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Abstract

Current assessment of biomaterial biocompatibility is typically implemented in wild type rodent 

models. Unfortunately, different characteristics of the immune systems in rodents versus humans 

limit the capability of these models to mimic the human immune response to naturally derived 

biomaterials. Here we investigated the utility of humanized mice as an improved model for testing 

naturally derived biomaterials. Two injectable hydrogels derived from decellularized porcine or 

human cadaveric myocardium were compared. Three days and one week after subcutaneous 

injection, the hydrogels were analyzed for early and mid-phase immune responses, respectively. 

Immune cells in the humanized mouse model, particularly T-helper cells, responded distinctly 

between the xenogeneic and allogeneic biomaterials. The allogeneic extracellular matrix derived 

hydrogels elicited significantly reduced total, human specific, and CD4+ T-helper cell infiltration 

in humanized mice compared to xenogeneic extracellular matrix hydrogels, which was not 

recapitulated in wild type mice. T-helper cells, in response to the allogeneic hydrogel material, 

were also less polarized towards a pro-remodeling Th2 phenotype compared to xenogeneic 

extracellular matrix hydrogels in humanized mice. In both models, both biomaterials induced the 

infiltration of macrophages polarized towards a M2 phenotype and T-helper cells polarized 

towards a Th-2 phenotype. In conclusion, these studies showed the importance of testing naturally 
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derived biomaterials in immune competent animals and the potential of utilizing this humanized 

mouse model for further studying human immune cell responses in an in vivo environment.
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1. Introduction

The field of decellularized extracellular matrix (ECM) based biomaterials is rapidly growing 

and has developed therapies for numerous applications including wound healing, hernia 

repair, skeletal muscle defect repair, and myocardial infarction [1–4]. Decellularized ECM 

biomaterials are an attractive platform for biomaterial therapies since tissue derived ECM 

can promote tissue remodeling by influencing cellular metabolism, proliferation, migration, 

maturation, and differentiation [5]. In fact, these biomaterials, derived from xenogeneic and 

allogeneic tissue sources [6, 7], have been successfully implanted into millions of patients 

[8]. Xenogeneic materials, from porcine tissue for example, are readily available and can be 

produced from younger tissue sources, which is desirable for regenerative medicine 

therapies [9]. However, xenogeneic materials can have potential immunogenic issues, 

regulatory hurdles and xenogeneic disease transfer. Allogeneic materials avoid some 

concerns associated with xenogeneic materials, but are typically from older and more 

limited cadaveric sources, and can have larger batch variability.

While xenogeneic and allogeneic sources for decellularized ECM have been widely used to 

date, preclinical understanding of these scaffolds is mostly based off immune responses to 

these matrices in rodents and a few large animals [1, 10, 11]. Given difficulties with 

obtaining sequential patient biopsies, no one has thoroughly monitored or understood the 

human immune response to these materials. Although connected evolutionarily, rodents 

typically used for biocompatibility testing provide limited representation of the human 

immune response. Differences in immune cell receptors, cytokine expression and response 

to various stimuli highlight how responses in rodents might not correlate with outcomes in 

humans [12]. Even non-human hominids have various biomedical differences from humans 

[13]. This combined with our incomplete understanding of the human immune system has 

led to the removal of several well characterized materials from the market [14, 15].

One method to address these shortcomings is the use of a humanized mouse (Hu-mice) 

model for preclinical assessment of the human immune response. Over the last 20 years, 

significant improvements have transformed Hu-mice into a valuable model for mimicking 

the human immune response [16–18]. In particular, Hu-mice developed by implantation of 

human fetal thymus tissue and injection of human CD34+ fetal liver cells into immune 

compromised NSG mice have been shown to be robust and contain human T-cells, B-cells, 

and dendritic cells, allowing the ability to reject xenogeneic tissue [19]. This model has been 

used extensively for studying autoimmune disease, virus infections, xenogeneic 

transplantation, and more recently allogeneic stem cell transplantation [20]. However, it has 

yet to be exploited in the biomaterials field. In this study, we utilized this Hu- mouse model 
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to assess the human immune response to decellularized ECM biomaterials, specifically 

injectable hydrogels derived from porcine or human myocardium, which were initially 

developed to treat the heart post-myocardial infarction [11, 21–23]. Our goal with this study 

was to evaluate the utility of the Hu-mice for evaluating biocompatibility and studying the 

human immune response to biomaterials prior to clinical translation. We hypothesized that 

this model would demonstrate different immune responses to human versus xenogeneic 

ECM, unlike a wild type rodent model.

2. Methods and Materials

All experiments in this study were performed in accordance with the guidelines established 

by the committee on Animal Research at the University of California, San Diego, and the 

American Association for Accreditation of Laboratory Animal Care.

2.1. Fabrication of PMM, HMM, and NDM

Both the porcine myocardial matrix (PMM) and human myocardial matrix (HMM) were 

developed and characterized according to established protocols [21, 23]. Human hearts were 

obtained from donor patients whose hearts could not be used for transplantation under an 

institutionally approved protocol. In brief, left ventricular tissue (porcine or human) was 

isolated and chopped into small pieces. The tissue was spun in phosphate buffered saline 

(PBS) containing 1% (wt/vol) sodium dodecyl sulfate (SDS) (Fischer Scientific, Fair Lawn, 

NJ) with 0.5% penicillin streptomycin (PS) (Gibco, Life Technologies, Grand Island, NY) of 

10,000 U/mL until fully decellularized. The human tissue was treated with additional lipid 

and DNA/RNA removal steps that were needed to fully decellularize the tissue [23]. Once 

decellularized, the remaining ECM was lyophilized, milled, and partially digested with 

pepsin into a liquid form as previously described [21, 23]. Non-decellularized myocardial 

matrix (NDM) was also produced from porcine ventricular tissue as a control. The tissue 

was simply rinsed in the PBS and PS solution with no SDS for one day. Then, the non-

decellularized porcine tissue was processed into an injectable form using the same methods 

as the decellularized myocardial matrix. Finally, the materials were lyophilized and stored at 

−80°C until re-suspending with sterile water prior to injection.

