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Abstract

Cancer vaccine immunotherapy facilitates the immune system’s recognition of tumor-associated
antigens, and the biomolecular design of these vaccines using nanoparticles is one important
approach towards obtaining strong anti-tumor responses. Following activation of dendritic cells
(DCs), a robust CD8+ T cell-mediated adaptive immune response is critical for tumor elimination.
While the role of efficient antigen-presenting myeloid DCs (mDCs) is conventionally attributed
towards vaccine efficacy, participation by highly cytokine-producing plasmacytoid DCs (pDCs)

is less understood and is often overlooked. We examined vaccines based on the E2 protein
nanoparticle platform that delivered encapsulated TLR9 agonist bacterial-like DNA (CpG1826

or CpG1018) or TLR7 agonist viral ssRNA to determine their efficacy over free agonists in
activating both mDCs and pDCs for antigen presentation. Although mDCs were only activated

by nanoparticle-encapsulated TLR9 agonists, pDCs were activated by all the individually tested
constructs, and CpG1826 was shown to induce pDC cytokine production. Transfer of secreted
factors from pDCs that were stimulated with a vaccine formulation comprising peptide antigen
and CpG1826 enhanced mDC display of the antigen, particularly when delivered in nanoparticles.
Only when treated with nanoparticle-conjugated vaccine could pDCs secrete factors to induce
antigen display on naiive mDC. These results reveal that pDCs can aid mDCs, highlighting

the importance of activating both pDCs and mDCs in designing effective cancer vaccines, and
demonstrate the advantage of using nanoparticle-based vaccine delivery.
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1. Introduction

Cancer is the second leading cause of death in the United States.! Treatment options have
included surgery, chemotherapy, and radiation, which have significant side effects and have
had limited efficacy.2~ More recently, major advances have been made in the field of
cancer immunotherapy to develop cancer therapeutics, such as checkpoint inhibitors and
cancer vaccines.>~’ Cancer vaccines take advantage of the body’s natural immune system to
facilitate recognition of tumor-associated antigens (TAAS) and consequently induce tumor
cell elimination. The design of these vaccines, which has included the use of nanoparticles
functionalized with different activating elements, and understanding the mechanisms of
activation by these nanomaterials, is important for promoting anti-tumor outcomes.

Dendritic cells (DCs) are a class of immune cells integral to orchestrating an anti-tumor
response by cancer vaccines. A subclass of DCs, myeloid DCs (mDCs), are often implicated
in efficacy due to their superior TAA display to cytotoxic T cells tasked with identifying
and attacking tumor cells.8-11 However, evidence of the importance of another subclass,
plasmacytoid DCs (pDCs), has been more recently recognized but is often overlooked.12-15
In this context, we investigated parameters to optimize nanoparticle cancer vaccine design.
We hypothesized that designing protein nanoparticle cancer vaccines, which could activate
pDCs in addition to mDCs, would result in enhanced vaccine efficacy.

Cancer vaccines formulated using protein nanoparticle platforms offer numerous advantages.
Protein platforms are biodegradable, offer interfacial functionality, and consist of organized
structures.® Our lab has demonstrated success using the hollow E2 caged protein as

a platform for cancer vaccines (Figure 1A).16-20 E2 s a self-assembling protein cage

from the pyruvate dehydrogenase complex of Geobacillus stearothermophilus.?* The E2
particle is composed of 60 identical monomers, yielding nanoparticles with diameters of
~27 nm, which mimic viruses and are optimal for uptake by antigen-presenting cells

such as dendritic cells.5 16:22.23 The E2 nanoparticle can be internally and externally
functionalized with non-native molecules, including Toll-like receptor (TLR) agonists and
TAA, respectively.24-29 We have shown efficacy of E2 cancer vaccines encapsulating

the TLR9 agonist CpG1826 to enhance anti-tumor immunity in C57BL/6 mouse tumor
models.18-20

We previously hypothesized that such success could be in part attributed to the exceptional
ability of E2 cancer vaccines to activate mDCs,16: 18 which are well documented in eliciting
an anti-tumor response.31-33 Namely, we predicted that E2 vaccines could be efficiently
processed by mDCs, where the TLR agonist would stimulate endosomal TLRs, causing
mDC activation and maturation, which we observed.16 In these present studies, we explored
the potential of E2 nanoparticles to also elicit an immune response by pDCs and whether
pDC activation is important to consider in nanoparticle vaccine design.

Biomater Sci. Author manuscript; available in PMC 2024 January 09.
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Plasmacytoid DCs are the second major lineage of DC besides mDCs. While less abundant
and less proficient at antigen presentation than mDCs, pDCs are type 1 interferon

(IFN) producing cells and play a central role in responses to viral infections.®: 34
Plasmacytoid DCs have immunomodulatory activities and can help orchestrate particular
classes of systemic inflammatory responses.8 35-37 Activated pDCs have been shown

to enhance the ability of mDCs to present TAA to T cells, increasing antigen-specific
antitumor response.13 38 In addition to efficiently secreting type 1 IFNs, pDCs can

also secrete inflammatory and Th1-skewing cytokines facilitating mDC maturation, and
have the potential to transfer antigen to mDCs (Figure 1B).14 15 Interestingly, a recent

study demonstrated that a mDC and pDC combined DC vaccine increased lymphocyte
proliferation and reduced tumor volumes more than an mDC-only vaccine in a mouse lung
cancer model, supporting that pDCs are important for supporting anti-tumor immunity.13 We
previously showed that E2-encapsulating TLR9 agonist could activate mDCs,16 but if the
formulations could additionally activate pDCs, and if the observation that pDCs can support
mDCs holds, this could improve our mechanistic understanding of nanoparticle vaccines and
help to guide the design of more effective cancer vaccines.

Stimulation of TLRs can cause the activation and maturation of mDCs and pDCs, and

the choice of TLR agonist has the potential to differentially activate one or both DC

types. TLR9 and TLR7 are well-conserved endosomal pattern recognition receptors that can
recognize foreign genetic material. TLR9 is stimulated by bacterial-like DNA containing

a non-methylated cytosine-phosphate-guanine (CpG) motif, while TLR7 is responsive to
short ssRNA rich in guanosine and uridine and can include ssRNA from viruses or dead
cells.3% 40, While murine mDCs express TLR9, murine pDCs are known to express both
TLR7 and TLR9.41 42 We hypothesized that encapsulating adjuvants targeting different
TLRs within the E2 nanoparticle could differentially activate mDCs and pDCs.

