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Current antigen delivery platforms, such as alum and nanoparticles, are not readily tunable, thus
may not generate optimal adaptive immune responses. We created an antigen delivery platform

by loading lyophilized Microporous Annealed Particle (MAP) with aqueous solution containing
target antigens. Upon administration of antigen loaded MAP (VaxMAP), the biomaterial
reconstitution forms an instant antigen-loaded porous scaffold area with a sustained release profile
to maximize humoral immunity. VaxMAP induced CD4* T follicular helper (Tfh) cells and
germinal center (GC) B cell responses in the lymph nodes similar to Alum. VaxMAP loaded with
SARS-CoV-2 spike protein improved the magnitude, neutralization, and duration of anti-receptor
binding domain antibodies compared to Alum vaccinated mice. A single injection of Influenza
specific HAl-loaded-VaxMAP enhanced neutralizing antibodies and elicited greater protection
against influenza virus challenge than HA1-loaded-Alum. Thus, VaxMAP is a platform that can be
used to promote adaptive immune cell responses to generate more robust neutralizing antibodies,
and better protection upon pathogen challenge.

Keywords
Antigen delivery platform; Biomaterial; Sustained release; Vaccine platform

1. Introduction

High-affinity neutralizing antibodies and long-lived memory B cells generated in a germinal
center (GC) reaction are hallmarks of the humoral response [1,2]. Long-lived plasma cells
generated during a primary infection or vaccination continually secrete antibodies conferring
the first wave of protection against re-infection [3]. When these antibodies fail to control the
re-infection, pathogen-experienced memory B cells differentiate into short-lived antibody
secreting cells or secondary germinal centers to expedite the recall response. The efficacy of
long-lived plasma cells and memory B cells to confer protection upon subsequent challenges
depend on their development during the initial immune insult [4]. Coordination of immune
cell types and cytokines during the primary immune response, as well as sustained release of
antigens is required for the generation of protective responses [3,5,6]. Generating long-lived,
neutralizing antibody responses against viral entry proteins, such as the receptor binding
domain (RBD) of the spike protein of SARS-CoV-2 or hemagglutinin (HA1) of influenza
virus can protect people from disease. Most current vaccines, including COVID-19 vaccines,
induce transient antigen expression, which may not provide necessary immune response for
driving robust recall responses [6,7]. Thus, there is a strong need for new vaccine strategies
or platforms to provide sustained antigen release.

The development of a vaccine delivery system that allows for control of antigen release
kinetics should allow for an improved pathogen-specific recall response. It has been shown
that the magnitude, functionality, and phenotype of antigen-specific CD4+ and CD8+ T-cell
responses can be shaped by controlled release of antigen and immunomodulatory biologics
over several weeks and provide stronger immunization compared to bolus injections

[8]. Due to their tunability, bioengineered vaccines with sustained antigen release may
allow for improvements in tailoring the immune response against a particular pathogen.
Bioengineered immunogens have been developed to elicit improved vaccine responses,
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by sustaining immune responses longer than typically possible with standard adjuvants.
Using hydrogel scaffolds made of synthetic and natural materials as vaccine delivery
platforms represent another way to sustain release of antigen for vaccine delivery systems
to modulate an immune response [8-16]. The physical properties of the material used

in developing vaccine delivery platforms are critical for controlling and regulating the
activity of the immune response [17-20]. Different materials can alter antigen uptake,
immune cell migration to draining lymph nodes, and immune cell activation. Polymeric
microspheres and aluminum hydroxide, for example, have been widely investigated as
vaccine carriers to provide sustained release [21-23]. Recently, a new class of biomaterial
scaffolds — granular hydrogels - were created with a hyper-porous geometry to allow for
optimal cell infiltration while minimizing the host foreign body response [24]. Microporous
annealed particle (MAP) hydrogels are a flowable suspension of concentrated viscoelastic
microspheres ‘building blocks’ that transition in situ to form a robust porous scaffold
[23,25-27]. Significantly more immune cells can be exposed to the loaded antigen as they
migrate through the hyper-porous space around annealed MAP building blocks, and as the
scaffold containing the antigen slowly degrades, antigen will be released from the scaffold.

Early formulation of MAPs have shown the ability to elicit tissue regeneration by activating
antigen-specific antibody responses in mice loaded with antigen [25]. Proof of concept
work showed that MAP loaded with immunogens can elicit antigen specific immunity and
tuning hydrogel stiffness can serve an adjuvant role, enhancing antibody responses [27].
However, given the need for microfluidic fabrication, with the necessity to incorporate
antigenic material during manufacturing, the ability to develop the MAP as a tunable
immunization platform for medical purposes was limited. Herein, we leveraged the unique
properties of the MAP platform to develop a next generation vaccine delivery system
(VaxMAP) with improved adaptive immune responses without the need for microfluidic
fabrication. Various immunogens were easily loaded into lyophilized MAP particles post-
fabrication with complete control over loading capacity and no immunogen loss providing
a vaccine delivery scaffold with a two-stage release profile (Fig. 1). This two-stage release
profile is characterized by an initial burst release for antigen exposure to prime immune
responses followed by a slower and sustained release for long-term memory antibody and
cellular responses. We demonstrated the versatility of the VaxMAP platform to immunize
mice against two key human viral pathogens: SARS-CoV-2 and influenza. We explored
VaxMAP’s ability to induce a prolonged antibody production targeting different viruses:
SARS-CoV-2 (spike) and influenza (HAZ1). We showed that immunization with spike-loaded
VaxMAP greatly enhanced the magnitude and duration of anti-RBD antibodies compared
to spike loaded in Alum. Similarly, VaxMAP loaded with HAL elicited better antibody
responses against hemagglutinin and protection against influenza virus infection than Alum.
Thus, VaxMAP represents an injectable biomaterial platform to enhance humoral immunity
for traditional vaccines.
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2. Materials and methods

2.1. Hydrogel microsphere synthesis

To enable hydrogel microsphere formation, two aqueous solutions were prepared.

One solution contained a 10% w/ v 4-arm PEG-vinyl sulfone (PEG-VS, 20 kDa,

NOF America) in 300 mM triethanolamine (Spectrum Chemical), pH 7.8, pre-
functionalized with 500 uM K-peptide (Ac-FKGGERCG-NH5) (Bachem), 500 uM Q-
peptide (Ac-NQEQVSPLGGERCG-NH,) (Bachem) and 1 mM RGD (Ac-RGDSPGERCG-
NH,) (Bachem). The other solution contained a 7.5 mM di-cysteine modified Matrix
Metalloprotease (MMP) peptide substrate (Ac-GCRDGPQGIWGQDRCG-NH,) (Bachem).
RGD, K- and Q-peptides were added for cell adhesion and secondary annealing as
previously reported [23,25-28]. In the instance where MAP needed to be fluorescently
labeled for confocal micrscopy purposes, a CF™ 647 maleimide dye (CF647) (Millipore-
Sigma) was added to the MMP-peptide solution at a concentration of 100 uM. The
pre-prepared aqueous PEG-VS and MMP-peptide solutions were mixed in a 1:1 volume
ratio, forming the “pre-hydrogel solution”. The pre-hydrogel solution was then immediately
injected in mineral oil (with 1% wt Span80) and stirred for 2 h at 1250 rpm at room
temperature. Within the droplets of pre-hydrogel solution, the polymer (PEG-VS) and the
peptides covalently bind to one another through a Michael addition reaction between the
vinyl sulfone (VS) and the thiol groups. As the reaction progresses, the liquid droplets are
converted to hydrogel microspheres. The formulation was designed with a specific molar
ratio between the V'S groups from the PEG-VS and the thiols from the synthetic peptides
such that excess VS remained because of its role in the chemical-annealing reaction.

The particles were left to settle down overnight before decanting oil. The particles were
then purified by tangential flow filtration (TFF) using 95% isopropyl alcohol (IPA) and
lyophilized.

2.2. Particle size analysis

The size of the hydrogel microspheres was determined using a laser diffraction particle size
analyzer (LS 13320 Beckman-Coulter). Briefly, lyophilized particles were reconstituted at
a concentration of 20 mg/mL in phosphate buffered saline (PBS, 10 mM, pH 7.4). The
particles were left to swell for 24 h at room temperature before testing. Then, the particles
were diluted 1:10 in water and added to a Beckman LS 13320 laser diffraction particle size
analyzer. A volume-weighted distribution curve was obtained from which the mean, mode,
and standard deviation were calculated. The LS 13320 machine was verified before use
using Garnet G15 control particles provided by the manufacturer (Beckman-Coulter).

