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Abstract

Adjuvants play a critical role in enhancing vaccine efficacy; however, there is a need to
develop new immunomodulatory compounds to address emerging pathogens and to expand
the use of immunotherapies. Multidomain peptides (MDPs) are materials composed of
canonical amino acids that form injectable supramolecular hydrogels under physiological salt
and pH conditions. MDP hydrogels are rapidly infiltrated by immune cells in vivo and have
previously been shown to influence cytokine production. Therefore, we hypothesized that
these immunostimulatory characteristics would allow MDPs to function as vaccine adjuvants.
Herein, we demonstrate that loading antigen into MDP hydrogels does not interfere with their
rheological properties and that positively charged MDPs can act as antigen depots, as
demonstrated by their ability to release ovalbumin (OVA) over a period of 7-9 days in vivo. Mice
vaccinated with MDP-adjuvanted antigen generated significantly higher 1gG titers than mice
treated with the unadjuvanted control, suggesting that these hydrogels potentiate humoral

immunity. Interestingly, MDP hydrogels did not elicit a robust cellular immune response, as
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indicated by the lower production of IgG2c and smaller populations of tetramer-positive CD8* T
splenocytes compared to mice vaccinated alum-adjuvanted OVA. Together, the data suggest
that MDP hydrogel adjuvants strongly bias the immune response towards humoral immunity
while evoking a very limited cellular immune response. As a result, MDPs may have the

potential to serve as adjuvants for applications that benefit exclusively from humoral immunity.

Introduction

Vaccines are a critical component of the global healthcare system and are estimated to
have prevented over 37 million deaths between 2000 and 2019.! Due to their resounding
success, there has been growing interest in using vaccines to treat pathologies outside of
infectious diseases ranging from cancer to Alzheimer’s disease.>® Adjuvants are a critical
component of modern vaccines that enhance their efficacy by improving immunogenicity,
stability, and delivery of antigens.*® In addition to serving as immunostimulants, adjuvants that
form antigen depots extend vaccine residence time in the body, which has been shown to
improve the antigen-specific immune response to vaccines.”? Further, adjuvants have
demonstrated the ability to direct the phenotype of adaptive immune response generated to a
specific antigen.® The two prominent adaptive effector responses are cellular (Th1l) and
humoral (Th2) immunity, which are distinct immunological pathways important for preventing
and treating different types of pathologies. Th1l immunity is characterized by the activation of
antigen-specific cytotoxic CD8* T cells and is most useful for protection against cancer and
intracellular pathogens. Th2 immunity, on the other hand, is characterized by the production of

neutralizing antibodies and is effective at preventing and clearing extracellular pathogens, such
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as multicellular parasites.!® Th2 immunity has also been suggested to protect against
amyloidogenic neurodegenerative pathologies like Alzheimer’s disease.!*? The ability of
adjuvants to direct the immune response to optimally address a specific pathology is critical for
conferring immunological protection.’>'% Despite the importance of adjuvants, only nine
vaccine adjuvants have been included in FDA-approved infectious disease vaccines.’>® As our
understanding of the immune system has grown, so has the potential for engineering new
classes of adjuvants that favorably direct the type of immune response generated for a
particular pathology.?

Recently, self-assembling peptides have shown promise as adjuvants.!” Since these
materials are composed solely of amino acids, they are inherently biocompatible, and their
properties can be readily tuned by altering the amino acid sequence.® Previous research has
established the ability of peptide self-assemblies to act as effective vaccine adjuvants. One of
the first self-assembled peptide adjuvant systems developed was the fiber-forming peptide Q11
(Ac-QQKFQFQFEQQ-Am), which, when linked to pathogen-associated peptide epitopes, led to a
strong and balanced immune response to a variety of clinically relevant antigens.'®?* Peptide
nanoparticles, nanovesicles, dendrimers, and other self-assembly architectures have also
shown promise as vaccine adjuvants.!’” Many of these materials, however, rely on the use of
known short immunological peptide epitopes as antigens to confer immunity. This requires
knowledge of the immunogenic epitopes on the protein antigen, which is not always known for
unique cancer mutations and emerging pathogens. Furthermore, some epitopes are not

efficacious outside their immunity-conferring conformation in the context of the full native
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protein or multi-protein assembly. Thus, there is a need to develop antigen-agnostic peptide
adjuvants that can deliver protein subunit antigens and even whole inactivated viruses.
Peptide-based supramolecular hydrogels are well-suited for adjuvating and delivering
protein antigens. These materials are shear-thinning and self-healing, which allows them to be
injected through a standard needle as a liquid and then reform as a gel in vivo, as opposed to
covalent hydrogels that require surgical implantation or in situ crosslinking. Further, the bulk
material properties of peptide hydrogels can be tuned by varying the peptide sequence, the
nature/degree of peptide crosslinking, or the peptide concentration.?>?® Their ability to deliver
protein payloads in a controlled manner using electrostatic interactions and physical
entrapment has been extensively explored.?” The tetrapeptide hydrogel Nap-GFFY is one of the
most widely studied peptide hydrogel adjuvants, which elicits both humoral and cellular
immune responses to clinically relevant vaccine antigens.?-3° These sequences, however, use

noncanonical amino acids and modifications that can complicate the synthetic pathway and
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Figure 1. Schematic showing the general primary, secondary, and tertiary structure of MDP
highlighting the hydrophilic (blue), hydrophobic (pink), and charged (purple) domains. Peptide
monomers assemble via hydrophobic and electrostatic interactions to form beta-sheet-rich fibers }
that extend along the peptide backbone hydrogen-bonding axis to form fibrils.
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introduce potentially bioactive non-standard amino acid degradation products that can have
undesirable effects in vivo.31733

