and SIINFEKL (CpG-S-E2). The unmodified E2
monomer has a theoretical molecular weight of 28105 Da. The 28–32 kDa band in lane S-E2
supports heterogeneous conjugation of the SIINFEKL peptide to the external E2 lysines,
with each peptide adding a mass of 1285 Da to the E2 subunit. The CpG-E2 lane displays
two bands, corresponding to an unmodified E2 monomer and a CpG-conjugated monomer
(34879 Da). The CpG-S-E2 lane shows bands associated with attachment of both CpG and
SIINFEKL peptide, supporting simultaneous conjugation. B) Incubation of CpG-E2 at pH 5
results in near-complete hydrolysis of the CpG activator from the E2 monomer. Incubation
at pH 7 retains the CpG-E2 conjugate.
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Figure 3.
Transmission electron micrograph of 2% uranyl acetate stained CpG-S-E2 confirms
monodisperse, intact, non-aggregated nanoparticles with a diameter of ~ 30 nm.
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Figure 4.
BMDC activation by CpG is enhanced following encapsulation in the E2 protein
nanoparticle (CpG-E2). LPS at 100 ng/ml served as positive control and the activation-
invariant marker was CD11c. MFI showed significantly greater DC activation with the CpG-
E2 nanoparticle, at 0.1 and 0.5 µg/ml CpG for MHC II and CD86 markers and 0.02 µg/ml
for CD86, compared to free CpG at equivalent concentrations. Data is presented as mean ±
SD (n ≥ 4 independent experiments). ** p < 0.01, *** p < 0.001, relative to unbound CpG at
equivalent concentration for the given marker.
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Figure 5.
BMDCs process and display E2-bound SIINFEKL (S) epitopes and activate cognate CD8 T
cells. A) MFI measurement of BMDCs showed greater SIINFEKL display when incubated
with S-E2 compared to free SIINFEKL peptide at 0.1 µg/ml peptide concentration (** p <
0.01). B) The SIINFEKL-bound E2 group (S-E2) in the B3Z assay showed a 1.7 ± 0.7-fold
increase in T cell activation, relative to unbound SIINFEKL. The S-E2 group showed
significant B3Z activation above background (DC only), whereas unbound SIINFEKL was
statistically within background levels. For both panels A & B, data is presented as mean ±
SD (n ≥ 4 independent experiments); ** p < 0.01 and *** p < 0.001, relative to DC only.
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Figure 6.
Simultaneous spatial and temporal delivery of CpG and SIINFEKL (S) with the E2
nanoparticle increases BMDC cross-presentation. MFI showed significantly more
SIINFEKL display following simultaneous conjugation of SIINFEKL and CpG to E2 (CpG-
S-E2), compared to all other SIINFEKL and CpG delivery formulations at SIINFEKL
concentrations of 0.1 and 0.5 µg/ml (*** p < 0.001, for all comparisons at the same
SIINFEKL concentration). At a SIINFEKL concentration of 0.02 µg/ml, CpG-S-E2 showed
significant MFI above DC-only background (* p < 0.05), whereas MFI of all other
SIINFEKL formulations at 0.02 µg/ml SIINFEKL were not statistically different from DC-
only background. Data is presented as mean ± SD (n ≥ 4 independent experiments).
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Figure 7.
B3Z T cell activation of BMDCs pulsed with different groups. Simultaneous CpG and
SIINFEKL conjugation to E2 (CpG-S-E2) showed significantly greater CD8 T cell
activation than any other formulation with unbound SIINFEKL (S) peptide after 12 hours
incubation. Data is presented as mean ± SD (n ≥ 4 independent experiments for all groups,
except n = 3 for groups [S + CpG-E2] and [CpG + S +E2]). Significance was determined by
a one-way ANOVA followed by a Bonferroni post-test comparing the set of data for DC-
only control and all formulations containing SIINFEKL peptide. * p < 0.05, relative to all
formulations containing unbound SIINFEKL.
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