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Abstract

Multidomain Peptide (MDP) hydrogels are nanofibrous materials with many potential biomedical
applications. The peptide sequence design of these materials offers high versatility and allows for
the incorporation of various chemical functionalities into the nanofibrous scaffold. It is known that
host response to biomaterials is strongly affected by factors such as size, shape, stiffness, and
chemistry. However, there is a lack of fundamental understanding of the host response to different
MDP hydrogels. In particular, it is unknown what effect the chemical functionality displayed on

the nanofiber has on biological activity. Here we evaluated the early inflammatory host response to

four MDP hydrogels displaying amines, guanidinium ions, and carboxylates in a subcutaneous
injection model. While all the studied peptide materials possess similar nanostructure and physical
properties, they trigger markedly different inflammatory responses. These were characterized by
immunophenotyping of the cellular infiltrate using multi-color flow cytometry. The negatively-
charged peptides elicit minimal inflammation characterized by tissue-resident macrophage
infiltration, fast remodeling, and no collagen deposition or blood vessel formation within the
implants. In contrast, the positively-charged peptides are highly infiltrated by immune cells, are
remodeled at a slower rate, promote angiogenesis, and result in a high degree of collagen

deposition. The presence of dynamic cell phenotypes characterizes the inflammation caused by the
lysine-based peptide, including inflammatory monocytes, macrophages, and lymphoid cells, which

is seen to be resolving over time. The arginine-based hydrogel shows higher inflammatory
response with a persistent and significant infiltration of polymorphonuclear myeloid-derived cells,
even ten days after implantation. This understanding of the immune response to peptide
biomaterials improves our ability to design effective materials and to tailor their use for specific
biomedical applications.
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1. Introduction

A class of peptide-based material that has shown promise in regenerative medicine is the
Multidomain Peptide (MDP) [1]. MDPs self-assemble into nanofibrous hydrogels composed
of 1% by weight peptide and 99% aqueous buffer. These hydrogels are attractive as
biomaterials because they are composed of inherently biocompatible amino acids, and their
nanofibrous structure resembles the extracellular matrix, allowing for interaction with cells
and complex living systems. The choice of peptide sequence can also modify the bioactivity
of these peptide-based materials, and the robust multidomain design offers high versatility as
a platform to display different chemical functionalities or biological signals. In aqueous
buffers, MDPs form compliant injectable hydrogels that facilitate material implantation,
avoiding tissue damage and injury that would be incurred during surgical implantation of a
non-injectable biomaterial scaffold [1]. Because of their attractive properties, MDP
hydrogels have been studied for different medical applications such as drug and protein
delivery, wound healing, cellular encapsulation, and display of bioactive cues [1-7]. Despite
the successes and promising results of MDPs in different models, there is a lack of
fundamental understanding of the host response to these materials and how the chemical
structure of the MDP affects the in vivo response to the peptide hydrogels.

The successful performance of materials in any biological application depends to a large
degree on their induced host immune response. That is, the material should efficiently
perform its function without eliciting any undesired effects or causing unnecessary damage
to the tissue [8]. The host immune response to a vast variety of synthetic and biological-
derived materials has been studied [9-11]. Most biomaterials, including PEG [12],
polyethylene [13], and crosslinked collagen [14], induce a classical immune response called
the foreign body reaction (FBR), resulting in an unresolved chronic inflammation and
fibrous encapsulation of the material [15,16]. The FBR is composed of coordinated
biological phases that go from an early acute inflammatory response with the presence of
immune cells to the formation of granulation tissue, fibrous encapsulation, and the presence
of foreign body giant cells [17,18]. It has been found that modifying the biomaterial’s
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properties or composition, such as chemical functionality, shape, size, and stiffness modulate
the severity and outcome of these immune responses [19-23]. For example, in the case of
polymeric materials, larger particle sizes and porosity help to reduce the fibrotic response
[24,25]; whereas for biologically sourced materials, the origin, processing or crosslinking
degree has a significant impact on host response and immunogenicity [14,26,27]. Therefore,
it is essential to understand a biomaterial’s fundamental interactions with living systems, and
how chemical or physical modifications affect them. Such understanding will improve our
ability to design biomaterials with specifically tailored immune responses, increasing
material efficacy within their desired applications.

The versatile MDP sequence design, generally composed of two different domains, allows
for the display of varying chemical functionalities in the ionic charged domain or the
amphiphilic domain (Figure 1a) [28,29]. The amphiphilic core of alternating hydrophilic
(serine) and hydrophobic (leucine) amino acids or (SL)g, drives the self-assembly into
nanofibers, and two flanking domains containing ionic charged amino acids that modulate
assembly via charge repulsion and control hydrogelation by the addition of multivalent ions
[29,30]. Using this rationale, we have designed diverse MDPs displaying different charge
chemical functionalities, for example, positively-charged MDPs, K,(SL)gKj bearing
protonated amines and R,(SL)gR> containing guanidinium ions or negatively-charged MDPs
such as E»(SL)gE, or Dy(SL)gD> displaying carboxylate groups at physiological pH. In
previous works, it was observed that the lysine-based peptide, Ko(SL)gK>, is rapidly
infiltrated by host cells when implanted in the subcutaneous space. It was found to degrade
over a few weeks while inducing the formation of blood vessels and nerves within and
around the implant [31]. These were general and macroscopic observations of the host
response to the lysine-based MDP, and thus there is a need for a more detailed evaluation of
the host immune response and a comparison to MDPs displaying other chemical
functionalities. In this work, we evaluated the early host immune response to four different
MDPs: Ko(SL)gKo, R2(SL)gR2, Eo(SL)gE2 and Do(SL)gD,. Hereafter we call these MDPs
Ky, Ry, Eo and D5, respectively. (Figure 1b, Table S1). The MDPs K, and E, have been
previously reported on by our lab [29,31,32] while MDPs R, and D, are reported for the first
time in this work. We analyze how the chemical functionality and ionic charge of these
peptide materials influence the host inflammatory response in a healthy mouse subcutaneous
injection model by characterizing the implant microenvironment over time. This assessment
provides the knowledge required to tailor the MDP biomaterial designs for diverse
applications and according to the desired effects.

2. Materials and methods

2.1 Material preparation and characterization

2.1.1 Peptide synthesis.—All peptides were synthesized using solid-phase peptide
synthesis in an Apex Focus XC automated synthesizer (Aapptec) according to the
methodology previously reported [29]. Briefly, low-loading Rink Amide MBHA resin (0.32
mmol/g) was used for C-terminal amidation, and N-termini were acetylated before cleavage
with a cleavage cocktail of trifluoroacetic acid (TFA) and scavengers. TFA was evaporated,
and the peptides were precipitated by trituration with diethyl ether. Peptides were dialyzed
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against deionized Milli-Q water for 4-5 days in 100-500 Da MWCO dialysis tubing
(Spectra/Por, Spectrum Laboratories Inc. Rancho Dominguez, CA). Peptides were pH-
adjusted to 7-7.4, sterile filtered with a 0.2 um polystyrene filter, frozen, lyophilized and
stored at —20°C. Peptide mass and purity were confirmed by mass spectroscopy using an
Autoflex MALDI-TOF MS (Bruker Instruments, Billerica, MA) (Figure S1).