Many nanoparticle-based vaccine studies have yielded /n vivo success by using CpG1826,

a synthetic TLR9 agonist, including our own investigations where we conjugated CpG1826
to the interior of E2 nanoparticles.18: 43-46 |n these current studies, we also investigated
alternative adjuvants CpG1018 and virus-derived ssSRNA. While CpG1826 is a commonly
used TLR9 agonist in murine studies,® 4748 CpG1018 is a TLR9 agonist included in the
FDA-approved hepatitis B vaccine HEPISLAV-B®.49. 50 Both CpG1826 and CpG1018 have
sequence classified within CpG class B, the most extensively studied class of CpGs in
immunology.#® 51 The ssRNA sequence used in these studies is a TLR7 agonist derived
from human immunodeficiency virus type 1 (HIV-1) long terminal repeat (nucleotides
108-127) previously shown to activate murine immune cells, including DCs.52: 93 Each
adjuvant-nanoparticle formulation, abbreviated CpG1826-E2, CpG1018-E2, and ssSRNA-E2,
was evaluated /n vitro.

While recently there are increasing efforts to evaluate the beneficial role of targeting pDCs
in cancer vaccines,12 these investigations are typically not in the context of nanoparticle-
based vaccines.13: 1538 |n this study, we therefore evaluated (1) the differential effects
resulting from activation of pDC and mDCs by nanoparticle vaccines, (2) the assistance

of pDC to mDCs induced by these vaccines, and (3) the potential benefits of utilizing
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nanoparticle-based vaccines (Figure 1B). Thus, our investigations address the importance of
a vaccine design strategy which activates both mDCs and pDCs.

2. Materials and Methods

2.1. Materials.

All buffers and reagents were purchased from Fisher Scientific, unless otherwise stated.
Adjuvants CpG1826 (5’-tccatgacgttcctgacgtt-3’), CpG1018 (5°-tgactgtgaacgttcgagatga-3°),
and ssRNA (5’-gcccgucuguugugugacuc-3’) were custom-ordered from IDT or TriLink
BioTechnologies, with or without 5* benzaldehyde modification (for nanoparticle
conjugation and controls, respectively). Each DNA and RNA adjuvant included nuclease-
resisting phosphorothioate (PS) backbones, especially important for protecting the ssSRNA
from abundant RNA-specific exonucleases 7 vitroand in vivo.>* The MHC | model
antigen peptide SIINFEKL (OVA257.264) or C-SIINFEKL was synthesized by Genemed
Synthesis. For DC studies, including all mDC and pDC experiments, DC culture media
was comprised of RPMI 1640 (Corning), heat-inactivated fetal bovine serum (10%, Life
Technologies), sodium pyruvate (1 mM, HyClone), L-glutamine (2 mM, Lonza), penicillin
(100 U/mL, Gibco), streptomycin (100 pg/mL, Gibco), 2-mercaptoethanol (50 uM, Gibco),
and nonessential amino acids (0.1 mM, Lonza). Recombinant human FIt3L (cross-reactive
with murine receptor) was purchased from PeproTech.

2.2. E2 purification and characterization.

D381C E2 protein nanoparticles (E2) were purified and characterized as previously
described.16: 18. 24 The D381C E2 mutant has one internal cysteine modification per each of
the 60 monomers, allowing conjugation of aldehyde-functionalized adjuvants in the internal
hollow cavity. For purification, nanoparticle proteins were expressed in £. coli, and proteins
in soluble lysates were separated using a HiPrep Q Sepharose anion exchange column
(Cytiva) followed by a Superose 6 size exclusion column (Cytiva). For characterization,
dynamic light scattering (DLS) was used to determine hydrodynamic diameters (Zetasizer
Nano ZS, Malvern). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was used to evaluate molecular weight and purity. Proteins were stored in phosphate
buffer (50 mM potassium phosphate, 100 mM NaCl, pH 7.4) at 4 °C or —80 °C for short-
term or long-term storage, respectively. Residual lipopolysaccharides (LPS) were removed
from E2 using Triton X-114 as previously described, confirming LPS levels of <5 EU (ng)
per milligram of E2 construct using Limulus Amebocyte Lysate (LAL) assays (Genscript),
levels significantly lower than necessary to activate DCs.16 Concentrations of E2 constructs
were determined using bicinchoninic acid assay (BCA).

2.3. Adjuvant and antigen conjugation to E2, and nanoparticle characterization.

Conjugation of adjuvants and peptide antigens onto E2 nanoparticles were performed using
prior studies as a departure point.18: 18 To conjugate aldehyde-modified adjuvants (Figure
2A), cysteines in the internal hollow cavity of E2 were first reduced with 10-fold excess of
TCEP for at least 30 minutes. The N-(B-maleimidopropionic acid) linker was then reacted

at 10-fold molar excess (relative to E2 monomer) for 2 hours at room temperature, and
unreacted linker was removed with a desalting column (Zeba, ThermoFisher, 40 kDa cutoff).

Biomater Sci. Author manuscript; available in PMC 2024 January 09.
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A two-fold excess of aldehyde-modified adjuvant was added and incubated overnight

at room temperature, with excess removed by desalting column. The conjugation ratios
for each adjuvant were estimated by analyzing relative intensities of SDS-PAGE bands
using NIH ImageJ software for 3 independent reactions. All reactions were conducted in
phosphate buffer.

For conjugation of SIINFEKL antigen peptide on the nanoparticle surface, E2 was incubated
with 20-fold excess of 4-(A-maleimidomethyl)-cyclohexane-1-carboxylate) (SMCC) for 30
minutes at room temperature, followed by removal of excess peptide with desalting columns.
Cysteine-modified SIINFEKL (C-SIINFEKL) was reduced with 10-fold excess of TCEP for
at least 30 minutes, then incubated with the E2 sample. Excess peptide was removed with
desalting columns. Mass spectrometry (Xevo QTof) was used to quantify the number of
SIINFEKL peptides conjugated per E2 nanoparticle.16 All E2 constructs were characterized
with BCA, DLS, and SDS-PAGE, as previously described.16: 18 For transmission electron
microscopy (TEM), protein samples were stained with 2% uranyl acetate on carbon-coated
copper grids (Ted Pella) and imaged using a JEM-2100F electron microscope.

2.4. Bone marrow (BM)-derived mDC and pDC differentiation.

Studies requiring animals were carried out according to protocols approved by the Institute
for Animal Care and Use Committee (IACUC) at the University of California, Irvine. For
all experiments, C57BL/6 female mice purchased from Jackson Laboratories were used
from 6-12 weeks of age. Murine BM-derived mDCs and pDCs were cultured /n vitro
following previously published protocol6: 36 as outlined in Figure SI-1, prior to incubation
with E2 nanoparticles or controls. Briefly, femurs and tibias from 6- to 12-week-old mice
were harvested and washed with 70% ethanol. BM was flushed with sterile PBS (137 mM
NaCl, 2.7 mM KCI, 10 mM disodium phosphate, 1.8 mM potassium phosphate; Gibco) and
centrifuged at 300 x g for 5 min, with supernatant discarded. Red blood cells were depleted
with re-suspension ACK lysing buffer (Lonza) for 2 minutes, followed by washing with
PBS.