2.2. Hydrogel Characterization

Porcine and human myocardial matrix hydrogels were imaged for nano-scale topography 

and fiber formation with scanning electron microscopy (SEM) as previously described [23, 

24]. In brief, samples were gelled for 24 hours at 37°C and then fixed in a solution of 4% 

paraformald ehyde and 4% glutaraldehyde for 24 hours. Next, the gels were dehydrated with 

a series of gradated ethanol rinses. Then, fixed and dehydrated hydrogels were processed in 

an automated critical point drier (Leica EM CPD300, Leica, Vienna). Mounted samples 

were subsequently sputter coated (Leica SCD500, Leica, Vienna) with platinum while being 

rotated. The samples were then imaged on a FE-SEM (Sigma VP, Zeiss Ltd, Cambridge, 

UK) at 0.6 kV using the in-lens SE1 detector.

Immunohistochemistry was performed on the porcine derived material to assess removal of 

the alpha-gal epitope. Freshly isolated porcine left ventricular tissue, decellularized porcine 
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myocardium, and porcine myocardial matrix hydrogels were fresh frozen in OTC for 

cyrosectioning. Sections (20 μm) were mounted onto glass slides, fixed in 4% 

paraformaldehyde for 10 minutes and permeabilized in acetone for 1.5 min. Slide samples 

were either stained with hematoxylin and eosin (H&E) or prepared for 

immunohistochemistry. Samples were blocked with a buffered solution containing bovine 

serum albumin (BSA) and stained for at least 12 hours at 4°C with M86 anti-alpha-gal (1:10, 

Enzo Life Sciences, Framingdale, NY) followed by incubation for 30 minutes with 

secondary anti-mouse Alexa Fluor 488 antibody (1:100, Life technologies, Carlsbad, CA) 

[25]. Hoechst 33342 was used to stain nuclei. Slides were imaged with a Carl Zeiss 

Observer D1 and Zeiss AxioVision SE64 software (Carl Zeiss, Jena, Germany).

2.3. Humanized Mouse Model

NOD.Cg-PrkdcscidII2rgtm1wjl/SzJ (NSG) (The Jackson Laboratory) mice of 6–10 weeks of 

age after conditioning with sublethal (2.25 Gy) total body irradiation underwent the 

following procedure, as previously described, to create the humanized mouse model (Hu-

mice) [17]. First, the mice were transplanted under the kidney capsule with a piece of human 

fetal thymic tissue of about 1 mm3 that had been previously frozen. Next, the animals were 

transfused intravenously with 1−5 × 105 human CD34+ fetal liver cells from the same 

patient donor. Human fetal tissue, from Advanced Bioscience Resource, with gestational 

ages of 17–20 weeks was utilized.

2.4. Biomaterial Injection and Harvesting

Animals were briefly put under anesthesia using either 2.5% isoflurane or via injection with 

ketamine and xylazine. Each mouse was injected with only one type of biomaterial and 

received four 250 μL evenly spaced subcutaneous injections in the dorsal region. Each 

injection was premixed with 0.5 μL of sterile india ink to visually label the matrices for ease 

of identification upon harvesting. The injections, along with neighboring dermal tissue and 

spleens, were harvested three days and 1-week later for analysis with histology and 

immunohistochemistry (n=8−16), flow cytometry (n=4), or qRT-PCR (n=8−12). Along with 

the Hu-mice, both male NSG and male Balb/c (Jackson Laboratories and Harlan 

Laboratories, respectively) of the same ages were used for immune compromised and wild 

type immune system controls, respectively.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

After harvesting, tissue was immediately flash frozen in liquid nitrogen and stored at −80°C 

until processed. Tissue was homogenized and then run through an RNEasy kit (Qiagen, 

Germantown, MD) along with an on-column DNase digestion step (Qiagen) to extract RNA 

with minimal genomic DNA contamination. Superscript III Reverse Transcriptase kit 

(Applied Biosystems, Foster City, MA) was used to synthesize cDNA. Then, SYBR Green 

PCR Master Mix (Applied Biosystems) was used with forward and reverse primers at a final 

concentration of 1 μM. Primers for T-helper cells were designed as mouse or human specific 

for analyzing Balb/c and Hu-mice samples, respectively, with lack of amplification with 

human primers confirmed in mouse samples. Primers included: mouse ARG1 (F: 5′-

GAACACGGCAGTGGCTTTAAC-3′, R: 5′-TGCTTAGTTCTGTCTGCTTTGC-3′), 

mouse NOS2 (F: 5′-CAGCTGGGCTGTACAAACCTT-3′, R: 5′-
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CATTGGAAGTGAAGCGTTTCG-3′), mouse GATA3 (F: 5′-