Multidomain peptide (MDP) hydrogels are peptides composed exclusively of canonical
amino acid residues that self-assemble into B-sheet rich fibrils that crosslink with divalent ions
to form supramolecular hydrogels under physiological salt and pH conditions. Although there
are many variants,?%3435> MDPs generally have the structure Ac-XX(SL)sXX-Am, where Ser (S) and
Leu (L) repeats create an amphiphilic core that favors B-sheet formation with “X” being one of

the charged canonical amino acids: Lys, Arg, Asp, or Glu (Figure 1).3¢ The naming convention for

Table 1. MDP hydrogel naming convention and sequences used in this study where Ac stands for N-
terminal acetylation and Am stands for C-terminal amidation.

Name  "X"residue ‘ Sequence Monomer Charge
Ka Lysine (K) | Ac-KK(SL)sKK-Am +4
R, | Arginine (R) | Ac-RR(SL)sRR-Am +4
E, | Glutamate (E) | Ac-EE(SL)EE-Am -4

MDP sequences is X2, where “X” is the single letter code for the flanking charged amino acid
used in the peptide (Table 1). The most widely investigated MDP hydrogel to date is Kz, and this
peptide has shown promise for regenerative medicine and drug delivery applications.3”-%
Previous investigations have established that the foreign body reaction to MDP hydrogels can
be tuned by altering the charged amino acid in the “X” position. It was previously found that
inflammation can be increased by including positively charged Lys or Arg residues, while the
inclusion of negatively charged Asp and Glu residues leads to minimal inflammation. These

materials are infiltrated by immune cells within one day and their chemical functionality
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controls both the types of immune cells that infiltrate the gel and the local cytokine production
profile.3®

Due to the strong immunostimulatory properties and drug delivery capacities of
positively charged MDPs, we hypothesized that these peptides could be formulated as effective
adjuvants for subunit vaccines. Using the model antigen ovalbumin (OVA), we demonstrate that
positively charged MDP hydrogels can delay the release of antigen to a similar extent as the
common clinical adjuvant, alum, and serve as an adjuvant that strongly biases the immune

response towards humoral immunity.

Materials and Methods
Solid-phase peptide synthesis (SSPS) and purification

Peptides were synthesized manually using standard Fmoc-based chemistry. Resins and
Fmoc-protected amino acids were supplied by Novabiochem (Millipore Sigma, Burlington, MA).
Briefly, Fmoc-protected low-loading MBHA rink-amide resin (1 equiv.) was deprotected with
two steps of excess 25% v/v piperidine in DMF:DMSO 1:1 for 5 min each. All Fmoc deprotection
steps were performed identically and checked using the ninhydrin test for primary amines.
Coupling was achieved with the addition of Fmoc-protected amino acids (4 equiv.) preactivated
for 1 min with HATU (3.95 eq.) and DIEA (6 eq.) in a minimal amount of DMF:DMSO 1:1 that
were then added to the resin for 20-30 min at RT. This process was repeated until the peptide
was complete. The N-terminus was acetylated with the addition of acetic anhydride (200 eq.)
and DIEA (75 eq.) in DCM two times for 45 min. Peptides were cleaved from the resin by

reacting it with a cleavage cocktail composed of TFA:Anisole:TIPS:EDT:H,0 90:2.5:2.5:2.5:2.5 for
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3 hr at RT. TFA was evaporated off with a stream of nitrogen gas to a final volume of 1 mL. The
peptide was triturated with cold diethyl ether.

Crude peptides were purified by high-performance liquid chromatography (HPLC) on
XBridge Protein BEH C4 OBD Prep column (Waters Corporation, Milford, MA) using two
different solvent systems. For positively charged peptides, a solvent system of Milli-Q (MQ)
water with 0.05% TFA (solvent A) and acetonitrile with 0.05% TFA (solvent B) was used for
purification. Negatively charged peptides were purified using MQ water with 4 mM acetic acid
and 5 mM ammonium hydroxide (solvent A) and acetonitrile with the same buffer (solvent B).
Peptide solutions (10-15 mg/mL) were injected on the column in a volume of 1 mL of 80%
solvent A and 20% solvent B. Purification was achieved using a 3% solvent B/min gradient from
5% to 50% solvent B while monitoring the absorbance at 220 nm with a TUV detector. Matrix-
assisted laser desorption/ionization mass spectrometry (MALDI MS) and ultra-performance
liquid chromatography (UPLC) were used to confirm sample identity and purity (Figure S1-S3).
Pure peptides were checked for endotoxin content using the ToxinSensor gel clot assay
(Genscript, Piscataway, NJ). Peptides were only used in vivo if they contained less than 0.25

EU/mg.

