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Abstract

Current attempts at tissue regeneration utilizing synthetic and decellularized biologic-based 

materials have typically been met in part by innate immune responses in the form of a robust 

inflammatory reaction at the site of implantation or grafting. This can ultimately lead to tissue 

fibrosis with direct negative impact on tissue growth, development, and function. In order to 

temper the innate inflammatory response, anti-inflammatory signals were incorporated through 

display on self-assembling peptide nanofibers to promote tissue healing and subsequent graft 
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compliance throughout the regenerative process. Utilizing an established urinary bladder 

augmentation model, the highly pro-inflammatory biologic scaffold (decellularized small 

intestinal submucosa) was treated with anti-inflammatory peptide amphiphiles (AIF-PAs) or 

control peptide amphiphiles and used for augmentation. Significant regenerative advantages of the 

AIF-PAs were observed including potent angiogenic responses, limited tissue collagen 

accumulation, and the modulation of macrophage and neutrophil responses in regenerated bladder 

tissue. Upon further characterization, a reduction in the levels of M2 macrophages was observed, 

but not in M1 macrophages in control groups, while treatment groups exhibited decreased levels 

of M1 macrophages and stabilized levels of M2 macrophages. Pro-inflammatory cytokine 

production was decreased while anti-inflammatory cytokines were up-regulated in treatment 

groups. This resulted in far fewer incidences of tissue granuloma and bladder stone formation. 

Finally, functional urinary bladder testing revealed greater bladder compliance and similar 

capacities in groups treated with AIF-PAs. Data demonstrate that AIF-PAs can alleviate galvanic 

innate immune responses and provide a highly conducive regenerative milieu that may be 

applicable in a variety of clinical settings.
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1. Introduction

The cascade of events involved in the tissue regenerative process encompasses multiple 

innate biological programs that aid in regeneration. These are non-exclusively comprised of 

a robust inflammatory reaction at the onset of tissue damage subsequently accompanied by 

architectural and physiological remodeling of tissue. Although the inflammatory response 

initially acts as a protective mechanism to aid in repair and regeneration, impediments to 

tissue healing including perturbations in the inflammatory response, are attributable to 

further tissue damage and subvert proper tissue remodeling. The expected outcome of 

inflammation in a normal setting is to provide a suitable environment in order to recapitulate 

native tissue in form and in function through a series of interdependently choreographed 

events encompassing several distinct phases [1].

The inflammatory response to tissue injury is in part under the control of the innate immune 

system. Localized tissue injury induces the onset of leukocyte invasion, edema and pain of 

affected tissues [2]. The tissue infiltration of leukocytes via extravasation including 

macrophages, granulocytes (basophils, neutrophils, mast cells, and eosinophils) has been 

adequately demonstrated within the field of tissue regeneration as well as cancer initiation 

and progression [3,4]. Neutrophils and macrophages produce pro-inflammatory cytokines 

and chemokines such as IL-1β, IL-6, IL-8 and TNFα. Neutrophils also possess the capacity 

to recruit more monocytes (and ultimately macrophages) thus continuing the cyclical 

process of tissue damage in a dysfunctional setting [5]. This acute inflammatory response 

can become chronic and eventually lead to tissue fibrosis. Abundantly fibrous tissue lacks 

proper physiological function as demonstrated in a number of different conditions including 
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the formation of adhesions following surgery, idiopathic pulmonary fibrosis, and urinary 

bladder tissue regeneration [3,6,7]. In order to quell the inflammatory response and promote 

regenerative healing, the delivery of anti-inflammatory agents may prove beneficial in this 

setting.

Self-assembling peptide amphiphiles (PAs) have demonstrated utility in a wide range of 

settings and applications [8–10]. PAs are comprised of a hydrophobic alkyl segment 

attached to a peptide domain that includes a β-sheet forming segment. In aqueous 

environments, these molecules self-assemble through hydrophobic collapse of the alkyl 

domain in combination with hydrogen bonding in the β-sheet domain to produce high 

aspect-ratio nanofibers. PAs can be synthesized to present bioactive peptide epitopes on the 

nanofiber surface for recognition by cell receptors or for binding to other biomolecules in 

order to enhance biological function in vivo [8–10]. Specific epitopes that may be of interest 

in the context of tissue regeneration include anti-inflammatory sequences [11]. PAs 

presenting anti-inflammatory epitopes at high density could potentially be utilized to 

modulate inflammation-based reactions in a wide array of clinical settings. Within the 

context of this proof-of-concept study, we have attempted to specifically ascertain whether 

the application of PAs expressing anti-inflammatory peptides could 1) establish a 

comprehensive tissue regenerative milieu and 2) modulate components of the innate 

inflammatory response while utilizing a highly pro-inflammatory biological scaffold known 

to promote tissue fibrosis in a urinary bladder augmentation model [12,13].

2. Materials and methods

2.1. Anti-inflammatory peptide amphiphile synthesis

The anti-inflammatory peptide amphiphiles (AIF-PAs) were synthesized utilizing standard 

fluoroen-9-ylmethoxycarbonyl (Fmoc) solid phase peptide synthesis (SPPS) procedures as 

previously described [8]. Briefly, the AIF-PAs were synthesized from the C-terminus to N-

terminus, with Rink Amide MBHA [4-(2′,4′-Dimethoxyphenyl-Fmoc-aminmethyl)-

phenoxyacetamido-methylbenzhydryl amine resin] at the C terminus as the solid state 

support for the addition of Fmoc-protected AA. The Fmoc group was removed by agitating 

the resin in a solution of 30% piperidine in dimethylformamide (DMF) (v/v) for 10 min. 