2.1.2 Peptide hydrogelation.—Peptides were dissolved in 298 mM sucrose solution in
Milli-Q water at a concentration of 2% by weight (20 mg/mL). Peptide solutions were then
diluted at a 1:1 ratio with 1X HBSS to promote gelation. The final concentration of the
hydrogel was 1% by weight peptide (10 mg/mL) in 149 mM sucrose and 0.5 X HBSS for K,
and R». In the case of E, and Dy, MgCl, was added to the sucrose-HBSS system to a final
concentration of 22.5 mM of Mg?2* to enhance gelation. This buffer system is isosmotic with
physiological conditions.

2.1.3 Circular Dichroism (CD) spectroscopy.—To characterize the secondary
structure of all MDPs, peptide solutions of 1% by weight (Molar concentration is included in
Table S1) were prepared as described above and analyzed in a CD Jasco J-810
spectropolarimeter (Jasco Inc. Easton, MD) using a 0.01 mm cuvette. Five scans per sample
were collected at room temperature from 180 to 250 nm at a speed of 50 nm/min, with a 0.1
nm data pitch.

2.1.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
(ATR-FTIR).—10 pL of the peptide solution described previously were dried under nitrogen
flow on a Golden Gate diamond window of an ATR stage. IR spectra were collected using a
Jasco FT/IR-660 plus spectrometer (Jasco Inc., Easton, MD) at a 1 cm™! resolution with a 64
scans accumulation. The background was subtracted from all the spectra, and Spectragryph
optical spectroscopy software was used for data processing and normalization [33].

2.1.5 Transmission Electron Microscopy (TEM).—Peptide solutions of 0.05 % by
weight in Milli-Q water were diluted from a 1% by weight stock solution, 10 mg/mL of
peptide in 149 mM sucrose and 0.5X HBSS for K, and R,. Same conditions were used for
the stock solution of E; and D, with the addition of 22.5 mM MgClI,. The peptide solution
was spotted on Quantifoil R1.2/1.3 holey carbon films on copper mesh grids and allowed to
absorb for 1 min before the excess was blotted. Negative staining was performed using 2%
by weight phosphotungstic acid (PTA) solution in Milli-Q water at pH 7. The samples were
negatively stained for 5 min in PTA, and then the excess solution was removed. Samples
were air dried and imaged at 120 kV and 40K magnification using a JEOL 2010 TEM
microscope (JEOL USA Inc., Peabody, MA).

2.1.6 Oscillatory Rheology.—Viscoelastic properties of all peptide hydrogels were
analyzed by oscillatory rheology using an AR-G2 rheometer (TA Instruments, New Castle,
DE). Peptide hydrogels were prepared as described above and allowed to sit undisturbed for
24 h before the rheology test. 150 pL of 1% by weight hydrogel was transferred from an
end-truncated 3 mL syringe onto the rheometer stage. The sample was analyzed using a 12
mm stainless-steel parallel plate set to a 1000 pm gap height. The storage modulus (G”) and
loss modulus (G”) were monitored under various oscillatory strain and frequency as has
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been previously described [34]. Strain sweep analysis was performed from 0.01 to 200%
strain at a 1 rad/s frequency. A frequency sweep was performed under 1% strain at 0.1-100
rad/s. Shear recovery was performed by applying 1% strain for 20 min, then 200% strain for
1 min and finally 1% strain for 10 min measuring the G’ and G” recovery (Figure S2, Table
S2).

2.1.7 Scanning Electron Microscopy (SEM).—Peptide hydrogels were prepared as
described in section 2.1.5, then dehydrated with a series of ethanol treatment from 30% to
100%. Ethanol was removed by critical point drying using an EMS 850 critical point dryer
(Electron Microscopy Sciences, Hatfield, PA). Dried samples were mounted into SEM pucks
with the aid of conductive carbon tape and coated with 4-5 nm of gold using a Denton Desk
V Sputter system (Denton Vacuum, Moorestown, NJ). Samples were imaged using a JEOL
6500F Scanning Electron Microscope (JEOL, USA Inc., Peabody, MA).

2.2 Evaluation of the host response to peptide hydrogels

2.2.1 Invivo subcutaneous injection model.—All experimental procedures were
approved by the Rice University Institutional Animal Care and Use Committee (IACUC)
and performed according to the Animal Welfare Act and NIH guidelines for the care and use
of laboratory animals. Female C57BL/6 mice from 8 to 12 weeks old were purchased from
Charles River Laboratories (Wilmington, MA). Mice were anesthetized using isoflurane (2%
carried by oxygen) and maintained on a nose cone with 1.5 - 2% isoflurane. Hair from the
dorsal aspect was clipped, the area was cleaned with 70% isopropyl alcohol swabs. Four
injections of 100 pL 1% by weight sterile peptide hydrogel were distributed along the dorsal
subcutaneous space using a 26-gauge needle, as shown in Figure S3. Animals were
euthanized by CO, asphyxiation while anesthetized at days 1, 3, 7 or 10 post injection. The
dorsal tissue was harvested and processed for flow cytometry or histology.

2.2.2 Tissue processing and staining.—Dorsal tissue from the mice was fixed with
10% neutral buffered formalin, hydrogel implants and skin were trimmed, cut, and processed
into paraffin blocks. Tissue was sectioned at 5 pm thickness, deparaffinized, hydrated and
stained with hematoxylin and eosin or Masson’s trichome using standard procedures. For
fluorescent immunostaining, tissue sections were deparaffinized, hydrated and antigens were
retrieved by boiling in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20 at pH
6.0). Tissues were permeabilized with 0.5% Triton X-100 and blocked with 1% by weight
BSA in PBS for 30 min. Tissue slides were incubated overnight at 4°C with rabbit
polyclonal anti alpha-smooth muscle actin antibody (1:500 dilution, isotype 1gG, Genetex,
Cat# GTX100034). Then, samples were rinsed with PBS and incubated for 1 hour with
secondary antibody: donkey anti-Rabbit IgG (H+L) Alexa Fluor® 568 (1:500 dilution,
Invitrogen). The secondary antibody was rinsed in PBS, followed by mounting with
ProLong® Gold Antifade reagent with DAPI (Invitrogen). Tissue Slides were analyzed by
confocal fluorescent microscopy using a Nikon Al Rsi fluorescent confocal microscope
(Nikon Instruments, Tokyo, Japan).

