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ABSTRACT: Vaccines are the most effective tool for
preventing infectious diseases; however, subunit vaccines,
considered the safest type, suffer from poor immunogenicity
and require adjuvants to create a strong and sustained
immune response. As adjuvants, pathogen-associated molec-
ular patterns (PAMPs) offer potent immunostimulatory
properties and defined mechanisms of action through their
cognate pattern recognition receptors (PRRs). Their activity
can be further enhanced through combining two or more
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PAMPs, particularly those that activate multiple immune signaling pathways. However, the cytosolic localization of many PRRs
requires intracellular delivery of PAMPs for optimal biological activity, which is particularly true of the stimulator of interferon
genes (STING) PRR. Using acetalated dextran (Ace-DEX) microparticles (MPs) encapsulating STING agonist 3'3’-cyclic
GMP-AMP (cGAMP) combined with soluble PAMPS, we screened the effect of codelivery of adjuvants using primary mouse
bone marrow derived dendritic cells (BMDCs). We identified that codelivery of cGAMP MPs and soluble Toll-like receptor 7/8
(TLR7/8) agonist resiquimod (R848) elicited the broadest cytokine response. cGAMP and R848 were then coencapsulated
within Ace-DEX MPs via electrospray. Using the model antigen ovalbumin, we observed that Ace-DEX MPs coencapsulating
cGAMP and R848 (cGAMP/R848 Ace-DEX MPs) induced antigen-specific cellular immunity, and a balanced Th1/Th2
humoral response that was greater than cGAMP Ace-DEX MPs alone and PAMPs delivered in separate MPs. These data
indicate that polymeric Ace-DEX MPs loaded with STING and TLR7/8 agonists represent a potent cellular and humoral

vaccine adjuvant.
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B INTRODUCTION

Vaccination is widely regarded as the most efficient strategy for
preventing morbidity and mortality associated with infectious
disease. Historically, protection has been achieved using live
attenuated vaccines (LAV) or inactivated pathogens, which can
induce long-lasting and potent immunity. However, LAVs have
safety concerns such as risk of reversion to a more virulent
strain, which limits their ability to be broadly applied to
populations such as the youth, elderly, and immunocompro-
mised."” Inactivated pathogen vaccines overcome some of the
safety concerns associated with LAVs; however, they are less
immunogenic, and like LAVs, they fail to provide protection
against pathogens with high levels of antigenic variability. A
safer alternative to LAVs or inactivated pathogen vaccines are
subunit vaccines, which contain only part of the pathogen.
Subunit antigens tend to be poorly immunogenic, requiring the
administration of an adjuvant to generate protective
immunity.” While existing FDA-approved adjuvants such as

aluminum salts (alum) or MFS9 can generate humoral
immunity and T helper cell type 2 (Th2)-skewed immune
responses, they frequently fail to induce significant T helper
cell type 1 (Th1)-biased immunity. A Thl response is crucial
for protective cellular immunity against intracellular pathogens,
like viruses.* Furthermore, the mechanisms of alum and MF59
are poorly understood.” Therefore, vaccine adjuvants with
known mechanisms that mount strong Thl humoral and
cellular responses are needed.

Pathogen-associated molecular patterns (PAMPs) have
garnered a great deal of interest as vaccine adjuvants, because
they have known mechanisms and can invoke a Thl immune
response. PAMPs consist of one or more structures that are
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sensed by pattern recognition receptors (PRRs) on host cells
and can activate immune responses mediated through one or
more signaling pathways. Three common classes of PRRs are
Toll-like receptors (TLRs), nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), and stimulator of
interferon genes (STING). Some PRRs are found on the
plasma membrane (e.g., TLR2, TLR4), where they are readily
accessible to extracellularly delivered PAMPs, such as MPL, an
FDA-approved agonist for TLR4. In contrast, others PRRs are
located on phagasomal membranes or in the cytosol and
require intracellular delivery of PAMPs such as R843,
murabutide, and poly I:C, which activate TLR7/8, NOD2,
and TLR3, respectively. These cytosolic PRRs predominantly
coordinate Thl-biased humoral and cellular immunity.® Of
these cytosolic PRRs, STING activation can result in potent
Thl-biased immune responses. One ligand that binds directly
to and activates STING is 3,3'-cyclic GMP-AMP (cGAMP).
This variety of cGAMP, which is a cyclic dinucleotide (CDN)
made by bacteria, has a higher STING binding affinity than
other bacterial CDNs’ and has been shown to generate robust
transcriptional activation of the type-I interferon (IFN)
pathway.® While cGAMP is known to be a potent STING
agonist, the cellular membrane is a formidable obstacle to
overcome in order for this hydrophilic charged small molecule
to bind to its cytosolic PRR.