This step was performed twice at the beginning of each AA coupling step. This was 

followed by a wash with dichloromethane (DCM), two washes with DMF, and finally two 

final washes in DCM. A Ninhydrin test was performed to confirm the presence of an N-

terminus free amine indicated by a positive color change to purple. The AA coupling 

cocktail consisted of a 4× molar excess of the Fmoc AA, 3.95× molar excess of O-

Benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-phosphate (HBTU), and a 6× 

molar excess of N,N-diisopropylethylamine (DIEA) all relative to the resin. The AA, 

HBTU, and DIEA were dissolved in approximately 20 mL of DMF. Once the Ninhydrin test 

confirmed the presence of free amino termini, the AA coupling cocktail was added to the 

resin and agitated for a minimum of 3 h. Following agitation, the resin was washed 

thoroughly with DMF 3× for approximately 1 min per wash and subsequently washed with 

DCM twice. A final Ninhydrin test was performed to confirm the AA had been coupled 

successfully indicated by a no color change. The remaining AA was added as described. 
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Following the addition of the AA sequence, a palmitic acid (C16) tail was coupled for 2 h at 

4× molar excess with 3.95× and 6× molar excess of HBTU and DIEA, respectively, 

dissolved in a 20:80 mixture of DCM:DMF.

To cleave the finished AIF-PA from the resin, a solution containing 95% trifluoroacetic acid 

(TFA), 2.5% triisopropylsilane (TIS), and 2.5% nanopure water was mixed with the resin 

and agitated for at least 3 h. The solution was isolated from the resin into a 500 mL round 

bottom flask, and the resin was washed once with DCM. The TFA was removed using a 

rotary evaporator (R-210; Buchi Analytical Inc.) at 50 °C. Cold diethyl ether was added to 

remove soluble protecting groups remaining after cleaving and precipitate the AIF-PAs. The 

AIF-PA diethyl ether solution was centrifuged and decanted, leaving only the AIF-PA 

precipitate, which was then dried under vacuum for 2 days. Following cleavage, the AIF-

PAs were purified via RP-HPLC (Varian Prostar; Varian Inc.) under either acidic (C-18 

Atlantis Column; Waters Corp.) or basic (C-18 Gemini Column; Phenomenx Inc.) 

conditions based on the net charge of the complete AIF-PA at physiological pH. Purification 

was monitored by UV/Vis spectroscopy at 220 nm and 325 nm. Fractions of interest were 

confirmed to contain the target AIF-PA via mass spectrometry (6510 Q-TOF LC/MS 1200 

Series; Agilent Technologies). Following purification, the AIF-PAs were subject to rotary 

evaporation before being lyophilized (FreeZone Plus 6; Labconco Corp.) for 3 days. Dried 

samples were stored at −20 °C until needed. The AA sequences (with the bioactive epitope 

in bold) of the AIF-PAs utilized throughout this study were: AIF-PA1: C16-

VVVAAAEEEMQMKKVLDS; AIF-PA2: C16-VVVAAAEEEHDMNKVLDL; AIF-PA3: 

C16-VVVAAAEEEKVLDPVKG; AIF-PA4: C16-VVVAAAEEEKVLDGQDP; AIF-PA5: 

C16-VVVAAAEEEDPVKG; AIFC-PA6 (Control): C16-VVVAAAEEEKLMSQKMVD. 

AIFC-PA6 expressed a scrambled AA sequence that served as a control throughout 

experiments. Sequences were derived from studies of the uteroglobin protein [11,14]. All 

chemicals were purchased from Sigma–Aldrich Corporation.

2.2. Scanning electron microscopy of SIS scaffolds

Scanning electron microscopy (SEM) was performed using a Hitachi S4800-II scanning 

electron microscope (Hitachi Inc.) with a 5 kV accelerating voltage. To prepare samples for 

imaging, a sample of SIS coated with an AIF-PA was prepared by identical methods as were 

used for in vivo studies. An AIF-PA solution, induced to form a gel using a CaCl2 solution, 

was coated onto one side of the surface of an SIS scaffold. The sample was fixed in 2% 

glutaraldehyde and 3% sucrose in phosphate buffered saline (PBS) for 30 min at 4 °C 

followed by sequential dehydration in an ascending series of ethanol. The scaffold was then 

dried at the critical point and coated with 8 nm OsO4 prior to imaging. Images were 

collected of both the SIS surface alone and a representative sample of SIS with AIF-PA on 

the surface.

2.3. Rat bladder augmentation model

Athymic female rats (weighing ~200 g and 8–10 weeks old; National Cancer Institute 

Animal Production Program) underwent bladder augmentation as previously described [15]. 

Athymic rats were chosen for this study to solely examine the innate immune response to 

inflammation without influence of the adaptive immune response. In order to induce 
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anesthesia, animals were given intraperitoneal injections of 60 mg/kg ketamine and 5 mg/kg 

xylazine. A second injection consisting of Buprenex (1 mg/kg) was administered 

subcutaneously to alleviate any pain/discomfort during and following surgical procedures. 

An approximate 1.5 cm midline vertical skin incision was created to expose the abdominal 

fascia and muscles. This was immediately followed by the separation of the wall leading to 

the identification of the bladder. An approximate 70% supratrigonal cystectomy was 

performed from anterior to posterior creating a clamshell. Immediately prior to bladder 

augmentation procedures, samples of the pro-inflammatory biological scaffold, small 

intestinal submucosa [SIS (0.5 × 0.5 cm); Cook Biotech.) [12,13,16] were thoroughly dip-

coated separately in one of the previously described AIF-PAs following gelation procedures. 

The sections of SIS were dip-coated for approximately 20 s and allowed to adhere to the SIS 

for an additional 30 s. Dip-coating procedures were performed at room temperature in air. 

The cystectomized bladder defect was then augmented with: 1) SIS (non-AIF-PA coated 

SIS; n = 8 animals over both time-points); 2) AIF-PA1 coated SIS (denoted as SIS/AIF-

PA1; n = 11 animals over both time-points); 3) AIF-PA2 coated SIS (denoted as SIS/AIF-

PA2; n = 8 animals over both time-points); 4) AIF-PA3 coated SIS (denoted as SIS/AIF-

PA3; n = 3); 5) AIF-PA4 coated SIS (denoted as SIS/AIF-PA4; n = 3 animals); 6) AIF-PA5 

coated SIS (denoted as SIS/AIF-PA5; n = 3 animals); and 7) AIFC-PA6 coated SIS (denoted 

as SIS/AIFC-PA6; n = 9 animals over both time-points). AIF-PA3, AIF-PA4, and AIF-PA5 

were not utilized for 5 week in vivo studies due to their lack of overall robustness with 

regard to various measurements taken at the 10 day time-point. The bladder was finally 

covered with omentum after being closed in a watertight manner utilizing 7-0 polyglactin 

suture. The abdominal wall was then closed in a single layer with 5-0 ethibond running 

suture and the skin re-approximated with 9 mm autoclips. Each group was sacrificed at 10 

day and 5 week time-points. All pre- and post-animal procedures were performed in 

accordance with guidelines set forth and approved by the Ann & Robert H. Lurie Children’s 

Hospital Institutional Animal Care and Use Committee (IACUC).