CTCGGCCATTCGTACATGGAA-3′, R: 5′-GGATACCTCTGCACCGTAGC-3′), mouse 

TBX21 (F: 5′-AGCAAGGACGGCGAATCTT-3′, R: 5′-

GGGTGGACATATAAGCGGTTC-3′), human GATA3 (F: 5′-

CGGCATCTGTCTTGTCCCTA-3′, R: 5′-ATGCACGCTGGTAGCTCATA-3′), human 

TBX21 (F: 5′-ACAGCTATGAGGCTGAGTTTCGA-3′, R: 5′-

GGCCTCGGTAGTAGGACATGGT-3′), human CRTH2 (F: 5′-

CCCTCTGGGCACTGGTAATC-3′, R: 5′-CAGGTGGAGGAATGAGACGG-3′), human 

CCR5 (F: 5′-CAAAAAGAAGGTCTTCATTACACC-3′, R′: 5′-

CCTGTGCCTCTTCTTCTCATTTCG-3′), and GAPDH (F: 5′-

CATCAAGAAGGTGGTGAAGC-3′, R: 5′-GTTGTCATACCAGGAAATGAGC-3′). 

Samples were run in technical duplicates along with negative controls without template 

cDNA to confirm lack of contamination in PCR reagents. PCR reactions were run on a 

CFX95™ Real-Time System (Biorad, Hercules, CA) with the following thermal cycler 

settings: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15s at 95°C, and 1 min at 60–65°C 

based on pre-determined optimal primer efficiency amplification temperature. After 

completing 40 cycles of PCR amplification, automated melting curve analysis, consisting of 

increasing the thermal cycler temperature from 50°C to 95°C at 5°C increments lasting 5s 

each, was used to confirm formation of a singular PCR amplicon for each primer set. Bio-

Rad CFX Manager™ 3.0 (Biorad) was used for determining cycle threshold (ct) values from 

recorded SYBR green signal.

Gene expression ratios for assessing immune cell response polarization were calculated by 

modification of methods by Livak et al. for relative gene expression analysis [26]. The Δct 

was calculated between representative genes for either macrophage or T-helper cell 

polarized phenotypes. Fold change was then determined by 2−(Gene 1 — Gene 2) and 

normalized to fold change of corresponding NDM ratios for comparison. Ratios of ARG1/

NOS2 and GATA3/TBX21 were selected to quantify macrophage and T-helper cell 

polarization, respectively, with CRTH2/CCR5 specifically for human T-helper cells. 

GAPDH values were used to confirm consistent loading between PCR reactions.

2.6. Histology and Immunohistochemistry

Each injection was harvested and divided in half for either paraffin embedding or fresh 

frozen in OCT for cryosectioning. Samples were sectioned to obtain a transverse section of 

the biomaterial and neighboring dermal tissue. Paraffin embedded samples were de-

paraffinized and then stained with H&E from slides taken from five evenly spaced locations. 

Cryosections from three different evenly spaced locations were used for all 

immunohistochemistry. Slides were fixed with acetone or 4% paraformaldehyde and blocked 

with a buffered solution containing bovine serum albumin, goat serum and/or donkey serum 

based on the antibody. The following primary antibodies were incubated for 1 hour at room 

temperature or for 12–18 hours at 4°C: anti- F4/80 (1:200 dilution, eBiosciences, San Diego, 

CA), anti-iNOS (1:50 dilution, Abcam, Cambridge, MA), anti-CD206 (1:50 dilution, Santa 

Cruz, Dallas, TX), anti-mCD3 (1:100 dilution, Abcam), anti-mCD4 (1:200 dilution, Bioss, 

Woburn, MA), anti-mCD8 (1:200 dilution, Bioss), anti-human nuclei (1:250 dilution, 

Millipore), anti-hCD3 (1:50 dilution, Abcam), anti-hCD4 (1:50 dilution, Becton Dickinson, 
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Franklin Lakes, NJ), anti-hCD8 (1:500 dilution, Becton Dickinson). The following 

secondary antibodies were incubated for 30–45 minutes: anti-rat Alexa Fluor 568 (1:250 

dilution), anti-rabbit Alexa Fluor 488 (1:500 dilution), anti-mouse Alexa Fluor 488 (1:500 

dilution), anti-rat Alexa Fluor 488 (1:400 dilution), anti-rabbit Alexa Fluor 568 (1:200 

dilution), and anti-rabbit Alexa Fluor 647 (1:200 dilution). Bright field images were taken 

with Leica Aperio ScanScope® CS2 and fluorescent images with the Leica Ariol® system 

(Leica). Cellular density and human nuclei quantification were done via an automated 

counting program as part of the Leica Ariol® system. Macrophage and T-cell co-staining 

quantification was done via custom MATLAB scripts (Mathworks, Natick, MA). An 

individual blinded to the study groups identified the biomaterial outline, and the core of the 

biomaterial was defined as 200 μm interior to the designated biomaterial outline.

2.7. Flow Cytometry

Cells were isolated from injected tissue and spleens by first chopping the tissue into small 

pieces and digesting with 4 Wunsch Units of Liberase Blendzyme TM (Roche, Indianapolis, 

IN), 4 Wunsch Units of Liberase Blendzyme TH (Roche), 100 Kunitz Units of DNase 1 

(Stem Cell), and 200 μL of 1 M HEPES (Gibco) in 10 mL of 199 Media (Gibco) at 37°C. 

