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Abstract

Biomaterials used in the context of tissue engineering or wound repair are commonly designed to 

be “non-immunogenic”. However, previously it has been observed that self-assembled peptide 

nanofiber materials are non-inflammatory despite their immunogenicity, suggesting that they may 

be appropriate for use in wound healing contexts. To test this hypothesis, mice were immunized 

with epitope-containing peptide self-assemblies until they maintained high antibody titers against 

the material, then gels of the same peptide assemblies were applied within full-thickness dermal 

wounds. In three different murine dermal wounding models with different baseline healing rates, 

even significantly immunogenic peptide assemblies did not delay healing. Conversely, adjuvanted 

peptide assemblies, while raising similar antibody titers to unadjuvanted assemblies, did delay 

wound healing. Analysis of the healing wounds indicated that compared to adjuvanted peptide 

assemblies, the unadjuvanted assemblies exhibited a progression of the dominant T cell subset 

from CD4+ to CD8+ cells in the wound, and CD4+ cell populations displayed a more Th2-slanted 

response. These findings illustrate an example of a significant anti-biomaterial adaptive immune 

response that does not adversely affect wound healing despite ongoing antibody production. This 

material would thus be considered “immunologically compatible” in this specific context rather 

than “non-immunogenic”, a designation that is expected to apply to a range of other protein and 

peptide-based biomaterials in wound healing and tissue engineering applications.
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1. Introduction

Cells of the adaptive immune system are centrally involved in the process of wound healing 

[1-12]. However, the design of biomaterials for wound healing applications has largely 

avoided engaging the adaptive immune system, commonly taking the stance that any anti-

biomaterial immune response is likely to be harmful. In this report, we describe vigorous 
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anti-biomaterial immune responses that were entirely consistent with good performance of 

the material in dermal wounds in mice. The study employed peptide self-assemblies that 

raise strong and epitope-specific B cell and T cell responses in the absence of measurable 

inflammation [13-15]. This platform provided a simple experimental system where the 

immunogenicity of the material could be turned on and off based on the presence of T cell 

epitopes and B cell epitopes in the peptides.

Our interest in studying anti-biomaterial immune responses in wound healing contexts was 

prompted in part by other previous reports where adaptive immune responses have played 

positive and important roles in wound healing. T cells are prevalent in healing wounds, with 

their numbers peaking at day 7 [16]. Until recently it has been thought that they do not play 

major roles in wound healing, but recent work has indicated their involvement [9]. In 

previous studies where T cells were depleted using monoclonal antibodies, global depletion 

of T cells diminished wound healing, leading to decreases in both wound strength and 

collagen synthesis [8], yet in subsequent studies with subtype-specific antibodies, the 

beneficial T cell subset was challenging to identify [7, 17]. In a another study, T helper 

versus T suppressor subsets appeared to have opposing roles in the regulation of wound 

healing, where CD4+ T helper cells were associated with improved healing and CD8+ T 

suppressor with diminished healing in a rat model [18]. However again the specific temporal 

and subpopulation details underlying these findings have not yet been fully elucidated.

Beyond the T cell arm of the adaptive immune response, a few studies have suggested that 

antibody/B cell responses may also have positive roles in wound healing, even though B 

cells are not significantly recruited to the wound beds themselves [5, 12]. Antibodies 

directed against wounded tissue components have been found to enhance the healing of skin 

wounds in mice [12]. In humans, xenograft decellularized tissues such as small intestinal 

submucosa (SIS) perform well even though they raise substantial antibody responses [19]. 

Although this finding may not necessarily indicate a causal relationship between antibodies 

and proper healing, it does indicate that such antibody responses can exist and still maintain 

good clinical performance of the material. Additionally, SIS appears to elicit a Th2-

restricted immune response [20], suggesting that this phenotype may be particularly well 

suited for biomaterials in wound healing situations; however, any detailed mechanism 

underlying these observations is not yet understood. Elucidating such a mechanism is 

challenging with decellularized tissues because they are composed of complicated mixtures 

of different antigens and epitopes that are difficult if not impossible to control 

experimentally. These examples indicate that the complexity of adaptive immune 

involvement in wound healing is only beginning to be understood. Encouragingly however, 

they also indicate that there may be particular immune phenotypes of anti-biomaterials 

responses that could be acceptable for the material's use in wound healing applications.