Biomaterials. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lopez-Silva et al.

Page 6

2.2.3 Immunophenotyping by flow cytometry

2.2.3.1 Implant harvesting and digestion.: Implants were trimmed from any connective
and fat tissue and harvested from the skin. Then, the excised hydrogel implants were rinsed
with PBS and weighed. Four implants per mouse were digested together using 5 mL of
warmed Liberase™ (medium Thermolysin, 0.2 WU/mL in HBSS, Sigma-Aldrich, Cat#
5401119001) and minced into small pieces. Implants were digested for 30 min at 37°C
under mild agitation and pipetting. Digestion medium was neutralized with 25 mL of 1% by
weight BSA in Dulbecco’s PBS (DPBS) with EDTA (2 mM) and filtered with a 70 pm cell
strainer. Cells were pelleted by centrifugation at 1200 rpm for 7 min and resuspended in
PBS. Cells were counted with a hemocytometer, and cell concentration was adjusted. For E;
and Do, detection of the implants at later time points (Day 7 - 10) was more challenging due
to faster degradation and lack of coloration. It is possible that cell counting for or the anionic
MDPs also includes cells from the connective tissue; therefore, the cell number showed in
this work represents the upper limit of the recruited cell population for these anionic
peptides.

2.2.3.2 Sample preparation for flow cytometry.: Cell suspensions with 500,000 to
250,000 cells were added to each tube and diluted 1:1 with FACS Buffer (2% v/v FBS in
PBS). Samples were incubated for 5 min with 1 pg anti-CD16/CD32 Fc block antibody
(Mouse BD Fc Block, BD Biosciences) at 4°C. Samples were co-stained for 30 min on ice
with standard panels of immunophenotyping antibodies (final concentration of 10 pg/mL) as
described in Table S3. Then, cells were washed with 1 mL of FACS buffer, centrifuged at
1200 rpm for 7 min and washed again with 1X PBS. Cells were resuspended in 500 uL of
PBS and stained with Blue live/dead fixable dead cell stain (Invitrogen) for 30 min on ice.
Cells were washed one more time with PBS, pellet by centrifugation and resuspended in 200
uL of PBS. The cell suspension was filtered through a 35 pum strainer and fixed with 200 uL
of 2% neutral buffered Formalin in PBS. Samples were analyzed in a BD SORP FACSAria |
(BD Biosciences, San Jose, CA). Parameters and settings for the specific panels are shown
in Table S4. Data were analyzed using BD FACSDiva 6.1.5 (BD Biosciences), FCS express
5 (De Novo, Los Angeles, CA), and FlowJo v10 (Ashland, OR). For every analysis, a cell
only control, a single parameter, and a fluorescent minus one control were used to guide
manual gating.

2.2.3.3 T-SNE analysis.: Dimensional reduction and clustering of the flow cytometry data
was performed using the t-Distributed Stochastic Neighbor Embedding (tSNE) method.
Samples from 5 different animals per peptide or time point were used, and data cleaning was
performed by gating singlets, viable cells, live cells, and CD45* cells (Figure S4). Each
sample was downsampled to 5000 CD45* events, and data were concatenated to a single
file. tSNE was performed with the following parameters: 1000 iterations, perplexity value
30, eta value 200, and theta of 0.5. Data for cell populations are displayed according to
manual gating and plotted as a function of tSNE X and Y coordinates.

2.2.4 Cytokine quantification.—Cytokines produced by cells within the hydrogel
implant were quantified using a cytokine bead array (CBA Mouse Th1l/ Th2/ Th17 Cytokine
kit, BD Biosciences, Cat#. 560485). Excised implants were washed with cold PBS, cut into
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smaller pieces in lysis buffer (Abcam, Cat#. Ab152163) with protease inhibitor cocktail (1%
vlv, Sigma-Aldrich, Cat#. P8340). Lysis solution was homogenized and kept on ice for 30
min with intermittent vortexing. Cells were disrupted further with 1 min, 10 pulses
sonication using a Microson Ultrasonic Cell Disruptor with a 2 mm microprobe. The cell
lysate was centrifuged at 15, 000 rpm for 10 min at 4°C, the supernatant was recovered and
used for CBA test.

CBA sample preparation was done according to the manufacturer procedure. Briefly, 50 uL
of mixed cytokine capture beads, 50 uL of cytokine standards or unknown sample, and 50
uL of PE detection reagent were added to each tube. Samples were incubated for 2 hours at
room temperature and protected from light. Then, samples were washed with 1 mL wash
buffer, centrifuged at 200 rcf for 5 min, resuspended in 300 uL of wash buffer and analyzed
using a BD LSRII flow cytometer (BD Biosciences) and BD FACSDiva software. Median
fluorescent intensity (MFI) was used for the standard curve preparation using an asymmetric
sigmoidal five-parameter logistic fit model, and MFI from unknown samples was
interpolated from the standard curves.

2.3 Statistical Analysis.

All error bars represent standard deviation unless otherwise stated. Differences between
groups for rheological properties, cells per implant, weight, and cytokine quantification were
determined using a one-way ANOVA with Tukey’s multiple comparisons tests using
GraphPad Prism v. 8.0.1. Differences between groups at different times were determined
using a two-way ANOVA with Tukey’s multiple comparisons test. P-values <0.05 were
considered significant. Significance between groups is represented by Greek letters where
different letters indicate a significant difference. Significance between the same peptide
during different periods is represented by symbols where the same symbol means non-
significant difference.

3. Results and discussion

3.1 Multidomain Peptides with different chemical functionalities form nanofibrous
injectable hydrogels with similar material properties.

The Multidomain Peptide biomaterials investigated in this study are designed to self-
assemble into nanofibers driven by an amphiphilic (SL)g core, while the charged domains
are used to regulate the assembly process and allow for hydrogelation by the addition of
buffers containing multivalent ions (e.g., PBS, HBSS, cell culture media, etc.). The
versatility of MDP design allows for the formation of materials that display different
chemical functionalities and ionic charges such as amines, guanidinium ions, or carboxylic
acids. It is known that the host immune response to a biomaterial is affected by its chemistry
and different factors, including size, shape, and mechanical properties [19-22,24]. In this
study we primary sought to understand the effect of the MDP chemistry on the host
response; therefore, we first characterized the structural and mechanical properties of the
corresponding peptide biomaterials in order to demonstrate that in general, they have similar
material properties.
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The secondary structure of all peptides (K5, Ry, E», and D) was analyzed using circular
dichroism spectroscopy (CD) with 1% by weight peptide solutions in 149 mM sucrose and
0.5X HBSS, and additional 22.5 mM Mg?2* for the anionic MDPs, E; and D,. The CD
spectra are shown in Figure 2a, which demonstrate that the four different MDPs present a
canonical B-sheet secondary structure, represented by a minimum near 218 nm and a
maximum near 198 nm. Only minor differences in peak intensity or MRE values are
observed, which can be due to subtle differences in the p-sheet backbone caused by the
presence of different side chains. As a complementary analysis for the secondary structure,
dried peptide films were analyzed by ATR-FTIR (Figure 2b). All peptides show an amide |
peak around 1620 cm™1 characteristic of a B-sheet structure and a weak peak around 1695
cm~ indicating an antiparallel conformation. These data suggest that all the MDPs have a
similar secondary structure of an antiparallel B-sheet despite substitution for diverse amino
acids and no significant differences are observed.