2.4. Histological staining and quantification of augmented SIS/tissue samples

Explanted bladder specimens encompassing the entire thickness of the bladder were isolated 

immediately following euthanasia and processed as previously described [15]. Briefly, 

specimens were fixed in a 10% buffered formalin phosphate (Fisher Scientific, Inc.) solution 

followed by a series of graded ethanol exchanges then embedded in paraffin (Fisher 

Scientific). Embedded tissues were sectioned onto glass slides at a thickness of 10 μm using 

a RM2125 RT Microtome (Leica) onto glass slides and subjected to staining with Masson’s 

Trichrome (Sigma–Aldrich Corp.) reagent. The paraffin was removed from tissue containing 

slides using a hot plate at 62 °C for 6 min and was followed by treatment with xylenes, 

graded ethanol washes and DI water. Slides were placed in Bouin’s solution (Sigma–Aldrich 

Corp.) for approximately 15 min then rinsed under running tap water. The samples were 

then stained 5 min with Hematoxylin and rinsed with running water and subsequently 

stained with Scarlet-Acid Fuchsin (Sigma–Aldrich Corp.). Slides were rinsed again with DI 

water and placed into a mixture of PTA/PMA, followed by Aniline Blue solution and a 1% 

acetic acid wash. Finally, slides were placed in 95–100% ethanol and rinsed in xylene. 

Following air drying, a coverslip was placed over the specimen sample and secured with 

Permaslip (Alban Scientific Inc).
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2.5. Bladder tissue collagen quantification

Bladder tissue specimens were evaluated for collagen content by an established protocol 

[13,15,17]. Collagen from Trichrome stained samples was quantified digitally utilizing a 

Nikon Eclipse 50i Microscope (Nikon Inc.,) and Spot Advanced Imaging Software 

(Diagnostic Instruments). Sample images (1600 pixels × 1200 pixels, bit depth 24) were 

opened with Adobe Photoshop CS3 (Adobe Systems Inc.). The contrast of red pixels from 

blue pixels was enhanced by a two-fold elevation of magenta levels followed by a two-fold 

depression of cyan levels in the red and magenta spectra. This contrast was further improved 

by a two-fold elevation of cyan levels followed by a two-fold depression of magenta levels 

in the cyan and blue spectra. The selection color range tool with a fuzziness level of 115% 

was then used to digitally select the red or blue pixels of the entire image. Selected pixels 

were subsequently quantified using the image histogram tool and a muscle to collagen ratio 

was calculated from these values. In cases where urothelial cells, red blood cells, debris, and 

the SIS scaffold were present, images were edited to remove these structures to preserve a 

more accurate extrapolation of the collagen content from the red:blue. Areas of regenerated 

tissue were subjected to an average of ten, random microscopic fields to determine collagen 

levels at 10 day and 5 week time-points. Data was based upon ten images per animal for 

each group at 10 day and 5 week time-points.

2.6. Blood vessel quantification in areas of bladder tissue regeneration

Trichrome sample images were opened with Adobe Photoshop CS3 and were initially 

characterized utilizing a Nikon Eclipse 50i Microscope in addition to Spot Advanced 

Imaging Software as previously described. Vessel numbers were quantified utilizing the pen 

tool based upon n = 10 images per graft in regenerated areas. Individual vessels were 

selected manually and subsequently quantified using the image histogram tool to acquire 

pixel density for each vessel. Data is represented as mean number of vessels/mm2 (means ± 

SE).

2.7. Characterization of immunofluorescence stained augmented tissues

Tissue sections comprised of SIS alone, SIS/AIF-PA1, SIS/AIF-PA2, and SIS/AIF-PA6 

augmentations were subjected to immunofluorescence staining by initially undergoing 

antigen retrieval which consisted of 15 min of boiling in citrate buffer (0.01 M citrate 

solution, pH 6.0 with 0.05% Tween-20) followed by cooling at room temperature for 

approximately 20 min. The antibody staining process consisted of a blocking step for 15 min 

in bovine serum albumin (BSA, 5 mg/ml) followed by a 40 min incubation at room 

temperature with the primary antibody. After washing with DPBS, slides were incubated for 

30 min with a secondary antibody and eventually rinsed with DPBS and air dried. Slides 

were mounted with Vectashield (Vector Laboratories). Primary antibodies utilized in this 

study were directed against epitopes for the inflammatory markers CD68 (macrophage) 

[18,19] MPO (neutrophil) [20] or the inflammation-related proteins IL1b, TNFα, IL-10, 

IL-13, CD206 (M2 macrophage) [21–25] and CD86 (M1 macrophage) [26]. Antibodies 

directed against the ECM in regenerating bladder tissue (including COL4A3 and 

fibronectin) were also utilized. Alexa Red 555 or FITC conjugated secondary antibodies 

(Molecular Probes) were utilized for visualization following established protocols [15]. 
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Primary antibodies were utilized at dilutions ranging from 1:50 to 1:400, while secondary 

antibodies were utilized at a 1:400 dilution. All samples were additionally stained with 4′,6-

diamidino-2-phenylindole (DAPI; Sigma–Aldrich Corp.) to identify cells by nuclei 

visualization. All primary antibodies were purchased from Abcam or Santa Cruz 

Biotechnology.