Cells were maintained at 37 °C and 5% CO,. For mDCs, BM cells were plated at 2 x 10°
cell/mL (10 mL total) into sterile bacteriological non-tissue-culture treated Petri dishes in
DC media with murine recombinant GM-CSF (20 ng/mL). Fresh media with growth factor
was replaced on Day 3 and Day 6. On Day 7, non-adherent mDCs were collected and seeded
into 48-well plates (Corning Falcon) at a density of 200,000 cells/well (500 uL per well) and
allowed to settle overnight. For pDCs, BM cells were seeded at 1 x 108 cells/mL (5 mL per
well) into 6-well tissue culture plates (Costar) on Day 0 and cultured for one week in DC
media with FIt3L (200 ng/mL, PeproTech) without media change.

2.5. Activation and analysis of mDCs or pDCs.

Protocols for DC activation studies following differentiation are outlined in Figure SI-1.
Myeloid DCs were incubated with the test groups PBS, 100 ng/mL LPS (eBioscience), E2
nanoparticle alone, free adjuvant, or adjuvants attached to E2 (E2-adjuvant) for a range of
concentrations for 24 hr starting on Day 8. On Day 9, cells were collected after washing with
PBS and stained with anti-CD11c (FITC), -MHC Il (PE/Cy7), and -CD86 (APC) mouse

Biomater Sci. Author manuscript; available in PMC 2024 January 09.
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antibodies (eBioScience, BioLegend) for analysis with flow cytometry (ACEA Novocyte,
FlowJo).

Plasmacytoid DCs were incubated with the test groups PBS, 200 ng/mL LPS, E2
nanoparticle, free adjuvant, or adjuvants attached to E2 (adjuvant-E2) for a range of
concentrations for 24 hr starting on Day 8. On Day 9, cells were collected after washing
with PBS and stained with anti-CD11c (FITC), -B220 (APC/Cy7), -MHC Il (PE/Cy7), and
-CD86 (APC) mouse antibodies (BioLegend) for analysis with flow cytometry (ACEA
Novocyte, FlowJo). For viability studies, monocytes were differentiated into pDCs as
described above through Day 7, then incubated with PBS, CpG1826, or CpG1826-E2 for
24 hr starting on Day 8. On Day 9, cells were collected after washing with PBS as outlined
in Figure SI-2A. As a positive control to identify dead cells, samples were heat shocked

to 60 °C for 10 min to induce cell death, while cells incubated with PBS alone served as
the control for live cells. All samples were stained using the LIVE/DEAD™ Fixable Aqua
Dead Cell Stain Kit (Invitrogen) according to the instructions with a 2:1000 ratio between
reconstituted dye and PBS, followed by staining with anti-CD11c (FITC) and -B220 (APC/
Cy7) mouse antibodies (BioLegend) for analysis with flow cytometry (ACEA Novocyte,
FlowJo).

2.6. SIINFEKL display by mDCs or pDCs, and studies assessing pDC support of mDCs.

Myeloid and plasmacytoid DCs were differentiated as described above. To assess antigen
display by mDCs or pDCs without media transfer (Figure SI-3), mDCs and pDCs were then
incubated with the test groups PBS, 2 pg/mL SIINFEKL (positive control), 0.1 ug/mL free
CpG1826 with 0.1 ug/mL free SIINFEKL (CpG + S), or 1 pg/mL CpG-S-E2 (CpG1826
and SIINFEKL attached to nanoparticle) using the following schedules. Myeloid DCs were
incubated for 24 hr starting on Day 9 or Day 10. Plasmacytoid DCs were gently washed
with DC media three times, the media was replaced, and the cells were then incubated

with condition for 24 hr or 48 hr starting on Day 8. After incubation period, mDCs were
stained with anti-CD11c (FITC) and -H-2Kb bound to SIINFEKL (APC) mouse antibodies,
while pDCs were stained with anti-CD11c (FITC), -B220 (APC/Cy7), and -H-2Kb bound to
SIINFEKL mouse antibodies (BioLegend, eBioscience).

To investigate the effects of pDC assistance on mDC antigen display (studies investigating
pDC support of mDCs), we cultured pDCs with the nanoparticles or controls, collected the
media, and cultured mDCs in this transferred media. Myeloid and plasmacytoid DCs were
differentiated in parallel from the same mouse, with GM-CSF or FIt3L (respectively) for
one week, as described above. On Day 8, pDCs were incubated with 1 pg/mL CpG-S-E2
or controls (PBS or 0.1 ug/mL free CpG1826 with 0.1 ug/mL free SIINFEKEL) for 4 hr
followed by gentle washing with media three times and replacement of media volume. On
Day 9 or Day 10 (after 24 hr or 48 hr incubation, respectively), pDC media was collected.
This culturing period was consistent with that used in other studies.1> For media transfer,
80% of mDC media per well was removed (from 48-well plates) and replaced with media
collected from the pDC cultures. As a control group, some mDCs were maintained in the
full volume of their original media. All mDCs were then incubated with PBS, 2 ug/mL
SIINFEKL (positive control), 0.1 pg/mL free CpG1826 with 0.1 ug/mL free SIINFEKEL, or
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1 pg/mL CpG-S-E2 for 24 hr. The following day, mDCs were collected after washing wells
with PBS and analyzed with flow cytometry as performed in the antigen display studies.

To analyze cytokines expressed by pDC in the media after incubation, 24 hr and 48

hr incubation samples were collected. Murine Mix and Match LEGENDPlex™ assay
(BioLegend) was utilized as recommended by the manufacturer, with final samples
analyzed using flow cytometry (Novocyte, FlowJo). Analyzed cytokines included murine
tumor necrosis factor alpha (TNF-a.), interleukin-12p70 (IL-12p70), interleukin-10 (IL-10),
interleukin-6 (I1L-6), and interferon-beta (IFN-B).

2.7. Statistical analyses.

Statistical analyses were performed using GraphPad Prism8. For particle characterization,
mean + standard deviation was calculated for 3 independent conjugation batches. In all
plots of /in vitro DC data, mean £ SEM of n = 3 independent biological replicates are
displayed, with = 2 technical replicates for each biological replicate. Statistical significance
was analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni post-tests.
For activation studies, each dosage of adjuvant-E2 was compared to PBS or the equivalent
dosage of E2 or free adjuvant. In antigen display studies, incubation with PBS or free
CpG1826 with free SIINFEKL was compared to incubation with CpG-S-E2. To compare
mDC antigen display with (+) or without (=) pDC supernatant transfer, +/- media transfer
conditions were compared to each other, and data correlating to mDCs incubated with

PBS was compared to other incubation conditions. For cytokine analysis, all incubation
conditions per incubation time per cytokine were compared.