Nanofiber formation and nanostructure of all MDPs were studied using negative-stained
TEM (Figure 2d). Ky, Ry, E», and Do, self-assemble into long and entangled nanofibers in
the presence of multivalent counterions and have analogous nanostructure with similar fiber
diameters. When the peptide concentration is 1% by weight, and in the presence of buffers
such as HBSS at pH 7, all four peptides form high water-content materials (hydrogels)
(Figure 2c—e). SEM of the peptide hydrogels (Figure 2e) reveals a high-density nanofiber
network that resembles the fibrous extracellular matrix, a relevant property for biomaterials.

The viscoelastic properties of MDPs were also evaluated using oscillatory rheometry (Figure
2c¢, Figure S2, and Table S2). The storage modulus (G”)/loss modulus (G™) ratio validates the
formation of hydrogels (G’/G” = 10) for all peptides. The G’ values at 1% oscillatory strain
in the range of 270-1260 Pa indicate that all peptides form relatively soft hydrogels with
comparable material properties, where D5 has the highest G’, and R has the lowest. We
observed statistically significant differences between the storage moduli of R, in comparison
with K, and Do, as well as E; being significant softer than D,. Previous characterization of
the rheological properties of K, and E, derivatives have reported G’ values around that range
(100-400 Pa) in different buffer systems [6,29], for example a G’ of 191 Pa for K5 in
Phosphate Buffer Solution at 1% by weight peptide and 490 Pa for E»(SL)gE,GRGDS in a
17.8 mM Mg?* solution. The relatively larger G’ values here reported are due to the addition
of sucrose and higher multivalent counterion concentrations, which enhance the gelation
properties of these peptides. Despite all these differences in the storage moduli, all four
MDP hydrogels form soft compliant hydrogels with relatively low G” values that are less
than an order of magnitude different. We hypothesize that the chemical functionality of these
peptides will be the major factor determining the host immune response. As we demonstrate
in the following sections, the difference in stiffness between the negatively-charged peptides
appears to have no impact on the overall host response as both peptides elicit similar
immune responses. All the MDP hydrogels are thixotropic and can be easily syringe
delivered with the ability to recover around 80% of their initial storage modulus after a
shearing event (Table S2). The high recovery property makes these supramolecular
biomaterials simple to deliver by injection, allowing for less invasive administration without
causing larger tissue damage. Overall, the structural and mechanical data for Ky, R, E, and
D, demonstrate that these peptides possess comparable physical properties in terms of
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secondary structure, nanostructure, and formation of compliant hydrogels, allowing for a
subsequent in vivo assessment of the dominant effect of chemical functionality on the host
immune response to this family of peptide biomaterials.

3.2 Chemical functionality and ionic charge of Multidomain Peptides elicit divergent host
responses to the material

A murine subcutaneous injection model was used to evaluate the early host immune
responses to MDP hydrogels (Figure 3a, Figure S3). This model allows for the
determination of the innate responses to all peptides without the complications of disease or
injury and is minimally invasive. MDP hydrogels, prepared as described in section 2.1.2,
were injected without any cells or exogenous signals and analyzed at different time points.
Apparent visual differences are observed even by a gross analysis of the implants three days
post-injection (Figure 3b). The positively-charged MDPs, K5, and R, are seen to promote an
inflammatory response characterized by a yellow appearance and the presence of blood
vessels and connective tissue around the implants. In the case of E, and D, which are
negatively-charged, no coloration, blood vessels or surrounding connective tissue are
observed. Visual localization of the E, and D, implants was achieved by observing the
bulge-like presence of the hydrogel boluses.

Histological analysis of implants for all peptides stained with H&E is shown in Figure 4 at
day 7 post-injection (implants and close-ups at the center and edges of the implants at day 3,
7 and 10 are shown in Figures S5 to S8). Although the four different peptide hydrogels each
present some degree of cellular infiltration after three days, there are significant differences
between them. By day 3 the K, peptide hydrogel is being homogenously infiltrated by the
host cells from the peripheral area towards the core, which is not yet wholly infiltrated. On
the other hand, R, presents a much more heterogeneous infiltration pattern, with a
significantly higher total number of cells within the implant (Figure 3e and Figure S5 to S7)
and the formation of distinct “cell pools” containing high densities of cell nuclei. As also
seen in Ky, only the peripheral area of R, implants is infiltrated by day 3 while the core
remains a non-infiltrated cell-free hydrogel. In contrast, MDPs with carboxylate side chains,
E, and D, have a much lower degree of infiltration, and the cells that are present are
characterized by possessing a single nucleus and large cell body in contrast with K, and R»
which show cells with different morphologies. By day 7, the core of all the implants has
been infiltrated (Figure 4). K, again shows homogenous cellular infiltration, while R,
infiltration is more uniform than early time points some cell pools are still observed
throughout the implant in between islets of the hydrogel. At this time point, R, implants
have a significantly higher number of cells per implant in comparison to Ky, E,, and D,
(Figure 3c and Figure 4). At day 10, cellular infiltration remains very similar to day 7
without significant changes in the four different peptides; however, a substantial decrease in
implant size is observed in E, and D, (Figure S5, S6 and S10).

Cellular quantification was performed from digested implants after harvesting from the
dorsal aspect of the animals. In the case of Ky and Ry, the implant blouses were well defined
and easier to localize and trim from connective or adipose tissue. However, for the
negatively-charged MDPs, E,, and D5, localization of the implants at later time points such
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as day 7 and day 10 post-injection was more challenging due to the fast degradation and lack
of coloration and presence of blood vessels, making difficult trimming or cleaning the
implants. In general, R, peptide hydrogel promotes the highest cellular infiltration during all
studied time points and is observed to keep increasing over time (Figure 3e). On the other
hand, K, reaches a constant and homogenous cell infiltration by day 7. The negatively-
charged MDPs also promote low cellular infiltration in comparison with Ro.