2.3. Spike antigen loading

Lyophilized hydrogel microspheres were resuspended at a concentration of 20 mg/mL in
phosphate buffered saline (PBS, 10 mM, pH 7.4) containing 1.25 mg/mL of SARS-CoV-2
spike protein (SARS-CoV-2 spike S1 + S2 ECD (R683A, R685A, F817P, A892P, A899P,
A942P, K986P, V987P)-His recombinant protein, Sinobiological, cat # 40589-V08H4). The
particles were left to swell for 24 h at 2-8 °C before use. At this point, the volume fraction
(VF) of the particles was 100% (1 mL/mL). 0.8 mL of spike-loaded hydrogel microspheres
were then loaded in 1-cc sterile syringe.

J Control Release. Author manuscript; available in PMC 2024 December 23.
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2.4. Hemagglutinin antigen loading

1.2 mg of influenza hemagglutinin (HA1) protein (Influenza A HIN1 (A/Puerto
Rico/8/1934) hemagglutinin protein, Sinobiological, cat # 11684-\VV08H) were dissolved
in phosphate buffered saline (PBS, 10 mM, pH 7.4), and then washed to remove glycerol
and concentrated down to 1.25 mg/mL using PES concentrator tubes (MWCO 10 kDa)
by centrifugation at 4 °C at 8000 rcf for 2 h. Lyophilized hydrogel microspheres were
resuspended at a concentration of 20 mg/mL in the PBS solution (pH 7.4) containing 1.25
mg/mL of HA1 protein. The particles were left to swell for 24 h at 2-8 °C before use.

At this point, the volume fraction (VF) of the particles was 100% (1 mL/mL). 0.8 mL of
HA1-loaded hydrogel microspheres were then loaded in 1-cc sterile syringe.

2.5. Chemical annealing

Immediately prior to use (e.g., for testing or injection in animals), the hydrogel microspheres
(with or without antigen) were annealed with a PEG-dithiol crosslinker (3.4 kDa, NOF
America). Briefly, a solution of 1 mM PEG-dithiol was prepared in phosphate buffered
saline (PBS, 10 mM, pH 7.4). Then, 200 pL of the 1 mM crosslinker solution was pulled up
into an empty syringe and mixed thoroughly with 800 uL of hydrogel microspheres to bring
the volume fraction down to 80%, the antigen concentration down to 1 mg/mL (when loaded
with an antigen), and the crosslinker concentration down to 0.2 mM. The final annealed
product is referred to as MAP when no antigen was loaded, as VaxMAP(S) when spike was
loaded, and as VaxMAP(HA1) when hemagglutinin was loaded.

2.6. Mechanical testing

The elastic modulus before and after annealing of the hydrogel microspheres (no antigen)
was measured in a compressive test using a 3342 Instron. Briefly, lyophilized hydrogel
microspheres were reconstituted at a concentration of 20 mg/mL in phosphate buffered
saline (PBS, 10 mM, pH 7.4). The hydrogel microspheres were left to swell for 24 h at
room temperature before testing. Immediately after mixing the particles with the annealing
crosslinker (PEG-dithiol) as described above, 80 pL of the particles being annealed were
pipetted in a mold made of silicon spacer placed onto a glass slide. A second glass slide was
placed on top of the spacer to protect the sample from evaporation. One hour after annealing,
mechanical testing was performed using a 3342 Instron instrument with a 2.5-N load cell.
A 3-mm diameter anvil descended into the sample at 5 mm/min. The test was completed
when the force reached 0.2 N. Compressive force and extension were measured. The raw
force/displacement data from the Instron were converted to stress/strain curves to calculate
the compressive elastic modulus (EM). For the non-annealed condition, the particles were
mixed with 200 uL of PBS solution that did not contain the PEG-dithiol crosslinker and
served as a control. Four replicates per condition (A= 4) were performed.

2.7. Conjugation of a fluorescent dye to immunoglobulin G (IgG)

Human Immunoglobulin G (1gG) (Millipore-Sigma) was fluorescently labeled with CF™

568 maleimide dye (CF568) (Millipore- Sigma). Briefly, the protein (25 mg) was dissolved
at a concentration of 67 pM in 2.5 mL of phosphate buffered saline (PBS, 10 mM, pH 7.4).
Then, 180 UL of a 10 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (Millipore-

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al.

Page 6

Sigma) solution was added to 1gG solution to reduce disulfide bonds. After 20 min, 114 uL
of CF568 dye (10 mM in DMSO) was added to the mixture. The solution was stirred for 2 h
at room temperature protected from light. The protein was purified with water using a 10 mL
7 kDa MWCO Zeba spin desalting column (Thermo Fisher Scientific), and then by dialysis
using a 3.5 kDa MWCO regenerated cellulose Spectra/Por®3 dialysis membrane (Spectrum
Labs). The protein (IgG-CF568) was recovered by lyophilization (24 mg).

2.8. Confocal laser scanning microscopy (CLSM)

The fluorescently labeled IgG protein (IgG-CF568) (1.25 mg/mL) was loaded into
fluorescent MAP (labeled with CF647 dye) following the same procedure described above
for the antigens (spike and HA1). Confocal imaging was performed using an inverted Zeiss
LSM 880 confocal microscope equipped with an Airyscan detector (Carl Zeiss, Germany).
MAP was imaged either as is (no dilution) or after 1:100 dilution in PBS. The samples were
placed on top of a 1.5 coverglass in a 35-mm petri dish (MatTek). Fluorophores CF568 and
CF647 were excited using the 561 nm and 633 nm lasers, respectively, and detected in the
wavelength ranges of (574-622 nm) and (655-723 nm), respectively, through a 10x/0.45
objective. The fluorescence quantification from 1gG-CF568 was determined by measuring
the mean pixel intensities from the blue channel in particle and pore regions using ImageJ
software (7= 20 for pores and 7= 30 for particles).

2.9. Protein release

The fluorescently labeled IgG protein (IgG-CF568) (1.25 mg/mL) was loaded into MAP
following the same procedure described above for the antigens (spike and HA1). MAP(IgG)
was annealed immediately prior to the release experiment following the procedure described
above for chemical annealing. Then, 300 pL of annealed MAP(1gG) was placed in a well
insert in a 24-well plate, and 600 uL of PBS (10 mM, pH 7.4) were added to the well.

The plate was incubated at 37 °C for 25 days. At specific time intervals during the release,
the solution was collected from each well and replaced with fresh PBS. After 21 days of
release, trypsin at a concentration of 0.75 pg/mL was added to the well to degrade MAP

and induce the release of the remaining loaded protein. The concentration of released protein
was measured by fluorescence spectroscopy (excitation 579 nm, emission 603 nm) using a
calibration curve from known concentrations of 1gG-CF568.

2.10. Cytotoxicity assay

3 T3 fibroblasts (ATCC) were grown to 90% confluent and then suspended in DMEM at
2.5 x 10° cell/mL. Then, 2 uL of cell suspension were mixed with 100 L of PEG-dithiol
crosslinker solution at different concentrations (up to 1 mM) and added to a 96-well plate.
100 pL of DMEM was added to each well. Then the plate was incubated at 37 °C with 5%
CO,, for 1, 3 and 6 days. Cell viability was then measured at 450 nm using a WST-8 kit
(Millipore-Sigma).

2.11. Animals

Mice were housed in pathogen-free conditions at the Rutgers New Jersey Medical School
and Yale School of Medicine. C57BL/6 J (B6) used at Rutgers were purchased from NCI

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al. Page 7

managed colony at Charles River. B6 mice used at Yale were purchased from Jax. Male

and female mice were used in experiments with sex-matched controls. Animals were at

least 6 weeks of age. All experiments and procedures were approved by the Institutional
Animal Care and Use Committee of Rutgers New Jersey Medical School and Yale School of
Medicine.

2.12. Murine immunization

Mice were injected subcutaneously on the right flank by the base of the tail with
recombinant antigen. For recombinant SARS-CoV-2 spike experiments, mice received 10,
25 or 50 ug spike in either i) VaxMAP(S) (50 uL, immediately after annealing), ii) Alum
(100 pL, Thermo Fisher Scientific) or iii) PBS (100 pL). For recombinant Influenza, mice
received 50 pg HAL (Sino Biologics) in either i) VaxMAP(S) (50 pL, immediately after
annealing), ii) Alum (100 uL, Thermo Fisher Scientific) or iii) PBS (100 pL). Animals
were sacrificed at indicated time points post immunization (p.i.) and harvested organs
were processed for flow cytometry. To evaluate the antigen-recall response, a cohort of
immunized mice were re-challenged 65 days after the first immunization with 100 L s.c.
injection on the left flank with Alum (mixed with 50 pg spike protein). These mice were
euthanized 7 days after the re-challenge.