Immunofluorescence quantification of stained tissue sections (including granuloma 

characterization) was carried out utilizing a Nikon Eclipse 50i microscope and Spot 

Advanced Imaging software. Ten images per animal were taken within the regenerating area 

of the bladder for any of the aforementioned inflammatory markers. The number of percent 

positive inflammatory cells was determined by manually counting marked/colored cells 

using ImageJ (National Institutes of Health) software. The cell counter plugin function was 

used to mark any cells expressing a given marker. The total number of cells were 

determined by opening DAPI alone images with ImageJ, and converting images into 8-bit 

grayscale. The threshold of the imaged was then adjusted to highlight all DAPI+ cells to be 

counted and the watershed setting was selected to separate any stacked/merged cells. Once 

desired cells were highlighted and separated, total cell counts were determined using the 

analyze particle tool, with size adjusted to 180 pixels-infinity and circularity set to 0.0–1.0.

2.8. Urodynamic testing and bladder capacity measurements of augmented bladders

The bladders of anesthetized athymic rats were exposed through the abdomen as previously 

described. A 20 gauge cannula (Becton Dickinson and Co.) was delicately placed into the 

bladder through the dome in order to obtain intravesical measurements. The cannula was 

connected to the Pump 11 Elite Syringe Pump (Harvard Apparatus) and to a physiological 

pressure transducer (SP844, MEMSCAP). The pressure transducer was connected to a 

bridge amplifier (Model FE221; AD Instruments). Continuous reading of the transvesical 

pressure was measured and plotted using LabChart 7.3 software (AD Instruments). The fill 

rate for each study ranged from 150 to 200uL per minute. Bladder capacity was measured by 

a modified version as previously described [13]. Briefly, sterile DPBS was injected into the 

bladder using a 27 gauge needle in 50 μl increments until fluid leakage was observed from 

the urethra of the animal. The total volume injected was then noted. This procedure was 

repeated at least three times per animal. Urine was evacuated from the bladder prior to the 

start of any bladder capacity measurements utilizing a sterile 27 gauge needle. Urodynamic 

and bladder capacity measurements were performed immediately prior to augmentation 

procedures and immediately prior to euthanization. Intravesical urodynamic measurements 

could not be performed during the time course of this study due to the highly invasive nature 

of the testing procedure. UDS tracings represent a minimum of three animals pre- and post-

augmentation per group.

2.9. Statistical analysis

Differences between control and treatment groups were determined using ANOVA with the 

Tukey–Kramer method for multiple comparisons (SAS 9.4). P < 0.05 was considered 

statistically significant.
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3. Results

3.1. Quantitative morphometric and histological evaluation of SIS/AIF-PA augmented 
tissue

The chemical structures of the AIF-PAs are provided (Fig. S1A–F). A representative 

scanning electron micrograph of an AIF-PA-coated small intestinal submucosa (SIS) 

scaffold reveals the high density of epitope-expressing nanofibers that stud the surface of the 

SIS scaffold (Fig. S1G). AIF-PAs 3-5 were only used for 10 day time-point studies.

Masson’s Trichrome (10 days and 5 weeks) staining of augmented bladder tissue specimens 

demonstrated varying levels of collagen accumulation in “control samples” (SIS alone and 

SIS/AIFC-PA6), respectively at 10 days post-augmentation. SIS augmented samples 

consistently demonstrated large and dense areas of collagen (blue (in web version) in color, 

depicted by black arrows; Fig. 1A; column I, row 1) accrued in a disorganized manner 

throughout the grafts mostly devoid of cells (red (in web version) stain). Analogous results 

were also demonstrated with SIS/AIFC-PA6 (Fig. 1A; column I, row 2). In contrast, SIS/

AIF-PA1 and SIS/AIF-PA2 (“treatment samples”) exhibited lesser degrees of collagen and 

tissue was interspersed with encroaching cells from the native bladder (Fig. 1A; column I, 

rows 3 and 4). Other extra-cellular matrix tissue deposition was also examined (Fig. S2). 

H&E staining revealed high levels of infiltrating inflammatory cells in areas of regeneration 

in control samples Fig. 1A; column II, rows 1 and 2; boxed areas). SIS samples further 

demonstrated the formation of granulation tissue throughout the graft as demonstrated by the 

dense brown (in web version) staining seen in Fig. 1A (column II, row 1). Granulation tissue 

was evident in all samples but to a far lesser degree in treatment grafts at both time-points in 

both quantity and size (Fig. S3 and Table S1). The trend of collagen accumulation continued 

at the 5 week time-point as levels of collagen remained higher in control samples (Fig. 1A; 

column III, rows 1 and 2) and decreased with the treatment samples (Fig. 1A; column III, 

rows 3 and 4). Normal bladder architecture was also predominant in treatment grafts. 

Inflammatory cell populations were still present in control samples and were in limited 

number with treatment samples (Fig. 1A; column IV, rows 1–4). Kidney morphology 

appeared normal at the gross and microscopic levels (Fig. S4). Quantitative morphometric 

analyses of collagen and blood vessel formation revealed a disparity between control and 

treatment groups.

The control groups exhibited mean levels of collagen approaching 70% (10D: SIS 73.9 ± 

0.2%, SIS/AIFC-PA6 71.5 ± 1.4%; 5W: SIS 69.8 ± 3.0%, SIS/AIFC-PA6 68.8 ± 2.7%) 

while samples in the treatment groups demonstrated mean levels of <60% (10D: SIS/AIF-

PA1 59.1 ± 1.1%, SIS/AIF-PA2 58.6 ± 0.4%; 5W: SIS/AIF-PA1 55.0 ± 1.2%, SIS/AIF-PA2 

58.0 ± 0.6%) (Fig. 1B) At 5 weeks, none of the groups showed a significant increase or 

decrease from 10 day values. At 10 days post-augmentation, regenerated tissue in treatment 

group grafts was significantly more vascularized than in control group grafts (vessels/mm2, 

10D: SIS 38.5 ± 3.8, SIS/AIFC-PA6 37.0 ± 2.3 vs. SIS/AIF-PA171.0 ± 1.5, SIS/AIF-PA2 

71.5 ± 6.7) (Fig. 1C). All groups demonstrated an increase in vessel number over time; mean 

levels for control groups at 5 weeks stayed below the mean levels for treatment groups at 10 

days (vessels/mm2, 5W: SIS 60.2 ± 8.5, SIS/AIFC-PA6 53.3 ± 4.4 vs. SIS/AIF-PA1 90.7 ± 
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4.5, SIS/AIF-PA2 96.7 ± 4.4) (Fig. 1C). Grafted samples SIS/AIF-PA3, SIS/AIF-PA4, and 

SIS/AIF-PA5 demonstrated differing degrees of collagen accumulation (Fig. S5A, Table S2) 

and blood vessel formation (Fig. S5A, Table S2) at 10 days post-augmentation. Bladder 

peripheral nerve regeneration was not apparent at either time-point under any treatment 

condition as determined by immunofluorescence staining. This may have been due to 

insufficient experimental duration.