Here we report a fully synthetic material raising an immune response with such a phenotype: 

fibrillar peptide self-assemblies [13-15, 21-23]. We focused on the short self-assembling 

peptide Q11 (QQKFQFQFEQQ), which forms β-sheet nanofibers at subgelation 

concentrations (around 2 mM) and hydrogels above this concentration [15, 24, 25]. In their 

assembled state, these peptides elicit high-titer antibody responses and moderate T cell 

responses in the absence of any supplemental adjuvants. Importantly, they do not elicit 
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measurable inflammation at their sites of delivery [13]. We hypothesized that this non-

inflammatory but immunogenic material could be appropriate for use in wound healing 

contexts.

Unlike biologically sourced materials such as decellularized matrices, the modularity of 

peptide self-assemblies makes it straightforward to adjust the content and identity of a range 

of incorporated peptide sequences, including B cell epitopes, T cell epitopes, and other 

biologically active ligands [24-26]. These properties make Q11-based self-assembled 

nanofibers useful as a platform for vaccine development [26, 27], but they have not yet been 

investigated in the context of scaffolds for wound healing. Gels of Q11-based peptides 

function well as substrates for 3D cell culture [25, 28, 29], as do other peptide-based fibrillar 

matrices [30-33], but these materials have not been explored immunologically in wound 

healing contexts. Thus, owing to previous findings of the involvement of the adaptive 

immune response in wound healing and the availability of an experimentally convenient 

biomaterial capable of raising non-inflammatory but epitope-specific T cell and B cell 

responses, we sought to test the hypothesis that the specific immune phenotype raised by 

peptide self-assemblies would not interfere with dermal wound healing.

2. Materials and Methods

2.1. Peptide, vaccine, and scaffold formulation

All peptides were synthesized as previously reported [13-15, 24] with standard Fmoc solid-

phase chemistry. Peptides used in this study included the self-assembling peptide Q11 (Ac-

QQKFQFQFEQQ-Am) and Q11 extended N-terminally with the ovalbumin peptide 

OVA323-339 (ova), which contained both B cell and T cell epitopes (ovaQ11, N-

ISQAVHAAHAEINEAGR-SGSGQQKFQFQFEQQ-Am). The OVA peptide lacking the 

Q11 domain will be designated as “ova.” Peptides were purified by HPLC, verified with 

MALDI-MS, and stored as lyophilized powders [24, 34]. Immunization and scaffold 

materials were prepared from lyophilized ovaQ11 or Q11 as 8 mM solutions in sterile water 

and stored at 4 °C overnight. For ovaQ11 vaccines this stock solution was brought to a 

working concentration of 2 mM with 1xPBS. For materials adjuvanted with complete 

Freund's adjuvante (CFA) or incomplete Freund's adjuvant (IFA), peptides were brought to 4 

mM in 1xPBS and then formulated 1:1 (vol) with Imject CFA or IFA (Pierce) by vortexing, 

according to the manufacturer's instructions. Peptides in the final formulations for 

immunizations were below their gelation concentrations, whereas peptide materials applied 

to wounds were above their gelation concentrations. Peptides were applied to wounds at a 

final working concentration of 5 mM in PBS, at which they produced self-supporting gels. 

Endotoxin levels of the peptides were measured with the LAL chromogenic endpoint assay; 

all materials contained less than 1.5 EU/mL endotoxin, measured immediately prior to use in 

vivo.