To improve delivery of cytosolic PAMPs such as GAMP and
other STING agonist cyclic dinucleotides (CDNs), carriers
such as liposomes’ "> and polymeric particles'>'* have been
applied in preclinical studies. However, liposomes are difficult
to scale for vaccine applications,” and the polymers employed
to date require polymer blends (e.g, polyethylenimine/
hyaluronic acid)'” or are known to be cytotoxic (e.g,, poly
beta-amino esters)."’ Polyesters (e.g, poly lactic-co-glycolic
acid [PLGA]) are an another attractive polymer type, but
disadvantages such as slow degradation rates within
phagosomal compartments of antigen-presenting cells
(APCs) and acidic hydrolytic byproducts limit their clinical
efficacy.'®"”

To overcome the shortcomings of these delivery vehicles, we
have utilized the biopolymer acetalated dextran (Ace-DEX),
which is derived from the FDA-approved water-soluble
polysaccharide, dextran.'®™*° Ace-DEX is unique due to its
simple synthesis, in which acetal groups are formed along the
glucose backbone of dextran, making the polymer acid-
sensitive and organic-soluble. In aqueous environments, acetal
groups are hydrolytically cleaved, generating pH-neutral and
biocompatible degradation byproducts ethanol, acetone, and
dextran. Ace-DEX has been formulated into microparticles
(MPs), which offer micron particle size-dependent passive
delivery to phagocytic APCs,””*" resulting in minimal off-
target delivery and efficient trafficking to lymph nodes.”>*
Ace-DEX MPs have demonstrated rapid degradation over a
period of hours to days within low pH lysosomal conditions,
with sustained degradation over a period of days to months at
physiological pH."®** Ace-DEX MPs have illustrated dose
sparing of several PAMPs**™** as well as subunit vaccines
against Bacillus anthracis, Burkholderia pseudomallei, and
influenza.””*"*°

Previously, through electro-hydrodynamic spraying (electro-
spray), we have generated cGAMP-loaded Ace-DEX MPs
ranging in size from 1.5 to 3 um.”> A comparative study
evaluating cGAMP encapsulated in liposomes, PLGA MPs,
and Ace-DEX MPs demonstrated a significantly higher

expression of type-I IFN in response to Ace-DEX MPs than
the other formulations. Additionally, cGAMP Ace-DEX MPs
generated a robust cellular response and a balanced Th1/Th2
humoral immune response, which provided long-term (7
months) protection against a lethal influenza challenge.
However, despite this success, we noted that the breadth of
cytokines elicited by cGAMP Ace-DEX MPs was relatively
narrow and did not include cytokines known to contribute to
robust and long-lasting immune responses, most notably IL-1/
and IL-12.°'7°

One approach for eliciting broader and more protective
cytokine responses is codelivery of PAMPS for concurrent
activation of PRRs. Durin% natural infection, pathogens often
stimulate multiple PRRs, S illustrating the importance of
vaccines that can mimic this response to provide protection.
An example of a multi-PRR stimulating vaccine is the yellow
fever 17D (YF-17D) vaccine. The FDA-approved LAV YF-
17D vaccine is one of the most effective vaccines known to
date and activates multiple TLRs to generate a potent and
balanced Th1/Th2 response.”® The broadly stimulating
capacity of YF-17D vaccine yields a potent vaccine that only
needs to be administered once for life-long protection. This is
because cross-talk between multiple PRRs can be both
quantitatively and qualitatively different than the contribution
of each individual pathway.®”

This current study first investigated the formulation of
cGAMP MPs using multiple techniques and evaluated in vitro
combinations of soluble PAMP adjuvants for synergistic
potential. The optimal ratio of this multiadjuvant system was
determined and then formulated into a single MP delivery
vehicle containing two PAMPs. An in vitro comparison of a
single adjuvant and combinational adjuvants using Ace-DEX
and PLGA MPs was performed. The adjuvant systems also
were compared in vivo to determine the degree of immune
response enhancement.

B MATERIALS AND METHODS

Animal Ethics Statement. All studies were conducted in
accordance with National Institutes of Health guidelines for
the care and use of laboratory animals and approved by the
Institutional Animal Care and Use Committee at the
University of North Carolina. All animals were maintained in
pathogen-free facilities.

Chemicals. All materials were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received, unless otherwise
indicated. Vaccine grade ovalbumin (OVA), Alhydrogel 2%,
cGAMP, and resiquimod (R848) were purchased from
Invivogen (San Diego, CA).

Synthesis of Acetalated Dextran. Ace-DEX was
synthesized according to Kauffman et al. using dextran from
Leuconostoc mesenteroides (molecular weight = 70 kDa).**
Briefly, lyophilized dextran and pyridinium p-toluenesulfonate
(0.0617 mmol) were dissolved in anhydrous dimethyl sulfoxide
(DMSO). Dissolved dextran was reacted with 2-ethoxy-
propene (Matrix, Columbia, SC) under nitrogen gas at room
temperature for 30 min and quenched with an excess of
triethylamine (TEA). The reaction volumes were then
precipitated in basic water (0.04% TEA by volume in water)
and centrifuged, and the resulting pellet was frozen and
lyophilized overnight. The following day, the product was
dissolved in ethanol and centrifuged to further purify the
polymer. The supernatant was precipitated in basic water,
centrifuged again, frozen, and lyophilized to yield 70 kDa Ace-



DEX polymer. The polymer’s relative cyclic acetal coverage
was determined to be 40%, as measured by 'H NMR
spectroscopy (Inova 400 MHz spectrometer) following
degradation of the polymer in 10% v/v deuterium chloride
in deuterium oxide.