Material remodeling /n vivowas evaluated by monitoring the excised hydrogel implant
weights over time, allowing for comparison of changes in relative mass (Figure 3d-f), and,
by histological analysis of the implants. The implant weight of negatively-charged MDPs at
day 7 post-injection is much lower compared to the cationic peptides, showing an
approximate 85% decrease from the initial hydrogel injection. The small implant weight
suggests a faster degradation, low cell infiltration, and low extracellular matrix production
within the implant of these anionic peptides, which is also observed during histological
analysis (Figure 4, S5 to S8). R, implant weight is significantly higher than all the other
peptides on day 7 and remains constant through day 1 to 7, showing even a slight increase in
weight by day 10 post-injection (Figure 3f). This increase in weight observed for R,
implants can be attributed not only to a slow material remodeling, but also a higher cell
infiltration profile and the presence of more collagen and possible fibrous encapsulation of
this peptide as shown Masson’s Trichrome staining (Figure S10) and alpha-smooth muscle
immunostaining (Figure S14).

Collagen deposition and fibrous encapsulation is part of a normal foreign body response
when an implanted material is not being remodeled or induces an adverse interaction with
the host [35]. Masson’s trichrome staining of implant cross-sections was used to stain
collagen in blue and compare this aspect of the immune response to all studied MDPs
(Figures S10 to S13). At day 3, only native collagen from the subcutaneous tissue is
observed around the peripheral area of all the peptide implants. By day 3, the positively-
charged MDPs have collagen deposition within the implant and in the implant-connective
tissue interface. Seven days post-injection, a higher level of collagen deposition inside and
around Kj is observed as well as the presence of small blood vessels (Figure S14-S16). This
collagen deposition is a sign of implant remodeling by the infiltrating cells. Ry also presents
a strong blue stain around and within the implant as well as blood vessels in the peripheral
area. At day 10, K, remodeling continues, and the hydrogel contains more collagen within
the implant. As previously mentioned, R, implants present more dark-blue collagen, and
signs of fibrous encapsulation can be observed by the formation of a thicker collagen layer
with blood vessels and fibrotic cells surrounding the implant. This encapsulation can be
observed as well by immunostaining with a.-smooth muscle actin, which is present in
myofibroblast cells (Figure S14-S17). While this fibrous encapsulation observed for Rs is
relatively modest, it is the first time we have observed this response for any MDP hydrogel.
In the case of E, and Dy, collagen deposition remains similar to native extracellular tissue,
the materials degrade considerably while being infiltrated and remodeled, and there is no
visible presence of blood vessels among the different time points (Figure S14).

These histological observations suggest that the chemical and material differences between
the four MDPs are influencing the interacting cell populations /7 vivo. The hydrogels can be
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grouped into two categories of peptide materials. Within the first group are the highly cell-
infiltrated and slow remodeling cationic lysine or arginine materials, K, and Ry, and in the
second group, the minimally infiltrated and fast degrading anionic aspartate and glutamate
materials, E; and D,. There appear to be interesting differences in the host response induced
by K5 and Ry, while E, and D, appear quite similar overall. The negatively-charged MDPs
seem to be non-immunogenic and do not provoke inflammation upon implantation, which
has been observed before in glutamate containing peptides [36]. It is also known that
positively-charged agents such as Poly-D-Lysine or Poly-L-Lysine can be used to facilitate
cell attachment to materials in cell culture [37,38]. It was therefore not surprising that the
cationic MDPs used in this study resulted, in general, in greater observed material-to-cell
interaction compared to the anionic hydrogels.

It is evident that K, and R initiate a different host inflammatory response compared to E»
and D». It has been shown in the literature that peptides and materials containing high
densities of lysine or arginine residues can possess cytotoxic effects [39-42]. The
mechanism of this cytotoxicity involves association with the negatively charged cell
membrane via electrostatic interactions and hydrogen bonding, resulting in some degree of
membrane disruption and cell lysis [43,44]. Such cytotoxicity can be more pronounced in
arginine-bearing peptides than those with lysine likely due to stronger intermolecular
interactions between the arginine side chains and cell membranes, though cytotoxicity has
long been observed with both types of cationic residues [45,46]. This suggests that the K,
and R, MDPs may both result in some degree of cell death or damage upon initial
implantation /n vivo, which stimulates a stronger inflammatory immune response from the
host. In the case of K, this acute inflammatory response seems to resolve relatively quickly,
with cell infiltration proceeding in a homogenous manner over the initial 10 days, and the
entire implant being fully infiltrated with interacting cell populations. In other publications
using Ky, the host inflammatory response to K, shown to be beneficial in regenerative
applications such as wound healing, promoting the recruitment of repairing cells and
accelerating the formation of granulation tissue within the wound bed [3]. Such observed
wound healing properties of K, are consistent with our observations of an acute but
resolvable inflammatory response from this peptide material in this study. R, results appear
to be a higher inflammatory response that does not resolve over 10 days but continues to
increase, suggesting a prolonged and unresolved inflammatory response. This conclusion is
consistent with the observations of increased cell numbers and implant weight for R,
hydrogels even at later time points, and increased collagen deposition and beginnings of a
fibrous encapsulation of R, implants as the host attempts to wall off a foreign body. These
results may be explainable in terms of increased arginine side-chain cytotoxicity to
interacting cell populations. While these histological observations are useful and allow for
one degree of interpretation of the properties of these materials, a more detailed
quantification of the immune cell populations infiltrating these peptide biomaterials would
give a better idea of the different inflammatory responses generated.

3.3 Immune cell phenotype is determined by the chemical functionality of MDP hydrogels

Innate immune cells are the first responders to implantation of biomaterials and their
interaction with the scaffold will determine the degree of the host response that is evoked
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[47]. Therefore, the phenotype characterization of the phenotype of the cellular infiltrate can
provide relevant insights about the inflammatory response to the different MDP hydrogels
studied herein. To identify the cell types that infiltrate each type of MDP hydrogel, we
performed multi-color flow cytometry analysis on the implants for myeloid and lymphoid
cells (Table S3-S4 and Figure S18-S20). The panel designs primarily focused on analyzing
the presence of inflammatory Ly6C"i9" or Ly6C ™ed monocytes (CD45* CD11b* Gr-1*
LysChigh-med) 148 49], polymorphonuclear myeloid-derived suppressor cells or PMN-
MDSCs (CD45* CD11b* Gr-1* Ly6ClowW-ned)[50-52], macrophages (CD45* CD11b*
Gr-1"88 F4/80%) [53,54], natural killer cells (CD45" CD11bh"®9 NK1.1%) [55,56], T-cells
(CD45* CD3e* CD4* or CD8a*) [57] and B-cells (CD45" CD19™) [58]. The gating strategy
for both panels and instrument parameters are shown in the supporting information (Figures
S18-19). Implants of all four different peptide hydrogels seven days post-injection were
digested, and the single cell suspensions were analyzed by flow cytometry. Figure 5a shows
the t-SNE visualization of diverse cell clusters (cell types) obtained for the myeloid panel for
all the MDP hydrogels. As expected from earlier histological observations, E; and D,
present a very similar clustering pattern demonstrating that the negatively-charged MDPs
induce a highly similar immune response to each other and are being infiltrated by a broadly
similar cell phenotype. In the case of the positively-charged MDPs, the evoked inflammatory
response of each peptide induces the recruitment of immune cells resulting in distinct cell
clustering different from the negatively-charged MDPs and each other.