2.2. Animals and immunizations

Wild type C57BL/6 mice were purchased from Harlan Sprague Dawley. Leptin deficient 

mice (ob/ob) were purchased from the Jackson Laboratory (B6.Cg-Lepob/J, stock No: 

000632). These mice are diabetic, obese, and exhibit delayed wound closure [35-38]. Mice 
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were housed in a centralized animal facility at the University of Chicago. Procedures were 

approved by the University of Chicago Institutional Animal Care and Use Committee, and 

the NIH guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 

1985) were observed. Immunizations in C57BL/6 mice were performed subcutaneously with 

one 100 μL injection of 2 mM ovaQ11 in PBS followed by boosting at 4 weeks and 6 weeks 

with half doses (50 μL of 2 mM ovaQ11). Owing to difficulties in placing subcutaneous 

injections in the obese ob/ob mice, for this strain immunizations were performed via 

intraperitoneal injections with one 200 μL injection of either ovaQ11 or CFA-ovaQ11 and 

boosted with half doses of 100 μL of ovaQ11 or IFA-ovaQ11 respectively at 4 weeks and 6 

weeks. Mice in “PBS” negative control groups received PBS injections of the same volume 

as the experimental groups. Serum samples were collected via the submandibular vein and 

analyzed by ELISA.

2.3. Wounding Models

To study the influence of peptide immunogenicity in multiple contexts, dermal wounding 

was performed in three mouse models with increasingly delayed healing. These included a 5 

mm-diameter wound in C57BL\6 mice (fastest healing), an 8mm wound in ob/ob mice 

(intermediate healing rate), and a 5 mm splinted wound in ob/ob mice (slowest healing). 

Mice were wounded when adequate and stable antibody responses were elicited against the 

peptide immunizations in the experimental groups, which was typically achieved at 6 to 8 

weeks after primary immunization. For wounding, mice were anesthetized using isoflurane 

(2-2.5%), and 0.125% bupivacaine was injected subcuatenously 5 minutes prior to the 

procedure. Hair was removed from an area of the back using clippers and a chemical 

depilatory, and sterile technique was used for the remainder of the procedure. A full-

thickness excisional round wound was created on the upper back of each mouse using a 

biopsy punch with a 5 mm or 8 mm diameter, as indicated. For splinted wounds, a 5 mm 

punch was made and a 0.5 mm thick autoclaved silicone splint was subsequently fixed to the 

skin by an immediate-bonding adhesive followed by an interrupted 6-0 nylon suture to 

secure the splint as described by other research groups [39-42]. For unsplinted wounds in the 

ob/ob mouse demonstrating intermediate healing rates, an 8 mm punch was used [35-38]. 

Materials delivered into wounds were prepared as described above to a final concentration of 

5mM in PBS, and 100 μL of the material was injected intradermally at the edges of the 

wound. A pre-trimmed Tegaderm dressing was used to cover the wound bed. Wounds were 

photographed over the course of healing and wound area was measured using ImageJ 

software.

2.4. Histology and Immunohistochemistry

The 8mm unsplinted ob/ob model was used to investigate wound histology at day 17. Mice 

were sacrificed and the wounded tissue was excised, fixed in 10% buffered formalin, and 

embedded on-edge in paraffin. Immunostaining was performed on 5 μm-thick sections by 

standard techniques. Primary antibodies against murine CD3 (1:100 dilution, ab5690), B220 

(1:500, Cat#14-0452-81, clone: RA3-6B2, eBioscience) and F4/80 (1:200, MCA497GA, 

AbD Serotec) were used with biotinylated secondary antibody( anti-rat IgG, BA-4001 or 

anti-rabbit IgG, BA-1000 from Vector laboratories accordingly). The antigen-antibody 

binding was detected by Elite kit (PK-6100, Vector Laboratories) and DAB sytem (DAKO, 
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K3468). Cells were counted at 20x magnification. Due to the abundance of F4/80+ cells, 

rather than counting them directly, Image-J software was used to calculate the percentage of 

positively stained area. CD3+ and B220+ cells were quantified by average counts per field. 

Granulation tissue thickness was measured at two points on each slide at the edge of the 

wound.