2.13. Influenza infections

Mice were anesthetized with 87.5 mg/kg Ketamine/ 12.5 mg/kg Xylazine cocktail in 100 uL
of PBS prior to infection. 60 days after immunization, mice were infected intranasally with
30 uL 2 x 108 PFU of influenza A/Puerto Rico/8/1934 HIN1 (PR8) in PBS using a p200
pipette as determined by TCIDsq [29]. The survival rate and weight loss and recovery were
monitored for 14 days post-infection.

2.14. Flow cytometry

Tissues were homogenized by crushing with the head of a 1-ml syringe in a Petri dish
followed by straining through a 40-um nylon filter. Ammonium—chloride—potassium buffer
was used for red blood cell lysis. To determine cell counts, count beads were used at a
concentration of 10,000 beads/10 pL and added directly to sample following staining. Cell
count is normalized by dividing input bead count by cytometer bead count and multiplied

by the dilution factor. Antibodies used for flow cytometry staining are listed in Table S1.
Staining was performed at room temperature (25 °C) with 30 min of incubation. Stained and
rinsed cells were analyzed using a multilaser cytometer (LSRII, or Fortessa; BD Biosciences
or Attune; Invitrogen).

2.15. Enzyme-linked immunosorbent assay (ELISA)

2 pg/mL of spike RBD antigen (SARS-CoV-2 spike RBD-His recombinant protein,
Sinobiological, Cat # 40592-VV08H) or HAL antigen was coated onto 96-well ELISA plates
overnight at 4 °C. Plates were then washed with PBST (PBS + 0.1% Tween 20) and blocked
with 3% milk solution for 1 h at room temperature. Serum was serially diluted in the

plates starting at a 1:100 dilution and incubated for 2 h followed by washes with PBST.
Normal mouse serum (obtained from SouthernBiotech, cat # 0050-01) was also used as a

J Control Release. Author manuscript; available in PMC 2024 December 23.
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negative control. Anti-mouse secondary antibody (goat anti-mouse 1gG, human ads-HRP,
SouthernBiotech, cat # 1030-05) at 1:8000 dilution in blocking buffer was incubated at
room temperature for 1 h. The plates were washed, and SigmaFast OPD (Millipore) solution
was added. After 10 min, 3 M HCI solution was added to stop the reaction, and OD at

490 nm was measured on a microplate reader. The binding response (OD4qq) Was plotted
against the dilution factor in log10 scale as the dilution-dependent response curve. The
reciprocal binding antibody titers were calculated based on the area under curve of the
dilution-dependent response to quantify the potency of the serum antibody binding to spike
RBD or HA1 antigen.

Serum samples from mice immunized with a single dose of mMRNA-1273 vaccine (1 pug)
were previously performed by Dr. Eisenbarth and collaborators [30].

Enzyme-linked immunosorbent spot (ELISpot).

SARS-CoV-2 spike antigen was coated at a concentration of 2 pg/mL in carbonate buffer on
96-well MultiScreen HTS IP Filter plates (Millipore) overnight at 4 °C. Plates were blocked
with complete RPMI (10% heat-inactivated FBS, 1% Penicillin/Streptomycin, 2 mM L-
glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 55 uM 2-mercaptoethanol) for 2 h at
37 °C. Bone marrow cells were isolated from the left femur + tibia of mice. Red blood cells
were lysed with RBC Lysis Buffer for 2 min. Cells were resuspended in complete RPMI
and plated in duplicate at three dilutions (1/5, 1/10, and 1/20 of total bone marrow cells)

for 20 h at 37 °C. Plates were washed six times with PBST (0.01% Tween-20), followed by
incubation with anti-mouse 1gG-Alkaline Phosphatase (SouthernBiotech, 1030-04) in PBS
with 0.5% BSA for 2 h at room temperature. Plates were then washed three times with
PBST and three times with PBS. Spots were developed with Vector® Blue Substrate Kit
(\Vector Laboratories, SK-5300) and imaged and counted with an C6lmmunoSpot analyzer
(Cellular Technology Limited).

Hemagglutinin inhibition assay

250 uL of Turkey red blood cells were diluted in 10 mL 1x PBS. 50 pL of diluted RBCs was
then added to experimental wells on a 96-well V bottom plate. Influenza-A was prepared
using a two-fold serial dilution and then different dilutions were added to specific wells.
Sera samples from mice immunized with Alum-(HA1) or VaxMAP(HA1) were then added
to the wells containing virus and incubated at room temperature for 30 min to assess the
presence of hemagglutination.

Pseudovirus neutralization assay

The SARS-CoV-2 pseudovirus production and neutralization assay were performed as
described previously [31]. Briefly, 2500 VeroE6-ACE2-TMPRSS? cells were plated in each
well of a 384-well plate in DMEM supplemented with 10% heat-inactivated FBS and 1%
Penicillin-Streptomycin. The following day, sera collected from mice was heat-inactivated
at 56 °C for 30 min and serially diluted 2-fold in DMEM without any supplements starting
at 1:16. Pooled human serum from vaccinated individuals (BEI NRH-21740) was used as

a positive pseudovirus neutralization control. 20 L diluted sera was mixed with 5 uL of
SARS-CoV-2 Spike pseudovirus (on a VVSVdeltaG core expressing Renilla Luciferase) and
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was incubated for 1 h at room temperature and then added to VeroE6-ACE2-TMPRSS?2
cells. Anti-VSV-G (Kerafast) was included in all pseudovirus conditions. Plates were
incubated at 37 °C 5% CO,, for 24 h. Cells were lysed with Renilla Luciferase Assay
System (Promega) according to manufacturer instructions. Luciferase activity was measured
using a microplate reader (Cytation 5). The relative 50% inhibitory concentration (1C50) for
each serum sample was calculated by performing a four-parameter logistic regression using
GraphPad PRISM 10 software. Any curve with an R? value <0.3, or a Hill Slope value less
than -10, >0, or “unstable”, was excluded and the reciprocal IC50 value was set to the limit
of detection, 16. Neutralization assays were performed blinded as to sample condition.

2.18. Statistical analysis

All statistical analysis was performed using GraphPad Prism 10 software. Specifically, two-
tailed £test were used to determine statistical significance, assuming equal sample variance
for each experimental group when comparing individual groups. £ < 0.05 was considered
statistically significant.

3. RESULTS and DISCUSSION

3.1

MAP scaffold fabrication and characterization

Microporous Annealed particles (MAP) are made of hydrogel microspheres that are
comprised of 4-arm-poly(ethylene glycol) (PEG)-vinyl sulfone (PEG-VS) backbone
crosslinked with a synthetic peptide that imparts biodegradability via protease sensitivity

to matrix metalloproteinases (MMPs) (Fig. 2A). The formulation was designed such that

an excess of vinyl sulfone (VS) groups remained after hydrogel microsphere synthesis to
enable in situ annealing to form a structurally stable scaffold with cell-scale microporosity.
The final concentration of the PEG-dithiol crosslinker in MAP is 0.2 mM which is five
times less than the highest dose tested in in vitro WST-8 cytotoxicity assay (Fig. 2B). The
manufacturing process for MAP production has been proven to be rapid and highly scalable.
Furthermore, MAP is provided lyophilized which allows for longer shelf-life stability and
can eventually facilitate deployment in traditional and austere environments. Given the

fact that the deployment of current vaccine technologies, including mRNA vaccines, has
been riddled with various challenges, such as severe supply chain constraints, that limit
worldwide vaccination efforts, the development of a shelf stable and stockpiled vaccine is in
dire need.