Formulation of Microparticles Using Ace-DEX or
PLGA by Electrospray or Emulsion. To prevent endotoxin
contamination, all dishes and glassware were soaked in 1.0 M
sodium hydroxide overnight, washed with isopropanol, and
dried before use. Encapsulation of cGAMP or R848 within
Ace-DEX microparticles (cGAMP Ace-DEX MPs or R848
Ace-DEX MPs, respectively) or cGAMP and R848 coencapsu-
lated within the same MPs (cGAMP/R848 Ace-DEX MPs)
were fabricated using electrospray following the setup of
Junkins et al.”* The same methods were used to make
poly(lactic-co-glycolic acid) ([PLGA], 85:1S, S0—75 kDa, ester
terminated) particles coencapsulating cGAMP and R848
(cGAMP/R848 PLGA MPs).”> Egg phosphatidylcholine
(EggPC, Avanti Polar Lipids, Alabaster, AL) was added
postfabrication to increase MP suspendability.

Alternatively, fabrication of MPs by solvent evaporation was
performed using a modified version of the water-in-oil-in-water
emulsion procedure previously reported.””

The endotoxin content of all MPs was measured prior to
treatment according to Gallovic et al.>” and contained <0.25
EU/mg, within the recommended levels for preclinical subunit
vaccine formulations.*’

Imaging of Microparticles. cGAMP, R848, and combi-
nation cGAMP/R848 MPs were imaged using a Hitachi S-
4700 Cold Cathode Field Emission Scanning Electron
Microscope (SEM). SEM images were used to confirm MP
size and morphology.

Quantification of cGAMP and R848 Loading within
Microparticles. cGAMP loading was determined using high
performance li%uid chromatography (HPLC) according to
Junkins et al.””> R848 loading was determined by its
autofluorescence (ex/em: 260/360 nm) according to Duong
et al.”® Blank MPs were used as a background correction.

cGAMP and R848 Release Profiles from Micro-
particles. cGAMP, R848, or cGAMP/R848 Ace-DEX MPs
were suspended in phosphate-buffered saline (PBS; pH 7.4) at
37 °C on a shaker plate operating at 200 rpm. At
predetermined time points, aliquots were removed and
centrifuged (30 min at 21000g, 4 °C). The pellets were
analyzed similarly to the loading protocols outlined above for
either cGAMP or R848 MPs, respectively. Blank MPs collected
at each time point were subjected to the same process and
used as background subtractions.

Flow Cytometry of Multiple Fluorophore Micro-
particles. Ace-DEX encapsulating fluorophores BODIPY
493/503, Texas Red, and BODIPY 630/650 (Thermo Fisher
Scientific) were coencapsulated within the same MPs using the
electrospray setup as described above. MPs were suspended in
FACs buffer (PBS containing 4% fetal calf serum and 0.05%
sodium azide), and flow cytometric analysis was performed
using an LSR II flow cytometer (Becton Dickinson, Franklin
Lakes, NJ). Blank MPs were used to generate a gated
population.

Bone Marrow Derived Dendritic Cell Culture. Bone
marrow derived dendritic cells (BMDCs) were cultured as
described previously."" Briefly, bone marrow obtained from 8-
to 12-week-old CS7BL/6 mice were washed and seeded in
BMDC differentiation media containing mouse GM-CSF

(Peprotech, Rocky Hill, NJ). After 7 days, nonadherent cells
were seeded in GM-CSF-free media overnight prior to
treatment.

Cytokine ELISAs. Tumor necrosis factor (TNF), IL-6, IL-
15, IL-2, and IL-12p70 levels were measured by ELISAs
purchased from BD Biosciences (San Jose, CA; Santa-Cruz,
Dallas, TX), while interferon gamma (IFN-y) was measured
using ELISAs purchased from eBioscience (Thermo Fisher,
Waltham, MA). ELISAs were performed according to the
manufacturer’s protocol. IFN-f was measured via an ELISA
described previously.””

In Vitro Assessment of Microparticle Activity. For in
vitro screening of PAMPs with cGAMP MPs, BMDCs were
treated with soluble agonists: murabutide (10 ug/mL),
monophosphoryl lipid A (MPL, 1 ug/mL), poly(dA:dT) (10
ug/mL), CpG (1 pg/mL), poly(L:C) (10 pg/mL), or R848
(0.01 pg/mL) alone or in combination with cGAMP MPs (1
ug/mL cGAMP) or an equivalent amount of blank MPs. Cell
supernatants were collected 22 h later for cytokine analysis.
Experiments with PLGA MPs and Ace-DEX MPs for
comparison of coloaded and individually loaded particles
were performed as with the adjuvant combinations. All
experiments were performed in triplicate on four separate
cultures of BMDC:s.

In Vivo Immunization Studies. Age (8—16 weeks) and
sex matched (male and female) C57BL/6 mice were obtained
from Jackson Laboratories (Bar Harbor, ME). Mice were
immunized by intramuscular (i.m.) injections on days 0 and 21
with either PBS or 10 ug of soluble OVA (low endotoxin)
mixed with an MP group (Supplemental Table S1) in a total
volume of 50 uL (n = 4—5/group). Alum controls received
soluble OVA plus Alhydrogel 2% mixed at a 1:1 ratio by
volume, also given as a S0 uL im. injection. Serum was
collected on day 28 for antibody titers. Mice received a second
vaccine boost on day 35 and were then sacrificed on day 42.