3.2. Evaluation of inflammatory cell infiltrate of grafted bladder tissue

Innate immune-derived cells are typically the first to arrive upon areas of tissue insult [27]. 

The presence of macrophages and neutrophils was evaluated in both control and treatment 

grafts. CD68+ macrophages were highly abundant in control samples 10 days post-

augmentation as evidenced by their intense staining (green (in web version), Fig. 2A; 

column I; rows 1 and 2). This staining encompassed the entirety of the graft especially along 

the sutured bladder perimeter at the juncture of the SIS and the native bladder tissue. This 

was accompanied by a localized influx of numerous MPO+ (myeloperoxidase) neutrophils 

(red (in web version), Fig. 2A; column II; rows 1 and 2) to a lesser degree than 

macrophages, again spanning the entirety of the graft. In contrast, treatment groups 

qualitatively demonstrated markedly reduced levels of both cell types (Fig. 2A; columns I 

and II; rows 3 and 4). Although the macrophage level decreased from the 10 day to 5 week 

time-point, there were still significant levels of CD68+ macrophages present throughout the 

graft in control samples (Fig. 2A; column III; rows 1 and 2) and this was decreased in 

treatment groups (Fig. 2A; column III; rows 3 and 4). This trend of inflammatory cell 

reduction was also seen with levels of MPO+ neutrophils but was still greatest in both 

control graft samples (Fig. 2A; column IV; rows 1–4).

Quantitative characterization of macrophage and inflammatory markers in control and 

treatment samples was additionally evaluated. At 10 days post-augmentation, >60% of cells 

in regenerated tissue from control groups were CD68+. Separately, >20% of cells stained 

positive for MPO and significantly lower mean positive percentages were detected in tissue 

from treatment groups (CD68: SIS/AIF-PA1 33.4 ± 2.0%, SIS/AIF-PA2 23.1 ± 3.3%; MPO: 

SIS/AIF-PA1 6.9 ± 0.7%, SIS/AIF-PA2 9.0 ± 0.5%) (Fig. 2B). By 5 weeks, mean positive 

percentages for CD68 and MPO in control group tissue were reduced (CD68: SIS 46.0 ± 

3.9%, SIS/AIFC-PA6 42.0 ± 2.6%; MPO: SIS 17.6 ± 1.0%, SIS/AIFC-PA6 17.6 ± 1.8%), 

but remained higher than levels in treatment group tissue (CD68: SIS/AIF-PA1 17.6 ± 1.8%, 

SIS/AIF-PA2 16.5 ± 1.6%; MPO: SIS/AIF-PA1 5.2 ± 0.7%, SIS/AIF-PA2 7.2 ± 1.1%)(Fig. 

2B). SIS/AIF-PA3, SIS/AIF-PA4, and SIS/AIF-PA5 grafted samples demonstrated differing 

degrees of inflammatory cellular infiltrate at the 10 day time-point only (Fig. S6, Table S3; 5 

week time-point was not performed).

3.3. Macrophage subtype distribution in regenerating bladder tissue

Macrophage populations, including the M1 and M2 phenotypic subtypes, have the capacity 

to either promote or deter proper tissue regeneration [28]. Fig. 3A (columns I and II, rows 1 

and 3) demonstrates dense immunofluorescence staining with CD86 (a M1 macrophage 

marker [26]; red) in both control groups at 10 days and 5 weeks post-augmentation, 

respectively, in regenerating bladder tissue. This observation is quite contrary to the 
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treatment groups where there is a paucity of CD86+ macrophages (columns III and IV, rows 

1 and 3) specifically at the 5 week time-points. Further immunofluorescence staining with 

CD206 [a M2 macrophage marker [16]; green (in web version)] indicates the decreased 

presence of CD206+ macrophages at the 10 day time-point (columns I–IV; row 2) in all 

groups.

Assessment of shifts in M1+M2− (termed “M1”) and M1−M2+ (termed “M2”) macrophage 

subsets from 10 days to 5 weeks demonstrated a substantial reduction in the number of M2, 

but not M1, cells in both control groups [M2: (10D) SIS 942.3 ± 49.1, SIS/AIFC-PA6 842.5 

± 18.9 vs. (5W) SIS 486.9 ± 61.2, SIS/AIFC-PA6 539.3 ± 46.7. M1: (10D) SIS 1354.1 ± 

125.4, SIS/AIFC-PA6 986.9 ± 18.1 vs. (5W) SIS 1087.1 ± 113.7, SIS/AIFC-PA6 957.7 ± 

106.2; cells/mm2] (Fig. 3B). Continued elevation of M1 cell numbers was not evident in 

treatment groups. Mean levels of both M1 and M2 subpopulations were significantly lower 

than control group levels [(5W), M1: SIS/AIF-PA1 343.4 ± 45.4, SIS/AIF-PA2 389.4 ± 

62.6. M2: SIS/AIF-PA1 301.7 ± 23.0, SIS/AIF-PA2 224.7 ± 39.0; cells/mm2) (Fig. 3C). 

Specifically, M1 levels dropped considerably in the SIS/AIF-PA1 group from 10 days to 5 

weeks while M2 levels were lower at 10 days and further decreased by 5 weeks. 

Comparatively low numbers of M1 and M2 cells were detected in the SIS/AIF-PA2 group at 

10 days and remained low at 5 weeks.