3. Results & Discussion

3.1. Conjugation of adjuvants and peptide antigen to E2 yielded intact nanoparticles

TLR agonists CpG1826, CpG1018, and ssRNA were successfully encapsulated within the
internal hollow cavity of E2 nanoparticles at relatively high packing efficiencies. The

results of these adjuvant conjugations are shown in Figure 2. After conjugating each
adjuvant individually to the interior of E2 (Figure 2A), we characterized nanoparticles

using numerous techniques. SDS-PAGE characterization (Figure 2B) showed a single
unconjugated E2 monomer in lane 2 (theoretical molecular weight 28.1 kDa, control) and 2
bands each for CpG1826-E2, CpG1018-E2, and ssRNA-E2 in lanes 3-5 — one corresponding
to the E2 monomer (28.1 kDa) and the other to adjuvant-conjugated E2 monomer (34.9
kDa, 35.7 kDa, and 35.1 kDa, respectively). CpG conjugations were confirmed by mass
spectrometry (Figure SI-4). All measured masses were within 1 Da of the theoretical value,
with E2, BMPH-E2, CpG1826-E2, and CpG1018-E2 corresponding to 28105 Da, 28287 Da,
34878 Da, and 35666 Da, respectively.

We determined the number of adjuvant molecules conjugated to each E2 nanoparticle to
be 21.5+2.7 CpG1826, 20.2 + 3.2 CpG1018, and 25.6 + 2.7 ssRNA, corresponding

to approximately 35%-40% of the theoretical maximum of 60. Thus for each conjugate,
approximately 0.1 pg of adjuvant was encapsulated per of 1 ug of construct, consistent
with previously reported attachment yields of CpG1826 following the same attachment
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approach.16 Since the lengths of each genetic sequence are nearly the same (~20
nucleotides), similar packing efficiencies for each adjuvant were expected.

All adjuvant-encapsulated constructs maintained uniform nanoparticle size and structure.
DLS measured hydrodynamic diameters of ~27 nm (Figure 2C), which is within the optimal
particle size range for DC uptake.?2 23 Diameters averaged 27.1 + 1.1 nm (E2); 27.0 + 1.4
nm (CpG1826-E2); 26.6 + 1.7 nm (CpG1018-E2); and 28.0 = 1.2 nm (ssRNA-E2). TEM
confirmed intact particles corresponding to this size as well, with consistent shape and size
independent of conjugated adjuvant (Figure 2D). With these E2 nanoparticles encapsulating
TLR7 or TLR9 agonist, we could assess differential activation of mDCs and pDCs.

While E2 encapsulating TLR agonist is necessary for DC activation, the conjugation of
antigen on E2 nanoparticles is required for eliciting a targeted immune response and
assessing antigen display by DCs. To investigate the role of mDCs and pDCs in antigen
processing and display, nanoparticles conjugated with the model epitope SIINFEKL (from
ovalbumin) were made. We conjugated CpG1826-SIINFEKL-E2 (abbreviated as CpG-S-E2)
as previously described (Figure 2A E) and characterized nanoparticles.16 The conjugation of
C-SIINFEKL with linker on the surface of the nanoparticle was predicted to increase the E2
monomer molecular weight by 1.3 kDa per peptide that is conjugated, and the conjugation
of multiple peptides resulted in wide bands on SDS-PAGE corresponding to CpG-S-E2 and
SIINFEKL-E2 (abbreviated S-E2) (Figure 2F). Peptide conjugation ratios and SDS-PAGE
characterization were consistent with previously reported data, with 2.9 + 0.3 peptides
conjugated per monomer (i.e., ~174 peptides per 60-mer nanoparticle), or approximately 0.1
Hg of peptide displayed per 1 pg E2 construct.18 DLS confirmed that nanoparticles remained
intact, with E2 and CpG-S-E2 yielding diameters of 27.1 £ 1.1 nm and 29.1 £ 2.9 nm,
respectively, consistent with previously reported values (Figure 2G).16

3.2. Myeloid and plasmacytoid DCs were differentially activated by encapsulated TLR

agonists

3.2.1. Characterization of mDCs and pDCs.—We hypothesized that mDCs and
pDCs are both critical for eliciting an optimal anti-tumor response following vaccination
(Figure 1B). While mDCs are superior antigen-displaying cells, pDCs are more efficient at
secreting pro-inflammatory cytokines and type | interferons (IFNs) than mDCs, producing
102 to 103 times more type | IFNs than any other cell.> 56 Therefore, pDCs can assist in the
activation of mDCs, but aid of pDCs by mDCs is, by contrast, less likely.

In order to study the interaction of these populations, bone marrow (BM) cells were induced
to differentiate into mDCs and pDCs /n vitro. For differentiation, we harvested murine BM,
depleted red blood cells, and incubated cells with growth factor (GM-CSF for mDC or
FIt3L for pDC differentiation) over the course of one week.36: 56 Appropriate phenotype

for each population was confirmed by CD11c and B220 expression as previously described;
mDCs were gated as CD11c9" and B220~ (Figure 3A), and pDCs were gated as CD11clow
and B220™" (Figure 3B).36 Our recovery and observed populations were consistent with
previous reports.38 57 In mDC cultures, a second population was observed comprising
smaller cell sizes (Figure 3A), similar to those in the pDC population (Figure 3B). However,
these cells were CD11c/"°WB220~ and therefore did not exhibit pDC or mDC phenotype;
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thus, cells in this population were not included in the analyses. It should be noted that
generating pDCs with FIt3L can tend to cause a non-uniform expression of CD11c or B220,
though we confirmed that the majority of cells (approximately 60% of cells) exhibited

a pDC phenotype (Figure 3B).36: 56 Induced mDC and pDC populations were necessary

for this study due to the scarcity of ex vivoisolated cells; the efficient yields and largely
faithful phenotype resulting from differentiation with GM-CSF or FIt3L supports in vitro
differentiation as a powerful tool for modeling /7 vivo DC populations.>®

3.2.2. Myeloid DCs are activated by nanoparticle-encapsulated TLR9 agonist,
but not TLR7 agonist.—For activation studies, differentiated mDCs and pDCs were
incubated with E2 encapsulating CpG1826, CpG1018, ssRNA, or with controls (PBS, LPS,
or free adjuvant) as outlined in Figure SI-1. It is documented that pDCs and mDCs can

be activated with LPS and thus, LPS was chosen as the positive control.5® The expression
of mDC activation markers MHC |1 (Figure 4A-C) and CD86 (Figure SI-5A-C) followed
similar trends. Similarly, pDC expression of MHC Il (Figure 4D-F) and CD86 (Figure
SI-5D-F) were consistent. The upregulation of MHC 1l and CD86 are necessary for T cell
activation and are indicators for the activation of mDCs or pDCs.5": 80 Our results show
that the encapsulation of either CpG1826 or CpG1018 in E2 nanoparticles increased mDC
activation over free adjuvant alone, approximately doubling MHC 11 or CD86 MFI (relative
to PBS), comparable to LPS stimulation; however, no significant increase was observed
following mDC incubation with either free or E2-encapsulated ssSRNA at the comparable
conditions tested.