The reaction was quenched and then filtered through a 40 μm cell filter. Cells were rinsed 

and suspended in a concentration of 1 × 106 cells/mL or less in FACS buffer. Cells were then 

divided and stained for 45 minutes on ice with the following conjugated primary antibodies 

or their corresponding isotope control antibody to remove non-specific binding: APC-anti-

mCD3 (1:40 dilution, Biolegend, San Diego, CA), PE-anti-mCD4 (1:80 dilution, 

Biolegend), FITC-anti-mCD8 (1:50 dilution, Biolegend), APC-anti-mCD19 (1:20 dilution, 

Biolegend), PE-anti-mCD68 (1:80 dilution, Biolegend). Cells were either analyzed 

immediately or fixed and then analyzed on a FACSCanto Flow Cytometer machine using 

FACS Diva software (Becton Dickinson).

2.8. Statistics

All data and plots are presented as mean ± SEM. Significance was determined with a one-

way ANOVA using a Tukey post-hoc test for histology, flow cytometry and qRT-PCR data, 

and an unpaired student’s t-test for total and human nuclei data with a p<0.05.

3. Results

3.1. Study Design

We assessed two hydrogels, a porcine myocardial matrix (PMM) and a human myocardial 

matrix (HMM), in the humanized model (Hu-mice) versus age-matched wild type Balb/c 

mice. Both biomaterials were derived from decellularized myocardium and processed into 

injectable liquids that self-assemble into hydrogels with nanofibrous architecture (Figure 1). 

These hydrogels were previously shown to have similar structure and mechanical properties 

(~2.5–6 Pa storage modulus) [23]. We confirmed this processing substantially removes the 

alpha-gal epitope in the porcine derived material (Figure S1). As a control, we examined 

these materials in age matched NSG mice, which lack T-cells, B-cells, and natural killer 

cells, and are used to create the Hu-mice (Figure S2). Each material was injected 

subcutaneously, a common delivery route for ISO standard biocompatibility tests, and at 
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least eight different injections (n=8−16) were analyzed histologically three days and one 

week post injection. These time points were selected for assessing the early and mid-phase 

immune response since previous studies have shown macrophage response and polarization 

during this timeframe to be representative of long term biocompatibility and tissue repair 

[27–29]. Longer time points were not investigated since these biomaterials degrade 

completely by 2–3 weeks in vivo.

3.2. Greater Cellular Infiltration into Biomaterial Core of Xenogeneic Versus Allogeneic 
ECM

Samples were sectioned and stained with hematoxylin and eosin (H&E) for histological 

analysis (Figure 2A). Both decellularized biomaterials, PMM and HMM, showed moderate 

to minimal infiltration of mononuclear cells in both animal models (Figure S2). No foreign 

body giant cells or other signs of material rejection were observed for these decellularized 

materials. Minimal to no fibrous capsule formation was observed. Cellular infiltration was 

observed to be unevenly distributed in the injected material, particularly towards the center 

in the Hu-mice samples (Figure 2A). To distinguish cells clustered at the material border 

versus cells that infiltrated deeper into the biomaterial, cell density was quantified as two 

measures: cells throughout the whole biomaterial and cells in only the core region as defined 

as 200 μm inward from the biomaterial border [29].

Densities of the infiltrating cells into the whole biomaterial were significantly lower for both 

biomaterials in the Hu-mice when compared to wild type Balb/c animals (Figure S2A, B). 

This was expected since it is known that this model produces more moderate responses 

compared to a fully competent or wild type immune system [30]. Comparing differences in 

cell density throughput the whole biomaterial for PMM and HMM, significantly higher 

infiltration was observed in PMM in both Balb/c (Figure 2B) and Hu-mice (Figure 2C) at 

day 3, but no differences were observed between materials in either animal model at one 

week (Figure 2B, C). This same trend was observed when analyzing only the biomaterial 

core in Balb/c mice (Figure 2D); however, in Hu-mice, there was significantly decreased 

infiltration into the HMM core compared to the PMM core at one week (Figure 2E). This 

decreased infiltration notably occurred in HMM, which is an allogeneic material for the Hu-

mice. In contrast, PMM and HMM both represent xenogeneic ECM in the Balb/c mice 

where they elicited similar responses. To confirm that the difference in cellular infiltration 

between the two materials at 1 week in the Hu-mice was due to the presence of human 

immune cells, we also evaluated immunocompromised NSG mice, which are used to 

generate the Hu-mice. Significantly less infiltration was observed for HMM in Hu-mice 

compared to NSG with both whole and core analysis (Figure S2B, D). Since the Hu-mice 

were made by implanting human tissue and cells into a NSG mouse, this further supported 

that these unique responses occurred from the allogeneic material interacting with the 

humanized component of the Hu-mouse model. Fewer cells also infiltrated into the core of 

both materials in the NSG mice compare to the Balb/c mice (Figure S2A, C), showing 

differences between immunocompromised and immunocompetent mice.
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3.3. Minimal Human Cellular Infiltration for Allogeneic ECM

After investigation by histological analysis of the total cell density, we then investigated 

whether the observed differences resulted from varying human cell infiltration. Similar 

results were observed at day 3, but a notable difference in the prevalence and location of 

cells stained for human nuclei between PMM and HMM was observed at one week in the 

Hu-mice (Figure 3A). Both the percent and density of human cells trended higher in PMM 

compared to the HMM, with a significant difference in cell density observed within the core 

(Figure 3B–E). This demonstrated that human cells distinguished between the allogeneic 

versus xenogeneic biomaterial. There were also temporal differences between the two 

biomaterials, with the PMM eliciting increased human cell infiltration over time, unlike the 

HMM. (Figure 3 C, E).