2.5. T lymphocyte isolation and flow cytometry

To study T lymphocyte recruitment the C57BL/6 unsplinted 5mm model was used. All mice 

were immunized against ovaQ11 and wounds were treated with Q11 lacking the ova epitope 

(non-inflammatory and non-immunogenic), ovaQ11 (non-inflammatory yet immunogenic) 

or IFA/ovaQ11 (both inflammatory and immunogenic). Mice were sacrificed at day 5 and 

day 10, and 10 mm punch biopsies of the wound were obtained. The tissue was digested in 

1mL RPMI 1640 with 1 mg/mL collagenase D for 30 minutes at 37°C while shaking. 

Samples were immediately cooled in ice to slow digestion. Samples were passed through a 

70 μm nylon mesh strainer and centrifuged (300 g) for 20 minutes at 4 °C. Cells were 

resuspended in blocking buffer (2% FBS/PBS with anti-CD16/32 antibiody at 1:100 

dilution) and stained on ice. Cytokine stains were performed after stimulating cells with 

phorbol dibutyrate and ionomycin and subsequent permeabilization of the cells. Washed 

cells were resupsended in flow buffer and flow cytometry was performed using a BD LSR-II 

Blue instrument. Analysis was performed using FlowJo Software. All antibodies were 

purchased from BioLegend with the exception of IL4 from BD Biosciences. Surface staining 

was performed for CD3 (Alexa700 clone 17A2), CD4 (PE dazzle 594, clone RM4-5), CD8 

(BV605, clone 53-6.7), CD44 (APC Cy7, clone IM7), and IFNγ (APC, clone XMG 1.2) 

and intracellular staining was performed for IL4 (PE, clone 11B11).

2.6. Statistical Analysis

Groups were statistically compared using 1- or 2-way ANOVA with Tukey post-hoc tests.

3. Results

3.1. Significant antibody responses were produced from peptide assemblies with or 
without adjuvant

To produce different immune phenotypes with similar levels of antibody titers, we 

immunized mice with ovaQ11 with or without complete Freund's adjuvant (CFA). Previous 

studies indicated that ovaQ11 raises adaptive immune responses with essentially 

undetectable inflammatory responses [13], whereas CFA is known to be significantly 

inflammatory [43]. Negative control mice were injected with phosphate buffered saline. 

Mice were immunized and boosted at week 4 and week 6. By week 8 the two immunized 

groups had similar titers of IgG against ovaQ11 (Figure 1). Q11 not bearing an epitope has 

been previously shown to be unable to raise antibody responses [14, 15].

3.2. Wound healing in the presence of immunogenic peptide nanofibers

In three different mouse models with increasingly delayed healing (unsplinted C57BL/6, 

unsplinted ob/ob, and splinted ob/ob), we assessed whether an ongoing antibody response to 

the self-assembled peptide scaffold would delay wound healing, and whether the phenotype 
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of the immune response had a measurable effect. Mice were either immunized against 

ovaQ11 prior to wounding or were naïve to ovaQ11 until it was placed in the wounds. In the 

wounds, subsets of mice received either non-immunogenic Q11, immunogenic ovaQ11, or 

PBS. Here the naming of the groups follows the convention of “(vaccination material/wound 

material)”. The rate of wound healing was first measured in C57BL/6 mice with 5mm 

unsplinted wounds. In all groups, it took around 8 days for the wounds to be about 50% 

closed (Figure 2a). In this model, there was no difference in the rate of healing between 

naïve mice receiving non-immunogenic peptide (naïve/Q11) and mice previously vaccinated 

with ovaQ11 receiving ovaQ11 in their wounds (ovaQ11/ovaQ11) (Figure 2a). Additionally 

there was no significant difference between vaccinated and unvaccinated mice receiving 

ovaQ11 in their wounds (ovaQ11/ovaQ11) versus (naïve/ovaQ11) (Figure 2a). Unsplinted 

ob/ob mice healed more slowly than C57BL/6 mice (Figure 2b), with 50% closure occurring 

around 11 days for all groups, yet there was still no significant difference between 

naïve/Q11 and ovaQ11/ovaQ11 groups. Finally, splinted ob/ob mice healed the slowest, with 

