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Abstract

The transformative potential of cells as therapeutic agents is being realized in a wide range of 

applications, from regenerative medicine to cancer therapy to autoimmune disorders. The majority 

of these therapies require ex vivo expansion of the cellular product, often utilizing fetal bovine 

serum (FBS) in the culture media. However, the impact of residual FBS on immune responses 

to cell therapies and the resulting cell therapy outcomes remains unclear. Here, we show that 

hydrogel-delivered FBS elicits a robust type 2 immune response characterized by infiltration of 

eosinophils and CD4+ T cells. Host secretion of cytokines associated with type 2 immunity, 

including IL-4, IL-5, and IL-13, is also increased in FBS-containing hydrogels. We demonstrate 

that the immune response to xenogeneic serum components dominates the local environment 

and masks the immunomodulatory effects of biomaterial-delivered mesenchymal stromal/stem 

cells. Importantly, delivery of relatively small amounts of FBS (3.2% by volume) within BMP-2-

containing biomaterial constructs dramatically reduces the ability of these constructs to promote 

de novo bone formation in a radial defect model in immunocompetent mice. These results urge 

caution when interpreting the immunological and tissue repair outcomes in immunocompetent pre-

clinical models from cells and biomaterial constructs that have come in contact with xenogeneic 

serum components.
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Introduction

Cell-based therapies represent promising strategies for tissue regeneration, particularly in 

cases where host cells alone are unable to repair the injury due to disease, age, or excessive 

trauma. In particular, mesenchymal stem/stromal cells (MSCs) are being studied for 

regeneration of diverse tissues including skeletal muscle, cardiac muscle, bone, and cartilage 

[1]. As large numbers of transplanted MSCs are required to achieve therapeutic impact, 

ex vivo expansion of the cellular product is necessary [2, 3]. Additionally, to promote 

the survival, persistence, and regenerative properties of transplanted cells, MSC therapies 

are frequently delivered in conjunction with biomaterial scaffolds [4]. Furthermore, as a 

means of improving the maturation and efficacy of cell-biomaterial constructs, biomaterial 

scaffolds are often pre-seeded with cells and cultured ex vivo prior to implantation [5–7].

Most often, both cells and cell-biomaterial constructs are cultured in media supplemented 

with fetal bovine serum (FBS) [2]. FBS supplementation is practical because it is a cost-

effective approach to provide cells in culture with vital nutrients, attachment factors, and 

growth factors. However, FBS is problematic clinically due to issues with significant batch 

to batch variability and not meeting the standards of good manufacturing practices (GMP). 

Furthermore, case reports from cell therapy clinical trials have shown that patients generate 

antibodies against xenogeneic serum proteins which, in some cases, have been linked to 

anaphylactic reactions [8, 9]. Additionally, known complications of delivering xenogeneic 

serum-based therapeutics, like antivenom for snake bites, include acute anaphylactic 

reactions and serum sickness, an allergy like hypersensitivity reaction [10]. Although serum-

free and xeno-free media formulations have been developed for some cell types (e.g. human 

T cells and human MSCs) [11, 12], these types of media are not readily available for many 

cell types, especially non-human cells.

Mice are frequently used as pre-clinical in vivo models to test the therapeutic safety 

and efficacy of cell therapies intended to treat human disease. While early MSC 

regenerative medicine studies focused on the differentiation capacity of human MSCs in 

immunocompromised/immunodeficient murine models [13], the field has largely moved 

on to studying MSC promotion of tissue repair through their immunomodulatory effects 

mediated by MSC secretion of cytokines, chemokines, and subcellular particles (e.g., 

extracellular vesicles) [14]. This research has necessitated the use of murine MSCs in 

immunocompetent mice as a proxy for the human system. However, it is unclear whether 

residual FBS used for murine MSC expansion impacts their therapeutic outcomes or how 

immune responses to FBS might obscure the interpretation of immunological responses to 

MSC therapies in immunocompetent mouse models.

The immune system plays a key role in promoting tissue regeneration as various 

immune cells scavenge debris and dead cells, recruit tissue progenitor cells, and promote 

vascularization at the site of injury [15]. In particular, type 2 immune responses are thought 

to drive tissue repair, most notably through the activities of M2 macrophages and CD4+ T 

helper 2 cells [16]. Xenogeneic decellularized materials, which elicit a well-characterized 

type 2 immune response, have been shown to improve tissue regeneration in a variety of 
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tissues [17]. However, data from chronic inflammation models show that type 2 immunity 

can be fibrotic, negatively impacting organ repair [18].

Here, we characterized the in vivo immune responses to FBS-containing media when 

delivered subcutaneously within a synthetic hydrogel. Results demonstrate that xenogeneic 

serum components induce a robust type 2 immune response characterized by infiltration of 

eosinophils and CD4+ T cells and increased concentrations of type 2 immunity-associated 

cytokines, including IL-4, IL-5, and IL-13. This FBS-induced immune response masks some 

features of the in vivo immune response to hydrogel-delivered MSCs. Additionally, the 

FBS-associated immune response impairs biomaterial-directed bone repair outcomes in a 

murine radial segmental defect model. Thus, FBS from cell culture media may confound 

interpretation of immunological responses to cell therapies and impede tissue regeneration in 

pre-clinical models.