In comparing the TLR9-induced activation of mDCs, we observe that CpG1826-E2 and
CpG1018-E2 increased activation marker levels to similar extents. Both MHC 1l and

CD86 marker expressions increased after incubation with CpG1826-E2, at concentrations
of 5 pg/mL to 10 pg/mL or 30 pg/mL CpG1826-E2 (Figure 4A,; Figure SI-5A). In

contrast, free CpG1826 or E2 at equivalent dosages did not cause mDC activation.
Encapsulating CpG1018 in E2 similarly improved mDC activation compared to free
CpG1018, approximately increasing MHC Il or CD86 MFI 2- to 3-fold versus PBS (Figure
4B; Figure SI-5B). These results show that CpG-based TLR9 agonists encapsulated within
the nanoparticle increased mDC activation, while free TLR9 agonist tended to activate
minimally or not at all under the same concentrations.

As expected and in contrast to CpG results, free or encapsulated ssRNA did not increase
mDC MHC Il or CD86 expression at any tested concentration (Figure 4C; Figure SI-5C).
There is some conflict in the literature as to the mDC response to TLR7 ligands.

Although some studies report mDC activation by TLR7 ligands,51-63 others show that TLR7
expression is subset-dependent and that mDC activation by these ligands may occur through
other signaling pathways.42: 64-66

3.2.3 Plasmacytoid DCs are activated by nanoparticle-encapsulated TLR9
and TLR7 agonists.—Plasmacytoid DCs were activated by both nanoparticle-delivered
and free TLR9 agonist. As the dosage was increased from 0.2 ug/mL to 5 ug/mL of
CpG1826-E2 or CpG1018-E2 constructs, pDC activation marker expressions increased,
approximately doubling the MFI versus PBS (Figure 4D,E; Figure SI-5D,E). Both 1 pg/mL
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and 5 pg/mL of either construct with either TLR9 agonist increased MHC Il or CD86
expression levels, relative to PBS or E2 negative controls.

Unlike mDCs, TLR9 agonists in pDCs did not need to be delivered in a nanoparticle to elicit
an increase in activation marker expression, with optimal adjuvant concentrations around
0.1 pg/mL CpG1826 or 0.5 pg/mL CpG1018. Plasmacytoid DC activation marker levels
peaked at a concentration of 0.1 pg/mL free CpG1826, then decreasing as concentration
increased to 0.5 pg/mL free CpG1826 (Figure 4D; Figure SI1-5D). We speculated that

this observation is likely due to over-activation leading to cell death or anergy.5”- 68 To
examine this, we subsequently assessed pDC cell viability following stimulation with free
or E2-encapsulated CpG1826 at equivalent concentrations and confirmed that regardless

of incubation condition, pDCs maintained high viability at around 90% (Figure SI-2B).
Therefore, it is more likely that the decrease in activation marker expression at high

free CpG1826 concentrations is due to the pDCs exhibiting anergic behavior rather than
toxicity of the agonist. This response is consistent with observations by Volpi et al., who
demonstrated that a ten-fold increase in CpG1826 administered to murine pDCs can induce
a tolerogenic phenotype.58

We note that this decrease in pDC activation marker expression at higher free CpG1826
concentrations is not observed in the equivalent amount of E2-encapsulated CpG. We

may be observing an additional benefit of adjuvant encapsulation, presumably due to the
kinetics of nanoparticle processing. Namely, CpG1826-E2 containing 0.5 pg/mL CpG1826
maintained robust activation levels compared to 0.5 pg/mL free CpG1826, suggesting that
with encapsulation, the pDC dose response may be shifted, potentially preventing anergy at
this CpG1826 concentration.

Unlike in mDCs, nanoparticle encapsulation of the sSRNA caused activation of pDCs. MHC
Il and CD86 expressions increased from 0.2 pg/mL to 5 pg/mL of E2-ssRNA construct in

a dosage-dependent manner, approximately doubling MFI versus PBS (Figure 4F; Figure
SI-5F). However, the equivalent concentrations of free sSRNA failed to cause activation.
Plasmacytoid DCs are integral for mounting anti-viral immunity and express higher levels
of TLR7 than mDCs, so activation with encapsulated ssRNA in a virus-like particle is not
unexpected.41- 42, 69,70

3.2.4. Encapsulation of adjuvants in nanoparticles.—There are numerous
advantages to encapsulating adjuvant within a nanoparticle vaccine formulation versus the
application of free adjuvant. Previous studies revealed that encapsulating CpG1826 adjuvant
within E2 nanoparticles enhanced mDC activation /in vitro, suggesting more efficient

uptake and cellular trafficking to allow the TLR9 agonist to interact with TLR9 in the
endosomal compartment than free TLR9 agonist.16: 18 The ~27 nm E2 nanoparticle vaccines
can efficiently deliver adjuvant and antigen to DCs simultaneously. This is advantageous

for eliciting a specific immune response following endosomal processing, a phenomenon
observable for other particle systems as well.#* 71 Furthermore, encapsulation of nucleotides
within a nanoparticle may shield these adjuvants from nucleases, providing an additional
form of protection besides the use of a PS backbone. Compared to CpGs, ssSRNA is
especially susceptible to nuclease degradation, even with phosphodiester linkages.”2 73 Qur
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observed data showing activation of pDCs by encapsulated (but not free) TLR7 agonist
could be explained by enhanced protection of the cargo from the variety of nucleases in this
model system. We observed benefits of DNA or RNA delivery within a nanoparticle for both
mDCs and pDCs, leading to increased activation.

Plasmacytoid DCs have been shown to be highly sensitive to TLR9 and TLR7 agonists,
supporting their critical role in mounting rapid inflammatory cytokine response against
invading pathogens.’® 75 In contrast, studies have shown that mDCs are robustly activated
by TLR9 agonists, but the lack of TLR7 in a significant portion of the cell population

can hinder response to TLR7 agonists.41: 42 The differential activation we observed

by E2-encapsulated TLR agonists is consistent with TLR expression levels reported in
the literature.*2 7 To further investigate the pDC response induced by nanoparticles
encapsulating TLR9 agonist, we assessed their cytokine production after incubation with
vaccine formulations.

3.3. Plasmacytoid DCs secrete an array of pro-inflammatory cytokines in response to
stimulation with CpG-S-E2 nanoparticles

Plasmacytoid DCs are known for secreting significantly higher amount of cytokines, such
as type | IFNs, compared to mDCs.34 In the case of autoimmune diseases such as psoriasis
or systemic lupus erythematosus, pDCs can exacerbate symptoms by secreting high levels
of type | IFNs following TLR stimulation.3# 89 However, the same cytokine production
framework can be highly beneficial in promoting anti-viral, -bacterial, and -cancer innate
and adaptive immune responses.’® 77 Therefore, it would be desirable for nanoparticle
vaccines to elicit pro-inflammatory cytokine production from pDCs. We are not aware of
other studies which have demonstrated that nanoparticles encapsulating adjuvant can initiate
a cytokine production response by pDCs.