3.4. Expression of inflammation-modulating cytokines in regenerated bladder tissue

Pro- and anti-inflammatory cytokines possess the ability to greatly influence tissue 

remodeling with both positive and negative outcomes [28,29]. The expression of pro-

inflammatory cytokines IL-1β (red; in web version) and TNFα (red; in web version) was 

most abundant in control groups (Fig. 4A columns I and II; rows 1 and 2) and encompassed 

the entirety of the graft at the 10 day time-point. In complete contrast, treatment groups 

exhibited dramatically lesser levels of the aforementioned cytokines at the same time-point 

(Fig. 4A columns I and II; rows 3 and 4). The anti-inflammatory cytokines IL-10 (green; in 

web version) and IL-13 (green; in web version) appeared along an expression spectrum 

amongst groups. Augmented control groups expressed a paucity of these cytokines while 

treatment groups tended to have a greater localized expression in regenerating bladder tissue 

(Fig. 4A columns III and IV; rows 3 and 4) 10 days post-augmentation.

Regenerated tissue was also examined for the percentage of cells staining positive for the 

aforementioned cytokines. Distinct, antithetical cytokine profiles were apparent for control 

and treatment groups (Fig. 4B). At 10 days post-augmentation, control group graft tissue 

(SIS and SIS/AIFC-PA6, respectively) showed high levels of pro-inflammatory cytokines 

IL-1β and TNFα, with low levels of anti-inflammatory cytokines IL-10 and IL-13 (IL-1β: 

56.7 ± 5.0%, 63.3 ± 2.4%; TNFα: 63.1 ± 2.6%, 65.1 ± 5.1%; IL-10: 22.0 ± 2.6%, 27.8 ± 

3.0%; IL-13: 24.8 ± 2.5%, 28.6 ± 3.0%). In contrast, treatment group graft tissue (SIS/AIF-

PA1 and SIS/AIF-PA2, respectively) showed decreased levels of IL-1β and TNFα, with 

elevated IL-10 and IL-13 expression (IL-1β: 28.2 ± 2.4%, 21.2 ± 2.4%; TNFα: 32.8 ± 2.5%, 

26.3 ± 2.5%; IL-10: 52.0 ± 3.1%, 56.2 ± 3.4%; IL-13: 48.2 ± 2.8%, 41.2 ± 2.2%) (Fig. 4B). 

A decrease in cytokine expression by 5 weeks was noted but the overall cytokine profiles 

remained the same in that higher IL-1β and TNFα for control groups, and higher IL-10 and 
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IL-13 for treatment groups was observed (Fig. S7, Table S4). Cytokine expression levels of 

SIS/AIF-PAs 3-5 augmented tissues were not determined at 10 day or 5 week time-points.

3.5. Physiological bladder testing

Bladders underwent urodynamic testing (UDS) pre- and post-augmentation. Bladders were 

gradually filled with sterile saline until a bladder contraction occurred. Bladder pressures 

rose during the filling until bladder contractions occurred at intravesical pressures of 30–40 

cm H2O (Fig. 5, panels A, C, E, and G). This was similar for the SIS group, SIS/AIF-PA1, 

SIS/AIF-PA2, and SIS/AIFC-PA6 groups. Bladder augmentation with SIS alone led to no 

change in voiding pressures and decreased bladder compliance (decreased filling time until 

voiding occurred, panel B). This was similar for SIS/AIFC-PA6 in which the voiding 

pressures were unchanged or even slightly elevated (panel D). In contrast, augmentation 

with SIS/AIF-PA1 led to a decrease in intravesical pressures during voiding to 

approximately 25 cm H2O (35 cm H2O before augmentation) combined with higher bladder 

compliance as the prolonged filling duration shows (panel F). In animals augmented with 

SIS/AIF-PA2, the slope of pressure increase was also decreased indicating an improved 

compliance and we observed a decrease in bladder pressure during voiding as well 

(approximately 35 cm H2O compared to 45 cm H2O before augmentation). In contrast to the 

above, augmentation with SIS alone and augmentation with SIS/AIF-PA2 was not 

associated with an increase in bladder compliance or a decreased maximum pressure. 

Percent bladder capacity recovery was also measured (Table S5).

4. Discussion

Dysregulation of the inflammatory response due to disease, repeated tissue insult, or the use 

of inflammation-provoking foreign materials for tissue engineering purposes, can lead to 

excess extracellular matrix tissue deposition [30,31]. As this acute inflammatory response 

can initiate fibrogenesis, the tempering of this response during initial phases of tissue 

remodeling would be ideal [32]. The application of synthetic PAs expressing potent anti-

inflammatory epitopes was able to modulate multiple aspects of tissue regeneration. Within 

the framework of this study, AIF-PA1 and AIF-PA2 were able to positively alter the 

regenerative landscape compared to the control AIFC-PA6 or the untreated, highly pro-

inflammatory SIS biological scaffold [12,13]. Specifically, collagen distribution in 

regenerating tissue was significantly reduced while there was a striking increase in tissue 

blood vessel regeneration that consisted of functional, patent blood vessels (Fig. S8). 

Normal tri-layer bladder architecture was also observed in treatment groups as control 

groups demonstrated disorganized tissue organization even at 5 weeks post-surgery (Fig. 

1A, column III). This was coupled with a striking reduction in the levels of inflammatory 

cells found in the grafted areas typically seen at the onset of an innate immune response to 

injury. Physiological bladder function was superior in AIF-PA1 animals compared to 

controls. This proof-of-concept study demonstrates the feasibility of utilizing anti-

inflammatory agents in a highly invasively surgical setting in the presence of a foreign body 

which allows for functional tissue regeneration. Lastly, the examination of other 

inflammatory elements that comprise the innate, complement, and adaptive immune systems 
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must be thoroughly examined in order to gain a better understanding of the cellular and 

molecular events that govern the aforementioned anti-inflammatory processes.