Methods

PEG hydrogel synthesis

Hydrogels were prepared by mixing 20 kDa 4-arm poly(ethylene glycol)-maleimide 

(PEG-4MAL) macromer (Laysan Bio, >95% purity) with the adhesive peptide GRGDSPC 

(RGD) (GenScript, >95% purity) and the crosslinker GCRDVPMS↓MRGGDRCG (VPM) 

(Genscript, >95% purity). Hydrogels were synthesized to obtain a final concentration of 

1.0 mM RGD and 4% w/v PEG-4MAL. The concentration of crosslinker used for the 

synthesis of each hydrogel was calculated stoichiometrically by balancing the number of 

free thiols on the crosslinker with the number of unreacted maleimide groups on the 

PEG-4MAL following functionalization with RGD. PEG-4MAL, RGD, and VPM were 

dissolved, individually, in 25 mM HEPES in PBS and the pH of the solutions were adjusted 

to 4.0 to prevent gelling in the syringe prior to injection (hydrogels polymerize in situ). 

Hydrogels were mixed at a volume ratio of 2:1:1:1 of PEG-4MAL: RGD: VPM: media 

or cell suspension. Unless otherwise noted, the media portion of the hydrogel was made 

up of RPMI 1640 (Gibco, 11875093) supplemented with 16% v/v serum, making the final 

concentration of serum in the hydrogels 3.2%. As controls the media portion was substituted 

with RPMI 1640 without serum, CellCor CD MSC serum-free, chemically defined media 

(Xcell, YSP001), or PBS. Murine MSCs (mMSCs) were delivered at a dose of 2.5 × 105 

mMSCs per 50 μL PEG-4MAL hydrogel.

Subcutaneous dorsal hydrogel injection

All animal experiments were performed with approval of Georgia Tech Animal Care and 

Use Committee with veterinary supervision and within the guidelines of the Guide for 

the Care and Use of Laboratory Animals. Subcutaneous injection studies were carried 

out as previously described [19]. Briefly, C57BL/6J wild-type mice (8–10 weeks old, 

Jackson Laboratories) were anesthetized under isoflurane, fur was removed from the dorsal 

region, and the skin was treated with 70% isopropyl alcohol and chlorohexidine. 50 μL of 

PEG-4MAL hydrogel solution was mixed in an Eppendorf tube on ice and then injected 

into the dorsal region of the mouse using a 29½ gauge insulin syringe (Exel, 26018). For 

experiments with four or fewer conditions, all conditions were injected into individual dorsal 
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quadrants (randomized) in the same animal to reduce variability due to inherent biological 

differences across animals.

Flow cytometry of infiltrating immune populations

Hydrogels were explanted for flow cytometry analysis 7 days after injection. Following 

euthanasia, a midline incision was made the length of the mouse spine, followed by 

perpendicular incisions to expose the hydrogel samples, which adhere to the subcutaneous 

side of the skin layer upon polymerization in situ. Skin and hydrogels were peeled back, 

and a 12 mm biopsy punch was used to excise the complete hydrogel sample and the 

overlying skin. Samples were then placed in 1.0 mL of hydrogel/tissue dissociation buffer 

(RPMI 1640, 2.5 U/mL Dispase II (ThermoFisher, 17105041), 0.2% Type II Collagenase 

(Worthington Biochemical Corp., LS004176)), finely cut using scissors, and incubated for 

1 h at 37°C. The digested hydrogel/skin solution was then passed through a 35 μm cell 

strainer (Falcon, 352235) and washed with 5 mL of PBS. Red blood cells were lysed 

using RBC Lysis Buffer (BioLegend, 420301) and the cell pellet was rinsed first with 

FACS buffer (HBSS (ThermoFisher, 14175103), 2mM EDTA (Invitrogen, AM9260G), 

0.5% BSA (Sigma-Aldrich, A9418)) then with PBS. Cells were stained with Zombie 

Violet (BioLegend, 423114) for 15 min, washed with FACS buffer, and blocked with 

TruStain FcX PLUS (BioLegend, 156604) prior to staining with the myeloid, lymphoid, 

or ILC2 flow panel antibodies for 1 h. FMOs (fluorescence minus one) were run with 

every acquisition. Cells were fixed using Fixation Buffer (BioLegend, 420801) following 

manufacturer instructions. Absolute cell counts were calculated on the basis of Precision 

Count Beads (BioLegend, 424902). Data was collected using a BD FACSAria III flow 

cytometer and analyzed using FCS Express 7 (De Novo Software). Gating strategies for the 

three panels are presented in Supplementary Figure 1. FMOs were used to gate the following 

markers: CD11c, F4/80, MHC-II, CD163, CD86, CD206, CD11b in lymphoid panel, CD4, 

CD8a, NK1.1, CD19, Lin, ICOS, CD90.2, and ST2.

Luminex multiplex ELISAs

Seven days following injection, hydrogels were explanted for chemokine and cytokine 

analysis following the same explantation procedure as for flow cytometry analysis. 