As expected, the major population infiltrating the MDP materials are immune cells (CD45*
or leukocytes), which correspond to around 80% or more of the live cells by day 7 (Figure
5b). From this leukocyte population, most of the cells (>80%) express CD11b, a common
marker present in immune cells from the myeloid origin (Figure 5c). A thorough analysis of
the myeloid markers expressed in these cells revealed the presence of characteristic immune
cells for each peptide. K2 is mostly infiltrated by monocytes, macrophages, and a few PMN-
MDC cells on day 7 and a significant amount of non-myeloid cells (CD45* CD11b"€9)
(Figure 5d and 5e). On the other hand, Ry is infiltrated at day 7, mainly by PMN-MDSCs
and macrophages (Figure 5d and 5e). These myeloid cells are responsible for orchestrating
inflammatory responses and tissue repair, but can also be responsible for prolonged chronic
inflammatory reactions [47,59]. Further exploration of these cells and phenotype
progression over time will be discussed in section 3.4.

The immunophenotyping of the infiltrating cells for the negative MDPs, E5, and Do,
demonstrates a high fraction of F4/80* macrophages, which are consistent with the cell
morphology observed in histology. No PMN-MDSC or monocytes are observed in these
materials, suggesting that E; and D, do not induce a pro-inflammatory response and are
infiltrated and degraded by tissue-resident macrophages [60,61]. These cells have high
phagocytic activity, are responsible for controlling homeostasis in the dermal tissue, and can
activate a pro or anti-inflammatory response [61]. The low cellular infiltration, lack of blood
vessels, and collagen deposition and fast implant remodeling indicate that the carboxylate
groups displayed by these MDPs endow the material with low immunogenicity and do not
provoke a pro-inflammatory response. The low immunogenicity of negatively-charged
glutamate-displaying peptides has been previously studied, and it was found that these
peptides are not taken up and processed by antigen presenting cells and thus do not activate
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T-cell and B-cell responses and [36]. These observations can explain the lack of pro-
inflammatory responses provoked by E, and D5, which are promising properties for
applications in which biomaterial evasion of the immune response is desired. Due to the low
number of cells that infiltrate E; and D, and the rapid size reduction of these hydrogels in
vivo, flow cytometry analysis could mainly be feasibly performed at day 7 post-injection.
However, preliminary flow data at day 3 post-injection (Figure S20) and histological
observations indicate that CD45" CD11b* Gr-1"€9 F4/80" macrophages represent around
90% of the cell population infiltrating the anionic peptides at this time point.

3.4 Kj promotes a short-term inflammatory response while R, induces a more prolonged
inflammation

It is known that acute inflammation is necessary for a favorable wound healing response and
tissue remodeling, particularly after biomaterial implantation [62,63]. This phase of
inflammation last for less than a week and is characterized by an orchestrated
communication between different cells. Initially, granulocytes or PMN-MDSCs, resident
macrophages, and monocytes interact with foreign material and initiate phagocytosis and
recruitment of other inflammatory cells. As the inflammatory cascade progresses,
macrophages start the degradation and remodeling of the material leading towards
inflammation resolution and wound healing. On the other hand, if phagocytic cells are
unsuccessful in clearing and remodeling tissue, and there is a prolonged presence of
granulocytes or PMN-MDSCs, it could lead to chronic inflammation [64].

To further asses the type of response elicited by the two pro-inflammatory MDP hydrogels,
K, and Ry, we characterized the cellular infiltrate at day 1, 3, 7, and 10 post-injection. A t-
SNE visualization of the cell clusters present in K, implants (Figure 6a) shows a different
clustering pattern from day 1 to day 7, revealing a dynamic change of phenotypes of
recruited cells over this time. Day 7 and day 10 post-injection have similar clusters
indicating the consistent presence of similar cells. At day 1, inflammatory and circulating
monocytes (CD45" CD11b* Gr-1* Ly6CNi9h and CD45* CD11b* Gr-1* Ly6C™Med,
respectively), macrophages (CD45* CD11b* Gr-1"€9 F4/80*), and PMN-MDSC (CD45*
CD11b* Gr-1* Ly6C'oW-€9) are the majority of infiltrated cells (Figure 6c). These cells are
responsible for the initiation and progression of the acute inflammatory response to the
biomaterial. Natural Killer cells with CD45" CD11b"9 NK1.1* phenotype are also observed
on day 1, which are known to promptly secrete chemokines and cytokines to attract other
cells types [65]. By day 3, a large percentage of inflammatory monocytes CD45* CD11b*
Gr-1* Ly6CNigh are observed, and this correlates with the formation of new vasculature
around the implant (Figure 3b and Figure S14) [66]. At day 7, macrophages, monocytes, and
other leukocytes (CD45* cells) are the main cell phenotype present in K, implants. There
was no significant change in the immune cells at day 7 and day 10 in the implants,
suggesting that the acute immune response provoked by the lysine-based peptide hydrogel
may be stabilizing. From the non-myeloid cell population, CD3e mature T-cells and CD19 B
cells are present particularly at later time points (Day 7 and Day 10) as shown in Figure S21.
At day 7, most of the CD19 positive cells express CD11b myeloid marker, which is a marker
for B1 cells. These cells are part of the innate and adaptive host responses which react
rapidly to inflammatory signals and are capable of clearing apoptotic cells and secrete anti-
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inflammatory cytokines [67]. On the other hand, CD3e mature T lymphocytes are present in
a lower percentage that increases by day 10. This suggests the progression of inflammation
and a degree of immunogenicity from the K2 peptide hydrogel.

These observations, together with the decrease in implant weight, implant remodeling, and
relatively constant cell number within the implant suggest that the inflammation caused by
K, implantation is resolving over time and cells start remodeling the material. Supported by
the known angiogenic and neurogenic properties of the K, peptide that have been previously
reported [31], our results confirm that this peptide is a promising biomaterial for
regenerative applications because it elicits an acute inflammatory response that promotes
vascularization, innervation, and tissue remodeling, all necessary elements for wound
healing and tissue regeneration. The capacity of this peptide material to recruit adaptive
immune cells such as T cells, B cells, and NK cells also make it suitable for immunotherapy
approaches.

In the case of Ry, a less dynamic response is observed, and similar t-SNE clustering is seen
throughout all studied time points (Figure 6b). Immunophenotyping of the infiltrating cells
revealed a consistent percentage of CD45* CD11b* Gr-1* Ly6C!oW/ed cells that can be
described as PMN-MDSC as well as CD45" CD11b* Gr-1"9 F4/80* macrophages (Figure
6d). As mentioned before, R, implants do not decrease in weight over time and are observed
to promote increased cellular infiltration, which indicates that inflammation may not be
resolving even at ten days post-injection. The maintenance of recruited PMN-MDSC
suggests the development of an immune response that could lead to chronic inflammation
and fibrous encapsulation [21,47].