After lyophilization, reconstitution and swelling in an aqueous phosphate buffered saline
(PBS) solution (pH 7.4), the hydrogel microspheres displayed a mean size of 110 um, a
mode size of 105.9 pm, a standard deviation of 23.9 um resulting in a coefficient variation
(CV) of 23.5% (Fig. 2C). The polydispersity index (PDI) was then calculated to be 0.055.
Particles with PDI values smaller than 0.1 are considered to have a narrow size distribution.
The hydrogel microspheres can be annealed (crosslinked) to each other with a variety of
methods to generate a stable porous MAP scaffold. The resultant annealed MAP scaffold
displays a functional open pore structure with microscale porosity (pore size: 10-50 um)

to allow for free movement of cells and biologics [26]. This hyper-porous structure is
essential to the scaffold’s inherent lack of a foreign body response that renders MAP
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non-immunogenic when no antigens are embedded — unlike any other current materials or
particle delivery systems [32]. Since our previous methods to anneal the hydrogel would
not work subcutaneously or would be too expensive for distribution in a vaccine setting,

we developed a new chemical annealing method using excess vinyl sulfone groups (VS)
and the addition of an annealing agent, PEG-dithiol (3.4 kDa) (Fig. 2A). No additional
modification of the hydrogel microspheres was required. The thiol groups of PEG-dithiol
react with the excess V'S groups of the particles to form a thioether bond through a thiol-ene
Michael addition. This reaction kinetic is highly dependent upon pH. An increase in pH
accelerates the completion of the annealing reaction (Fig. 2D). At pH 7.4, it was determined
to be complete within an hour. This chemical annealing method offers several advantages:
(i) simple, (ii) safe (PEG-dithiol 3.4 kDa is not cytotoxic at least up to 1 mM; Fig. 2B), (iii)
uses an inexpensive crosslinker, (iv) an adjustable kinetic and (v) it is not limited by tissue
depth as for photo-annealing (white light does not penetrate deep tissues). The compressive
elastic modulus of annealed hydrogel microspheres (MAP) was >3-fold compared to non-
annealed microspheres demonstrating that when the scaffold is annealed, it can better resist
the applied force creating a more stabilized scaffold (Fig. 2E).

3.2. Antigen loading and release from VaxMAP

The hydrogel microspheres that constitute MAP are provided lyophilized for longer shelf-
life stability and are reconstituted with an antigen at time of use to serve as a vaccine
delivery platform. While the hydrogel microspheres are swelling, part of the antigen

is passively diffusing within the hydrogel microspheres, whereas some of the antigen

is remaining within the interstitial space between particles (pores). In order to better
understand the antigen distribution into MAP after loading, we fluorescently labeled the
hydrogel microspheres and antigen for confocal microscopy imaging (Fig. 2F). Here, a
surrogate protein (IgG) was labeled with a CF568 maleimide fluorescent dye (1gG-CF568),
while the particles were labeled with a CF647 maleimide fluorescent dye. As seen in the
fluorescent images of non-diluted MAP where particles are packed together to form a porous
scaffold (Fig. 2F — top images), the antigen is distributed in both (i) the particles and (ii) the
intersticial space between the particles with a 1.5 fold increase in fluorescence of antigen

in the pores compared to the particles, suggesting antigen is more concentrated in the pores
than in the particles. However, since the sample is mostly made of particles, antigen is
mostly distributed in the particles. In order to better visualize the antigen within the particles
only, MAP was imaged in a diluted form demonstrating a homogenous distribution within
the particles (Fig. 2F — bottom images).

To examine the release profile of antigen from MAP, we used the same fluorescently labeled
1gG protein (IgG-CF568) as in Fig. 2F. During the first stage of the release, the protein
loaded in the interstitial space between particles is rapidly released by passive diffusion from
the scaffold (which represents about 60% of the total protein), while during the second stage,
the protein entrapped within the particles is slowly released following the degradation rate
of the particles. Trypsin was added to purposely accelerate the degradation of the scaffold
during the second stage of the release which led to a sudden release of the remaining

protein from the particles (Fig. 3A). This double-stage release profile provides an initial
burst release for antigen exposure to prime immune responses followed by a slower and

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al.

Page 11

sustained release for long-term memory antibody and cellular responses. Next, to examine
whether MAP demonstrates sustained antigen release in vivo, we subcutaneously (s.c.)
injected MAP loaded with the 1gG-CF568 into mice and harvested the draining inguinal
lymph nodes (iLN) at days 5 and 15 post injection. At day 5 post injection, CD11c and
CD11b antigen presenting cells containing the 1gG-CF568 were found in the iLN (Fig. 3B
and C). Furthermore, at day 15 a time point most antigen is cleared from other immunization
platforms [33,34], 1gG-568" CD11c and CD11b cells continued to localize to the iLN,
indicating the sustained antigen release of MAP and continued uptake by immune cells (Fig.
3D and C). Hence, different antigen presenting cells are able to obtain antigen from MAP
and migrate to the draining lymph nodes following injection to initiate a prolonged immune
response.

3.3. VaxMAP promotes an adaptive immune response

To engineer MAP as a vaccine delivery platform, we added the spike (S) protein of SARS-
CoV-2 within the hydrogel microspheres. The spike protein is a large type | transmembrane
protein containing two subunits S1 and S2. S1 contains the receptor binding domain (RBD)
which is responsible for recognizing the cell surface receptor and S2 contains elements

for membrane fusion. The S antigen (similar molecular weight to the 1gG-CF568 used
above) was loaded simply by mixing a buffered solution containing the protein at a desired
concentration with lyophilized hydrogel microspheres post fabrication. While the particles
are swelling, part of the antigen is passively diffusing within the hydrogel microspheres,
whereas some of the antigen is remaining within the interstitial space between particles (Fig.
2F). This loading method offers a very quick way to entrap the antigen with no loss of
antigen and complete control over the antigen concentration. At time of use, immediately
prior to injection, the spike-loaded hydrogel microspheres are chemically annealed using the
PEG-dithiol crosslinker to create a stabilized scaffold referred here as VaxMAP(S).

As spike was released from MAP in two phases, we investigated the ability of VaxMAP(S)
to induce a primary immune response in a murine immunization model. We first assessed

if there was a difference in the “quality” of the humoral response generated by VaxMAP
loaded with different amounts of spike protein, as determined by the generation of anti-RBD
antibodies. As RBD domain of S protein is critical for viral entry, antibodies targeting

this domain of SARS-CoV-2 have been shown to contain both neutralizing and protective
antibodies [35-38]. Sera were collected from mice 28 days post immunization with
VaxMAP containing 0, 10, 25, or 50 ug of spike. There were no differences in the anti-RBD
1gG levels between mice that received VaxMAP with 10, 25 or 50 pg of spike (Fig. 4A).
Next, we wanted to compare the vaccine response of VaxMAP compared to the traditional
Alum platform. Since 50 pg is the optimal dose used in Alum immunizations, we chose this
concentration for both platforms for a proper comparison [34,39]. Mice were immunized
subcutaneously (s.c.) with a single dose of 50 pg of spike added to either VaxMAP(S),
Alum (Alum(S)) or PBS (PBS(S)). To assess the immune response following immunization,
we examined the primary Tfh and GC B cell formation in the draining iLN at days 10,

28 and 60 post immunization (p.i.). There was a similar increase in the frequency of Tfh
cells (CD4*CD44*Ly6c!oPSGL-1!°CXCR5*PD-1*) in VaxMAP(S) and Alum(S) immunized
mice at days 10 and 28 compared to PBS(S), yet at day 28 Tth cells were slightly elevated
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in VaxMAP(S) compared to Alum(S) (Fig. 4B). By day 60, the frequency of Tfh cells in
both groups was reduced to that of the PBS(S) treated mice. Likewise, the frequency of GC
B cells (B220*IgD~ GL-7*CD95") was expanded in VaxMAP(S) and Alum(S) compared

to PBS(S) immunized mice at days 10 and 28 p.i. (Fig. 4C). However, at day 60 p.i. GCs
were slightly elevated in VaxMAP(S) compared to Alum(S) and PBS(S). These data suggest
that VaxMAP(S) drives a prolonged Tfh and GC B cell formation compared to a traditional
immunization with Alum(S).

Although VaxMAP(S) and Alum(S) treated mice displayed similar frequency of Tth and
GC B cells at early time points, it may not correlate to the quality of antibody responses.
Sera were collected from mice immunized with VaxMAP(S), Alum(S) or PBS(S) at days
10, 28, and 60 p.i. Akin to the frequency of Tth and GC B cells, anti-RBD IgG titers

from VaxMAP(S) immunized mice were similar to Alum(S) at day 10 but were elevated

at day 28 and remained increased compared to both Alum(S) and PBS(S) treated mice at
day 60 p.i. (Fig. 4D). Furthermore, temporal analysis of a single titration from each group
demonstrated that while the anti-RBD 1gG levels from Alum(S) were higher than PBS(S),
VaxMAP (S) had consistently elevated antigen-specific antibodies compared to both groups
(Fig. 4E). Since antibody secreting B cells in the bone marrow have been shown to be

a predictor of long-lasting humoral immunity following immunization [40], we assessed
anti-spike secreting B cells in the bone marrow from mice 60 days following immunization
by ELISpot (Fig. 4F). There was no difference between the numbers of anti-spike secreting
B cells from VaxMAP(S) and Alum(S) immunized mice, but both were increased compared
to PBS(S). Together these data demonstrate that despite the similar frequency of Tfh and GC
B cells, VaxMAP(S) induced elevated and prolonged anti-RBD antibody titers compared to
Alum(S).