Hydrogel/skin explants were weighed and placed in protein extraction buffer (RIPA Buffer 

(Sigma, R0278), Protease Inhibitor Cocktail (Sigma, P8340)) at 250 mg/mL on ice. Samples 

were homogenized by sonication, on ice, in 5 sec intervals at 70% amplitude until 

hydrogels were well digested. Samples were centrifuged at 10,000xg for 30 min at 4°C, and 

supernatants were collected, snap frozen, and stored at −80°C until analysis. Samples were 

analyzed using a Milliplex Mouse Cytokine/Chemokine Magnetic Bead Panel – Premixed 

32 Plex (Millipore, MCYTOMAG-70K) or a custom R&D Luminex kit containing the 

analytes IFNγ, IL-13, IL-17A, IL-25, and IL-33 (R&D, LXSAMSM-05) on a MAGPIX 

System (Luminex Corp.) according to manufacturer instructions. Analyte concentrations 

(pg/mL) were calculated from best fit curves generated by the Milliplex Analyst Software 

(Luminex Corp.). Values for individual samples above/below the analyte detection limit, 

as determined by the Milliplex Analyst Software, were taken at the maximum/minimum 

detection value for further analysis. Analytes with the majority of samples out of range for 

all groups were excluded from further analysis and were reported as either above or below 
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the limit of detection. Hierarchical clustering (Ward’s method, Euclidean distances) and 

principal-component analysis (unit variance scaling, SVD with imputation) were performed 

using ClustVis (https://biit.cs.ut.ee/clustvis/) [20].

mMSC isolation, culture, and immunodepletion

Bone marrow was isolated from mouse femurs and tibias as previously described [21]. Red 

blood cells were lysed using RBC Lysis Buffer (BioLegend, 420301) and the bone marrow 

cells were then washed with mMSC complete media (RPMI 1640, 16% MSC qualified 

FBS (Gibco, 12662029), 2 mM L-glutamine, 100 U/mL pen/strep). Bone marrow cells 

were cultured following a protocol adapted from Caroti et al [22]. Cells were plated at 

~250,000 cells/cm2 in a 15 cm plate in mMSC media supplemented with 10 ng/mL bFGF 

(Austral Biologicals, GF-030–5) and cultured overnight at 37°C, 5% O2, 5% CO2 (hypoxic 

conditions). After 24 h, non-adherent cells were aspirated, and media was replaced with 

fresh mMSC media containing 10 ng/mL bFGF. Media was changed every 3–4 days. Cells 

were passaged for the first time and depleted of immune cells when they reached 90–95% 

confluence. Immune cell depletion was done by MACS separation using CD45 MicroBeads, 

mouse (Miltenyi Biotec, 130-052-301) and LD columns (Miltenyi Biotec, 130-042-901). 

Immune cell-depleted mMSCs were plated at ~2000 cells/cm2 in a 15 cm plate in mMSC 

media containing 10 ng/mL bFGF. Media was changed every 3–4 days and cells were 

passaged at 80% confluence. For all experiments, cells were used between passages 2 and 4.

ELISAs for FBS components bovine BSA, APOA1, and APOB

mMSCs were isolated, cultured, and immunodepleted as described above. Once grown to 

confluence, cells were trypsinized, washed once with mMSC complete media, and pelleted 

by centrifugation. mMSCs were then washed either once or 3 times with 15 mL of PBS, 

centrifuging and aspirating buffer each time. After the final wash, mMSCs were resuspended 

in 500 μL of PBS and pelleted one final time. ELISAs were run on the supernatant. 

Supernatant from unwashed mMSCs in mMSC complete media and mMSC complete media 

without cell were included as positive controls. ELISAs for BSA (Cygnus, F030), bovine 

APOA1 (LSBio, LS-F54098), and bovine APOB (LSBio, LS-F25212) were run according 

to manufacturer instructions. Absorbance was read using a Biotek Synergy H4 multi-mode 

plate reader and analysis was done using Gen5 Data Analysis Software (Biotek).

Bone implant preparation

Implant hydrogels (4.0% w/v 20 kDa PEG-4MAL, 1.0 mM GFOGER adhesive peptide 

(Aapptec), VPM crosslinker) were synthesized as described above and cast in a polyimide 

tube with 300 μm laser machined holes (MicroLumen) to improve cellular invasion and 

nutrient transport into the bone defect site. Hydrogels contained 50 ng BMP-2 (R&D, 

355-BM). Half of the samples were synthesized using RPMI 1640 media supplemented with 

16% FBS as the buffer component for the media/cell suspension fraction of the hydrogel 

(final FBS concentration of 3.2% v/v in the hydrogel as a whole). The other half were 

synthesized using PBS as the buffer component for the media/cell suspension fraction. 

Implants were cut into 4 mm segments using custom implant cutters. All implants were 

made within an hour of their implantation in a mouse and stored in the same buffer as their 

media/cell suspension buffer component prior to implantation to prevent drying out.
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Radial segmental defect surgery

All animal experiments were performed with the approval of the Georgia Tech Animal Care 

and Use Committee with veterinary supervision and within the guidelines of the Guide for 

the Care and Use of Laboratory Animals. A critically sized bone defect in the mouse radius 

was used to evaluate bone formation as previously described [23, 24]. C57BL/6J wild-type 

male mice (8–10 weeks old, Jackson Laboratories) were anesthetized under isoflurane, and 

fur was removed from the right forelimb. Prior to surgery, mice were given a single dose of 

slow-release buprenorphine (1 mg/kg) for pain relief, and the right forelimb was disinfected 

with 70% isopropyl alcohol and chlorohexidine. A 1 cm incision was made on the right limb 

over the radius, followed by blunt dissection of the radius. Using custom bone cutters, a 2.5 

mm defect was made in the right radius, leaving the right ulna intact to stabilize the injury. A 

4 mm long polyimide tube containing the implant hydrogel was then fitted over each end of 

the radius and the overlying incision was closed using Vicryl sutures. Mice were monitored 

post-surgery for lethargy, weight loss, normal eating habits, and signs of distress.