Antigen-Specific Serum Endpoint-Binding Titers.
Antigen-specific serum antibody-binding titers (endpoint)
were determined by a standard ELISA as previously
described.*” Briefly, serial dilutions of test sera were performed
in plates coated with OVA (Invivogen) at 2.5 pg/mL.
Following incubation and washing, horseradish-peroxidase-
conjugated antimouse Ig-specific antibodies (Southern Bio-
tech, Birmingham, AL) were added to plates at a 1:4000
dilution. After incubation and washing, 3,3’,5,5'-tetramethyl-
benzidine substrate solution (KPL, Gaithersburg, MD) was
added and stopped with 2 N H,SO, solution. The plates were
read at an optical density (OD) of 450 nm (SynergyH1 plate
reader, BioTek, Winooski, VT). Endpoint titers are reported as
the log of the reciprocal of the highest serum dilution, at which
the OD value was equal to or greater than 3 times the average
background OD of the plate.

Splenocyte Restimulation. On day 42, splenocytes were
isolated from mice that were immunized as described above
per Junkins et al.*> IFN-y and IL-2 ELISpots were performed
according to manufacturer’s protocols (Thermo Fisher
Scientific) using 2 X 10° splenocytes stimulated with 10 ug/
mL SIINFEKL peptide (Anaspec, Fremont, CA) for 36 h.
Plates were dried, and spots were quantified using an ELISpot
Reader System (AID, Strassberg, Germany). Alternatively, 2 X
10° splenocytes were stimulated with 10 ug/mL whole OVA
protein for 36 h. Supernatants were collected and analyzed for
IL-2 and IFN-y by ELISAs.
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Figure 1. Combined treatment of cGAMP microparticles (MPs) with various soluble pathogen-associated molecular patterns (PAMPs). Bone
marrow derived dendritic cells (BMDCs) from CS7BL/6 mice were treated with soluble (Sol.) murabutide (10 pg/mL), MPL (1 pg/mL),
poly(dA:dT) (10 ug/mL), CpG (1 ug/mL), poly(I:C) (10 ug/mL), or R848 (0.01 ug/mL) alone, or in combination with 1 yg/mL cGAMP MPs
or an equivalent amount of blank MPs. The left-most data group displayed in each panel includes a PBS control (checkered bar), an equivalent
amount of blank MPs to the cGAMP MPs (black bar), and 1 yig/mL cGAMP MPs only (gray bar). Cell supernatants were collected after 22 h and
were analyzed for (A) IL-6, (B) TNF, (C) IL-15, (D) IL-12p70, and (E) IFN-§ (n = 4 + SEM, *p < 0.0S, **p < 0.01, ***p < 0.001, ***¥p <

0.0001).

Statistical Analysis. All data were analyzed using Graph-
Pad Prism software. Group comparisons were analyzed using
one-way analysis of variance (ANOVA), with differences
between groups assessed using Tukey’s post hoc test. A p-value
of less than 0.05 was considered statistically significant. Data
are reported as indicated in figure captions.

B RESULTS AND DISCUSSION

Previously, our laboratory has demonstrated that Ace-DEX
MPs encapsulating cGAMP were safe and potent inducers of
type-1 interferon (IFN), and vaccination using a cGAMP MP
adjuvant protected mice against a lethal influenza challenge
with dose sparing over soluble cGAMP.*”” In that work,
cGAMP MPs alone generated high levels of IFN-j, IL-6, and

TNF,” which are all key contributors in generating a robust
immune response; however, cGAMP MPs lacked the ability to
produce IL-1f and IL-12p70, which are critical during viral
infections and play pivotal roles in generating adaptive immune
responses.*”** Additionally, recombinant IL-15*"*>*® and IL-
12*7* have been used successfully as vaccine adjuvants in
preclinical model systems. Therefore, in our current study, we
aimed to identify a combination of PAMP adjuvants that can
elicit a broader cytokine profile, including IL-1/ and IL-12p70.
Murine BMDCs were treated with cGAMP MPs alone or in
combination with a variety of soluble PAMPs. We tested
several PAMPs that target TLRs either on the plasma
membrane (FDA-approved TLR4 agonist MPL) or phag-
osomal membranes (TLR3 agonist poly I:C, TLR7/8 agonist



Table 1. Encapsulation Efficiencies (EE) of cGAMP,
Resiquimod (R848), or a Combination of Both (cGAMP/
R848) within Acetalated Dextran (Ace-DEX) or Poly Lactic-
co-glycolic Acid (PLGA) Microparticles by Emulsion and
Electrospray

fabrication cGAMP EE R848 EE
technique microparticles (%) (%)
emulsion cGAMP Ace-DEX 52
cGAMP PLGA 3 --
R848 Ace-DEX - 8
R848 PLGA -
cGAMP/R848 Ace-DEX 25 8
electrospray cGAMP Ace-DEX 94 -
R848 Ace-DEX - 86
cGAMP/R848 Ace-DEX 83 75
cGAMP/R848 PLGA 74 67

R848, or TLR9 agonist CpG). Poly(dA:dT), which is detected
by cytosolic DNA sensors, and NOD2 agonist murabutide
were also evaluated in combination with cGAMP MPs. Among
the group of PAMPs examined, MPL and R848 showed the
greatest impact on cytokine responses (Figure 1). In
combination with cGAMP MPs, both PAMPs induced
significant levels of IL-1§ and IL-12p70, which were not
achieved with either cGAMP MPs or soluble PAMPs alone.
Furthermore, the combinations significantly enhanced pro-
duction of IL-6 and TNF compared to each stimulus on their
own.