Protein fluorophore labeling

OVA (Millipore Sigma, Burlington, MA) was labeled with tetrafluorophenyl (TFP) ester
functionalized AZDye 647 (Click Chemistry Tools, Scottsdale, AZ) using the protocol provided by
the supplier. In brief, protein (1 eq.) was dissolved in 0.2 M sodium bicarbonate buffer (pH 8.5)

at a concentration of 10 mg/mL. TFP ester functionalized AZDye 647 (5 eq.) was dissolved in
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MQ water to 10 mg/mL and was slowly added to the protein solution. The reaction proceeded
at RT in the dark for 1 hr. Excess 1.5M hydroxylamine solution was added to quench excess dye
for 1 hr at RT. Labeled protein was isolated using a size exclusion PD-10 Sephadex™ G-25 M gel
filtration column (Cytiva, Marlborough, MA) and the degree of labeling was determined by UV-
Vis. The labeled OVA was purified by Pierce endotoxin removal beads (ThermoFisher Scientific,
Waltham, MA), sterilized by passing through a 0.2 um PTFE syringe filter (CELLTREAT, Pepperell,
MA), and verified to be endotoxin-free (less than 0.25 EU/mg) with the ToxinSensor gel clot

assay.

Vaccine preparation

Multidomain peptides were prepared by making 20 mg/mL peptide stock solutions in
0.4 mg/mL endotoxin-free OVA (Worthington Biochemical Corp., Lakewood, NJ) with 102
mg/mL low endotoxin sucrose (Millipore Sigma, Burlington, MA) dissolved in ultrapure
endotoxin-free water (Cytiva, Marlborough, MA). The resulting OVA concentration was
confirmed by UV-Vis using the extinction coefficient of 30,590 cm*ML. Once the peptide was
completely dissolved, the solution was diluted to 10 mg/mL peptide with 1X Hank’s balanced
salt solution (HBSS), which was supplemented with 45mM MgCl2 for E,. Solutions were then
incubated overnight to allow for complete gelation. Alum samples were prepared by
performing a 1:1 dilution of 2% Alhydrogel® adjuvant (InvivoGen, San Diego, CA) with stock
solutions of 0.4 mg/mL endotoxin-free OVA with 102 mg/mL low endotoxin sucrose dissolved in
ultrapure endotoxin-free water. Antigen-only vaccines were prepared by performing a 1:1

dilution of 1X HBSS with the same stock solutions of OVA with sucrose. The final concentrations
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of vaccine components were 10 mg/mL adjuvant (MDP or alum), 0.2 mg/mL OVA, and 51

mg/mL sucrose.

Rheology

Oscillatory rheology measurements were collected on an AR-G2 rheometer (TA
Instruments, New Castle, DE). Rheology was performed on 75 pL samples at room temperature
that were transferred to the instrument with a truncated 200 uL pipet to minimize shear.
Samples were equilibrated at 1 rad/s and 1% strain for 30 min. The final hydrogel strength was
determined by obtaining the storage (G’) and loss (G”) moduli at the end of this period. After
equilibration, a frequency sweep was performed over the range of 0.1-10 rad/s at a constant
1% strain. Shear recovery experiments were conducted after the frequency sweep by allowing
the gel to equilibrate for 2 min at 1 rad/s and 1% strain and then sheared for 1 minute at 200%
strain. Recovery was then monitored for 10 min at the starting conditions and the percent
recovery was calculated by taking the final storage modulus (G’) values at the end of the 10 min

and comparing them to the values at the end of the initial two-minute equilibration.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to analyze the nano- and microscale

features of gels. Samples were dehydrated in a series of ethanol dilutions (30%, 50%, 60%, 70%,
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80%, 90%, 2 x 100%) and then dried in a Leica EM CPD300 Critical Point Dryer (Leica
Microsystems, Wetzlar, Germany). Next, samples were transferred to a Denton Desk V Sputter
System (Denton Vacuum, Moorestown, NJ) and coated with approximately 5 nm of gold.
Finally, samples were imaged with a Helios NanolLab 660 Scanning Electron Microscope (FEl

Company, Hillsboro, OR) at a voltage of 1 kV and current of 25 pA.

In vitro release assays

Gels were prepared with 10% fluorescent OVA the day before the assay and
hydrogelation proceeded at RT in the dark overnight. Gels were then plated (50 uL) into a
custom 3D-printed 48-well plate that is described in more depth in the supplementary
information (Figure S4). The gels rested for 5 min before supernatant (400 uL) was then added
to each well. The supernatant was 1X HBSS (supplemented with 45 mM MgCl; for E;). Solutions
that mimicked 100% release were prepared in the same way as the gels but without peptide.
The assay was then monitored on a microplate reader (Tecan, Mannedorf, Switzerland) and
incubated at 37°C with orbital shaking (142 rpm) without media replacement. Time points were
recorded every 45 min, and the percent release was calculated by dividing the fluorescent
intensity of the sample by the intensity of the 100% release solution at each time point. The
first measurement taken after preparation was used to determine OVA loading efficiency in the

hydrogel (Figure S5).

In vivo release assays
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All animal experiments in this study were carried out in accordance with an IACUC-
approved protocol (Rice University protocol 20-065). The day before injection, MDPs, alum, and
antigen alone were prepared as described in the vaccine preparation section with OVA and
doped with 20% AZDye 647 labeled OVA. Vaccine solutions (50 pL) were loaded into 300 uL
insulin syringes (BD Biosciences, Franklin Lakes, NJ) and stored at 4 °C overnight. The day before
injections, female C57BL/6J mice (Charles River Laboratories, Wilmington, MA) were shaved,
and then a depilatory cream was used to remove all fur from the injection site. Right before
injections, the background tissue autofluorescence (Ex/Em 640/700 nm) was acquired for each
mouse using a PerkinElmer (Waltham, MA) Spectrum in vivo imaging system (IVIS). Samples
were then injected bilaterally subcutaneously and imaged by IVIS at several time points until
the fluorescence from the OVA was no longer discernable from the background. The
percentage of OVA released was calculated by drawing equally sized rectangular regions of
interest around the injection site and dividing the observed total background-subtracted
radiant efficiency by the maximum total background-subtracted radiant efficiency observed on

the first day of the experiment.