Live animal uCT

In vivo microCT imaging was performed on anesthetized mice using a VivaCT imaging 

system (Scanco Medical). A 3.2 mm long section centered over the radial defect was imaged 

using the following imaging parameters: intensity, 145 μA; energy, 55 kVp; integration time, 

200 ms; resolution, 15 μm. De novo bone formation was evaluated by drawing a contour 

around the radius on each 2D slice and applying a Gaussian filter. The middle 2.0 mm of 

the defect was identified and analyzed for bone volume, so that only de novo bone formation 

was measured. 3D reconstructed images show the full 3.2 mm length of scanned bone.

Statistics

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software Inc., 

La Jolla, CA). Statistical tests and P values are reported in the figure captions of the 

corresponding figures. For flow cytometry analysis of in vivo gels, cell counts were log 

transformed and a one-way ANOVA was used to detect statistical differences. Where 

appropriate (all groups were present in all animals), a one-way repeated measures ANOVA 

was performed to compare inter-subject variables. Tukey’s multiple comparisons test with 

adjustment for multiple comparisons was used to determine differences between specific 

groups. Multiple comparisons were run on all possible pairings of groups (e.g. FBS vs. 

RPMI, FBS vs. PBS, RMPI vs. PBS, etc.). For the Luminex data, a one-way ANOVA was 

used to detect statistical differences followed by Tukey’s multiple comparisons test for IL-4, 

Eotaxin, IL-9, IL-25, and IL-33. For all other cytokines, a Kruskal-Wallis test was used 

followed by Dunn’s multiple comparison test due to the repeated values at the limit of 

detection for these cytokines. P values are always denoted: *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Replicates indicated are biological replicates. All data is plotted as mean ± 

SEM.
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Results

FBS alters immune cell infiltration into hydrogels implanted subcutaneously

To evaluate immune responses to FBS in C57BL/6J immunocompetent mice, we first 

characterized the profile of immune cell infiltration into subcutaneously injected synthetic 

PEG-4MAL hydrogels synthesized using FBS-containing media as the buffer. PEG-4MAL 

hydrogels have significant advantages for regenerative medicine applications because of 

their intrinsic low fouling properties, minimal inflammatory profile in vivo, ease in 

incorporating various bioactive functionalities to promote tissue repair, and ability to be 

delivered via injection, which minimizes further tissue trauma upon therapeutic delivery [23, 

25, 26]. Additionally, by delivering the FBS-containing media in PEG-4MAL hydrogels, 

we were able to localize the immune response to the hydrogel and immediate surrounding 

tissues, allowing us to deliver FBS-containing gels and control gels in the same mouse, one 

gel per each dorsal quadrant [21].

We evaluated the effect of delivery of multiple experimental groups in the same animal 

by injecting PEG-4MAL hydrogels containing either PBS or 250k mMSCs in 3.2% MSC-

qualified FBS in the dorsal subcutaneous space of mice. Mice were split into 3 groups 

in which: (1) both gels injected contained PBS, (2) both gels injected contained mMSCs 

in FBS, (3) one gel of each condition were delivered (Supplementary Fig. 2a). On day 

14 post-injection, hydrogels were explanted and the infiltrating myeloid populations were 

evaluated (Supplementary Fig. 2b, c). The ability of the assay to detect differences between 

groups was maintained in mice where one gel of each group was delivered. However, the 

assay sensitivity was reduced compared to animals injected with only one group, likely due 

to immunological cross talk between the different dorsal quadrants. To combat this reduced 

sensitivity, we increased the number of mice per group in the rest of our studies. For more 

nuanced immunological studies, it would be pertinent to use separate animals to ensure 

that no sample cross-contamination has occurred. Additionally, it is impossible to study the 

systemic consequences of FBS delivery using this model, as individual animals per group 

would be required. However, given the stark contrast in immune responses between our 

treatment groups which allowed us to detect statistically significant differences in broadly 

defined immune populations in the co-delivery model, we chose to proceed with this model 

as it significantly reduces biological variability within studies.

In all studies, hydrogels were synthesized in volume ratios of 2:1:1:1 PEG-4MAL macromer 

solution: VPM cross-linker solution: RGD adhesive ligand solution: cell suspension/cell-

free media. The media portion of the hydrogels in these studies consisted of RPMI 1640 

supplemented with 16% v/v serum (based on our typical MSC media formulation), making 

the final concentration of serum in the hydrogels 3.2%. The following groups were studied: 

RPMI 1640 media + 16% FBS (FBS), RPMI 1640 alone (RPMI), Xcell Chemically-Defined 

media (CD), and phosphate buffered saline (PBS) (Fig. 1a). The FBS used in these studies 

is MSC-qualified FBS, screened to support the in vitro expansion and clonal enumeration of 

MSCs. CD is a commercially available media formulation in which the serum component 

is replaced with a proprietary combination of recombinant proteins specifically designed 

for the in vitro expansion of human MSCs (no such equivalent formulation is available for 
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murine MSCs; murine MSCs do not grow in this media formulation). To form the hydrogels, 

a mixture of all components was injected into subcutaneous space in the mouse dorsum and 

the gel was allowed to polymerize in situ.

On day 7 post-injection, hydrogels were explanted, digested to obtain infiltrating immune 

cells, and analyzed by multiparametric flow cytometry using validated gating strategies 

(Supplementary Fig. 1). We found that hydrogels containing FBS injected in the 

subcutaneous space elicited an immune response distinct from those containing RPMI, 

CD, or PBS, and there were no differences in immune cells among hydrogels containing 

RPMI, CD, and PBS (Fig. 1b–f). Cell counts reported are per 50 μL hydrogel explant 

and are not normalized as the weight of the hydrogel explants is consistent across 

experimental conditions (Supplementary Fig. 3). There were notable changes in the 

profile of infiltrating cells in both the myeloid and lymphoid compartments (Fig. 1b, c). 