In current COVID-19 vaccines, antibody titers peak within 2—3 weeks following
immunization with a single dose, and then rapidly decline [41]. Therefore, multiple boosters
have been recommended to patients to prevent reinfection and severe infection during the
duration of the pandemic. Given that anti-RBD titers were still elevated 60 days following
VaxMAP(S) immunization compared to the other groups, we wanted to compare antibody
titers from mice immunized with a lipid-based mMRNA vaccine. We obtained sera samples
from mice immunized with a single dose of a MRNA-Spike(S) vaccine and compared
anti-RBD 1gG by ELISA to VaxMAP(S) and Alum(S) at days 28 and 60 post immunization
[30]. While VaxMAP(S) initially showed a lower humoral response at day 28 compared to
MRNA-(S) vaccine, the antibody titers for several dilutions of VaxMAP(S) were higher than
MRNA-(S) at 60 days post immunization indicating a more prolonged immune response for
VaxMAP(S), which is highly desirable if we want to reduce the number of boosters needed
annually (Fig. 4G and 4H). Furthermore, using a SARS-CoV-2 pseudovirus neutralization
assay, we showed that VaxMAP elicited a greater neutralizing antibody response relative to
PBS and Alum controls (Fig. 41). Thus, VaxMAP(S) enhanced the magnitude, duration,

and neutralization of antigen-specific antibody responses when compared to Alum(S)

and provided a similar magnitude yet enhanced the duration of antigen-specific antibody
responses when compared to a single dose mMRNA immunization.
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3.4. VaxMAP promotes a robust recall response

While the development of a primary adaptive immune response is important following
vaccination, a hallmark is to generate a robust early GC and antibody responses upon
rechallenge. To determine secondary immune responses mice received a s.c. injection

of Alum(S) on into the left flank 65 days after a primary immunization with either
VaxMAP(S), Alum(S) or PBS(S) on the right side. Mice were sacrificed 7 days post
rechallenge and draining iLNs on the left side were harvested to assess the cellular
responses. Tth cells were similarly expanded in all three groups following rechallenge (Fig.
5A). GCs rapidly developed by 7 days following rechallenge, but the percentage of GC

B cells was similar in VaxMAP(S) and Alum(S) compared to PBS(S) rechallenged mice,
indicating the Kinetics in PBS(S) is correlative of a primary response (Fig. 5B and 4C). Sera
collected from these mice at the time of sacrifice demonstrated elevated anti-RBD-specific
1gG levels in VaxMAP(S) and Alum(S) compared to PBS(S) (Fig. 5C). Together, these data
demonstrate that VaxMAP(S) promotes a robust secondary response upon rechallenge.

3.5. VaxMARP elicits protection against influenza infection

While antigen loaded VaxMAP could drive primary and secondary immune responses, we
next wanted to assess whether it can elicit protection against a live infection following
immunization. Given that SARS-CoV-2 requires BSL3 containment, and the mouse strains
required for infections are not comparable to humans, we chose to test VaxMAP against

a murine influenza A virus infection (H1IN1 A/PR8/34 strain (PR8)) [42,43]. We first
wanted to validate MAP as a vaccine depot using recombinant PR8 antigen, so we added
viral glycoprotein hemagglutinin (HA1) to VaxMAP as it is also the most common target

of influenza neutralizing antibodies [44]. HAL is a type | fusion protein similar to spike

and mediates receptor binding and virus fusion. Therefore, we loaded HAL antigen into
MAP following the same strategy as for VaxMAP with spike. We immunized mice with
either VaxMAP (HA1), Alum mixed with HA1 (Alum(HA1)), PBS (HA1) or MAP alone
(no antigen). We collected sera from the mice at days 21, 45 and 55 p.i. and assessed
anti-HA1 IgG antibodies from the immunized mice. VaxMAP(HAL) and Alum(HA1) had
similar anti-HA1 IgG titers through 45 days, but the antibody levels in VaxMAP(HA1)
remained elevated at day 55 p.i. (Fig. 6A). To determine the quality of the antibodies
generated from each group we performed an HA-inhibition assay. A lower titer of sera from
VaxMAP(HAZL) mice was required to inhibit HA1 agglutination of red blood cells compared
to Alum(HA1) immunized mice, indicating these antibodies were better at neutralizing HA1
(Fig. 6B). Next, to assess protection against a live virus we administered a high dose of
influenza to the mice immunized 60 days earlier. Mice immunized with VaxMAP(HAL)
showed reduced weight loss and began to rebound faster compared to Alum(HA1)-treated
mice, and both experienced decreased weight loss compared to the PBS (HA1) and

MAP injected mice (Fig. 6C). VaxMAP(HAL) immunized mice displayed better survival
against a challenge with a high dose of influenza compared to all other groups (Fig. 6D),
suggesting VaxMAP(HAL) elicited better protection than Alum(HA1). Overall, these results
demonstrate that VaxMAP loaded with an influenza-specific antigen is capable of providing
better neutralizing antibodies resulting in increased protection against infection compared
to Alum, an adjuvant commonly used in influenza vaccines. Furthermore, the fact that the
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humoral response with VaxMAP (HAL) aligns with that observed with VaxMAP(S) strongly
suggests that VaxMAP(S) would also be effective against a SARS-CoV-2 infection.

4. Conclusion

In summary, this work has established the ability of VaxMAP to elicit a strong immune
response and protect against a viral infection. Furthermore, VaxMAP has the potential as a
platform technology that can be readily deployed for various pathogens and potentially be
used as a depot to deliver multiple antigens simultaneously. Based on the recent pandemic
and the almost certain emergence of other novel pathogens, the ability to rapidly generate
effective immunity in patients as pathogens emerge will be critical to quickly develop
population level immunity which can help alleviate ripple effects like the current economic
crisis. Taken together, VaxMAP demonstrated the ability to enhance the adjuvant effects

of a biomaterial platform to generate more robust and maintained antibody responses

and improved protection against a viral infection when compared to traditional platforms.
Currently, VaxMAPs provides a polarized type 2 immune response generating a strong
IgG1 response, which is important in for the neutralization of toxins and impairing viral
attachment. Thus, it would be important next to demonstrate that the ability to tune VaxMAP
to impact type 1 immune responses by adding in TLR7 agonists or alter the biomaterial

to drive this response, strengthening the role for using modular injectable biomaterials as a
vaccine application.

Acknowledments

Research reported in this publication was supported by the National Science Foundation (NSF) under award
number 2031727. J.S‘W and laboratory were also supported in-part by the National Institutes of Health (NIH)
R01 AR073912. We would like to acknowledge S. Eisenbarth at Yale University School of Medicine for
providing serum samples from mice immunized with mRNA-1273 vaccine. J.S.C. was supported by NIH

grants T32GM136651 and F30HL149151. The confocal microscopy work was supported by the Waitt Advanced
Biophotonics Core Facility of the Salk Institute with funding from NIH-NCI CCSG: P30 CA01495, NIH-NIA San
Diego Nathan Shock Center P30 AG068635, and the Waitt Foundation.

Data availability

Data will be made available on request.

References

[1]. Shulman Z, Gitlin AD, Weinstein JS, Lainez B, Esplugues E, Flavell RA, Craft JE, Nussenzweig
MC, Dynamic signaling by T follicular helper cells during germinal center B cell selection,
Science 345 (2014) 1058-1062. [PubMed: 25170154]

[2]. Weisel FJ, Zuccarino-Catania G, Chikina M, Shlomchik MJ, A temporal switch in the germinal
center determines differential output of memory B and plasma cells, Immunity 44 (2016) 116—
130. [PubMed: 26795247]

[3]. Slifka MK, Antia R, Whitmire JK, Ahmed R, Humoral immunity due to long-lived plasma cells,
Immunity 8 (1998) 363-372. [PubMed: 9529153]

[4]. Sze DM, Toellner KM, Garcia de Vinuesa C, Taylor DR, MacLennan IC, Intrinsic constraint
on plasmablast growth and extrinsic limits of plasma cell survival, J. Exp. Med. 192 (2000)
813-821. [PubMed: 10993912]

[5]. Cirelli KM, Carnathan DG, Nogal B, Martin JT, Rodriguez OL, Upadhyay AA, Enemuo CA,
Gebru EH, Choe Y, Viviano F, Nakao C, Pauthner MG, Reiss S, Cottrell CA, Smith ML,

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al.