50% closure occurring around 14 days, yet naïve/Q11 and ovaQ11/ovaQ11 groups remained 

statistically similar (Figure 2c). In sum, whether splinted or not, and in a range of models 

with varying healing times, ovaQ11/ovaQ11 groups healed at similar rates as naïve/Q11 

groups. Collectively these results indicated that immunogenic peptide scaffolds did not have 

a negative effect on healing rates in these models. Next we investigated whether the 

phenotype of the immune responses could be altered to perturb the immunologically 

compatible phenotype observed with peptide self-assemblies so far. To do this, we 

immunized mice with ovaQ11 in complete Freund's adjuvant (CFA) and then applied 

ovaQ11 in incomplete Freund's adjuvant (IFA) in the wound (CFA-ovaQ11; IFA-ovaQ11 

group). Here the model with the intermediate healing rate, the 8 mm unsplinted ob/ob mouse 

model was used. For comparison, two negative control groups remaineded unimmunized, 

with one unimmunized group receiving ovaQ11 in their wounds and the other receiving IFA-

ovaQ11 in the wounds. These two control groups were included to measure the independent 

effect of the immunization and of IFA in the wounds, respectively. The rate of wound 

healing is shown in Figure 3a for the four conditions. Interestingly, the rate of healing for the 

CFA-ovaQ11/IFA-ovaQ11 group was significantly slower than the other groups at day 10, 

15, and 17 (Figure 3a-d). IFA in the wound did not appear to have a significant effect by 

itself, as healing in the naïve/IFA-ovaQ11 group was statistically similar to the naïve/

ovaQ11 group and the ovaQ11/ovaQ11 group at all time points (Figure 3a-d). Antibody 

titers were also similar between the ovaQ11/ovaQ11 group and the CFA-ovaQ11/IFA-

ovaQ11 group (Figure 3e), indicating that the adjuvanted and unadjuvanted antibody 

responses were of similar strength. Collectively, these results indicated that whereas ovaQ11 

peptide nanofibers raised an immune response that did not adversely affect wound healing, 

this phenotype could be shifted to one that does adversely affect healing, through the use of 

inflammatory adjuvants (CFA/IFA).

3.3. Cell Recruitment to the Wound Bed

Because no significant differences in healing rates were seen grossly between immunized 

and non-immunized mice when ovaQ11 was used as the immunizing agent and the scaffold, 

we examined the wounds histologically to determine if there were differences in CD3+ cells 

(T cells), B220+ cells (B cells), or F4/80+ cells (macrophages) between immunogenic and 
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nonimmunogenic materials. At day 17, immunohistochemistry demonstrated significantly 

more CD3+ T cells in the wound bed for ovaQ11/ovaQ11 mice compared to naïve/Q11 mice 

(Figure 4a). Negligible B220+ cells and significant numbers of F4/80+ cells were found in 

the wound bed for both groups, but the groups were not statistically different from one 

another (Figure 4a, 4b). Granulation tissue thickness did not vary between groups (Figure 

4c). These results indicated that ovaQ11 scaffolds recruited significant numbers of T cells 

but their recruitment of B cells and macrophages was not significantly different compared to 

non-immunogenic scaffolds.

3.4. T cell phenotpyes

Several groups have demonstrated a significant role for T cells in wound healing [5, 7]. This 

previous work along with our observation of increased T cells in wound beds of 

immunogenic scaffolds led us to evaluate T cell phenotype. The dermal wound bed was 

harvested and digested, and T cell populations were analyzed by flow cytometry. In this 

experiment all mice were immunized against OVA-Q11. In C57BL/6 mice, 5 mm unsplinted 

wounds were created on immunized mice, and into the wounds were placed either Q11 (non-

immunogenic and non-inflammatory), ovaQ11 (immunogenic and non-inflammmatory) or 

IFA-ovaQ11 (immunogenic and inflammatory). CD3+ lymphocytes were isolated from the 