To perform these studies, we formulated CpG-S-E2, nanoparticles containing CpG1826
(abbreviated CpG) and displaying SIINFEKL antigen (abbreviated S). Plasmacytoid DCs
were incubated with CpG-S-E2 nanoparticles (or free CpG with SIINFEKL antigen) for

24 hr or 48 hr (after a 4-hr incubation and a washing step), and secreted cytokines were
analyzed (Figure 5). After 24 hr incubation, pDCs that had been incubated with nanoparticle
vaccine secreted highest levels of IFN-B (Figure 5A), TNF-a (Figure 5B), IL-6 (Figure 5C),
IL-10 (Figure 5D), and IL-12p70 (Figure 5E) approximately two-fold or more over PBS.
By contrast, stimulation with 0.1 ug/mL free CpG1826 with 0.1 pg/mL free SIINFEKL
(abbreviated as CpG + S) at an equivalent adjuvant and antigen dosage did not significantly
increase cytokine secretion over PBS, suggesting altered kinetics of activation and cytokine
secretion previously observed in pDCs.”8

Each of these cytokines is known to modulate the activity of immune cells, including
mDCs, as elaborated below. For either timeline, pDCs stimulated with CpG-S-E2 generated
robust IFN-p (Figure 5A), TNF-a (Figure 5B), and IL-6 (Figure 5C) levels. IFN-f, TNF-a.,
and IL-6 are pro-inflammatory cytokines which pDCs can efficiently secrete, fostering
inflammatory responses.’%: 79 For instance, TNF-a can induce direct cell killing of tumors
and enhance immune cell activation.”® While 1L-10 (Figure 5D) and IL-12p70 (Figure

5E) secretion was increased following vaccine stimulation for the 24 hr incubation, levels
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decreased approximately 4-fold after 48 hr incubation. 1L-10 can act as an anti-inflammatory
cytokine whose secretion can inhibit IL-12p70 secretion and pDC activation, though

under certain circumstances 1L-10 can promote the proliferation of cytotoxic T cells.80: 81
IL-12p70 is Thl-skewing, inducing naiive T helper cells to differentiate into Th1l cells,
important for antitumor response.82 Higher 1L-10 concentration for pDCs stimulated with
vaccine and incubated 24 hr could be one reason IL-12p70 concentration after 48 hr was
greatly diminished, though the exact mechanism is well beyond the scope of this report.

The secretion of cytokines is a highly dynamic process dependent on several variables,
including the kinetics of intracellular machinery, uptake of cytokines by cells, and even
cytokine degradation. Taken altogether, these results indicate that the nanoparticle vaccine
with encapsulated CpGs can activate pDCs and robustly trigger a pro-inflammatory, Th1-
skewed response. Given this observation, we predicted that conditioned media from E2
vaccine-stimulated pDCs could facilitate mDC antigen presentation capabilities (Figure
1B). Therefore, we next investigated antigen display of mDCs and pDCs individually and
together in a cooperative model for pDC support of mDCs after incubation with CpG-S-E2.

3.4. Both mDCs and pDCs can display model antigen epitopes delivered on E2
nanoparticles

Before examining the assistance of pDC to mDC in antigen display, we first selected the
optimal concentration of adjuvant for each. From the mDC and pDC activation studies,

1 pg/mL CpG1826-E2 nanoparticles activated pDCs (Figure 4D; Figure SI-5D), but the
equivalent dosage in mDCs was projected to elicit minimal or no activation, based on
shifts in MHC 11 and CD86 marker expression (Figure 4A; Figure SI-5A). Therefore, for
antigen display studies, pDCs and mDCs were incubated with 1 ug/mL CpG-S-E2 vaccine
formulation (containing 0.1 pg/mL each of CpG1826 and SIINFEKL) or controls (PBS or
CpG + S) using the protocols outlined in Figure SI-3.

Myeloid DCs displayed SIINFEKL peptide on MHC I after incubation with CpG-S-E2
nanoparticles (containing CpG1826 and SIINFEKL) for 24 hr (Figure SI-6A,B). For pDCs,
incubation with CpG-S-E2 slightly increased average antigen display over incubation with
PBS or CpG + S (at equivalent CpG and antigen concentrations) but this was not statistically
significant (Figure SI-6C). However, antigen display increased after 48-hr incubation and
was indeed significant; the antigen display was approximately 1.5 times higher for the
nanoparticle group than display following incubation with CpG + S control (Figure SI-6D).
Although free CpG1826 and CpG1826-E2 activated pDCs in a similar dose-dependent
manner (Figure 4D, Figure SI-5D), the co-delivery of both CpG and antigen peptide on the
E2 scaffold appears to more efficiently facilitate pDC antigen display.

3.5. Plasmacytoid DCs can aid the display of antigen by mDCs and do so more effectively
via nanoparticle-based delivery of antigen and adjuvant, demonstrating the importance of
nanoparticle vaccine design

To investigate our hypothesis that the engagement of both mDCs and pDCs could result in
improved anti-tumor responses, we investigated cooperation studies involving pDC secreted
factors supporting mDCs. We used an in vitro experimental protocol to examine this
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support (Figure 6A). The in vitro support model used in this study models the /n vivo
microenvironment in the spleen and other secondary lymphoid organs, which can house
activated pDCs and mDCs in the same anatomic compartment, and has been validated in

a previous study.12 15 Importantly, the concentration of CpG-S-E2 used for stimulating
mDCs was below the threshold for eliciting activation and antigen display. The wash steps
described were important to help minimize the transfer of residual vaccine and/or adjuvant
and antigen from pDC wells to mDCs; media transferred from pDCs to mDCs could be
presumed to contain factors secreted by pDCs, potentially including cytokines and antigens
in some form,15: 34 put minimal to no carry-over vaccine or CpG with peptide dosage. With
pDC incubation periods of 24 hr (Figure 6B—E) or 48 hr (Figure SI-7), we saw similar
trends.

Experiments confirmed that transferring conditioned media from non-stimulated pDCs to
mDCs did not alter mDC antigen display capabilities. Regardless of the timeline tested

(24 hr or 48 hr) and mDC treatment condition after media transfer, media transferred from
non-stimulated pDCs (pDCs incubated with PBS) did not alter mDC peptide display (Figure
6B; Figure SI-7A). Based on these control experiment results, non-stimulated pDCs did

not release sufficient secreted factors to aid mDCs in displaying antigen more efficiently.
Notably, transferring media from pDCs incubated with PBS demonstrated that the CpG-S-
E2 concentration incubated with mDCs, in and of itself, was insufficient to elicit an elevated
amount of antigen display over the no-transfer condition (Figure 6B).