Page 15

Bastidas R, Gibson W, Wolabaugh AN, Melo MB, Cossette B, Kumar V, Patel NB, Tokatlian
T, Menis S, Kulp DW, Burton DR, Murrell B, Schief WR, Bosinger SE, Ward AB, Watson

CT, Silvestri G, Irvine DJ, Crotty S, Slow delivery immunization enhances HIV neutralizing
antibody and germinal center responses via modulation of Immunodominance, Cell 177 (2019)
1153-1171.e28. [PubMed: 31080066]

[6]. HogenEsch H, Mechanisms of stimulation of the immune response by aluminum adjuvants,

Vaccine 20 (2002) S34-S39. [PubMed: 12184362]

[7]. Ertl HCJ, Currie SL, Livermore DM, Back to the future: can vaccines win the long-term fight

against COVID-19? Front. Public Health 10 (2022) 929445. [PubMed: 35769785]

[8]. Singh A, Peppas NA, Hydrogels and scaffolds for immunomodulation, Adv. Mater. 26 (2014)

6530-6541. [PubMed: 25155610]

[9]. Yan J, Chen R, Zhang H, Bryers JD, Injectable biodegradable chitosan-alginate 3D porous gel

[10].
[11].

[12].

[13].
[14].

[15].

[16].

[17].

[18].

[19].

[20].

scaffold for mRNA vaccine delivery, Macromol. Biosci. 19 (2019) 1800242.

Chen R, Zhang H, Yan J, Bryers JD, Scaffold-mediated delivery for non-viral mMRNA vaccines,
Gene Ther. 25 (2018) 556-567. [PubMed: 30242259]

Hubbell JA, Thomas SN, Swartz MA, Materials engineering for immunomodulation, Nature 462
(2009) 449-460. [PubMed: 19940915]

Sheng K-C, Kalkanidis M, Pouniotis DS, Esparon S, Tang CK, Apostolopoulos V, Pietersz GA,
Delivery of antigen using a novel mannosylated dendrimer potentiates immunogenicity in vitro
and in vivo, Eur. J. Immunol. 38 (2008) 424-436. [PubMed: 18200633]

Cheung AS, Mooney DJ, Engineered materials for Cancer immunotherapy, Nano Today 10
(2015) 511-531. [PubMed: 26640511]

Wang H, Mooney DJ, Biomaterial-assisted targeted modulation of immune cells in cancer
treatment, Nat. Mater. 17 (2018) 761-772. [PubMed: 30104668]

Hartwell BL, Melo MB, Xiao P, Lemnios AA, Li N, Chang JYH, Yu J, Gebre MS, Chang

A, Maiorino L, Carter C, Moyer TJ, Dalvie NC, Rodriguez-Aponte SA, Rodrigues KA, Silva
M, Suh H, Adams J, Fontenot J, Love JC, Barouch DH, Villinger F, Ruprecht RM, Irvine DJ,
Intranasal vaccination with lipid-conjugated immunogens promotes antigen transmucosal uptake
to drive mucosal and systemic immunity, Sci. Transl. Med. 14 (2022) eabn1413. [PubMed:
35857825]

Moyer TJ, Kato Y, Abraham W, Chang JYH, Kulp DW, Watson N, Turner HL, Menis S, Abbott
RK, Bhiman JN, Melo MB, Simon HA, Herrera-De la Mata S, Liang S, Seumois G, Agarwal Y,
Li N, Burton DR, Ward AB, Schief WR, Crotty S, Irvine DJ, Engineered immunogen binding to
alum adjuvant enhances humoral immunity, Nat. Med. 26 (2020) 430-440. [PubMed: 32066977]
Dane EL, Belessiotis-Richards A, Backlund C, Wang J, Hidaka K, Milling LE, Bhagchandani

S, Melo MB, Wu S, Li N, Donahue N, Ni K, Ma L, Okaniwa M, Stevens MM, Alexander-Katz
A, Irvine DJ, STING agonist delivery by tumour-penetrating PEG-lipid nanodiscs primes robust
anticancer immunity, Nat. Mater. 21 (2022) 710-720. [PubMed: 35606429]

Silva M, Kato Y, Melo MB, Phung I, Freeman BL, Li Z, Roh K, Van Wijnbergen JW, Watkins

H, Enemuo CA, Hartwell BL, Chang JYH, Xiao S, Rodrigues KA, Cirelli KM, Li N, Haupt S,
Aung A, Cossette B, Abraham W, Kataria S, Bastidas R, Bhiman J, Linde C, Bloom NI, Groschel
B, Georgeson E, Phelps N, Thomas A, Bals J, Carnathan DG, Lingwood D, Burton DR, Alter G,
Padera TP, Belcher AM, Schief WR, Silvestri G, Ruprecht RM, Crotty S, Irvine DJ, A particulate
saponin/TLR agonist vaccine adjuvant alters lymph flow and modulates adaptive immunity, Sci.
Immunol. 6 (2021) eabf1152. [PubMed: 34860581]

Gray LT, Raczy MM, Briquez PS, Marchell TM, Alpar AT, Wallace RP, Volpatti LR, Sasso

MS, Cao S, Nguyen M, Mansurov A, Budina E, Watkins EA, Solanki A, Mitrousis N, Reda

JW, Yu SS, Tremain AC, Wang R, Nicolaescu V, Furlong K, Dvorkin S, Manicassamy B,

Randall G, Wilson DS, Kwissa M, Swartz MA, Hubbell JA, Generation of potent cellular and
humoral immunity against SARS-CoV-2 antigens via conjugation to a polymeric glyco-adjuvant,
Biomaterials 278 (2021) 121159. [PubMed: 34634664]

Zhu G, Yang Y-G, Sun T, Engineering optimal vaccination strategies: effects of physical
properties of the delivery system on functions, Biomater. Sci. 10 (2022) 1408-1422. [PubMed:
35137771]

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al.

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].
[34].

[35].

Page 16

Ishii-Mizuno Y, Umeki Y, Onuki Y, Watanabe H, Takahashi Y, Takakura Y, Nishikawa M,
Improved sustained release of antigen from immunostimulatory DNA hydrogel by electrostatic
interaction with chitosan, Int. J. Pharm. 516 (2017) 392-400. [PubMed: 27884715]

Xi X, Ye T, Wang S, Na X, Wang J, Qing S, Gao X, Wang C, Li F, Wei W, Ma G,

Self-healing microcapsules synergetically modulate immunization microenvironments for potent
cancer vaccination. Science, Advances 6 (2020) eaay7735. [PubMed: 32494733]

Butenko S, Miwa H, Liu Y, Plikus MV, Scumpia PO, Liu WF, Engineering Immunomodulatory
Biomaterials to Drive Skin Wounds toward Regenerative Healing, Cold Spring Harb Perspect
Biol, 2022 a041242.

Daly AC, Riley L, Segura T, Burdick JA, Hydrogel microparticles for biomedical applications,
Nat. Rev. Mater. 5 (2020) 20-43. [PubMed: 34123409]

Griffin DR, Archang MM, Kuan C-H, Weaver WM, Weinstein JS, Feng AC, Ruccia A, Sideris
E, Ragkousis V, Koh J, Plikus MV, Di Carlo D, Segura T, Scumpia PO, Activating an adaptive
immune response from a hydrogel scaffold imparts regenerative wound healing, Nat. Mater. 20
(2021) 560-569. [PubMed: 33168979]

Griffin DR, Weaver WM, Scumpia P, Di Carlo D, Segura T, Accelerated wound healing by
injectable microporous gel scaffolds assembled from annealed building blocks, Nat. Mater. 14
(2015) 737-744. [PubMed: 26030305]

Miwa H, Antao OQ, Kelly-Scumpia KM, Baghdasarian S, Mayer DP, Shang L, Sanchez

GM, Archang MM, Scumpia PO, Weinstein JS, Di Carlo D, Improved humoral immunity and
protection against influenza virus Infection with a 3d porous biomaterial vaccine, Adv. Sci. 10
(2023), 2302248.