3.4. Greater T-helper Cell Infiltration in Xenogeneic ECM Compared to Allogeneic ECM

Since the Hu-mouse model showed significant differences in the number of cells infiltrating 

between the allogeneic and xenogeneic materials, we then investigated differences in 

specific types of recruited immune cells. T-cells have been shown to be important for 

eliciting a pro-remodeling versus pro-inflammatory immune response to ECM biomaterials 

[31]. Given the larger numbers of infiltrating cells in the Balb/c model, presence of T-cells 

and subtypes in the biomaterial was confirmed with flow cytometry (Figure S3). In the 

Balb/c and Hu-mice, both T-helper cells (CD3+CD4+) and cytotoxic T-cells (CD3+CD8+) 

were detected with positive staining in spleen tissue (Figure S4), which in the Hu-mice, 

demonstrated successful reconstitution of mature human immune cells. 

Immunohistochemistry was then used to visualize cell infiltration and quantify spatial 

distribution of T-helper cells and cytotoxic T-cells in the PMM and HMM materials in the 

Balb/c and Hu-mice (Figure 4A). A nondecellularized porcine myocardial matrix (NDM) 

was also compared as a pro-inflammatory control in both mouse models.

Comparing the ratio of T-helper to cytotoxic T-cells, no significant differences were found 

among all materials at day 3 both in the whole and core biomaterial in both mouse models 

(Figure 4B, C). T-helper infiltration was generally low at this timepoint (Figure S5A, B) and 

NDM consistently recruited significantly greater cytotoxic T-cell densities compared to the 

decellularized materials for both Balb/c and Hu-mice (Figure S5C, D). By day 7, minimal 

numbers of cytotoxic T-cells were found in PMM and HMM groups, while cytotoxic T-cell 

infiltration continued to increase in NDM in both animal models (Figure S 5C, D). For all 

materials in both animal models, T-helper cell densities increased by day 7 with the 

decellularized materials becoming T-helper cell dominant compared to NDM (Figure 4B, 

C). This transition for the decellularized materials from a cytotoxic to a T-helper cell 

response has been previously observed [32] and suggests only NDM was being rejected as 

expected. Comparing the T-helper versus cytotoxic T-cell response between the 

decellularized materials, no significant differences were observed in the Balb/c mice and in 

the Hu-mice when the whole biomaterial was examined (Figure 4B). However, for the core 

analysis in the Hu-mice, PMM was significantly human T-helper cell dominant compared to 

both HMM and NDM (Figure 4C) with a significantly higher T-helper cell density than 

HMM (Figure S5B). This corresponded with previous human nuclei data (Figure 3E) 

indicating that PMM elicited greater human cell infiltration at one week. Collectively, these 
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results showing minimal cytotoxic T-cell density and greater T-helper density in PMM in the 

Hu-mouse model suggested that the xenogeneic PMM material stimulated a greater pro-

remodeling response compared to the allogeneic HMM material.

3.5. Similar Macrophage Infiltration and Polarization between Xenogeneic and Allogeneic 
ECM

Macrophage presence was also analyzed since macrophage phenotypic expression has been 

shown to be an important indicator of tissue remodeling outcomes for ECM based 

biomaterials [33, 34]. Although the presence of human macrophages has been previously 

demonstrated in this mouse model, minimal to no human macrophage infiltration into the 

biomaterial was found (data not shown); instead, mouse macrophages were highly abundant. 

Since the response was dictated by mouse macrophages, we evaluated the infiltration and 

polarization of these cells in both mouse models to determine if interaction with the human 

T cells lead to a unique immune response. Macrophage polarization is plastic and complex 

[35–37], but is often simplified into pro-inflammatory M1 and pro-remodeling M2 

phenotypes [38]. Macrophages were identified with pan-macrophage marker F4/80, and 

polarization was evaluated with common markers for M2 (CD206) and M1 (iNOS) for pro-

remodeling versus pro-inflammatory macrophages, respectively (Figure 5A) [27, 39]. In 

both mouse models at day 3, the ratio of M2/M1 macrophages for all three materials was 

below 1 in both whole and core biomaterial, suggesting that the short-term macrophage 

response was M1 dominant (Figure 5B, C). However, the total macrophage (Figure S6A) 

and M1 macrophage cell density (Figure S6C) was significantly greater in NDM compared 

to the decellularized materials in both animal models. At one week, NDM remained M1 

dominant, while in the Balb/c and Hu-mice the decellularized materials switched to a M2 

dominant response based on both whole and core biomaterial analysis (Figure 5B, C). 

Assessment of cell densities indicated that M2 macrophage cell density increased in all 

materials for both mouse models from day 3 to one week (Figure S6E, F). However, density 

of M1 macrophages remained greater or increased by one week in NDM while M1 density 

generally decreased in the decellularized materials in both mouse models (Figure S6C, D). 

This demonstrated a transition from a pro-inflammatory to pro-remodeling macrophage 

polarization for the decellularized materials, which is characteristic of wound healing [28]. 

This was also notably similar to the transition observed from our T-cell analysis (Figure 4B, 

C). Although, no distinct differences were observed in the response between PMM and 

HMM for the two animal models, these results showed that macrophages were dynamically 

responsive in the Hu-mouse model similar to a wild-type model. Interestingly, dual stained 

macrophages with both M1 and M2 markers were commonly observed, especially at the 

biomaterial border for all material groups (Figure S6G, H). This observation is not unique 

since previous studies have observed these results in vivo, and some studies have suggested 

that dual polarized macrophages are involved in angiogenesis [39]. As a result, these cells 

were separately grouped and not considered specifically M1 and M2 polarized in the ratio 

analysis.