Specifically, in the myeloid compartment, the numbers of infiltrating Siglec-F+ eosinophils, 

Ly6Chi monocytes, and ICOS+CD90.2+ST2+ type 2 innate lymphoid cells (ILC2s) were 

significantly increased in hydrogels containing FBS compared to the other three conditions 

(Fig. 1d, e). Additionally, we observed significant increases in the number of NKT cells, 

CD4+ T cells, and CD8+ T cells in FBS-containing hydrogels (Fig. 1f). We did not observe 

any significant differences in the number of other infiltrating immune cell populations 

between FBS- and PBS-containing hydrogels; however, there was an increase in the number 

of B cells in FBS containing gels compared to RPMI gels and CD gels and an increase in the 

number of NK cells in FBS containing gels compared to RPMI gels (Supplementary Fig. 4). 

There was no discernable dermatitis observed at the day 7 time point for any experimental 

group.

FBS-containing hydrogels drive local increases in type 2 immunity-associated cytokines

To further characterize the immune response to FBS-containing hydrogels, we analyzed 

the day 7 murine cytokine milieu within subcutaneous media-containing hydrogels via a 

Luminex multiplexed bead-based ELISA. Hierarchical clustering analysis of the cytokine 

milieu shows that the FBS group clusters distinctly from the control groups by a cytokine 

profile that is dominated by IL-7, IL-12, GM-CSF, IL-13, IL-5, IL-3, Il-2, Eotaxin, and IL-4 

(Fig. 2a). Principal component analysis (PCA) similarly results in hydrogels containing 

FBS clustering distinctly from the other three conditions (Fig. 2b). We also observed 

differential production of many individual cytokines classically associated with type 2 

immune responses to parasites and allergens, including IL-3, IL-4, IL-5, IL-10, IL-13, 

Eotaxin, and GM-CSF (Fig. 2c) [27, 28]. Interestingly, other type 2-associated cytokines 

IL-9 and the alarmins IL-25 and IL-33 showed no differences among groups (Fig. 2c). 

Alarmins are thought to be secreted by epithelial and stromal cells upon exposure to 

parasites or allergens, activating ILC2 production of IL-5 and IL-13 and initiating the type 

2 immune response [29–31], so it is notable that differences in alarmin secretion between 

groups are absent, although this may be due to the relatively late time point studied.

Other cytokines differentially regulated by hydrogels containing FBS include IL-2, IL-7, and 

IL-12p40 (Fig. 2c). IL-2 and IL-7 are both key T cell cytokines. IL-2 has been shown to 

play a role in CD4+ T helper 2 cell (Th2) and regulatory T cell (Treg) differentiation and 
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function [32, 33], while IL-7 is often associated with the generation of CD4+ memory T 

cells [34, 35]. IL-12 is an important driver of type 1 immune responses, playing an essential 

role in CD4+ T helper 1 cell (Th1) development and inducing IFNγ production [36], while 

inhibiting the development of IL-4 producing Th2 cells [37]. This increase in IL-12 may 

indicate the beginning of some sort of regulatory negative feedback mechanism; however, 

TNFα and IFNγ, other type 1 immunity-associated cytokines, showed no differences in 

concentration among groups. Type 3 immunity-associated cytokine IL-17A was below the 

limit of detection in all groups at the day 7 time point [38]. All other cytokines assayed also 

showed no differences among groups (Supplementary Fig. 5). There were no differences in 

any cytokines among the control groups: RPMI, CD, and PBS.

Taken together, the immune profiling by flow cytometry and multiplexed ELISA 

demonstrates that hydrogels containing FBS, when delivered subcutaneously in a C57BL/6J 

mouse, induce a robust type 2 immune response characterized by infiltration of eosinophils, 

ILC2s, and CD4+ helper T cells. Additionally, the local cytokine response to FBS-containing 

hydrogels is dominated by type 2 immunity-associated cytokines with minimal differences 

in cytokines associated with type 1 or type 3 immunity.

Immune response induced by FBS-containing gel is specific to xenogeneic serum

We next assessed whether this immune response to FBS-containing hydrogels is specific 

to one lot of FBS, xenogeneic serum, or serum in general. To this end, we compared the 

immune responses to six different types of serum. We analyzed three different types of 

FBS: (1) MSC qualified-FBS, as used in the preceding studies, (2) heat-inactivated FBS, as 

complement that is not denatured by heat can cause an immune response, and (3) Hyclone 

FBS, which was screened to not activate T cells in vitro. We also analyzed porcine serum 

(xenogeneic in mice), BALB/c mouse serum (allogeneic in C57BL/6J mice), and C57BL/6J 

mouse serum (autologous in C57BL/6J mice). PBS was used as a negative control.

For all three types of FBS and porcine serum (PorS) delivered with hydrogels, we saw a 

significant increase in the amounts of infiltrating eosinophils and CD4+ T cells compared 

to the two types of mouse serum and PBS (Fig. 3a). There were also differences in the 

number of infiltrating DCs, CD8 T cells, and NKT cells between FBS/porcine serum and 

mouse serum/PBS and no differences between the other immune populations analyzed 

(Supplementary Fig. 6). Notably, there was no significant difference in the number of 

infiltrating immune cell populations between gels containing either BALB/c or C57BL/6J 

mouse serum and PBS, indicating that delivery of murine serum components does not 

initiate a type 2 immune response (Fig. 3a). Type 2 immune responses have previously 

been reported in response to other sources of xenogeneic proteins, especially xenogeneic 

decellularized extracellular matrices (ECM) [39–41]. Collectively, this data indicates that 

the type 2 immune response elicited by FBS-containing hydrogels is a reaction specific to 

xenogeneic serum components.