3.5 Pro-inflammatory cytokines are present in K, and R, implants

The inflammatory response is controlled by chemical signals or cytokines that are secreted
by immune cells to induce pro or anti-inflammatory responses. The presence and levels of
cytokines give a perspective of the local inflammatory environment and response to each
peptide hydrogel. Quantification of pro-inflammatory cytokines such as Tumor Necrosis
Factor (TNF), IL-6, IL-4, and INF-y at day 1, 3, 7, and 10 post-injection is shown in Figure
7 and Figure S22. All studied cytokines are present in the positively-charged MDPs, K, and
R, but not detectable in the negatively-charged MDPs, E,, and D,. The inflammatory
response provoked by K5 and R is characterized by the presence TNF from day 1 to day 10,
with the highest concentration being at day 3. Data suggest that 3 days post-injection is the
peak of inflammation in both peptide hydrogels, and then the concentration of TNF
decreases by day 7 and remains constant at day 10. TNF is a potent pro-inflammatory
cytokine that stimulates the inflammatory response [68], and the high concentration of this
cytokine in comparison with typical blood serum values (> 10 pg/mL) [69] indicates the
initial inflammation caused by the implantation of these peptides. This cytokine is produced
mainly by activated macrophages but also by monocytes and NK cells [70], which
correspond to the main cell types found in the cellular infiltrate for K, and R,. Another
detected cytokine in the implant lysate is IL-6, a regulating cytokine that has an important
function in tissue repair and in early time points is considered a pro-inflammatory cytokine
secreted by macrophages and monocytes [14,68]. The highest concentration of 1L-6 was
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present at day 1 in the R, implant lysate of around 600 pg/mL in comparison with reported
low blood serum levels (> 10 pg/mL) [69]. The concentration of this cytokine significantly
decreased over time in the R, implants. A similar trend is observed for the lysine-based
MDP, K5, where the concentration of IL-6 is high at day 1 but decreases by day 7. However,
K, implants have a lower concentration of IL-6 by day 1 and 3 than R, implants, supporting
the formation of a stronger inflammatory response in R, that is consistent with previous
observations.

3.6 Cells expressing mesenchymal stem cell markers are present in the inflammatory
response to MDP hydrogels

The characterization of the immune cells that infiltrate the MDP hydrogels revealed a
significant myeloid population with diverse phenotypes. However, there is a small
percentage of cells that do not express the leukocyte common antigen CD45 and myeloid
marker CD11b. In order to identify these cells, a stem cell panel for hematopoietic and
mesenchymal stem cells (MSCs) was performed (Figure S23, Table S4) as it has been
reported that stem cells are recruited during biomaterial implantation for immunomodulation
and tissue repair [71,72]. At seven days post-implantation, cells with the phenotype CD45"¢9
CD11b"8d Sca-1* are present in the four different MDP implants (Figure 8). These cells also
express CD29*, and the majority are negative for CD105 (endoglin) (Figure $23), which are
common markers for MSCs [72]. These data suggest the presence of CD105"®9 MSCs,
which are known to be present in the subcutaneous tissue of mice and have a high propensity
to differentiate into adipose tissue [73]. The immunomodulatory properties and capacity to
secrete anti-inflammatory cytokines indicate that these cells are attracted to the biomaterial
implantation site as part of the inflammatory response to regulate and promote tissue repair,
particularly at later time points [74]. These CD105"® MSCs are present in a higher
percentage in the negatively-charged MDPs, which suggest that they are involved in
depressing the inflammatory response to these peptide materials as part of their
immunomodulatory properties.

4. Conclusions

We have shown that the chemical functionality displayed by the charged domains of
Multidomain peptides has a high impact on the host immune response to the peptide
hydrogel. These results are summarized in Table 1. In general, all studied MDPs possess
similar nanostructural and mechanical properties. Their chemical design results in a p-sheet
conformation that facilitates the formation of peptide nanofibers, which are then stabilized
and physically crosslinked by the addition of multivalent counterions. As a result, all MDPs
form soft ECM-like peptide hydrogels that do not differ considerably in their viscoelastic
properties and can be easily injected /n vivo. The versatility of the MDP design allowed the
display of different chemical functionalities at the nanofiber surface and thus endowing the
resulting biomaterials with diverse biological properties and potential applications.

Deprotonated carboxylic acids present in glutamate and aspartate-based MDPs, E,, and D,
evoke a minimal inflammatory response characterized by the low infiltration of tissue-
resident macrophages, low inflammatory cytokine content, the absence of vasculature and
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collagen deposition around and within the implant and an increased rate of degradation.
These responses can be of great advantage for applications that do not require
immunological reactions or unnecessary inflammation such as delivery vehicles for cells,
small molecules, or proteins. On the other hand, the lysine-based MDP K, bearing
protonated amines induces an acute inflammatory response that resolves over time. This
response is characterized by the presence of acute immune cells, such as inflammatory
monocytes, in the first few days post-injection that develop into macrophages by day 7. K,
implants promote vascularization and are remodeled by the host cells with collagen
deposition observed in tandem with material degradation. Overall, the K, peptide hydrogel
elicits an acute inflammatory response required for a normal wound healing process, making
this MDP hydrogel promising for tissue regeneration applications. The arginine-based MDP
R, displaying guanidinium ions provokes a pro-inflammatory response that is not observed
to resolve at ten days post-injection. This material recruits PMN-MDSCs, which remain in
the implant over all time points. High vasculature and collagen deposition are also observed
around and within the implant, which transitions into the early development of a fibrous
capsule. The host response caused by R, could inhibit wound healing and tissue
regeneration, but its highly inflammatory response could be advantageous for
immunostimulatory applications such as cancer immunotherapy.