MPL in combination with ¢cGAMP MPs demonstrated
significant increases in cytokine production;, however, R848
was overall more potent than MPL. R848 is an imidazoquino-
line agonist of TLR7/8 with potent myeloid differentiation
primary response gene 88 (MyD88)-dependent transcriptional
activation of NF-kB pathways. The use of R848 in a
microparticulate vaccine is relevant to humans, as TLR7 and
TLRS8 are predominantly expressed in human APCs such as
plasmacytoid dendritic cells, myeloid dendritic cells, and
monocytes.”” R848 has previously been shown to have
additive effects in vivo with a MyD88-independent TLR3
agonist,50 which suggests that R848 and cGAMP would have
significant activity in vivo.

In addition to R848 eliciting the most robust responses, it
was chosen for further study for several other reasons. First,
very low doses were required (~100-fold lower than MPL).
Second, we have previously demonstrated that the acid-
sensitive Ace-DEX MPs are highly effective for delivering
R848.77°%°1°% Finally, while other groups have previously
demonstrated that combinations of cGAMP with the TLR9
agonist CpG result in IL-12 production and improved in vivo
vaccine outcomes,””** and liposomal c¢-di-GMP (another
CDN) with MPL led to improved humoral and cellular
immunity,10 combinations of CDNs with R848 remained
unexplored.

To formulate cGAMP and R848 into Ace-DEX MPs, we
took several approaches including emulsion and electrospray
processes. Emulsion-based, solvent evaporation MPs were
formulated to determine if encapsulation efficiencies (EEs) of
cGAMP and R848 would remain constant when combining the
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Figure 2. Morphology and release kinetics of cGAMP and R848 individually encapsulated in acetalated dextran microparticles (Ace-DEX MPs)
made by electrospray. Scanning electron micrographs of (A) cGAMP Ace-DEX MPs and (B) R848 Ace-DEX MPs. Scale bars = 4 ym. (C) Release
profiles of cGAMP and R848 individually encapsulated into acetalated dextran MPs were conducted at pH 7.4. Data are presented as mean + SEM

(n =3).
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Figure 3. Optimal ratio determination for cGAMP and resiquimod (R848) microparticles. Bone marrow derived dendritic cells from CS7BL/6
mice were treated for 22 h with indicated concentrations of resiquimod (R848) and cGAMP, both of which were individually encapsulated within
acetalated dextran (Ace-DEX) microparticles. Supernatants were analyzed for (A) IL-6, (B) TNF, (C) IL-1f, (D) IL-12p70, and (E) IFN-f. Data

are presented as mean + SEM (n = 4).

two molecules within the same formulation. We also examined
the clinically relevant biodegradable polymer, PLGA. Because
we have previously formulated various PAMPs into PLGA
(85:15) MPs,”>*° for comparative purposes we chose to use
this polymer grade again. The MPs demonstrated a poor 3%
encapsulation efficiency (EE) of cGAMP and were unable to
encapsulate R848 (Table 1). Conversely, the acid-sensitive
biopolymer, Ace-DEX, demonstrated modestly higher EEs of
cGAMP (52%) and R848 (8%) in singularly encapsulated
particles. These EEs for R848 were consistent with previous
work reported by our lab*>**** and are likely driven by loss of
the cargo to the external aqueous phase of the emulsion.>®
Formulating cGAMP MPs and R848 MPs through coaxial
electrospray yielded significantly higher EEs compared to MPs
formulated through the emulsion-based method. Scanning
electron micrographs demonstrated spherical and fairly
monodispersed electrospray MPs with EEs of 94 and 86%
for cGAMP and R848, respectively (Figure 2). The release
kinetics of cGAMP and R848 MPs were very similar, with a
large burst release due to drug diffusion occurring within the
first 30 min of incubation, followed by a sustained release for

the duration of the 1 week experiment (Figure 2C). This is
similar to previously reported cGAMP and R848-loaded Ace-
DEX MP formulations.”**’

We next set out to identify the ratio of cGAMP and R848
that yielded optimal biological activity, in order to inform
target weight loadings for coencapsulated particles. BMDCs
were treated for 24 h with the indicated doses of individually
encapsulated cGAMP and R848 Ace-DEX MPs, and super-
natants were then assayed for cytokine production (Figure 3,
heat mapped in Supplementary Figure S1). The trends in the
IL-6, TNF, IL-1f, and IL-12p70 data suggest that the optimal
responses occurred at a 10:1 weight-to-weight (w/w) ratio of
cGAMP to R848, which was therefore used in subsequent
particle formulations. Decreased cytokine production at higher
cGAMP concentrations was also illustrated in our previous
work using cGAMP MPs alone.””