Macrophage phenotype shifts in response to xenogeneic serum

Since type 2 immune responses are associated with an alternatively activated, M2 

macrophage phenotype [27], we assessed the number and phenotype of macrophages 
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infiltrating FBS- and porcine serum-containing hydrogels compared to gels containing 

mouse serum or PBS. There was no difference in the number of infiltrating F4/80+ 

macrophages among groups (Fig. 3a). M2 macrophages are often identified by increased 

expression of M2 marker CD206 and decreased expression of M1 marker CD86 [42]. 

Interestingly, we saw no differences in CD206 or CD86 expression between the FBS/porcine 

serum groups and the mouse serum/PBS groups (Fig. 3b–d). There was, however, an 

increase in the proportion of CD206+CD163+ double positive macrophages in the FBS- and 

porcine serum-containing hydrogel groups compared to controls, with the vast majority of 

the CD163+ population co-expressing CD206 (Fig. 3b–d). Macrophage MHC-II expression 

was also increased in FBS- and porcine serum-containing hydrogels. CD206+CD163+ 

double positive macrophages are typically considered to be a subtype of M2 macrophages 

[42], whereas macrophage expression of MHC-II indicates that those macrophages are 

involved in antigen presentation [43]. The presence of these two phenotypes of macrophages 

in xenogeneic serum-containing gels is again consistent with prior literature, where 

xenogeneic porcine decellularized ECM is associated with two distinct macrophage 

populations, one CD301b+CD206hiCD163+ and the other CD9+CD301b+MHC-IIhi [44].

Immune response to FBS-containing hydrogels masks mMSC immunomodulatory effects

Due to their potent immunomodulatory and trophic properties, MSCs are being evaluated 

as a therapy in a wide range of inflammatory diseases as well as for their potential in 

promoting tissue regeneration [1]. We thus sought to explore the impact FBS has on the 

immune response to murine MSC (mMSC)-containing hydrogels in an in vivo setting. 

Neither Xcell Chemically-Defined media, intended for the culture of human MSCs, nor 

media supplemented with mouse serum supported the ex vivo expansion of mMSCs in our 

hands (Supplementary Fig. 7). Therefore, we isolated bone marrow from mouse femora and 

tibiae and expanded the isolated mMSCs in media supplemented with FBS (Fig. 4a). mMSC 

phenotype and purity were confirmed by flow cytometry for MSC surface marker expression 

(Supplementary Fig. 8). To minimize the amount of FBS delivered with the mMSCs, the cell 

pellet was thoroughly washed, either once or 3 times with 15 mL of PBS, prior to delivery. 

To evaluate the reduction in serum components present in the cell suspension following 

washing, we measured the concentration of serum proteins bovine serum albumin (BSA), 

bovine apolipoprotein A1 (APOA1), and bovine apolipoprotein B (APOB) by ELISA (Fig. 

4b, Supplementary Fig. 9a). These proteins constitute a large portion of all proteins in FBS 

and are suggested negative markers for FBS contamination by the International Society for 

Extracellular Vesicles [45]. Washing the mMSC cell pellet three times with PBS resulted 

in a 100-fold decrease in BSA, a 100-fold decrease in APOA1 and a 1000-fold decrease in 

APOB concentrations (Fig. 4b, Supplementary Fig. 9a).

To study the in vivo effects of FBS on the immune response to mMSC-laden hydrogels, 

PEG-4MAL hydrogels containing 2.5 × 105 mMSCs washed 3 times with either FBS-

containing media or PBS were injected into the dorsal quadrants of C57BL/6J mice. Cell-

free hydrogels containing either 3.2% FBS or PBS were included as references. Similar 

trends in immune cell infiltration were observed between cell-free and mMSC-laden FBS 

and PBS containing gels (Fig. 4c, d, Supplementary Fig. 9b). This is especially notable 

for the infiltration of the type 2 immune response-associated cell populations, eosinophils 
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and CD4+ T cells. Strikingly, washing the mMSC cell pellet resulted in a dramatic drop in 

these populations to levels no different from cell-free PBS gels, indicating that the dominant 

immune response was to FBS and not the mMSCs (Fig. 4c, d).

The neutrophil response is the exception, where the presence of mMSCs, with or without 

FBS, decreases the number of infiltrating neutrophils compared to cell-free FBS-containing 

gels (Fig. 4c). This is consistent with previous studies that demonstrate that an important 

mechanism through which MSCs modulate inflammatory responses is by suppressing 

neutrophil activation and inhibiting neutrophil migration [46–48]. Additionally, we observed 

that gels containing washed mMSCs contain fewer Ly6Chi monocytes than PBS control gels 

(Fig. 4c), which again agrees with previous studies reporting MSC inhibition of Ly6Chi 

monocyte recruitment and promotion of a Ly6Chi to Ly6Clo monocyte phenotypic shift 

at sites of inflammation [48, 49]. This neutrophil and monocyte data indicates that the 

mMSCs delivered in our experiments are active and being delivered at a high enough dose 

to elicit an immunological response, however the presence of FBS masks these responses in 

some instances. Taken together, this shows that washing mMSCs in PBS prior to injection 

mitigates the dominant FBS immune response and allows for mMSC immunomodulation to 

be discriminated from the FBS-induced immune response.