3.6. Pro-Remodeling Immune Cell Polarization in ECM Biomaterials

Although we determined a T-helper dominant response to our decellularized materials as 

described above, T-helper cells are known to polarize and show dramatically different 
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phenotypes depending on their local niche [40, 41]. For example, a T-helper cell’s dominant 

response is usually correlated with a pro-remodeling response, but T-helper cell infiltration 

can be connected with graft rejection as well [42]. Thus, we wanted to more fully 

characterize the T-helper cell polarization. T-helper cells can be divided into pro-

inflammatory Th1 and pro-remodeling Th2 phenotypes [41, 43]. Polarization towards the 

Th2 phenotype was measured by comparing the ratio of expression of cell-specific master 

transcription factors GATA3 (Th2) to TBX21 (Th1) for NDM, PMM and HMM in both 

mouse models [43, 44]. An additional set of human specific T-helper cell markers for 

receptors CRTH2 (Th2) and CCR5 (Th1) was utilized to further confirm the results in Hu-

mice [45–47]. At day 3, polarization was similar for all materials in both animal models 

(Figure 6A, B). This result likely corresponded with the previously determined low T-helper 

cell presence (Figure S5A) at this early time point. By one week, PMM was Th2 trending in 

Balb/c mice and significantly Th2 polarized in Hu-mice relative to NDM with both sets of T-

helper cell markers. In contrast, HMM was only trending towards a Th2 polarization 

compared to NDM with these markers in the two mouse models (Figure 6A, B).

A ratio of related genes expressed in M1 (NOS2) and M2 (ARG1) was also used to measure 

macrophages polarization with qRT-PCR [27]. At day 3, HMM was significantly M2 

polarized compared to NDM in both mouse models. PMM was significantly M2 polarized in 

Balb/c mice and M2 trending in Hu-mice (Figure 6C). Based on the cell staining, these 

results likely occurred from a greater M1 response in NDM compared to the decellularized 

materials considering the low M2 macrophage numbers previously shown at this timepoint 

(Figure 5, Figure S6). By one week, only PMM was significant in Balb/c mice and upward 

trending in the Hu-mice compared to NDM (Figure 6C). Therefore, notably only PMM 

elicited a significant Th2 polarization in the Hu-mice and a significant M2 polarization in 

the Balb/c mice compared to NDM while HMM was not significant compared to either 

PMM or NDM at one week.

4. Discussion

In this study, we investigated the ability of a humanized mouse (Hu-mice) model, which had 

previously been shown capable of rejecting xenogeneic tissue via a human T-cell mediated 

immune response [19], to differentiate between allogeneic and xenogeneic decellularized 

ECM. We tested a xenogeneic biomaterial sourced from porcine myocardial matrix (PMM), 

which was developed as a therapy for treating hearts post-myocardial infarction [21]. 

Similarly, a material derived from human cadaveric donor hearts (HMM) was produced as 

an allogeneic alternative [23]. The Hu-mouse model showed significant differences in the 

immune response to the allogeneic and xenogeneic materials that differentiated from a wild 

type animal model, suggesting that the Hu-mouse model could be an advantageous tool in 

studying the biocompatibility of tissue-derived materials and in vivo human immune cell 

responses.

Investigation of the infiltrating cells showed significant differences in cell densities found in 

the core of xenogeneic PMM compared to allogeneic HMM material in the Hu-mice. 

Greater human cell infiltration was observed at one week during the mid-phase immune 

response, while human cell interaction was similar at the earlier time point. Further 
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evaluation of the infiltrating cells determined that the early day 3 response consisted mainly 

of M1 (iNOS+) macrophages and cytotoxic T-cells (CD3+, CD8+). These numbers decreased 

by one week with very few cytotoxic T-cells, and instead predominantly M2 macrophages 

(CD206+) and T-helper cells (CD3+, CD4+) were present. In contrast, the nondecellularized 

myocardial matrix (NDM) predominantly contained infiltration of M1 macrophages and 

cytotoxic T-cells throughout the study. This dynamic shift for the decellularized materials 

mimics the native wound healing response [28], suggesting that these materials could 

stimulate similar mechanisms when inducing tissue repair [11, 22]. Infiltration of T-helper 

cells was particularly distinct in PMM compared to HMM, which has a critical role in 

supporting a pro-regenerative response to biomaterial therapies [31]. This significantly 

different response was only observed in the Hu-mouse model potentially because both PMM 

and HMM are xenogeneic in the Balb/c, leading to similar levels of T-helper cells and 

macrophage infiltration.

Gene expression of cell specific markers were utilized to further characterization cell 

phenotypes towards pro-inflammatory and pro-remodeling subtypes. T-helper subtypes were 

assessed by cell-specific gene expression ratios towards pro-inflammatory Th1 or pro-

remodeling Th2 phenotypes, respectively. This expression is directly correlated with 

separate phenotypes involving the production of IL-2 and interferon-γ (IFNγ) for Th1 and 

IL-4, IL-5, and IL-10 for Th2 [48]. Similarly, polarized macrophages were assessed towards 

the pro-remodeling M2 or pro-inflammatory M1 phenotype [27, 49]. M1 macrophages are 

known to produce inflammatory cytokines of TNF, IL-6, and IL-1β with high levels of IL-12 

and IL-23, and low levels of IL-10. Whereas, the M2 polarized macrophages have low levels 

of IL-12 and IL-23 with high levels of IL-10 [38]. Early T-cell and macrophage response to 

the decellularized materials was Th1 and M2 polarized, respectively, which corresponded 

with low T-helper cell and lesser M1 macrophage densities from the cell staining analysis. 