In our previous work, multiple analytes have been loaded
into Ace-DEX MPs via double-emulsion and coaxial electro-
spray,””*>*° and those methods were also employed to
coformulate cGAMP and R848. The emulsion-based combi-
nation MPs of cGAMP and R848 resulted in a drop from 52 to
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25% EE of cGAMP (Table 1), essentially encapsulating half
the drug of the individually encapsulated formulation. The EE
of R848 persisted at a low 8%. Although certain parameters can
be modified to enhance the EEs of polymeric MPs formed
through solvent evaporation, a target ratio is extremely difficult
to repeatedly formulate.”” Furthermore, emulsion-based
solvent evaporation methods are a batch process, which can
result in inconsistencies in loading, a high cost for scale-up, and
be difficult in aseptic environments, thus limiting the potential
for clinical applications.”® More recently, a dual impinger
technology has become increasingly popular, in which two
phases are pumped together simultaneously with turbulent
flow to generate particles; however, an external aqueous phase
is still a driving force for poor EE.> To increase the EE of
cGAMP and R848 within that of Ace-DEX MPs and generate
particles using a more scalable process, electrospray was
utilized to formulate particles used in all subsequent experi-
ments.

Combination MPs containing cGAMP and R848 (10:1
ratio) in the same particle were coaxially electrosprayed and
displayed an erythrocyte-like morphology (Figure 4). This
differed from the more spherical singularly encapsulated
cGAMP or R848 MPs (Figure 2). The release profile of
each adjuvant was very similar to the release of the individually
encapsulated particles with a large burst occurring within the
first 30 min of incubation, followed by a sustained release for
the duration of the experiment. The release kinetics following
the burst release of the combination Ace-DEX MPs was faster
in a pH 7.4 solution than that of the singularly encapsulated
particles (Figure 2C). The EE decreased for both PAMPs
when coencapsulated via electrospray, but overall, the EEs
were significantly greater than for coencapsulation MPs formed
through emulsion or either method with PLGA (Table 1).
Drug loading of the combination MPs was measured at 8.3 ug/
mg of cGAMP and 0.75 ug/mg of R848, very close to the
target ratio of 10:1 (Figure 4C). To ensure that both
compounds could be encapsulated into a single MP, multiple
fluorophores were sprayed and analyzed using flow cytometry
(Supplemental Figure S.2). This analysis demonstrated that all

three fluorescent small molecules were distributed throughout
the entire particle population at high levels.

The ability to target a specific drug ratio and create a particle
population with both drugs at these ratios with minimal drug
loss is a highly advantageous formulation strategy. Once the
ratio was selected and MPs made, the combination MPs were
analyzed in comparison to singularly encapsulated particles
delivered together in vitro (Figure S). Comparing the separate
and combination particles, our data indicated that there is an
advantage to having the adjuvants within the same particle.

We wanted to then evaluate if the differences were
dependent on the polymer chosen, so we compared Ace-
DEX versus PLGA MPs. Ace-DEX is an ideal delivery vehicle
for adjuvants with intracellular targets such as STING and
TLR7/8 because of its acid-sensitive degradation kinetics.'®
Once an Ace-DEX particle is phagocytosed by an phagocytic
cell,” the particle will rapidly degrade within the low pH
environment of the lysosome.”® According to the release
profiles in Figures 2 and 4, both water-soluble PAMPs take
over 7 days to achieve maximum release at pH 7.4; however, in
the lower pH environment of the lysosome, maximum release
should occur in only a few hours or less.”” While the burst
release observed for R848 and cGAMP is not ideal, these are
both water-soluble molecules that may be diffusing rapidly
through the hydrophobic polymeric formulation to reach the
external aqueous environment. Indeed, burst release is not
uncommon with water-soluble molecules encapsulated within
hydrophobic microparticle formulations.” Since PLGA is used
in apg)roxjmately 1S FDA-approved drug delivery formula-
tions,”® we evaluated the innate immune response of Ace-DEX
or PLGA MPs encapsulating cGAMP and R848 (cGAMP/
R848 PLGA MPs; Table 1, Figure 6). cGAMP/R848 Ace-DEX
MPs elicit robust IL-6, TNF, IL-15, IL-12p70, and IFN-$
responses, indicating that Ace-DEX is an ideal drug carrier for
vaccine adjuvant systems. Additionally, cGAMP/R848 Ace-
DEX MPs result in significantly greater induction of TNF and
IFN-f compared to cGAMP/R848 PLGA MPs, which aligns
with our previous work where we demonstrated that cGAMP
MPs consisting of Ace-DEX elicited more 2potent immune
responses than PLGA as well as liposomes.” It is theorized
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Figure S. Coencapsulation of cGAMP and R848 in acetalated dextran microparticles (Ace-DEX MPs) compared to individual encapsulation. Bone
marrow derived dendritic cells from C57BL/6 mice were treated with indicated concentrations of cGAMP and R848, respectively, delivered as
soluble (Sol.) drugs, encapsulated in separate Ace-DEX MPs (cGAMP MPs + R848 MPs) or coencapsulated within the same Ace-DEX MPs
(cGAMP/R848 MPs). After 22 h, supernatants were harvested and analyzed for (A) IL-6, (B) TNF, (C) IL-15, (D) IL-12p70, and (E) IFN-f (n =

4 £ SEM, *p < 0.05, **p < 0.01, ¥¥¥p < 0,001, ***¥p < 0.0001).

that the slow degradation kinetics of PLGA and minimal pH
sensitivity of the polymer prohibited cGAMP from releasing
quick enough within the lysosome to induce potent cytokine
production.