Acute inflammation due to repetitive insult or inflammatory dysregulation is the precursor to 

chronic inflammatory events with the resulting byproduct ending in permanent scarring or 

fibrosis [33]. This process is in part caused by the accumulation of extracellular matrix 

products in and around regenerating tissue creating an inhospitable growth environment. In 

typical bladder augmentation models that utilize biologic or synthetic scaffolding material as 

a three-dimensional architectural foundation, the accumulation of excess collagen is a major 

obstacle that is typically encountered. It has been demonstrated that unseeded scaffolds 

contain approximately 78% collagen at 5 weeks post-augmentation with no resolution of 

these events as the collagen level increased to approximately 86% at the 10 week time-point 

of this study in a small animal model [17]. In a similar bladder augmentation setting, non-

physiological collagen levels were also observed in a non-human primate model of bladder 

regeneration leading to tissue fibrosis [13]. The typical ratio of muscle to collagen in the 

bladder is approximately 1:1 across a variety of species [15,34,35]. Drastic deviation from 

this ratio leads to bladder dysfunction.

Secondary examples of fibrosis include the implantation of artificial organs and medical 

devices [36]. Soft tissue metal implants, including titanium based structures, posses a 

proclivity to commence inflammatory reactions resulting in tissue fibrosis [37]. Although 

mechanisms of inflammation are being fully delineated, it is believed that the innate immune 

response, particularly the M1 macrophage component, is responsible for eventual fibrosis. 

Therefore, it may be surmised that coating implantable devices with the AIF-PAs we 

describe may be beneficial in certain clinical applications by lessening localized macrophage 

accumulation and subsequently fibrosis. Our data further indicate that the treatment group 

AIF-PAs had a profound effect on the granuloma formation (a precursor to fibrosis). The 

frequency and size of granulomas was markedly disparate between groups (Fig. S3, Table. 

S1). There were approximately 10.5 granulomas observed in bladder tissue of control 

samples as opposed to approximately 4 in treatment groups. The numbers of granulomas 

subsided over time but there were still significant levels found at the 5 week time-point in 

the control groups. Granuloma levels found in treatment groups were drastically reduced 

although tissue necrosis and the core of granulomas were not observed in any setting. The 

lack of necrotic tissue may be an effect of the time-point in which the experiment was 

terminated. This data is quite compelling due to the diminutive size of the rodent bladder 

and its relationship to the granuloma size and frequency within the bladder.

Modulation of cytokine expression in an inflammatory environment is pivotal to proper 

wound healing and functional tissue regeneration. Exacerbation of tissue injury is typically 

due to the abundance of pro-inflammatory cytokines in regenerating tissue. IL-1β and TNFα 

secreted by M1 macrophages are key perpetrators and initiators of fibrogenesis [38,39]. The 

blockage of TNFα expression to prevent tissue damage and resulting fibrosis has been the 

focus of multiple clinical studies [40,41]. Bongartz et al. describe the systemic delivery of 

chimeric monoclonal antibodies against TNFα for patients with rheumatoid arthritis which 

was accompanied by serious side effects. In a similar fashion, IL-1β has also been the target 

of antibody therapy [42]. However, the systemic delivery of the aforementioned agents has 
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caused serious side effects including the increased risk malignant transformation [40]. We 

demonstrate the statistically significant reduction in expression of IL-1β and TNFα in 

treatment groups when compared to controls accompanied by the increase in the levels of 

the anti-inflammatory cytokines IL-10 and IL-13 (Fig. 4B). The approximate halving of 

IL-1β and TNFα levels at 10 days is quite cogent. We believe the dramatic decrease in pro-

inflammatory cytokine expression was the result of two key features of this system. The first 

being the localized delivery of the AIF-PAs as the SIS was thoroughly coated immediately 

prior to surgery. But perhaps more importantly, were the high density of peptide epitopes 

expressed on the AIF-PAs (Fig. S1G). A previous study has determined that epitope 

expression on the nanofiber surface of PAs can be as high as 1 × 1014 epitopes/cm2 [10]. 

This allows for concentrated delivery of the AIF-PAs in a given tissue area that could 

outperform any type of liquid or most other solid state delivery vehicles. Lengthier time-

points within this system need to be examined to study the full range of effects of these AIF-

PAs.

The ability to recreate physiologically relevant organ function following substantial insult is 

the major goal of regenerative medicine based strategies. UDS testing provided 

physiological bladder data in the form of bladder pressures and voiding patterns of 

regenerating bladder tissue. Proximate measurements including bladder capacity 

determinations pre- and post-surgery help contribute to the understanding of the intricate 

relationship between architectural bladder tissue regeneration and physiological function. In 

typical pathologic bladders, high intravesical pressures due to uninhibited contractions or 

high voiding pressures are associated with kidney damage due to reverse transduction of the 

pressure [43]. SIS/AIF-PA1 and SIS/AIF-PA2 demonstrated a decreased slope of the filling 

curve indicating an increase in compliance of the bladder as filling volume changes which 

led to a slower rise in intravesical pressures. A decrease of intravesical pressures was also 

observed during voiding thus fulfilling the demands of a successful augmentation. In 

contrast, augmentation with SIS alone and SIS/AIFC-PA6 failed to decrease intravesical 

pressures. We speculate that coating SIS with AIF-PA1 or AIF-PA2 is associated with an 

improved incorporation of the SIS into the bladder environment that promotes timely 

development of newly formed native tissue along the SIS. Lastly, the AIF-PAs were also 

able to limit bladder stone formation possibly through modulation of inflammatory cytokine 

expression (Fig. S9, Table S5) [44]. Physiological testing data indicate that AIF-PA coated 

SIS can successfully be employed for bladder augmentations leading to an improved 

pressure profile during filling and voiding.

Constituents of the inflammatory response to tissue injury involve both innate (including the 

complement system) and adaptive arms of the immune system that can either contribute to 

the resolution of volatile or dysfunctional tissue inflammatory responses or exacerbate the 

process leading to the formation of scar tissue [45,46]. The latter process is seen in a number 

of organ systems including those urological in nature and those relevant to cardiac repair 

post-myocardial infarction [47,48]. In this specific setting, regulatory T-lymphocytes have 

been demonstrated to attenuate the inflammatory response following a major myocardial 

infarct in order to prevent unfavorable tissue remodeling events through pro-inflammatory 

cytokine inhibition of cardiomyocytes [49]. There is considerable functional overlap with 

regard to the role of T-lymphocytes in the inflammatory response [50–53]. However, in 
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order to solely study the early innate immune response with regard to inflammation, we 

specifically chose the T-lymphocyte deficient animal model in order to gain better insight 

into the precise role this arm of the immune system may play without interference of the T-

lymphocyte response. This may become especially relevant in clinical conditions in which 

T-lymphocyte function is aberrant/non-functional, thus negatively affecting wound healing 

and resulting in heavy reliance upon the innate immune response.