At one week, only PMM was significantly shifted towards the Th2 phenotype and trending 

towards a M2 polarization compared to NDM in the Hu-mouse model. In contrast, both 

PMM and HMM were Th2 and M2 polarized in the Balb/c mouse at one week. However, 

analysis of macrophage cell densities for HMM in the Hu-mice supported that they were 

similarly more polarized towards a pro-remodeling state. This difference in the magnitude of 

M2 macrophage polarization measured by qRT-PCR could be due to the lesser presence of 

T-helper cells in HMM supporting the M2 macrophage phenotype [31].

Potentially, these results could suggest that allogeneic materials elicit lesser human T-helper 

involvement in the immune response, which reduces immunological concerns, but can also 

its limit pro-regenerative capability. However, it should be considered that limitations of the 

allogeneic tissue source might be responsible for these results. The efficacy of tissue 

decellularization, tissue source age, and cross-linking are crucial parameters that can 

significantly impact the host response [50]. For fabrication of the HMM material, older 

human cadaver hearts were utilized that required additional processing steps such as lipid 

removal and DNase/RNase treatment [23]. Older ECM is known to shift in composition [4], 

stimulate a lesser pro-remodeling macrophage response [51], and undergo increased cross-

linking and fibrosis [52], which could create less ideal material properties for stimulating 

tissue repair. Likewise, additional processing steps were required to remove greater adipose 

tissue commonly found on older human myocardium and reduce nucleotide content to 
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similar acceptable standards for therapeutic applications as the PMM material [23]. These 

steps could unintentionally strip important biological factors from the material. Previous 

assessment found that HMM did maintain a complex ECM protein composition with many 

similar material properties to PMM, though there was notably less sulfated 

glycosaminoglycan content [23, 53]. As the immune response is mediated by a multitude of 

cytokine signaling pathways, decreased sGAG content could reduce retention of endogenous 

chemoattract ant factors and limit the anti-inflammatory response elicited by HMM [54]. 

Although it could be hypothesized that young human hearts could provide an improved 

allogeneic scaffold, this is not a viable strategy considering the immediate need for young 

healthy human hearts for surgical transplantation, prevalence of cardiac diseases [55], and 

general shortages of healthy human organs [56]. Therefore, these shortcomings could be 

considered inherent restrictions of cardiac tissue derived allogeneic materials.

These results also demonstrate the insufficiency of immunocompromised NSG mice in 

modeling the response to biomaterials. There was significantly less cellular infiltration in 

NSG animals compared to immunocompetent Balb/c animals. Macrophages are present in 

both animal models, but T-cells are not present in the NSG mice. Therefore, macrophages 

alone are not sufficient to produce a full immune response to these materials. This is not 

surprising since the more severe xenogeneic tissue rejection has been shown to be largely a 

T-cell mediated response and involves the subsequent activation of macrophages [18, 19]. 

Thus, this raises concerns utilizing immune compromised animals in studies when a 

naturally derived material is used.

Although these results demonstrate the potential utility of this model, important limitations 

should be considered for further studies. One limitation of the Hu-mouse model that should 

be considered is the inability to measure the role of certain xenogeneic specific epitopes, 

including the anti-Gal epitope, which is involved in xenogeneic tissue rejection in humans 

[19]. For processed xenogeneic acellular materials, which have dramatically lower levels of 

the alpha-Gal epitopes similar to the materials used in this study, this has not been shown or 

been proven to cause adverse reactions in human patients [50]. Concerns regarding the 

potential influence of these epitopes could be addressed by evaluating epitope presence in 

the material, as done in this study, or perform additional tests in knockout mice of these 

epitopes [57]. The observed lack of human macrophage involvement compared to the larger 

population of mouse macrophages also limits the model’s capability to mimic this 

component of the human immune response.

Despite these limitation, human T-helper cells in the Hu-mouse model were able to 

distinguish between these biomaterials, which could indicate increased sensitivity to 

variations between xenogeneic versus allogeneic ECM or potentially other variables such as 

ECM age and material processing. The different responses suggested that the xenogeneic 

PMM is more favorable for eliciting a pro-remodeling immune response compared to the 

allogeneic HMM material, and supports its use in human trials. This study also demonstrates 

the utility of the Hu-mouse model for biomaterial testing, providing initial biocompatibility 

and evaluation of the immune response. With additional variables known to influence the 

immune response such as differences in the delivery method, location of implantation, and 

initial inflammatory state of the implantation site, there is much more potential utility with 
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this model for evaluating the human immune cell response to biomaterial therapies. These 

results also warrant further mechanistic studies to improve our understanding of important 

human immune cell pathways to stimulate biomaterial induced tissue repair. Future 

improvements being tested in Hu-mice models such as earlier maturation of B-cell 

populations before xenogeneic graft-versus-host disease becomes a concern could allow for 

assessment of human humoral response to biomaterial implants [30, 58]. These results, 

therefore, convey that testing a xenogeneic biomaterial in preclinical studies in a wild type 

or immunocompetent animal could be sufficient for assessing biocompatibility. However, a 

wild type rodent model is likely to be insufficient to test a human derived, allogeneic 

material, and the Hu-mouse model provides a more thorough model of the human T-cell 

response to these materials. Collectively, our results with the Hu-mouse model demonstrate 

the importance of pursuing more representative preclinical models in the biomaterials field 

for confirming biocompatibility and improving our understanding the human cell response 

to biomaterial therapies.