Delivery of FBS within biomaterial-based bone repair constructs reduces de novo bone 
formation

As FBS clearly elicits a strong immune response, we next assess the impact this 

immune response has on biomaterial-directed tissue repair. We have previously shown that 

delivery of the osteogenic protein BMP-2 within PEG-4MAL hydrogels presenting the 

adhesive ligand GFOGER robustly regenerates bone in an immunocompetent (C57BL/6J) 

mouse model [24]. We, thus, focused on biomaterial/BMP-2-directed bone regeneration 

as the impact of FBS co-delivery on BMP-2 induced regeneration is easier to interpret 

than co-delivery of MSCs and FBS. This is because MSCs are posited to have potent 

immunomodulatory and regenerative properties that could confound interpretation of the 

effect of FBS on the host [50].

To explore the effect of FBS on biomaterial-directed bone regeneration, GFOGER-

functionalized PEG-4MAL hydrogel constructs containing 50 ng BMP-2, with or without 

3.2% FBS by volume in the buffer, were cast within 4 mm polyimide tubes (Fig. 5a). These 

constructs were then implanted into 2.5 mm-long unilateral critical-sized radial defects and 

de novo bone formation was assessed 4 weeks post-surgery by micro-computed tomography 

(μCT). Our results demonstrate that the presence of FBS significantly reduces the ability of 

BMP-2-containing biomaterial constructs to form new bone (Fig. 5b, c).

Discussion

In this study, we demonstrate that the type 2 immune response elicited by xenogeneic 

serum delivered within a synthetic PEG-4MAL hydrogel masks the effects of MSC 

immunomodulation in an in vivo setting and impairs biomaterial-directed BMP-2 bone 

repair. Type 2 immune responses are characterized by the production of cytokines IL-4, 

IL-5, and IL-13 [27]. Numerous disparate stimuli evoke a classical type 2 response, 
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including parasites (e.g. helminths), allergens, and extracellular bacteria [18]. In addition, 

many of the key cell types associated with type 2 immune responses, including CD4+ 

T helper 2 cells (Th2s), eosinophils, mast cells, basophils, type 2 innate lymphoid cells 

(ILC2s), and IL-4- and IL-13-activated M2 macrophages, have been implicated in various 

tissue repair and fibrotic processes [18]. Induction of this response by xenogeneic proteins, 

however, remains much less studied.

Xenogeneic decellularized extracellular matrix (ECM)-derived materials are being explored 

for use in regenerative medicine [51]. These ECM-derived materials contain an ill-defined 

mixture of proteins, proteoglycans, matrix-bound vesicles, and other molecules that together 

have been shown to elicit a strong type 2 immune response [39, 41, 52]. Our results 

indicate that xenogeneic, but not allogeneic, serum components localized within synthetic 

hydrogels promote similar type 2 immune responses in an immunocompetent mouse model. 

This result is consistent with studies of ECM-derived materials in both wild-type and 

humanized mouse models where xenogeneic, but not allogeneic, materials were shown to 

promote a Th2-restricted, type 2 immune response [40, 53, 54]. Other biologically-sourced 

materials that are not synthesized endogenously in mice also elicit type 2 immune responses, 

including chitin [55, 56], helminth egg derivatives [57], and materials crosslinked with D-

chiral peptides [58], which suggests a broader mechanism of xenogeneic protein recognition 

by type 2 immune cells. Granted, there is substantial heterogeneity in the signals which 

initiate type 2 immune responses, and which molecules are being recognized by which cells 

largely remains an outstanding question in the field of type 2 immunity [30, 31].

Although we show that the robust type 2 immune response to FBS impedes tissue 

regeneration in a bone repair model, others, including most reports studying ECM-derived 

materials, allude to this immune response being pro-regenerative [17]. In fact, type 2 

immunity is rather Janus-faced. In previous studies of acute injury, eosinophil depletion 

and knock out of type 2 immune response associated cytokines have been shown to 

impair liver and skeletal muscle repair in murine models [59, 60]. However, in chronic 

inflammatory conditions, such as non-alcoholic steatohepatitis (NASH) [61], Duchenne 

muscular dystrophy (DMD) [62], and chronic pulmonary disease [63], high levels of type 

2 cytokines and eosinophilia are frequently associated with increased fibrosis. Additionally, 

the type 2 immune response associated with wear debris from prosthetic joints was recently 

shown to result in fibrosis, loss of cartilaginous and osseous tissues, and joint implant 

failure in humans [30, 64]. Indeed, in many studies specifically looking at M2 macrophages, 

efficient healing is dependent on a finely tuned timing, duration, and magnitude of the M2 

response [42]. Appropriate regulation of the M2 response leads to successful tissue repair 

whereas chronic type 2 inflammation leads to exaggerated repair mechanisms, including 

uncontrolled myofibroblast differentiation and activation and excessive collagen deposition, 

which ultimately leads to fibrosis [42]. More research is needed to better understand the 

mechanisms driving these dichotomous outcomes of type 2 immune responses.