To better characterize the promising results we observed in
vitro, we next evaluated the formulation in vivo. Initially we
evaluated the acute toxicity of the combination MPs. cGAMP/
R848 Ace-DEX MPs (200 ng of cGAMP and 18 ng of R848)
were injected intramuscularly (im), and mice were monitored
for 7 days to assess toxicological outcomes including body
weight, body temperature, body condition (a composite of
activity, weight loss, body temperature, hydration, physical

appearance, and appetite), and survival (Supplementary Figure
S3). No acute toxicity, adverse events, or injection site
reactogenicity were observed.

After acute toxicity of the formulation was evaluated, mice
were vaccinated against the model antigen OVA with various
formulations (Table S1). Blank Ace-DEX and PLGA MP
controls were included, as well as alum, a clinically relevant
adjuvant which served as a positive control. On day 28, serum
was collected and analyzed for antibody titers against OVA
(Figure 7). In comparing the formulations, no other MP group
resulted in a greater than 2.5-fold increase in total IgG with
respect to cGAMP MPs except for cGAMP/R848 Ace-DEX
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MPs, which resulted in over a 7.5-fold increase. Strikingly,
delivery of cGAMP/R848 Ace-DEX MPs resulted in antibody
titers 10-fold higher than those obtained using combination
cGAMP/R848 PLGA MPs, supporting the in vitro bioactivity
results using the Ace-DEX MP formulation. Combination
cGAMP/R848 Ace-DEX MPs also induced higher total IgG
titers compared to individually encapsulated cGAMP and
R848 Ace-DEX MPs delivered either alone or together. This
complements results observed by Kasturi et al.”’ and
demonstrates the importance of having multiple adjuvants
within the same particle for humoral responses. These results
suggest that the antibody titers produced from the

combination MPs are not simply an additive effect between
the two adjuvants but rather a synergistic effect.”’

While total IgG generation reveals the humoral response to
vaccination, IgG1l and IgG2c subtypes are indicative of the
strength of the inflammatory process by Th2- and Th1-skewed
responses, respectively.62 For certain pathogens, it is important
to achieve more balanced Th1/Th2 humoral immunity,
because both responses are critical for successful clearance.
As with total IgG, combination cGAMP/R848 Ace-DEX MPs
induced the highest overall IgG1 and IgG2c titers. Consistent
with our previously reported findings, all formulations
including ¢cGAMP induced significant levels of IgG2c and



A
) 5- * %k
"o [ !
g4 N ki
S 3
'_
€
S 21
Q
©
C
w14
Q
>
0-
DO X 02 02 02 02 0% 02 02 &
& S E LG
S S R P I o
Q Q\Q‘ Q OQV“ & Q@"
N Q2 N
59?“ @ 0?“
Q> O
S
&
Il PLGAMPs
C
4..
*%
*k | sk
34 Il

IgG2c Endpoint Tlter (log,,™")

o

D

[$)]
1

H
1

w
1

N
1

-
1

IgG1 Endpoint Tlter (log,,™)

Ace-DEX MPs
4-
‘Tg 2
(@)}
- O
&y o ——
o 2
o E 2
o) C
)
g -41
i
'6 T T T
O & 0%
AR
NN
& S N
2 Q\Q‘ Q
3
o
(@)

Figure 7. Comparison of antibody responses induced by cGAMP and R848 delivered via acetalated dextran (Ace-DEX) or poly(lactic-co-glycolic
acid) (PLGA) microparticles (MPs). C57BL/6 mice were immunized intramuscularly on days 0 and 21. All groups received 10 pg of OVA, except
the PBS group. OVA was given alone or in combination with cGAMP (200 ng) and R848 (18 ng) delivered in single-loaded or dual-loaded Ace-
DEX or PLGA MPs, blank Ace-DEX or PLGA MPs, or alum. On day 28, serum was collected and analyzed for ovalbumin (OVA)-specific (A) total
IgG, (B) IgGl, and (C) IgG2c as well as (D) the ratio between IgG2c and IgG1 isotypes (n = 4—5 + SEM, *p < 0.05, **p < 0.01, **¥p < 0.001,

*eksky < 0,0001). Data are presented as n = 5 + SD.

resulted in a near even ratio of IgG2c¢/IgGl, indicating a
balanced Th1/Th2 humoral response.22 This is in stark
contrast to alum, which showed a profound bias toward IgG1,
indicating potent Th2 polarization. The IgGl responses in
groups with combination adjuvant systems (coencapsulated
and singularly encapsulated combination) were larger than the
responses seen with cGAMP alone, demonstrating that Th2-
type responses can be influenced by dual activation of the
immune system (Figure 7). Vaccination with cGAMP/R848
Ace-DEX MPs elicited the largest production of IgGl
compared to all other formulations, indicating that Th2
skewing could benefit from coencapsulation and Ace-DEX
degradation kinetics.”* Th1 skewing has been implicated in
long-lasting immunity, which is pivotal for a successful
vaccine.”” IgG2c production seemed to be independent of
coencapsulation, as vaccination with cGAMP/R848 Ace-DEX

MPs or the combination of cGAMP MPs and R848 MPs
resulted in similar titers. These results shed some light on how
adjuvant systems can induce more balanced humoral immune
skewing, which is critical for broad acting vaccines.