Flow cytometry

Equal numbers of male and female C57BL/6J mice were injected with 50 pL of each
vaccine and control prepared as previously described. Spleens were harvested 3 weeks after
injection, and splenocytes were isolated. In brief, spleens were homogenized in flow buffer
(BioLegend, San Diego, CA) and then centrifuged at 250 RCF for 5 min at 4°C. The supernatant

was then aspirated, and the cells were resuspended in 1 mL cold ACK lysis buffer (Quality
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Biological, Gaithersburg, MD) for 30 seconds and then diluted in 15 mL of flow buffer. Cells
were then spun down again and resuspended in flow buffer to make a splenocyte stock solution
at a concentration of 2X107 cells/mL. An aliquot of the cell stock solution (50 pL) was then
diluted with 43 uL flow buffer and 2 uL rat anti-mouse CD16/Cd32 Fc block (BD Biosciences,
Franklin Lakes, NJ). SIINFEKL tetramer (0.15 ng) from the NIH tetramer core (Emery University,
GA) was added and samples were incubated for 45 min on ice in the dark. Afterward, the
samples were stained with antibodies (Table S1) and incubated for 30 min on ice in the dark (or
20 min at RT for staining chemokine receptors). The samples were then spun at 200 RCF for 7
min and washed twice: once with flow buffer and once with PBS. After the final wash, cells
were resuspended in 1 mL PBS and stained with Invitrogen blue live/dead fixable dead cell stain
(ThermoFisher Scientific, Waltham, MA) for 30 min on ice in the dark. The cells were then
centrifuged and resuspended in 200 pL 1% (v/v) formalin in flow buffer, passed through a 35
um strainer (Corning Inc., Corning, NY), and stored at 4°C in the dark until analyzed on a BD
SORP FACSAria | (BD Biosciences, Franklin Lakes, NJ). Data were analyzed using FCS Express 5
(De Novo, Los Angeles, CA). For analysis, a cell-only control and fluorescent minus one controls

were used to guide manual gating (Figure S6).

IgG, 18G2c, and IgM titer quantification

Equal numbers of nine-week-old male and female C57BL/6J mice were purchased and
bled via the submandibular vein using a 5 mm lancet (Medipoint Inc., Mineola, NY) one week
prior to injection. Blood (200 ul) was collected in clotting microvettes (Sarstedt, Nimbrecht,

Germany) using the published protocol from the supplier. Blood was stored on ice until serum
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was separated by centrifugation at 4 °C at 3000 RCF for 20 min. Serum was stored in 20 uL
aliquots in LoBind Eppendorf tubes (Eppendorf, Hamburg, Germany) at -20 °C until used. The
day before injection, injections were prepared as described above and doped with 20% AZDye
647 labeled low endotoxin OVA. Solutions (50 uL) were loaded into insulin syringes and stored
at 4 °C overnight. C57BL/6J mice in an equal male:female ratio for each group were shaved and
then injected with OVA vaccine formulations subcutaneously. Blood was collected as previously
described every two weeks from one week after injection through the 11-week time point.
OVA-specific antibody titers were quantified by using a modified ELISA protocol. Each
well in Nunc Maxisorp 96-well plates (ThermoFisher Scientific, Waltham, MA) was coated with
100 pL of 1 pg/mL OVA in a 100 mM pH 9.6 carbonate-bicarbonate buffer. Plates were coated
overnight on an orbital shaker at 4°C and were then washed three times with PBST (0.5%
Tween 20 in PBS) using a 96-well automatic BioTek Microplate Washer 405 (Agilent, Santa
Clara, CA). Wells were then blocked with Blotto non-fat dry milk (Rockland Immunochemicals,
Limerick, PA) dissolved at 50 mg/mL in PBST for 2 hr at RT on an orbital shaker. After an initial
10- to 20-fold dilution, serial 2-fold dilutions of serum were prepared in the Blotto solution.
Blocking solution was removed from the plates and 50 pL of each serum dilution was then
added and incubated at RT on an orbital shaker for 2 hr. Plates were then washed 3 times with
PBST and 100 pL anti-mouse IgG, 1gG2c, or IgM HRP-conjugated secondary antibodies in
blocking solution (Table S2) was added to each well and incubated in the dark at RT for 2 hr on
an orbital shaker. To develop the plates, secondary antibody was removed by washing the
plates 5 times with PBST then 100 pL of SureBlue TMB substrate solution (SeraCare Life

Sciences inc., Milford, MA) was added to each well and incubated for 5 min. The reaction was
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stopped with 1 M sulfuric acid and then the absorbance at 450 nm was read immediately on a
Tecan M1000 microplate reader (Mannedorf, Switzerland). Titers were then calculated by
determining the lowest serum dilution that was at least 2-fold higher than the background

signal from mouse matched naive serum collected one week pre-injection.