wound bed tissue at 5 days and 10 days post-wounding. At Day 5, there were significantly 

more CD4+ cells in the wound beds than CD8+ cells for all groups (Figure 5). By 10 days 

after wounding, however, the CD4/CD8 ratio was more balanced for mice receiving Q11 and 

ovaQ11 in their wounds. For mice receiving IFA-ovaQ11 in their wounds, the predominance 

of CD4+ cells persisted. Further, CD4+ cells were additionally investigated with respect to 

their Th1/Th2 polarization by measuring IFNγ (Th1) and IL4 (Th2) by flow cytometry. At 

both Day 5 and Day 10, mice receiving Q11 and ovaQ11 in their wounds had T cell 

populations with similar numbers of IFNγ- and IL4-producing cells (Figure 6). In contrast, 

mice receiving adjuvanted materials exhibited a predominance of cells producing IFNγ 
compared to IL4 at both time periods. This indicated that the adjuvanted materials produced 

a T cell phenotype that was slanted more towards a Th1 response than the unadjuvanted 

peptides.

4. Discussion

Here we describe self-assembled peptide nanofiber biomaterials that raise strong immune 

responses yet still perform well in dermal wounds, not delaying closure in three different 

murine models. In three wound models spanning a range of overall rates of closure (wounds 

in C57BL/6 mice and both splinted and unsplinted wounds in ob/ob mice), these peptide 

biomaterials did not delay closure despite significant ongoing immune responses. Wounds 

containing the immunogenic ovaQ11 healed at the same rate as non-immunogenic Q11, even 

when mice had been immunized previously against ovaQ11. In contrast, mice that had been 

immunized using adjuvants that provoke an immune response with a more inflammatory 

phenotype demonstrated significant delayed closure in comparison, despite similar antibody 

titers to unadjuvanted materials.
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The implications for self-assembled peptide biomaterials are significant. This class of 

materials has been gaining interest for a wide variety of in vivo biomedical applications 

including tissue engineering, cell delivery, and tissue repair [30], but in separate studies self-

assembled peptides have also recently been found to elicit robust immune responses [15, 

21]. Whether a self-assembled peptide is immunogenic or not is highly dependent on its 

epitope content [14, 26], and to our knowledge no self-assembled peptide had yet been 

studied explicitly with respect to its epitope-specific immunogenicity in tissue engineering 

or wound healing applications. As such, although there have been numerous reports of this 

class of materials being used successfully in vivo [44-49], it has remained an open question 

whether the immune responses observed for Q11 and other self-assembling peptides would 

be compatible, harmful, or beneficial when the materials are used as scaffolds for tissue 

repair. Here we report that even when an epitope-specific immune response is pre-

established against these materials, they still function well in dermal wounds. This bodes 

well for the use of not only Q11 but other fibrillar peptide assemblies materials in other 

tissue repair contexts, regardless of whether an immunogenic epitope (B cell epitope or T 

cell epitope) is included in the peptide sequence. More broadly, this work indicates that there 

may be a specific type of anti-biomaterial immune response phenotype, or a range of 

phenotypes, that are consistent with biomaterials’ use in vivo. If borne out with ongoing and 

future work, this would constitute an interesting update of the current thinking in the 

biomaterials field that any anti-biomaterial immune response is necessarily harmful. In the 

work described in this paper, these productively immunogenic peptide assemblies were 

associated with a more Th2-slanted response throughout the duration of healing compared to 

adjuvanted materials that impeded wound healing, which exhibited a more Th1-slanted 

charater based on higher IFNγ secretion. The compatible phenotype of peptide nanofibers 

was also associated with a progression from a CD4+ T cell-dominated response to a more 

balanced CD4+/CD8+ T cell response by day 10 after healing. Further phenotypic 

characterization of these T cells may shed light on the progression of not only Th1/Th2 bias 

but also regulatory and tolerogenic phenotypes.