This work describes the first in-depth characterization of early host immune response to a
diverse family of Multidomain peptide hydrogels, establishing the basis of biocompatibility
and immune responses to positively or negatively-charged peptide hydrogels. The greater
understanding of the divergent responses to peptide hydrogels will allow for guided material
design and will facilitate more successful selection of ideal materials for diverse tissue
engineering, therapeutic delivery, and regenerative medicine applications.
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Fig. 1. Self-assembling Multidomain Peptides (MDPs) form a versatile family of nanofibrous
scaffold biomaterials.

a) MDP design consists of a core of alternating hydrophilic and hydrophobic residues and
ionic charged domains at the N and C-termini. The charged domains can be positively or
negatively charged and present different chemical functionalities. b) As described below, the
chemistry of MDPs affects the host immune response to the hydrogel: anionic materials
bearing deprotonated carboxylic acids (Eo, D) provoke a low inflammatory response,
characterized by the infiltration of macrophages and fast degradation over a few days.
Cationic lysine-based MDP (bearing protonated amines) elicits a mild inflammatory
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response that resolves over time, defined by the presence of monocytes, angiogenesis, and
mild collagen deposition. Cationic arginine-based MDP (bearing guanidinium ions)
provokes a stronger inflammatory response represented by the constant presence of
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSC), angiogenesis and high
deposition of collagen.
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Fig. 2. Structural characterization of multidomain peptides.
a) Circular dichroism spectroscopy of 1% by weight peptide hydrogels shows characteristic

[B-sheet spectra with minima near 218 nm and maxima near 196 nm. b) Normalized ATR-
FTIR spectra of dried peptide films confirm the antiparallel p-sheet secondary structure of
all MDPs by the presence of an amide la peak at 1620-1630 cm~1 and an amide Ib peak
near 1695 cm™1 ¢) Viscoelastic properties of MDP hydrogels analyzed by oscillatory
rheology. MDPs form soft hydrogels. Error bars represent standard deviation. Different
greek letters represent a significant difference, p-value < 0.05. d) MDPs self-assemble into
long flexible nanofibers as observed in negative-stained TEM. e) SEM images of peptide
hydrogels. Peptide nanofibers are stabilized and physically crosslinked by the presence of
ions, forming a highly entangled nanofibrous network and a self-supportive hydrogel.
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Fig. 3. Gross evaluation of the host immune response to MDP hydrogels.
a) scheme of the mouse subcutaneous injection model used to evaluate the innate host

response to all peptides. b) Physical appearance of hydrogel implants three days post-
injection. K, and R, present blood vessels around the implants and a yellow coloration due
to the cellular infiltration. E; and D, do not contain vascularization and appear as clear
hydrogel boluses. ¢) Number of cells obtained from the MDP hydrogel implants at day 7
post-injection. R, has a significantly higher cellular infiltration than the other MDPs. d)
Weight of the implant seven days after injection. Implant weight is lower in the negative
MDPs demonstrating faster degradation. €) Number of cells infiltrating K, and R, over time.
Cellular infiltration in K, remains relatively constant at all time points, whereas in R, cell
number keep increasing even by day 10 post-injection. f) Implant weight of K, and R, over
time. Ky peptide hydrogel weight decreases by day 7 because of peptide degradation and
remodeling. R, implant weight remains constant and increases by day 10, suggesting an
unresolved inflammatory response. Error bars represent standard deviation. Greek letters
represent a significant difference between groups. Symbols represent a significant difference
between time points, p-value < 0.05.
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Fig. 4. Hematoxylin & Eosin staining of tissue sections of MDP hydrogel implants at day 7 post-
injection.

th1e purple box represents the area of the implant edge. The yellow box represents the area
of the implant center. Dash lines represent the hydrogel in the subcutaneous space. Scale
bar: 1 mm. By day 7, all peptides are thoroughly infiltrated by cells. K cell infiltration
appears homogeneous, whereas R? contains high cell density areas in between hydrogel
islets. E, and D2 sizes are considerably reduced in comparison with the positively-charged
MDPs.
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Fig. 5. Phenotypes of cells infiltrating the MDP hydrogels.
a) tSNE clustering of the cellular infiltrate of K5, Ry, D, and E, at 7 days post-injection

using a 6-color flow cytometry myeloid panel. The positively-charged MDPs, K5, and R,
show distinct cell phenotypes while E; and D, present similar cluster patterns. b) Percentage
of CD45™ cells (leukocytes) from live cells that infiltrate the MDP hydrogels at day 7,
showing that the materials are infiltrated mostly by immune cells. c) Percentage of myeloid
(CD11b*dark color) and non-myeloid (CD11b"®9 light color) cells from CD45* present in
the peptide hydrogels 7 days post-injection. Myeloid cells are the major population that
infiltrates MDP materials. d) tSNE clustering of Ky, Ry, Ep, and D, as a representation of the
different myeloid populations in each peptide at day 7. e) Percentages of the different cell
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populations: monocytes, PMN-MDSCs, macrophages, non-myeloid and other myeloid
leukocytes from CD45* cells that infiltrate the MDP hydrogels at day 7 post-injection. Error
bars represent the standard deviation. Greek letters represent a significant difference between
groups.
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Fig. 6. Time course progression of the infiltrating cell populations for positively-charged MDP
hydrogels.
tSNE clustering of cells infiltrating a) K, and b) R, at day 1, 3, 7 and 10 post-injection using

the 6-color myeloid panel. ¢) Percentage of inflammatory monocytes, monocytes, PMN-
MDSC, macrophages, NK cells and other leukocytes from CD45* cells that infiltrate d) K5
and R, peptide hydrogels at day 1,3, 7 and 10 post-injection. Error bars represent the
standard deviation.
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Fig. 7. Quantification of inflammatory cytokines present in the implant lysate.
Quantification of a) TNF and b) IL-6 at day 1, 3, 7, and 10 post-injection of the peptide

hydrogel shown in pg/mL in 1mL cell lysis buffer. Error bars represent the standard error of
the mean. Greek letters represent a significant difference between groups. Symbols represent
a significant difference between time points from the same peptide.
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Fig. 8. Presence of Mesenchymal stem cells (CD45~ CD11b~ Sca-1*) in all peptide hydrogels.
a) Contour plots showing CD105, and CD105" Sca-1* population from all different MDP

peptide hydrogels at day 7 post-injection. Percentage of CD11b"®d Sca-1* CD105"9 and
CD11b"™9 Sca-1* CD105* MSCs from b) CD45 "9 cells and c) live cells infiltrating the
peptide hydrogels at day 7 post-injection.
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Table 1.

Summary of the early host immune response to Multidomain Peptide hydrogels displaying different chemical
functionalities.

Peptide Ky R, E, D,
Cellular infiltration ++ +++ + +
Degradation ++ + 4+ e+
Collagen deposition ++ +++ - -
Inflammation ++ +++ + +
Angiogenesis + + - -
Inflammatory cytokines Main inflammatory cell * + e+ + +
Day 1 Monocytes PMN-MDSC - -
Day 3 Monocytes PMN-MDSC  Macrophages -
Day 7 Macrophages PMN-MDSC  Macrophages Macrophages
Day 10 Macrophages PMN-MDSC - -
Resolution of inflammation ++ + +++ 4+

* .
Main inflammatory cell at the specific time point, Phenotypes are: Monocytes: CD45% cD11b Gr-1* Lyschigh-med: pojymorphonuclear
myeloid-derived suppressor cells (PMN-MDSC): CD45% CD11b* Gr-1* Ly6ClOW-N€Y: Macrophages: CD45% CD11b* Gr-11€d F4/g0*.
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