Histology

The day before injection, vaccines were prepared as described above with low
endotoxin OVA and doped with 20% AZDye 647 labeled OVA. Solutions (50 uL) were loaded into
insulin syringes and stored at 4°C overnight. Female C57BL/6J mice were shaved and injected
subcutaneously bilaterally with different vaccine groups on each flank. After 3 days, the mice
were sacrificed, and the hydrogels were harvested and fixed in 4% paraformaldehyde in PBS at
4 °C overnight. The samples were then soaked in 70%, 80%, 95%, and 100% ethanol each for
one hr with the first and last conditions being repeated twice. The samples were then soaked in
xylenes three times for one hr each before being fixed in 50 °C paraffin wax overnight. Samples
were then cooled and cut into 5 um sections using a Cut 4060 microtome (Olympus, Center
Valley, PA). Sections were placed in a warm water bath and then set onto HistoBond+ glass
slides (VWR, Radnor, PA). Slides were dried and then baked overnight at 45°C. Samples were
then stained with hematoxylin and eosin (H&E) using a standard staining protocol®® and imaged
at the MD Anderson Histology Core (Houston, TX). Caspase-3 apoptosis staining and imaging

were performed by the MD Anderson Histology Core. Images were processed using ImagelJ.*?

Statistics

14

Page 14 of 34



Page 15 of 34

Biomaterials Science

Single group comparisons were analyzed by unpaired Student’s t-tests. Multiple group
comparisons were calculated by ordinary one- or two-way ANOVA with Tukey’s multiple
comparison test. Calculations were performed in GraphPad Prism 9. Statistical significance in all
figures is denoted with asterisks as follows: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** =p

< 0.0001.

Results and Discussion

Material Characterization

In some cases, the mechanical properties of supramolecular peptide hydrogels can be
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Figure 2. A) Storage modulus (G’) of hydrogels after 30 min of equilibration time at 1% strain and a
frequency of 1 rad/s, and B) the percent recovery of G’ 10 min after a one-minute shear event at
200% strain with (black bars) and without (grey bars) OVA (n=3). SEM images of C) K5, D) R, and E) .
and E; show that all three MDP hydrogels form an extensive nanofiber network. ’
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sensitive to the presence of encapsulated protein.** To determine if that loading protein
antigen into MDP hydrogels would negatively impact their physical properties, MDP gels with
0.2 mg/mL OVA were characterized by oscillatory rheology to determine the storage (G’) and
loss (G”) moduli and shear recovery of the hydrogels. For all gels and conditions tested, G’ > G”
and G’ was largely frequency-independent over the tested range, indicating that the materials
behave as viscoelastic hydrogels over the frequency regime of 0.1-10 rad/s (Figure S7).
Statistically significant, but modest, improvements in gel G’ were observed in positively charged
K2 and R; hydrogels upon the inclusion of OVA, but not in E; (Figure 2A). Shear recovery was
guantified by exposing the gels to a deformation force corresponding to 200% strain for one
minute and monitoring the recovery in G’ for 10 min after deformation. The positively charged
MDP hydrogels had higher shear recovery in the presence of OVA while no statistically
significant difference was observed in E, (Figure 2B). These observed changes in G’ and shear
recovery are likely due to the protein’s net negative charge coordinating with positively charged
peptide fibers in K; and Ry hydrogels. These results are consistent with observed stiffening and
improved energy dissipation upon the addition of several negatively charged proteins to a
positively charged protein-based hydrogel made from aggregated lysozyme.** We conclude that
including antigen does not significantly impede, and may improve, the ability of MDPs to form a
shear-recovering hydrogel under the conditions tested.

SEM was used to investigate the nanostructure of the MDP hydrogels. All three MDPs
imaged are seen to have a dense and porous nanofiber network (Figure 2C-E). Although the
critical point drying process necessary for SEM preserves some of the porosity of the hydrogels,

SEM has some limitations as the sample preparation conditions are relatively harsh for low

16
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concentration self-assembling hydrogels and the images are a 2D projection of a 3D network.
Thus, the mesh size of the network cannot be measured directly by SEM. These images and
previous transmission electron microscopy studies3® suggest that these peptides form long and
relatively rigid micrometer length-scale fibers. Mathematical models of similar semiflexible
polymer networks show that mesh size should be primarily scale with the polymer
concentration.* Thus, as K2, Rz, and E; peptide monomers have molecular weights within 7% of
each other and are dissolved at the same w/v concentration, they should all have similar mesh

sizes.

Percent Released
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Figure 3. A) In vitro equilibrium release of fluorescently labeled OVA from MDP hydrogels and alum.
B) Representative 1VIS images of C57BL/6J mice injected with vaccines formulated with fluorescently
labeled OVA over 8 days. C) Calculated percent of fluorescently labeled OVA released (n=5).

In vitro and in vivo antigen release
The rheology results indicate the presence of attractive electrostatic interactions
between the negatively charged OVA and the positively charged MDP hydrogels, K; and Ra.