The delayed healing of adjuvanted groups was attributable to immune responses beyond the 

local effects of the adjuvant (IFA) in the wound bed, because mice that did not receive 

presensitizing immunizations of nanofibers in CFA healed more quickly than those that had 

been pre-immunized with the CFA-adjuvanted nanofibers. This adjuvanted immune 

phenotype represents one that is not as compatible with wound healing compared with 

unadjuvanted peptide nanofibers, despite the fact that the two formulations raise similar 

antibody titers. If specific immune phenotypes compatible with tissue repair such as the one 

raised by peptide nanofibers can be clearly defined, it would be helpful in the design of next-

generation biomaterials composed of potentially immunogenic components such as peptides, 

proteins, or bioconjugates. Of course, it will be important to assess whether the phenomena 

we have observed in mice hold true for humans and for other defects sites beyond skin. 

However, it is encouraging that previous work with xenogeneic scaffolds such as SIS show 

that in humans even immunogenic materials can perform quite well clinically [19, 50].

A number of observations in this study prompt additional questions. For example, despite a 

strong antibody response to ovaQ11, there were very few B cells found in the wounds 

containing it. Previous studies by others have also found minimal B cell presence in healing 
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wounds, so the role of B cells in such contexts has been believed to be small [5, 51]. 

However, B cells in lymphoid tissues remote from the wound are responsible for secreting 

the high antibody titers observed and as shown by previous work such antibody responses 

may play a role in healing [12]. B cells could have a remote influence on the course of 

wound healing, for example by secreting antibodies that bind to the material and influence 

both its clearance and the immunological phenotype around the biomaterial. This 

relationship would be interesting to study in future work, by investigating the development 

of anti-biomaterial responses in the spleen and lymph nodes during the course of healing in 

the presence of self-assembled biomaterials. Additionally, our work here poses interesting 

questions as to whether there may be an interaction between the Th1/Th2 polarization of T 

cells and the M1/M2 polarization of macrophages. In the field of Biomaterials, the 

understanding of these relationships is still early, yet it is apparent that many of the 

cytokines involved in the Th1/Th2 axis have strong influences in M1/M2 polarization [9, 10, 

52]. Owing to the important role of macrophages in wound healing, this represents another 

potentially interesting area for future study.

5. Conclusions

We found that self-assembling peptide biomaterials in wound healing contexts can be highly 

immunogenic yet not impede normal wound healing. For these materials, their use in tissue 

repair and wound healing is not dependent on rendering them non-immunogenic. The 

immune response raised by these specific materials, while significant, is of a phenotype that 

does not have a significant adverse effect on healing. In comparison, adjuvanted peptide 

assemblies did have a deleterious effect on the rate of healing. Collectively, the results 

indicate that peptide self-assemblies may be appropriate as scaffolds for tissue repair or 

wound healing, and that the immune responses that they raise do not necessarily need to be 

attenuated for these applications.
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Figure 1. Antibody responses to unadjuvanted and adjuvanted peptide assemblies were similar
Serum total IgG titers against ovaQ11 were not significantly different for mice immunized 

with ovaQ11 versus CFA/ovaQ11. Mice were immunized at week zero and received booster 

immunizations at week 4 and week 6. Titers for total IgG against ovaQ11 were measured by 

ELISA at week 8. n=5 mice per group. Each bar represents mean +/− standard error. *p 

<0.05 compared to negative control (PBS). n.s., not statistically different.
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Figure 2. The rate of wound healing is unaffected by high antibody titers against the scaffold
Wound closure rates are shown for 3 different models of increasingly delayed healing. Gray 

lines indicate approximate times to 50% healing. Naming convention: “(immunization 

material/scaffold material)” (a) The 5 mm unsplinted C57BL/6 model demonstrated no 

significant difference in wound healing rate between (ovaQ11/ovaQ11), (naïve/Q11), (naïve/

PBS), or (naïve/ovaQ11). n= 3 mice per group, except for ovaQ11/ovaQ11 for which n=2 

because one mouse died during anesthesia. (b) 8 mm unsplinted ob/ob model demonstrated 

no significant difference in wound healing rates between (naïve/Q11) and (ovaQ11/ovaQ11). 