Sideris E, Griffin DR, Ding Y, Li S, Weaver WM, Di Carlo D, Hsiai T, Segura T, Particle
hydrogels based on hyaluronic acid building blocks, ACS Biomater. Sci. Eng. 2 (2016) 2034—
2041. [PubMed: 33440539]

Rodriguez L, Nogales A, Martinez-Sobrido L, Influenza A virus studies in a mouse model of
infection, J. Vis. Exp. 127 (2017) 55898.

Chen JS, Chow RD, Song E, Mao T, Israelow B, Kamath K, Bozekowski J, Haynes WA, Filler
RB, Menasche BL, Wei J, Alfajaro MM, Song W, Peng L, Carter L, Weinstein JS, Gowthaman
U, Chen S, Craft J, Shon JC, Iwasaki A, Wilen CB, Eisenbarth SC, High-affinity, neutralizing
antibodies to SARS-CoV-2 can be made without T follicular helper cells, Sci. Immunol. 7 (2021)
eabl5652.

Wei J, Alfajaro MM, DeWeirdt PC, Hanna RE, Lu-Culligan WJ, Cai WL, Strine MS, Zhang
S-M, Graziano VR, Schmitz CO, Chen JS, Mankowski MC, Filler RB, Ravindra NG, Gasque V,
de Miguel FJ, Patil A, Chen H, Oguntuyo KY, Abriola L, Surovtseva YV, Orchard RC, Lee B,
Lindenbach BD, Politi K, van Dijk D, Kadoch C, Simon MD, Yan Q, Doench JG, Wilen CB,
Genome-wide CRISPR screens reveal host factors critical for SARS-CoV-2 Infection, Cell 184
(2021) 76-91.e13. [PubMed: 33147444]

Mishra PK, Palma M, Buechel B, Moore J, Davra V, Chu N, Millman A, Hallab NJ, Kanneganti
T-D, Birge RB, Behrens EM, Rivera A, Beebe KS, Benevenia J, Gause WC, Sterile particle-
induced inflammation is mediated by macrophages releasing I1L-33 through a Bruton’s tyrosine
kinase-dependent pathway, Nat. Mater. 18 (2019) 289-297. [PubMed: 30664693]

Hutchison S, Benson RA, Gibson VB, Pollock AH, Garside P, Brewer JM, Antigen depot is not
required for alum adjuvanticity, FASEB J. 26 (2012) 1272-1279. [PubMed: 22106367]

HogenEsch H, O’Hagan DT, Fox CB, Optimizing the utilization of aluminum adjuvants in
vaccines: you might just get what you want, NPJ Vacc. 3 (2018) 51.

Yang J, Wang W, Chen Z, Lu S, Yang F, Bi Z, Bao L, Mo F, Li X, Huang Y, Hong W, Yang Y,
ZhaoY, Ye F, Lin S, Deng W, Chen H, Lei H, Zhang Z, Luo M, Gao H, Zheng Y, Gong Y, Jiang
X, XuY, Lv Q, Li D, Wang M, Li F, Wang S, Wang G, YuP, Qu Y, Yang L, Deng H, Tong A,
Li J, Wang Z, Yang J, Shen G, Zhao Z, Li Y, Luo J, Liu H, Yu W, Yang M, Xu J, Wang J, Li

H, Wang H, Kuang D, Lin P, Hu Z, Guo W, Cheng W, He Y, Song X, Chen C, Xue Z, Yao S,
Chen L, Ma X, Chen S, Gou M, Huang W, Wang Y, Fan C, Tian Z, Shi M, Wang F-S, Dai L, Wu
M, Li G, Wang G, Peng Y, Qian Z, Huang C, Lau JY-N, Yang Z, Wei Y, Cen X, Peng X, Qin C,
Zhang K, Lu G, Wei X, A vaccine targeting the RBD of the S protein of SARS-CoV-2 induces
protective immunity, Nature 586 (2020) 572-577. [PubMed: 32726802]

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mayer et al.

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

Page 17

Starr TN, Czudnochowski N, Liu Z, Zatta F, Park Y-J, Addetia A, Pinto D, Beltramello M,
Hernandez P, Greaney AJ, Marzi R, Glass WG, Zhang I, Dingens AS, Bowen JE, Tortorici MA,
Walls AC, Wojcechowskyj JA, De Marco A, Rosen LE, Zhou J, Montiel-Ruiz M, Kaiser H,
Dillen JR, Tucker H, Bassi J, Silacci-Fregni C, Housley MP, di lulio J, Lombardo G, Agostini
M, Sprugasci N, Culap K, Jaconi S, Meury M, Dellota E, Abdelnabi R, Foo S-YC, Cameroni

E, Stumpf S, Croll TI, Nix JC, Havenar-Daughton C, Piccoli L, Benigni F, Neyts J, Telenti A,
Lempp FA, Pizzuto MS, Chodera JD, Hebner CM, Virgin HW, Whelan SPJ, Veesler D, Corti
D, Bloom JD, Snell G, SARS-CoV-2 RBD antibodies that maximize breadth and resistance to
escape, Nature 597 (2021) 97-102. [PubMed: 34261126]

Phung I, Rodrigues KA, Marina-Zarate E, Maiorino L, Pahar B, Lee W-H, Melo M, Kaur

A, Allers C, Fahlberg M, Grasperge BF, Dufour JP, Schiro F, Aye PP, Lopez PG, Torres JL,
Ozorowski G, Eskandarzadeh S, Kubitz M, Georgeson E, Groschel B, Nedellec R, Bick M,
Kaczmarek Michaels K, Gao H, Shen X, Carnathan DG, Silvestri G, Montefiori DC, Ward

AB, Hangartner L, Veazey RS, Burton DR, Schief WR, Irvine DJ, Crotty S, A combined
adjuvant approach primes robust germinal center responses and humoral immunity in non-human
primates, Nat. Commun. 14 (2023) 7107. [PubMed: 37925510]

Sette A, Crotty S, Adaptive immunity to SARS-CoV-2 and COVID-19, Cell 184 (2021) 861-880.
[PubMed: 33497610]

Weinstein JS, Bertino SA, Hernandez SG, Poholek AC, Teplitzky TB, Nowyhed HN, Craft J, B
cells in T follicular helper cell development and function: separable roles in delivery of ICOS
ligand and antigen, J. Immunol. 192 (2014) 3166-3179. [PubMed: 24610013]

Davis CW, Jackson KJL, McCausland MM, Darce J, Chang C, Linderman SL, Chennareddy

C, Gerkin R, Brown SJ, Wrammert J, Mehta AK, Cheung WC, Boyd SD, Waller EK, Ahmed

R, Influenza vaccine-induced human bone marrow plasma cells decline within a year after
vaccination, Science 370 (2020) 237-241. [PubMed: 32792465]

Wei J, Stoesser N, Matthews PC, Ayoubkhani D, Studley R, Bell I, Bell JI, Newton JN, Farrar J,
Diamond I, Rourke E, Howarth A, Marsden BD, Hoosdally S, Jones EY, Stuart DI, Crook DW,
Peto TEA, Pouwels KB, Eyre DW, Walker AS, COVID-19 Infection Survey team., Antibody
responses to SARS-CoV-2 vaccines in 45,965 adults from the general population of the United
Kingdom, Nat. Microbiol. 6 (2021) 1140-1149. [PubMed: 34290390]

Song W, Antao OQ, Condiff E, Sanchez GM, Chernova I, Zembrzuski K, Steach H, Rubtsova K,
Angeletti D, Lemenze A, Laidlaw BJ, Craft J, Weinstein JS, Development of Thet- and CD11c-
expressing B cells in a viral infection requires T follicular helper cells outside of germinal
centers, Immunity 55 (2022) 290-307.e5. [PubMed: 35090581]

Rutigliano JA, Sharma S, Morris MY, Oguin TH, McClaren JL, Doherty PC, Thomas PG, Highly
pathological influenza a virus infection is associated with augmented expression of PD-1 by
functionally compromised virus-specific CD8+ T cells, J. Virol. 88 (2014) 1636-1651. [PubMed:
24257598]

Brandenburg B, Koudstaal W, Goudsmit J, Klaren V, Tang C, Bujny MV, Korse HIWM,

Kwaks T, Otterstrom JJ, Juraszek J, van Oijen AM, Vogels R, Friesen RHE, Mechanisms of
hemagglutinin targeted influenza virus neutralization, PLoS One 8 (2013) e80034. [PubMed:
24348996]

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mayer et al.

Page 18

Rapid, scalable manufacture and long shelf life Stronger humoral immunity through sustained release
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Fig. 1.