Also, it has been well established that loading a charged material with a payload of the opposite
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charge will delay release due to attractive electrostatic interactions.*>*® Thus, we hypothesized
that these interactions would allow K; and R, MDPs to act as antigenic depots and extend the
release of negatively charged OVA (isoelectric point = 4.5). To test this hypothesis in vitro,
fluorescently labeled OVA was loaded into hydrogels or absorbed onto alum. MDP hydrogels
and alum were plated at the bottom of a custom 3D-printed 48-well plate and covered in HBSS.
The fluorescent intensity of the supernatant adjacent to the material was monitored with a
microplate reader over 24 hr without supernatant replacement to measure the equilibrium
release of OVA from the hydrogels. All MDP hydrogels were found to have high OVA loading
efficiencies of over 95% (Figure S5). Since alum is a colloidal suspension of hydrogel
microparticles, it did not form a self-supporting hydrogel under the in vitro conditions tested
and thus dissipated upon the addition of supernatant, which makes OVA appear to release very
quickly. The E> hydrogels completely released OVA within 12 hr, which is significantly faster
than Kz or Ry hydrogels achieved equilibrium (Figure 3A). Since all three peptides should have
similar mesh sizes, the change in release kinetics may be attributed to their differences in
chemical functionality and charge. E; reached equilibrium at >95% OVA released demonstrating
the absence of attractive interactions between the negatively charged peptide hydrogel and the
negatively charged protein. The positively charged MDPs exhibited much lower release
equilibria (less than 10%), suggesting strong attractive interactions between OVA and the
peptide fibers. Rz had the lowest percentage of released OVA (4.23 + 0.53%) by the end of the
24 hrs, which may be due to the increased hydrogen bonding potential of the arginine sidechain

over that of lysine.
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In vivo release assays were performed using fluorescently labeled OVA and to track
protein release from the injection site by monitoring the loss of fluorescent signal. In vitro
trends were recapitulated in vivo with high fidelity, apart from alum likely due to
incompatibility with the in vitro release assay, as previously mentioned. A bolus injection of
soluble OVA by itself was quickly cleared from the injection site followed by E», which surpassed
a mean of 95% release on days 1 and 2, respectively. All the other groups took significantly
longer to release OVA and exceeded a mean of 95% OVA released on day 7 for alum and K; and
day 9 for Ry (Figure 3B, C). The slightly longer residence time of OVA in R; is consistent between
both in vitro and in vivo assays; however, the differences between Ry, Kz, and alum are small.
These data demonstrate the ability of positively charged MDPs to exhibit a non-inferior antigen

depot effect compared to alum, the most widely used clinical adjuvant.?>

Adjuvancy of MDP hydrogels

The ability of MDP hydrogels to act as adjuvants and potentiate Thl and Th2 immunity
was assessed by flow cytometry and anti-OVA antibody titer quantification. Mice were
monitored for 11 weeks post-vaccination and blood was collected every two weeks and
analyzed for anti-OVA IgG antibodies by ELISA. At week 3, alum and the MDPs generated
humoral immune responses that were not statistically significantly different; however, by week
11, mice that received alum-adjuvanted vaccines had the highest anti-OVA IgG titer of 22103
(Figure 4A). Of the MDPs, K, generated the highest 1gG titer (217-2°) that was significantly greater
than Ex (2%37°) while Rz (21>82) was not significantly different from either of the other MDPs at

week 11 (Figure 4B). The lack of any significant differences between R, and E; IgG titers, despite
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a more than 7-day difference in antigen residence time, suggests that the depot effect plays a
marginal role in MDP adjuvancy if any. This conclusion is further supported by the fact that both
R; and E; IgG titers plateau at the same time, 3 weeks post-vaccination, notwithstanding

differences in antigen release rate (Figure 4A). Thus, the foreign body reaction to the different
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Figure 4. A) Anti-OVA IgG titers over the course of 11-weeks after OVA vaccination administered with
MDPs, alum, or no adjuvant (n = 6-8). B) Week 11 anti-Ova titers of IgG, IgG2c, and IgM. All MDPs
generated statistically significantly higher 1gG titers than the OVA-alone injection but are not marked
on the graph for the sake of clarity. Panels C-E show data from flow cytometry on splenocytes of
vaccinated C57BL/6J mice harvested 3-weeks after inoculation (n=8). C) Tetramer* CD8* T cells
graphed as a percent of CD45* CD3* CD8" cells. D) Activated CD4* T cells graphed as a percent of
CD45* CD3* CD4* cells that express CD86. E) Activated non-T lymphocyte immune cells (CD45*CD3")
graphed as a percent of CD45+cells that express CD86.

chemical functionalities of MDP hydrogels is likely the primary factor that dictates the resulting
immune response. It should be noted that one mouse in the E, group did not respond to the
vaccine and was excluded from the analysis. It is unclear if a procedural error or natural

biological variation is responsible for this lack of a response.
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IgG2c and IgM titers were also quantified to provide a more complete picture of the
immune response at the terminal time point. IgM titers are present in early immune responses,
but can also play an important role in pathogen neutralization.*””*® The only MDP that
generated a comparable IgM immune response to alum was K, further reinforcing the
assessment that K> generates the most robust humoral immunity of the MDP hydrogels tested.
IgG2c (an analog of 1gG2a) antibody production is associated with Th1l immunity in C57BL/6)
mice.*® Alum adjuvancy generated significantly higher titers of anti-OVA I1gG2c than all the
MDPs, which generated almost no IgG2c (Figure 4B). Alum is known to generate a very limited
Th1l immune response.®® Thus, these data, which show that MDPs generate an even more
muted Thl immune response than alum, suggest that MDPs potentiate nearly exclusive
humoral (Th2) immunity.