5. Conclusion

In conclusion, we have utilized a xenogeneic material, PMM, and an allogeneic material, 

HMM, in a humanized mouse (Hu-mice) model, demonstrating its potential as a new tool for 

preclinical biomaterial testing. This work confirms that these naturally derived biomaterials 

elicit a T-cell mediated immune response with a pro-remodeling Th2 and M2 polarization. 

This was also accompanied by a notable pro-inflammatory to pro-remodeling shift for the 

early to mid-phase responses for both T-cells and macrophages, mimicking the native wound 

healing response. Both PMM and HMM in a wild type animal similarly favored a Th2 T-

helper cell and M2 macrophage population with minimal cytotoxic T-cells present by one 

week after biomaterial injection. However, differences between the materials were then 

observed in the Hu-mouse model, namely a significantly reduced and minimal T-helper cell 

response to the allogeneic HMM. This suggests that the xenogeneic tissue derived 

biomaterial could be more suitable for eliciting pro-remodeling responses compared to 

similarly made materials from available allogeneic sources. Additionally, utilizing an 

immune compromised animal did not properly mimic the tissue response to ECM derived 

materials. Thus, the Hu-mouse model’s capability to better mimic the potential human 

immune response could be a useful tool to differentiate the biocompatibility and pro-

remodeling qualities of biomaterials prior to clinical translation.
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Figure 1. Injectable myocardial matrix hydrogels derived from porcine or human tissue
The biomaterials were derived from either fresh porcine or human cadaveric left ventricular 

myocardium. The tissues were decellularized and then processed into an injectable form by 

enzymatic digestion. Once in the liquid form, the materials self-assembled into myocardial 

matrix hydrogels at physiological conditions. The hydrogels contained a similar nano-scale 

architecture as shown via SEM images (scale bars are 5 μm).
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Figure 2. Total cell infiltration
(A) Hematoxylin and eosin (H&E) images represent local tissue immune response one week 

after subcutaneous injections of porcine myocardial matrix (PMM) or human myocardial 

matrix (HMM) in Balb/c and a humanized mouse model (Hu-mice). Quantification of 

cellular density for the whole biomaterial (B, C) and infiltration into the core (D, E) of the 

biomaterial for each group is also shown (*p<0.05, ***p<0.001, ****p<0.001). On the left 

of each image is the panniculus carnosus muscle layer of the dermal tissue and on the right 
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is the injected biomaterial. The biomaterial and dermal tissue are separated by a black dotted 

line. Scale bars are 100 μm.
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Figure 3. Human nuclei infiltration
(A) Representative images of Hoechst stained nuclei (blue) and human nuclei staining 

(green) of humanized mice (Hu-mice) injected with either porcine myocardial matrix 

(PMM) or human myocardial matrix (HMM) at one week. The dotted white line indicates 

edge of HMM biomaterial. Quantification of percent and density of human nuclei in the 

whole biomaterial (B, C) and into the core (D, E) of the biomaterial (*p<0.05). Scale bars 

are 100 μm.
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Figure 4. T-helper cell and cytotoxic T-cell infiltration
(A) Representative images of T-helper cells and cytotoxic T-cells with arrows indicating 

positive staining. Hoechst staining was used to label cellular nuclei (blue). T-helper cells 

were labeled by co-staining with CD3 (red) and CD4 (green). Cytotoxic T-cells were labeled 

by co-staining with CD3 (red) and CD8 (green). Ratios of cell density quantification of T-

helper cells versus cytotoxic T-cells in whole biomaterial (B) and biomaterial core (C) in 

nondecellularized (NDM), porcine (PMM) and human myocardial matrix (HMM) at day 3 

and 7 in Balb/c or Hu-mice. (*p<0.05, **p<0.01). Scale bars are shown at 10 μm.
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Figure 5. Polarized macrophage infiltration
(A) Representative images at one week of polarized macrophage staining with a red arrow 

indicating a M2 macrophage, a magenta arrow indicating a M1 macrophage and white arrow 

indicating a macrophage stained with both M2 and M1 markers. Hoechst staining was used 

to label cellular nuclei (blue). Macrophages were labeled by co-staining with pan-

macrophage marker F4/80 (green), M1 marker iNOS (magenta) and M2 marker CD206 

(red). Ratios of cell density quantification of CD206+ to iNOS+ macrophages in whole 

biomaterial (B) and biomaterial core (C) in nondecellularized (NDM), porcine (PMM) and 

human myocardial matrix (HMM) at day 3 and 7 in Balb/c or Hu-mice. (*p<0.05, 

**p<0.01). Scale bars are shown at 10 μm.
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Figure 6. Gene expression ratios of T-helper cell and macrophage polarization
qRT-PCR was utilized to determine the degree of polarization of macrophages and T-helper 

cells at day 3 and one week in Balb/c and Hu-mice. (A) T-helper cell polarization of 

Th2/Th1 was measured as fold change ratio of GATA3/TBX21 gene expression. (B) A 

separate human T-helper cell polarization was measured as fold change ratio of CRTH2/

CCR5 gene expression. (C) Macrophage polarization of M2/M1 was measured as a fold 

change ratio of ARG1/NOS2 gene expression. (*p<0.05, **p<0.01, ***p<0.001).
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