n= 9 mice per group. (c) Splinted 5 mm ob/ob wound model demonstrated no significant 
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difference in wound healing rates between (naïve/Q11) and (ovaQ11/ovaQ11), n=6 mice per 

group.
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Figure 3. Healing rate was negatively affected by CFA-adjuvanted immunizations but not 
unadjuvanted peptide assemblies
(a) In unsplinted 8 mm wounds in ob/ob mice, healing was delayed for CFA-ovaQ11/

IFAovaQ11 compared to ovaQ11/ovaQ11, naïve/IFA-ovaQ11, and naïve/ovaQ11 

(immunization/material in wound). The latter three groups did not differ significantly from 

each other. (b-d) Comparisons between wounds at day 10, 15, and 17. (e) Serum titers at the 

time of wounding at day 0 and day 7 after wounding, against ovaQ11 as measured by 

ELISA. All subpanels indicate mean with standard error. n=10 wounds per group (5 mice 

with 2 wounds per mouse). *p<0.05 comparing CFAovaQ11/IFAovaQ11 to ovaQ11/ovaQ11. 
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ϕ p <0.05 comparing CFAovaQ11/IFAovaQ11 with naïve/IFAovaQ11. n.s, not statistically 

different.

Vigneswaran et al. Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Immunogenic scaffolds recruited more T cells than non-immunogenic scaffolds
Histologic analysis at day 17 (8 mm wounds in unsplinted ob/ob mice). Naïve/ovaQ11 

groups were compared with ovaQ11/ovaQ11 (immunization/wound material). (a) 

Immunohistochemistry demonstrated significantly greater CD3+ (T cell) recruitment in the 

wound for ovaQ11/ovaQ11 mice compared naïve/Q11 mice. B220+ (B cells) were scant and 

not significantly different between the two groups. (b) F4/80+ cells were abundant in both 

groups and not significantly different. (c) The amount of granulation tissue was not 

significantly different between the groups. (d) Representative images of 

immunohistochemistry of the wound beds stained for CD3, B220 and F4/80.*p<0.05 by 

Student's t-test; n.s, not statistically different. n=9 mice per group. Scale bars 200 μm.
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Figure 5. CD4+ helper and CD8+ cytotoxic lymphocyte balance within wounds
Mice immunized against ovaQ11 were treated with Q11, ovaQ11 or IFA/ovaQ11 in their 

wounds, and lymphocytes were isolated from wounds at days 5 and 10 (5 mm wounds in 

C57BL/6 mice). (a) Flow cytometry gating for CD4+ (top left box) and CD8+ (lower right 

box) lymphocytes. (b) In wounds treated with Q11 or ovaQ11, CD4+ T cells predominated 

at Day 5 but were more balanced with CD8+ T cells at Day 10. Wounds treated with 

adjuvanted ovaQ11 retained their predominance of CD4+ T cells at Day 10. n= 6 wounds 

per time point (3 mice, 2 wounds per mouse). *p<0.05 by ANOVA with Tukey HSD post 

hoc test.
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Figure 6. Cytokine Production of CD4+ cells: Th1 versus Th2
Mice immunized against ovaQ11 received dermal wounds treated with Q11, ovaQ11 or IFA-

ovaQ11 (5 mm wounds in C57BL/6 mice). T cells expressing IFNγ and IL4 were counted 

by flow cytometry. At Days 5 and 10 post-wounding, mice receiving Q11 or ovaQ11 in their 

wounds exhibited balanced Th1/Th2 T cell responses of similar amounts of IFNγ and IL4-

producing cells, whereas mice receiving CFA-ovaQ11 had greater numbers of IFNγ-

producing CD4+ T cells compared to IL4-producing CD4+ T cells, indicating a response 

that was comparatively more slanted towards Th1. n = 6 wounds per time point, 3 mice and 

2 wounds per mouse. *p<0.05 by ANOVA with Tukey HSD post hoc test.
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