The absence of a Thl immune response was confirmed by flow cytometry. Mice
vaccinated with MDP and alum adjuvanted vaccines were sacrificed 3 weeks after injection and
their splenocytes were labeled with CD45 antibodies to isolate immune cell populations. CD3
antibodies, in combination with CD8 and CD4 antibodies, were used to enable gating of T cell
populations. Immune cells displaying an “active” phenotype were identified using CD86,>!
which is a critical receptor bridging adaptive and innate immune activation.>>>* A SIINFEKL
MHC | tetramer was employed to identify antigen-specific T cell receptors on CD8* T cells,
which would be indicative of a Thl immune response. Mice vaccinated with alum-adjuvanted
OVA had a significantly larger, but still relatively small, proportion of CD8* Tetramer* cells
compared to all the other groups. These results are congruent with the conclusion that MDP

hydrogel adjuvants elicit a more muted Th1l immune response than alum, and, thus, have a
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stronger bias towards Th2 immunity. The general trend in the percent of activated CD4*CD86* T
cells also match observed IgG levels with the alum adjuvant eliciting the largest population
(Figure 4D). Alum, Kz, and R; all generated statistically larger populations of activated non-T
lymphocyte immune cells (CD45* CD3" CD86*) as a percent of total immune cells in the spleen
when compared to OVA and E; injections (Figure 4E). CD86 expression on CD3" immune cells is
responsible for activating T cells, stimulating cytokine production, and promoting T cell
proliferation.>> Additionally, CD86 expression on immune cells has been shown to be highly
correlated to the immune response to vaccines.”® Thus, these data suggest that alum, Kz, Ry,
and alum can activate the innate immune system for extended periods of time and create an

environment conducive to prolonged T cell activation in the spleen.

Histological characterization of adjuvants

I | DA
Figure 5. Representative images of H&E-stained C57BL/6) mouse tissue sections 3 days after
injection with A) OVA, B) OVA + E,, C) OVA + K;, D) OVA + alum, and E) OVA + R, where the black
scale bar represents 2 mm. Higher magnification images of F) OVA + alum, G) OVA + K;, and H) OVA +
R2, where the black scale bar represents 200 um and the colored box outlines show the section of
the larger tissue section being focused.
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Tissue was collected from the injection site 3 days after vaccination and stained with
H&E to evaluate tissue morphology and cell infiltration into the gels. No evidence of the
materials administered was observed in mice injected with soluble OVA only or OVA-loaded E;
(Figure 5A-B), which is consistent with the observation from the in vivo release assay that the

antigen is completely cleared within 24 hr. These data also suggest that OVA and E; lead to

Figure 6. Representative caspase-3 staining of C57BL/6J mouse tissue collected 3 days after injection.
Brown indicates the presence of caspase-3 (apoptosis), and blue is a nuclei counterstain. Images of
OVA in A) K, B) Ry, and C) alum where the black scale bar represents 200 um show minimal
apoptosis inside and around the adjuvants.

minimal inflammation at the site of injection and that the negatively charged MDP is
completely degraded by day 3. In contrast, boluses of K3, Rz, and alum were found at the
injection site with large amounts of cellular infiltration (Figure 5C-D). Qualitatively, Kz and R:
were more heavily infiltrated by cells than alum at the 3-day time point as seen by the greater
number of purple nuclei within the boluses. Higher magnification images of these materials
show that cells infiltrate the gels differently depending on the chemical functionality. In the
case of alum and Ky, this infiltration appears to be well-distributed throughout the gel, in
contrast to R, where cells appear to infiltrate along cracks in the hydrogel (Figure 5F-H).

Heterogeneous cellular infiltration has been previously observed with R; hydrogels and may be
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associated with the increased inflammatory nature of this material.3® The impact that this
phenomenon might have on the resulting adaptive immune response remains unclear.

Cleaved caspase-3 apoptosis immunostaining was performed on adjuvants that
persisted 3 days after injection to determine biocompatibility. Images of tissue sections from E;
and OVA-only injections that do not have evidence of the injection at day 3 are included in the
supplemental information (Figure S9). Qualitatively, K, Rz, and alum are all well tolerated in
vivo as demonstrated by similarly low levels of cleaved caspase-3 staining inside and around the
boluses (Figure 6). Furthermore, these images show that K, and Rz are more highly infiltrated by
cells than alum as indicated by the larger number of blue nuclei in the hydrogels, which is
consistent with the H&E staining of these materials (Figure 5C-E). These results suggest that all
materials tested cause minimal tissue damage at the site of injection and that the mechanism

of adjuvancy of MDP hydrogels is not overt cytotoxicity.

Innate immune response

Histology and release data demonstrate that alum and positively charged MDP
hydrogels have a longer persistence time in the body than E> or OVA-only injections. This is in
agreement with previous investigations that have shown that positively charged gels degrade
slower than negatively charged gels in vivo.3® It was also observed that alum, Kz, and R;
generated significantly larger populations of activated non-T lymphocyte (CD3") immune cells in
the spleen at the 3-week time point compared to soluble OVA and E; (Figure 4E). This elevation
in activated CD3" immune cells is likely the result of the inflammatory nature and longer

persistence time of these materials. R, (not loaded with any protein) has been previously
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shown to be the most pro-inflammatory MDP hydrogel of variants tested.?® Interestingly,
however, the increased inflammatory response to this material did not lead to the generation
of the best antigen-specific adaptive immune response or the highest observed populations of
activated CD3" immune cells. These results suggest that a high magnitude of local non-specific
inflammation generated by Ry at the site of injection is not necessarily beneficial for the
activation of spleen-resident CD3" immune cells or, as a result, the generation of a robust
adaptive immune response.