VagxMAP scaffold provides a rapid way to load an immunogen at the desired concentration
with a two-stage release profile. The hydrogel microspheres that constitute MAP are
provided lyophilized for longer shelf-life stability and are reconstituted with an immunogen
at time of use. While the hydrogel microspheres are swelling, part of the antigen is passively
diffusing within the hydrogel microspheres, whereas some of the antigen is remaining within
the interstitial space between particles. VaxMAP has pores that are large enough for the
immune cells to immediately migrate into the scaffold prior to its degradation. Its double-
stage release profile provides an initial burst release for antigen exposure to prime immune
responses followed by a slower and sustained release for long-term memory antibody and
cellular responses.
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Fig. 2.

(A?) MAP hydrogel microsphere fabrication and chemical annealing. The hydrogel
microspheres are obtained by a crosslinking reaction between the vinyl sulfone (VS) groups
on the PEG polymer (PEG-VS) and the thiol (SH) groups on the degradable peptide through
Michael addition in a water-in-oil emulsion. Immediately prior to use, MAP is mixed with a
PEG-dithiol crosslinker leading the excess VS groups on neighboring microspheres to react
with the thiol groups (chemical annealing) to form an interconnected porous network. (B))
Proliferation of 3 T3 fibroblasts after treatment with varying concentrations of PEG-dithiol
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(PEG-(SH)2, 3.4 kDa) via a WST-8 assay. Data are expressed as Mean = SD (n= 3). (C)
Particle size distribution (volume weighted) after lyophilization, reconstitution and swelling
of the hydrogel microspheres in PBS (pH 7.4). (D) Annealing kinetic of MAP at different
pHs. Increasing pH accelerates the annealing reaction. (E) Compressive elastic modulus
before and after annealing the hydrogel microspheres using PEG-dithiol (final concentration:
0.2 mM) at pH 7.4 and at a volume fraction of 80%. Data are expressed as Mean + SD
(n=4). (F) Confocal microscopy images of fluorescent MAP loaded with 1gG-CF568
(single confocal slices). The hydrgogel microspheres (particles) were labeled with a CF647
maleimide fluorescent dye (red) and the IgG protein was labeled with a CF568 maleimide
fluorescent dye (blue). Top images: non-diluted MAP. Bottom images: MAP diluted 1:100
in PBS. Quantification of fluorescence intensity from 1gG-CF568 in the particles and pores.
Data are expressed as Mean + SD (7= 20 for pores and 7= 30 for particles).
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Fig. 3.

(A) Release profile of 1gG-CF568 from MAP. The red arrow indicates the addition of
trypsin to accelerate cargo release. (B—C) B6 mice were immunized with MAP loaded

with IgG-CF568 and iLN were harvested 5 and 15 days post injection. (B) CD11b cells
were stained for flow cytometry Representative facs plot at day (left) and quantification
(right) of CD11b + IgG-CF568+ cells from each group. (C) CD11c cells were stained for
flow cytometry Representative facs plot at day (left) and quantification (right) of CD11c +
1gG-CF568+ cells from each group. Data are representative of two independent experiments
with 3-5 mice per group. * = p< 0.05, ** = p< 0.01.
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VaxMAP elicits adaptive immune responses. (A) B6 mice were immunized with
VaxMAP(S) at different doses of spike antigen (0, 10, 25 and 50 pg). ELISA quantification
of serum Anti-RBD IgG antibody of immunized mice 30 days post-immunization. (B-I)
B6 mice were immunized with VaxMAP(S), Alum(S) or PBS(S) using a 50 pug dose of

spike antigen. (B) Tfh cells were stained for flow cytometry and quantified at days 10,

Alum(S) MRNA-(S) VaxMAP(S)

28 and 60 post immunization. Representative facs plot at day 10 (left) and quantification

(right) Tfh cells from each group. (C) GC B cells were stained for flow cytometry and
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quantified. Representative facs plot from day 10 (left) and quantification (right) GC B cells
from each group. (D) ELISA quantification of serum Anti-RBD IgG antibody of immunized
mice at days 10, 28 and 60. Graphs of titers (top) and area under the curve (bottom). (E)
Anti-RBD IgG antibodies from each group were directly compared over time using a 1:300
titer for each sample from the three time points. (F) Representative anti-Spike 19G ELISPOT
with number of cells plated per well of B cells from bone marrow of immunized mice 60
days post-immunization. (G-H) ELISA quantification of serum Anti-RBD IgG antibody of
immunized mice at days 28 or 60 compared to an mRNA vaccine. Data are representative

of three independent experiments with 3-8 mice per group. (I) SARS-CoV-2 pseudovirus
neutralization assay: relative 50% inhibitory concentration (1C50) of sera from immunized
mice at day 60 post-immunization. Positive control is from pooled human serum from
individuals vaccinated with an mRNA vaccine. * = p< 0.05, ** = p< 0.01, **** p < 0.0001.
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Fig. 5.

VaxMAP-immunized mice demonstrate a robust recall response. B6 mice were immunized
with VaxMAP(S), Alum(S) or PBS(S) and then rechallenged with Alum(S) 65 days later.
Draining lymph nodes and sera were collected 7 days after re-immunization. (A) Tth

cells were stained for flow cytometry and quantified. Representative facs plot (left) and
quantification (right) Tfh cells from each group. (B) GC B cells were stained for flow
cytometry and quantified. Representative facs plot (left) and quantification (right) GC B
cells from each group. (C) ELISA quantification of serum Anti-RBD IgG antibody of
re-immunized mice. Graphs of titers (left) and area under the curve (right). Data are
representative of three independent experiments with 5-8 mice per group. ** = p< 0.01.

J Control Release. Author manuscript; available in PMC 2024 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mayer et al.

D21 anti-HA1 IgG Titers

D45 anti-HA1 IgG Titers

Page 25

D55 anti-HA1 IgG Titers

o PBS(HA1)
& Alum(HA1)
E E 1o E 10
£ 10 s g -4 VaxMAP
S 2 2 - VaxMAP(HA1)
a a a
G 05 o 05 O 05
0.0 T ® > ® - 00— T T T T T 00— T T T T T
S & & & & . S S & & & O S & & & &
RO AN SN SO AR AN ,\-’,L“(b NN A .\-’.LQ
N
D21 anti-HA1 IgG Titers D45 anti-HA1 IgG Titers D55 anti-HA1 IgG Titers
Jk *
KKk %% Fedkk ok
Jekkk % %k kk
3 . 20 — 3 - .
n * []
—kkk *
& 1.5+
02 5 - O O 2+
o} D Iy ) A,
x O X 1.0 N < a =
n L]
1 & | 1
054 u A
o i 1 reet i L2
0 |\ @ |\ |\ 00 \T Q l\ l\ 0 T ﬁ T T
N Q N N
B £ §F & g §F &
& N ¥ & @ & W & RGN N
o o <&
B HA1-Inhibition Assay C
65536 % 1007 ® PBS(HAT)
— 16384 ‘® O VaxMAP
<] = Alum(HA1)
£ 409 . 901 4 VaxMAP(HA1)
a *k >
a 1024 B ol
© 256 | AAaA —
S AA o
64 € ™
o}
T T g 60
Q\?:\\ Qy:‘\ o o 5 10 15
N XN .
& & Days Post Infection
Ko
D Pr8 Survival Curve
© 100 - "
g E PBS(HA1)
;E; 804 'i"': = \axMAP
%) | «ds Alum(HA1)
Boe4 L . == VaxMAP(HA1) -
> |
= 404 i
= |
IS i 3
g = !
B |
O v v v r g iy
0 5 10 15 20

Days Post Infection

Fig. 6.

VaxMAP elicits protection against influenza infection. (A) B6 mice were immunized with
VaxMAP(HAL), Alum(HA1), PBS(HA1), or empty VaxMAP and ELISA quantification of
serum Anti-RBD IgG antibody of immunized mice at days 21, 45 and 55. Graphs of titers
(top) and area under the curve (bottom). (B) Sera from day 55 immunized mice was used
in a HA agglutination assay with different dilutions of PR8. (C-D) Mice were given a high
dose of PR8 60 days after immunization (C) Daily weight loss based on the percentage of
the initial weight of each mouse out to 20 days post infection. (D) Survival curve of mice
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following infection. Data are representative of 2 independent experiments with 5-8 mice per
group. * = p< 0.05, ** = p< 0.01, *** = p< 0.001, **** p< 0.0001.
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