Th1 and Th2 skewing via IgG subtypes is not fully indicative
of cellular and humoral recognition of antigens, and thus,
CD8+ and CD4+ T cell activities were assessed. Splenocytes
were collected on day 42 and restimulated with the CD8+
restricted OVA T cell epitope SIINFEKL for the assessment of
antigen-specific IFN-y or IL-2 producing T cells by ELISpot
(Figure 8A,C) or whole OVA protein, for the total production
of IFN-y and IL-2 in culture supernatants as assessed by
ELISAs (Figure 8B,D). The combination cGAMP/R848 Ace-
DEX MPs induced significant IFN-y and IL-2 production
compared to controls containing OVA alone, OVA plus either
R848 MPs, or alum (Figure 8B,D). Interestingly, while the
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Figure 8. Comparison of T cell responses induced by cGAMP and R848 delivered via acetalated dextran (Ace-DEX) or poly(lactic-co-glycolic acid)
(PLGA) microparticles (MPs). C57BL/6 mice were immunized intramuscularly on days 0, 21, and 3. All groups received 10 pug of OVA, except
the PBS group. OVA was given alone or in combination with cGAMP (200 ng) and R848 (18 ng) delivered in single-loaded or dual-loaded Ace-
DEX or PLGA MPs, blank Ace-DEX or PLGA MPs, or alum. On day 42, mice were sacrificed and (A) IFN-y and (C) IL-2 ELISpots were
performed on splenocytes restimulated with SINFEKL peptide (10 yug/mL) for 36 h. Alternatively, splenocytes were stimulated with 10 ug/mL
ovalbumin (OVA) protein for 36 h. Supernatants were analyzed for (B) IFN-y and (D) IL-2 by ELISA (n = 4—5 + SD, *p < 0.05, **p « 0.01,

#kp < 0.001, FFEFp < 0.0001).

cGAMP/R848 PLGA MPs had comparable OVA-specific T-
cell responses compared to cGAMP/R848 Ace-DEX MPs by
ELISpot (not statistically different), the Ace-DEX MP
formulation induced significantly greater IFN-y and IL-2
responses (as observed by ELISA), indicating a more potent
antigen-specific T cell activation (Figure 8B,D). These
differential responses indicate that perhaps the CD8+ activity
of the vaccine is not solely dependent upon coencapsulation of
adjuvants but also dependent on the timing of adjuvant
delivery, which agrees with our previous work.””** Also, IFN-y
production was measured following whole OVA stimulation of
splenocytes, indicating that the CD4+ epitope was successfully

recognized. Together, these results indicate that both
coencapsulation of adjuvants and degradation kinetics of the
vehicle can enhance antigen-specific T cell responses, similar to
results documented by Savelkoul et al.°* and Chen et al,”*
respectively.

Several previous reports have examined codelivery of
multiple TLR agonist adjuvants in PLGA particles fabricated
through single- or double-emulsion procedures.””**~"" These
reports agree with our observations using cGAMP/R848 Ace-
DEX MPs, in that coencapsulation of TLR agonists provided
either dose sparing66 and/or enhancement of biological



65—67,69
responses”

tions.

We also determined experimentally that delivery of PAMPs
in the same MPs induced superior responses both in vitro and
in vivo when compared to the same dose of PAMPs delivered
in separate MPs. One likely explanation for this observation is
that coencapsulated agonists will always engage their respective
PRRs in the same cell (cis-engagement), allowing for PRR
cross-talk and enhanced immune activation. Conversely, when
PAMPs are delivered in separate particles, both particle types
need to be delivered intracellularly in order for PRR crosstalk
to occur (trans-engagement). The likelihood of this happening
is dependent upon both particle location and the phagocytic
capacity of the cell, leading to a more variable response. This
cis- vs trans-engagement of receptors is poorly studied in the
context of innate immunity but may be important for optimal
biological responses, as PRR cross-talk plays a central role in
innate immunity and allows the generation of a pathogen-
specific immune response.”” In addition, others have shown
that the combination of coencapsulated PAMPs had a stronger
adjuvant effect than the delivery of individually encapsulated
PAMPs.>””" Therefore, our work and the work of others
strongly supports that coengagement of multiple PRRs is able
to generate potent humoral and cellular responses.®”*””%”!

Taken together, Ace-DEX MPs containing cGAMP and
R848 stand as a novel and efficacious formulation for vaccine
development. Novel and potent adjuvant systems are needed
to develop efficacious vaccines that generate balanced immune
responses. While the MPL and alum adjuvant system (AS04)
provides a balanced immune response, cGAMP/R848 Ace-
DEX MPs offer a unique delivery vehicle that can passively
target APCs and deliver adjuvants extremely quickly once
internalized. The doses used within these experiments were on
the nanogram scale, also offering a dose sparing alternative to
traditional adjuvant vaccine systems. cGAMP/R848 Ace-DEX
MPs represent a potent adjuvant system that can be
administered at extremely low doses with strong immune
responses for vaccine applications.

compared to soluble TLR agonist combina-
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