We observed that transfer of media from pDCs incubated with adjuvant and antigen, in the
form of CpG + S (free molecules) or CpG-S-E2 (nanoparticle), could aid mDC antigen
display. Media was collected from pDCs treated with PBS, CpG + S, or CpG-S-E2.
Resulting 24 hr (Figure 6C-E) or 48 hr (Figure SI-7B-D) conditioned pDC media was
transferred to mDCs, and then mDCs were treated with PBS, CpG + S, or CpG-S-E2 for 24
hr. Interestingly, mDCs demonstrated antigen presentation capacity even if they were never
directly incubated with any antigen themselves (Figure 6C). If pDCs were incubated with
the CpG-S-E2 nanoparticle, the resulting conditioned media from pDCs aided mDCs (which
had been incubated only with PBS prior to the media transfer) to display SIINFEKL (Figure
6C). These data support that conditioned media included secreted cytokines and antigen in
some formulation, which can result in antigen display by mDCs. These results also show the
advantage of delivering CpG and peptide together in the context of a nanoparticle (versus
free in solution) since media from pDCs that were treated with free CpG + S did not

result in display of the SIINFEKL peptide by the mDCs. Nanoparticle formulations may
have resulted in more efficient pDC antigen processing and secretion of exosomes or other
antigen containing structure and enhanced cytokine secretion,3* 83 the latter of which we
observed by ELISA analysis (Figure 5).

Similar trends were observed when mDCs were incubated with conditioned media from
pDCs and also with CpG + S (Figure 6D). It is notable that mDCs had a very low or

no level of activation and antigen display when incubated with CpG + S (Figure 4A,
Figure 6B,D). However, when mDCs were incubated with conditioned media from pDCs
in CpG-S-E2 (or CpG + S) together with the CpG-S-E2 nanoparticle, there was increased
mDC antigen display (Figure 6D,E) despite having concentrations of CpG-S-E2 that were
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below the threshold for mDC activation. Myeloid DCs had statistically similar levels of
antigen display when conditioned media was transferred from pDCs incubated with 0.1
pg/mL SIINFEKL instead of 0.1 pg/mL CpG with 0.1 pg/mL SIINFEKL, regardless of
mDC incubation condition (data not shown). Similar results were observed when pDCs were
cultured for 48 hr instead of 24 hr following wash steps (Figure SI-7B-D). We note that
regardless of the mDC incubation condition following media transfer, conditioned media
from pDCs incubated with the nanoparticles (CpG-S-E2) enhanced mDC antigen display,
demonstrating the importance of the nanoparticle in adjuvant and antigen delivery and
showing an advantage to delivery of adjuvant and antigen attached to a nanoparticle.

These results support that the efficacy of the E2 nanoparticle-based vaccine encapsulating
CpG1826, which we had previously observed 7n vivo.1820 This efficacy may be due, in part,
to its ability to activate both mDCs and pDCs and elicit cytokine production in pDCs.14 15
Because both murine mDCs and pDCs express TLR9 and are predicted to have responded
to our nanoparticle vaccine, based on our data, it is likely that pDCs play a significant

role in the observed efficacy of nanoparticle anti-tumor vaccines in vivo.5 41 42 Numerous
preclinical murine studies have validated the use of CpGs in cancer vaccines to support
anti-tumor immunity, triggering tumor-specific cytotoxic T cell proliferation and tumor
volume reduction.18: 46. 84 The use of TLR7 agonist in cancer vaccine development has also
been studied, though perhaps less extensively.#°: 85 Formulations using TLR7 agonist have
been shown to have potential to increase antigen-specific CD8+ T cell and pDC activation
in vivo, consistent with our observed responsiveness of murine pDCs to TLR7 agonist.86: 87
Overall, our results here support that selecting CpG as an adjuvant in cancer vaccines can
lead to a robust anti-tumor response in murine tumor models, in part by eliciting support by
pDCs to mDCs in antigen display.

4. Conclusions

In these studies, we designed immune-activating protein nanoparticles and demonstrated
their ability to activate two major DC subsets /n vitro. E2 nanoparticles were conjugated to
ligands that are agonists for different TLRs,88 including CpGs and ssRNA, which stimulate
TLR9 and TLR7, respectively. All constructs maintained optimal size for uptake by DCs,22
and similar attachment yields were observed for each adjuvant. To investigate the response
of DC subsets induced by E2 encapsulating TLR agonist, murine mDCs and pDCs were
differentiated /n vitro and exhibited expected characteristics of each population.

Both DC populations could uptake and process the nanoparticles, leading to endosomal
TLR stimulation and model antigen display. Depending on the conjugated adjuvant,

E2 nanoparticles were shown to differentially activate the two main DC lineages. E2
encapsulating CpGs robustly activated mDCs, critical for antigen display to T cells

and formerly believed to be the primary mode of eliciting immune response in murine
experiments. E2 containing CpGs or ssRNA stimulated pDCs, a less abundant DC subset
known to efficiently and robustly secrete pro-inflammatory, Th1-skewing cytokines in
response to viral infections, but less studied in the field of cancer vaccines. Differential
activation of mDCs and pDCs by ssRNA-E2 is due to higher levels of TLR7 expression
in murine pDCs. This is the first study demonstrating the potential of E2 nanoparticle
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encapsulating TLR9 agonist to activate both murine mDCs and pDCs. As DC activation is
dependent on TLR content, the specific responses observed here are likely dependent on
the animal model used; for instance, mouse and human DCs express different endosomal
TLRs.41: 42,89 However, these studies more broadly suggest that protein nanoparticle
vaccines should be formulated to specifically activate both major mammalian DC subsets.

The results of the pDC-mDC support study suggest that pDCs incubated with the E2
vaccine demonstrate a robust ability to secrete factors, which aid mDC antigen display.

Our investigation of pDC support of mDCs in antigen presentation suggests a potential
mechanism by which E2-based vaccines stimulate a very effective anti-tumor immune
response /n vivo. Our studies are in support of previous literature that demonstrated

pDC secretion of exosomes containing antigen,® as we observed that mDCs incubated

with PBS (and no antigen) were able to present antigen if given conditioned media

from pDCs stimulated with the nanoparticle vaccine (CpG-S-E2). The analysis of pDC
cytokine secretion after stimulation with vaccine also strongly suggests that an array of
pro-inflammatory cytokines may facilitate mDC activation and antigen display. Since mDCs
are superior to pDCs at presenting antigen,® the aid of mDCs by pDCs may be an evolved
mechanism to enhance systemic immune response against viruses and virus-like particles.
Our demonstration of pDC support of mDCs in antigen presentation suggests a potential
mechanism by which E2-based vaccines stimulate a very effective immune response /n vivo
and may explain the potency of nanoparticle-based vaccines in treating infectious diseases
and cancer.4’ Taken altogether, these studies suggest it would be advantageous for cancer
vaccine therapies that target DCs to be designed to activate both mDCs and pDCs and

that delivering adjuvant and antigen in nanoparticle formulation is highly beneficial over a
conventional mixture of adjuvant and antigen.
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DLS dynamic light scattering

E2 protein nanoparticle derived from the E2 subunit of pyruvate
dehydrogenase (D381C form of E2 was used in this study)

IFN interferon

IL interleukin

LPS lipopolysaccharides

mDCs myeloid dendritic cells

pDCs plasmacytoid DCs
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TAA tumor associated antigen