5. Conclusion

We have demonstrated that the application of AIF-PAs in a bladder regenerative setting 

possess the ability to assuage the innate immune response and promotes anatomically 

correct and physiologically functional bladder tissue. The supplementation of SIS biological 

scaffolds with AIF-PA1 and AIF-PA2 greatly reduced collagen content while 

simultaneously providing substantial growth advantages to the regenerating bladder 

including increased tissue vascularization and muscle growth in areas of regeneration. This 

was accompanied by superior bladder functional recovery as demonstrated by urodynamic 

studies. Finally, treatment AIF-PAs convincingly decreased levels of pro-inflammatory 

macrophages while positively modulating cytokine expression along with decreasing 

granuloma- and bladder stone formation. The testing of various permutations of the AIF-

PAs will allow the fine tuning of this system in order to better modulate the tissue 

regenerative response. This will involve the altering of peptide epitope distribution per area 

on the AIF-PAs as the high density at which these peptides were expressed more than likely 

contributed to potent tissue regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Histological and morphometric analyses of augmented bladder tissue. (A) Treatment groups 

demonstrated near-normal physiological collagen content while control group specimens 

exhibited higher levels of collagen which remained elevated through 5W. Organized muscle 

fascicle formation was most notable in treatment groups while still disorganized in control 

groups at 5W. Magnification is 400× (scale bar, 50 μm) and 200× (scale bar, 100 μm) for 

Trichrome and H&E stained samples, respectively. (B) Collagen quantification revealed 

statistically lower levels of collagen deposition in regenerating bladder in treatment vs. 

control groups over both time-points. (C) An approximate 2× increase in blood vessel 

numbers of treatment groups vs. control groups at 10D was observed with an approximate 

1.5× increase in the treatment groups at 5W. Data shown as means ± SE. Significance 
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shown for comparison of SIS/AIF-PA1 and SIS/AIF-PA2 to SIS (top) and SIS/AIFC-PA6 

(bottom); ****P ≤ 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, n.s. non-significant.
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Fig. 2. 
Innate immune cell distribution in regenerating bladder tissue. (A) Elevated levels of CD68+ 

macrophages (green) and MPO+ neutrophils (red) were evident in the control groups at the 

10 day time-point. Although the levels of macrophage and neutrophil infiltrate decreased by 

5W, significant levels of both populations still presided in the tissues. Conversely, treatment 

groups demonstrated a significant decline in macrophage and neutrophil levels at both time-

points compared to control groups. Blue, DAPI. Magnification is 400× (scale bar, 50 μm). 

(B) Quantification of macrophages and neutrophils in augmented tissues demonstrated a 
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marked decrease in both populations at 10D and 5W in treatment groups. Data shown as 

means ± SE. Significance shown for comparison of SIS/AIF-PA1 and SIS/AIF-PA2 to SIS 

(top) and SIS/AIFC-PA6 (bottom); ****P ≤ 0.0001, ***P < 0.001.(For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. 
M1 and M2 macrophage characterization. (A) Dense populations of CD86+ M1 

macrophages (red) were visualized at both time-points post-augmentation throughout the 

grafted area. This was accompanied by depressed levels of CD206+ M2 macrophages 

(green) of the control groups, most notably at 5W. Treatment groups saw a significant 

reduction in CD86+ M1 macrophage presence at 5W coupled with sustained expression of 

CD206+ M2 macrophages along the entirety of the graft. AIF-PA2 appeared to have a 

greater impact on macrophage populations than AIF-PA1. Blue, DAPI. Magnification is 

400× (scale bar, 50 μm). (B) M1+ macrophages persisted at high levels in control groups 
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while the SIS/AIF-PA1 treatment group demonstrated a significant decline over time. Data 

shown as means ± SE. Significance shown for comparison of SIS/AIF-PA1 and SIS/AIF-

PA2 to SIS (top) and SIS/AIFC-PA6 (bottom); ****P < 0.0001, ***P < 0.001, **P < 0.01. 

(C) A general decrease in levels of M2+ macrophages was seen in both control and treatment 

groups at both time-points but M2+ macrophages were still abundant in treatment groups. 

Data shown as means ± SE. Significance shown for comparison of SIS/AIF-PA1 and SIS/

AIF-PA2 to SIS (top) and SIS/AIFC-PA6 (bottom); ****P < 0.0001, **P < 0.01, *P < 0.05. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.)
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Fig. 4. 
Pro- and anti-inflammatory cytokine expression. (A) 10D bladder tissue staining with 

antibodies against the pro-inflammatory cytokines IL-1β (red) and TNFα (red) (columns I 

and II) demonstrated high levels of expression in control groups but a significant reduction 

in treatment groups. Conversely, elevated levels of anti-inflammatory cytokines IL-10 

(green) and IL-13 (green) were found in treatment groups (columns III and IV, rows 3 and 

4) while expression was considerably less in control samples. Blue, DAPI. Magnification is 

400× (scale bar, 50 mm). (B) Quantified data revealed an approximate halving of pro-

inflammatory cytokine expression when comparing control and treatment groups while anti-

inflammatory cytokine expression was higher in treatment groups during this phase of tissue 

remodeling. ***P < 0.001, **P < 0.01, *P < 0.05. n.s. = non-significant. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of 

this article.)
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Fig. 5. 
Urodynamic studies. UDS testing provided physiological bladder data in the form of bladder 

pressures and voiding patterns. A similar pattern of bladder filling/voiding was observed 

amongst animals in the pre-augmentation group (panels A, C, E, G). Decreased bladder 

compliance was observed in the control groups post-augmentation (panels B, D) while SIS/

AIF-PA1 led to higher bladder compliance and decreased intravesical pressures (panel F). 

SIS/AIF-PA2 treated animals exhibited improved bladder compliance accompanied by a 

very modest decrease in bladder intravesical pressure (panel H).
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