The results in figure 4E show that positively charged MDPs have significantly higher
populations of CD3" immune cells than the negatively charged E; hydrogel. These results are
congruent with previous investigations that found positively charged MDPs to result in greater
local inflammation and increased production of inflammatory cytokines compared to negatively
charged MDPs in vivo.3® The higher degree of activation in spleen-resident CD3- immune cells
from positively charged MDPs is likely due to the proinflammatory nature of strongly cationic
materials. Previous investigations have found that modifying lipid nanoparticles and chitosan-
based microparticles with positive charges enhanced production of proinflammatory cytokines
through activation of the complement system.>”*® It has also been shown that cationic
liposomes evoke proinflammatory responses in neutrophils whereas anionic liposomes do not.
These effects were attributed to the ability of cationic liposomes to disrupt the negatively
charged cell membrane of neutrophils and lead to the production of proinflammatory
superoxide compounds.®® We suspect that a combination of cellular stress due to membrane
disruption and complement activation is responsible for increased activation of CD3" immune

cells, which will be further explored in future investigations.
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Humoral and cellular immune responses

In this study, we investigate the potential for self-assembling peptide hydrogels to act as
adjuvants for a model antigen. All MDP hydrogels tested generated significantly improved
antigen-specific humoral immune responses over the unadjuvanted vaccine control, but the
antibody titers generated were not as high as antigen adjuvanted with alum (Figure 4A). Of the
MDP hydrogels, K2 generated the highest antigen-specific IgG and IgM titers while E; generated
the lowest IgG titers at week 11 (Figure 4B). These differences are likely due to the varying
inflammatory nature of these two peptides, which is supported by a previous fundamental
study of the innate immune response to MDPs that showed that E; is minimally inflammatory in
vivo.3® Surprisingly, E> generated statistically non-inferior 1gG and IgM responses compared to
R. despite a drastic 7-day difference in antigen residence time and the differing inflammatory
nature between the two hydrogels (Figures 3C & 4B). IgG titers for vaccines adjuvanted with
both R, and E; plateau around 3 weeks post-injection (Figure 4A). These data suggest that the
depot effect may not be the driving force behind the immune response generated by MDPs.

None of the adjuvants generated a particularly robust cellular immune response;
however, as indicated by significantly lower IgG2c titers and smaller populations of CD8*
tetramer* splenocytes than alum, MDP hydrogels potentiated nearly exclusive humoral
immunity (Figures 4B & 4C). As alum is already known to be a limited Th1 adjuvant, the fact
that MDPs generated an even smaller Th1 response indicates that these materials potentiate a
strongly biased Th2 immune response. Minimal differences were observed in populations of

activated CD86* CD8* T cells for all the groups tested. The only statistically significant difference
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observed was that alum had a higher percentage of activated CD8* T cells than E;, indicating
that it may induce the weakest Th1 activation of the adjuvants tested (Figure S8A). To elucidate
the mechanism behind this preference for Th2 immunity and determine if any other immune
pathways are being activated in response to MDP adjuvants, helper T cell sub-populations in
the spleens of vaccinated mice were characterized 3 weeks after inoculation (Figure S8B). No
significant differences were observed between the adjuvanted vaccines and unadjuvanted
control in the populations of Thi, Thy, Th, follicular helper T cells (TfH), and Th17 cells. These
data suggest that the preference for Th2 immunity is not a result of higher populations of B cell
activating TfH and Th; cells or lower populations of Thi cells in the spleens of mice vaccinated
with MDP-adjuvanted OVA. Additionally, there seems to be no generation of The and Thiy
helper T cell populations with the alum or MDP hydrogel groups. The only significant
differences observed were between alum and E; in the populations of Th1 and Thg cells, further
supporting the conclusion that E; is the weakest adjuvant of the three MDP hydrogels tested.
Future investigations will be needed to elucidate the mechanism behind the preference for Th2
immunity in vaccines adjuvanted with MDP hydrogels.

The ability to generate exclusive Th2 immunity is of interest for immunomodulation
purposes. For example, in Alzheimer’s disease vaccine research, it has been hypothesized that
the generation of Thl immunity may hinder vaccine efficacy by leading to side effects such as
organ damage and acute meningoencephalitis.?%®! The results of the current study suggest that
MDPs may be good adjuvant candidates for these vaccines, and the immunogenicity of MDP
hydrogels in older animals should be investigated in future studies. In addition to being

potentially useful for Alzheimer’s disease, MDP hydrogel adjuvants may be useful in infectious
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disease applications as well. A balanced Th1/Th2 immune response is favorable for many
applications; however, vaccines against extracellular pathogens generally aim to confer
protective humoral immunity.® MDP hydrogel adjuvants may also provide an alternative
vaccine adjuvant to alum for individuals who are known to have experienced aluminum-

mediated side effects from previous infectious disease vaccines.®?

Conclusion

In this study, we have demonstrated that MDP hydrogels potentiate strongly biased Th2
immunity to the model antigen OVA. The positively charged MDP hydrogels, but not the
negatively charged E; MDP, were able to act as antigen depots that released OVA over 7-9 days.
Furthermore, these materials generated significantly higher antigen-specific IgG titers than the
unadjuvanted vaccine control. These materials could be useful in a broad range of applications
for pathologies that would benefit from a biased Th2 immune response such as Alzheimer’s
disease and certain infectious diseases. Future studies will aim to improve upon the
immunostimulatory and immunomodulatory potential of MDP hydrogels to provide full control

of the immune phenotype elicited.
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