TEM transmission electron microscopy
TLR Toll-like receptor

TNF tumor necrosis factor
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Figure 1. Proposed responses of dendritic cellsto protein nanoparticle cancer vaccines.
A) E2 nanoparticle vaccines, which are represented in panel B as red circles. E2 structure

(gray) was generated in ChimeraX using Protein Data Bank ID code 1b5s (E2).30
Conjugated onto E2 are antigen (red) on the particle surface and adjuvant (green) in the
interior of the particle. E2 nanoparticles are ~27 nm in diameter. B) Schematic of proposed
mDC and pDC responses to nanoparticle cancer vaccines. In response to vaccine, mDCs and
to a lesser extent pDCs may directly activate T cells, which can recognize and eliminate
tumor cells. Plasmacytoid DCs may aid mDCs in this process through the transfer of
cytokines and antigens. Represented are mDCs (orange cells), pDCs (purple cells), vaccine
(red circles), cytokines (blue dots), antigens (red dots), T cells (turquoise cells), and lysed
tumor cells (pink).
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Figure 2. Adjuvant- and antigen-conjugated nanoparticles.
A) Reaction scheme for the conjugation of CpG1826, CpG1018, or ssSRNA adjuvants

to the interior cysteines of E2 (D381C) nanoparticles. B) SDS-PAGE of nanoparticles
encapsulating TLR agonist. Lanes: (1,6) molecular weight ladder; (2) E2; (3) CpG1826-E2;
(4) CpG1018-E2; (5) ssRNA-E2. Construct bands at ~35 kDa confirm conjugation. C)
Representative hydrodynamic diameter measurements of E2 encapsulating TLR agonists and
E2 control. D) Representative TEM images of CpG1826-E2, CpG1018-E2, and ssSRNA-E2.
Scale bars = 50 nm. E) Reaction scheme for the conjugation of SIINFEKL to the exterior
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lysines of E2 nanoparticles. F) SDS-PAGE of complete E2 vaccine formulation or reaction

intermediates. Lanes: (1,5) molecular weight ladder; (2) E2; (3) CpG-EZ2, (4) CpG-S-E2. G)
Representative hydrodynamic diameter measurements of E2, CpG-E2, or CpG-S-E2. CpG:
CpG1826. S: SIINFEKL.
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Figure 3. Evaluation of mDCsand pDCs.
Gating scheme for bone-marrow-derived A) mDCs and B) pDCs. BMDCs were first

Page 23

10
1094

10°

gated based on size (left panel), and then for CD11c and B220 (right panel). Subsets are
phenotypically defined as CD11cM9" B220~ mDCs and CD11c!°W B220* pDCs SSC: side

scatter. FSC: forward scatter.
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Figure4. MHC Il response of mDCsand pDCsto encapsulated TLR agonists.
Myeloid DC (A-C) or plasmacytoid DC (D-F) MHC |1+ MFI fold increase versus PBS

control. For each condition or formulation, corresponding concentrations of E2 and adjuvant
are displayed. White bars are PBS- and E2-only controls. Red bars indicate 100 ng/mL

LPS (mDC positive control) or 200 ng/mL LPS (pDC positive control). Green, blue, and
orange bars correspond to free (light bars) or encapsulated (dark bars) CpG1826, CpG1018,
or ssSRNA, respectively. A) MHC Il expression of mDCs incubated with PBS, LPS, E2,

and CpG1826 controls or CpG1826-E2. B) MHC Il expression of mDCs incubated with
CpG1018-E2 or control. C) MHC Il expression of mDCs incubated with ssSRNA-E2 or
control. D) MHC 11 expression of pDCs incubated with CpG1826-E2 or control. E) MHC 11
expression of pDCs incubated with CpG1018-E2 or control. F) MHC Il expression of pDCs
incubated with ssSRNA-E2 or control. Mean+ SEM. Statistics. 1-way ANOVA, Bonferroni’s
test. 23 independent biological replicates, 2-3 technical replicates per independent biological
replicate. Adj: adjuvant. *p < 0.05, **p < 0.01. Experimental procedure is outlined in Figure
SI-1.

Biomater Sci. Author manuscript; available in PMC 2024 January 09.



1duosnuely Joyiny 1duosnuey Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Butkovich et al.

C 150
:E"wo-
>
=
€ 50
o_
50
9 40+
g
-]
882
t?
= 104
Incubation
o
- [€]3 |
iti W (2] ) W
Condition @ ral " S
o |3
b

IFN-B (pg/mL)
- N w -
8 8 8 8

1 1 1 1

IFN-B fold increase
(vs PBS)

Incubation

Condition

o |0
- | T
U ol @
5|+ |0
o | 8
e
*

Figure 5. Plasmacytoid DCs secrete an array of cytokinesin response to incubation with vaccine.
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Displayed are concentrations of cytokines (top graph of each set) and fold increase

in cytokine concentration relative to PBS negative control (bottom graph of each set),

secreted from pDCs after incubation with vaccine or control. For 24 hr or 48 hr

incubation periods, pDC secretions of A) IFN-$, B) TNF-a, C) IL-6, D) IL-10, and E)
IL-12p70 were determined by LegendPlex™ assay. Incubation conditions included PBS,
0.1 pg/mL CpG1826 with 0.1 pg/mL SIINFEKL (CpG + S), or CpG-S-E2 containing 0.1
pg/mL CpG1826 with 0.1 pg/mL SIINFEKL. Mean + SEM. Statistics.: 1-way ANOVA,
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Bonferroni’s test. 3 independent biological replicates, 2 technical replicates per biological
replicate. CpG: CpG1826. S: SIINFEKL. *p < 0.05.
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Figure 6. Plasmacytoid DCsaid mDCsto display antigen.
A) Schematic for pDC supernatant transfer studies. For incubation steps, mDCs or pDCs

were given 1 pg/mL CpG-S-E2 vaccine or controls (PBS negative control, 2 pg/mL
SIINFEKL positive control, or 0.1 pg/mL CpG1826 with 0.1 pg/mL SIINFEKL). B)
Myeloid DC SIINFEKL display with or without media transfer from pDCs that were
incubated with PBS for 24 hr starting on Day 8. (C-E) Myeloid DC SIINFEKL display
following supernatant transfer protocol for mDCs or pDCs incubated with C) PBS, D) 0.1
pg/mL CpG1826 with 0.1 ug/mL SIINFEKL, and E) 1 pg/mL CpG-S-E2 (containing 0.1
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pg/mL CpG1826 with 0.1 pg/mL SIINFEKL) for 24 hr starting on Day 9 (mDCs) or Day
8 (pDCs). Shown is display fold increase in antigen display versus that of mDCs incubated
with PBS. Mean + SEM. Statistics: 1-way ANOVA, Bonferroni’s test. 3 independent
biological replicates, 2-3 technical replicates per biological replicate. CoG: CpG1826. S
SIINFEKL. *p < 0.05.
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