Our study indicates that rigorous washing protocols for cell products can mitigate 

xenogeneic serum induced immune responses at a day 7 time point. It is important, however, 

to note that serum components may be internalized by cells, for example serum component-

enriched biomolecular coronas on nanoparticles promote their uptake by cells [65, 66], and 
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these internalized serum components could still lead to immunogenicity. Additionally, it 

takes the adaptive immune system 1–2 weeks to mount a response to a new antigen, so 

the strength of the adaptive immune response may continue to grow with time past the day 

7 time point used in this study. Humoral immunity could also play a role in the immune 

response to xenogeneic serum. Host humoral immune responses to xenogeneic materials 

in humans are often initiated by antibodies against the cell surface epitope galactose-alpha 

1–3-galactose (α-gal), a sugar found in all mammals except old world monkeys, apes, 

and humans [17, 67]. Antibodies are also formed against non-α-gal antigens, as humoral 

immune responses are mounted against unknown xenogeneic antigens in tissues derived 

from α-gal knockout animals [68, 69]. Furthermore, it is unclear how much residual antigen 

is tolerable, making thorough washing an imperfect solution. Development of more broadly 

usable, serum-free media alternatives would be ideal.

Cell-biomaterial constructs remain a promising strategy for regenerating injured and 

diseased tissues. To translate these therapies to the clinic, immune responses to these 

constructs need to be considered. Going forward, it will be important to account for the 

impact of reagents used for ex vivo manipulation of cells and cell-biomaterial constructs 

when evaluating immune responses in pre-clinical models.
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Figure 1. FBS-containing hydrogels induce an immune response with increased eosinophil, ILC2, 
and CD4+ helper T cell recruitment.
(a) Schematic of experimental design. PEG-4MAL hydrogels containing RPMI 1640 + 

3.2% MSC-qualified FBS (FBS), RPMI 1640 (RPMI), Xcell Chemically Defined Media 

(CD), or PBS were injected subcutaneously into the mouse dorsum. On day 7, hydrogels 

were explanted and the immune response was analyzed via flow cytometry and Luminex 

multiplex ELISA. Proportion of different cell populations in the (b) myeloid (CD11b+) 

and (c) lymphoid (CD11b−) compartments within the dorsal hydrogels as analyzed by flow 

cytometry. Indicated cell population percentages are based on the average number of cells 

in n=6 samples per group. Statistical differences were detected using individual chi-square 

contingency tests (FBS vs. all other groups) with Bonferroni correction. ****p<0.0001. 

Number of immune cells in (d) CD11b+ myeloid, (e) Lin− (CD3, CD4, CD11b, CD11c, 

NK1.1, CD19, Ly6G) ICOS+CD90.2+ST2+ ILC2, and (f) CD11b− lymphoid populations 

with significant differences between hydrogels containing FBS and those without (n=5–

7); mean ± SEM. A one-way ANOVA was used to detect statistical differences followed 

by Tukey’s multiple comparisons test with adjustment for multiple comparisons. Data in 

(d-f) were log transformed prior to statistical analysis. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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Figure 2. The immune response induced by FBS-containing hydrogels is characterized by 
increased local concentrations of cytokines associated with type 2 immunity.
Day 7 hydrogel explants were digested and a Luminex bead-based multiplex ELISA was 

run to analyze the local cytokine milieu. (a) Heatmap with two-way hierarchical clustering 

using Ward’s method with Euclidian distances shows distinct clustering of FBS-containing 

dorsal hydrogels based on local cytokine secretion. Scale bar represents data that has been 

log transformed, unit variance scaled, and mean centered. (b) Principal component analysis 

of cytokines within dorsal hydrogels. Principal component 1 and principal component 

2 are displayed on the X- and Y-axes and explain 36.1% and 20.8% of the variance, 

respectively. 95% prediction ellipses are also plotted. (c) Cytokines with significantly 

different local concentrations, as well as key type 1 and type 2 immune response cytokines 

with no significant differences in concentrations (n=6 samples per group). Red, dashed 

line indicates the limit of detection of the Luminex MAGPIX System. A one-way ANOVA 

was used to detect statistical differences followed by Tukey’s multiple comparisons test 
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for IL-4, Eotaxin, IL-9, IL-25, and IL-33. For all other cytokines, a Kruskal-Wallis test 

was used followed by Dunn’s multiple comparison test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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Figure 3. This type 2 immune response is specific to xenogeneic serum proteins.
PEG-4MAL hydrogels containing RPMI 1640 + 3.2% MSC-qualified FBS (MSC FBS), 

RPMI 1640 + 3.2% heat inactivated FBS (HI FBS), RPMI 1640 + 3.2% HyClone FBS 

(HyClone FBS), RPMI 1640 + 3.2% Porcine Serum (PorS), RPMI 1640 + 3.2% BALB/c 

mouse serum (BALB/c MoS), RPMI 1640 + 3.2% C57BL/6J mouse serum (B6 MoS), 

or PBS were injected subcutaneously into the mouse dorsum. On day 7, hydrogels were 

explanted and the infiltrating immune cells were analyzed via flow cytometry. (a) Number 

of infiltrating Siglec-F+ eosinophils, F4/80+ macrophages, and CD3+CD4+ T cells as 

determined by flow cytometry (n=5–11); mean ± SEM. (b) Expression of CD86, CD206, 

MHC-II, and CD163 on F4/80+ macrophages. Grey, dashed line represents the positive 

gate, determined by FMOs. Representative of 3 independent experiments. (c) Flow gates 

(gated on F4/80+ cells) used to determine the population of CD206+CD163+ double 

positive macrophages. Quadrants were drawn based on FMOs. (d) Frequency of F4/80+ 
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macrophages positive for CD86, CD206, MHC-II, or CD206+CD163+ double positive 

(n=5); mean ± SEM. A one-way ANOVA was used to detect statistical differences followed 

by Tukey’s multiple comparisons test with adjustment for multiple comparisons. Data in 

(a) was log transformed prior to ANOVA analysis. *p<0.05, ***p<0.001, ****p<0.0001 vs. 

PBS; ##p<0.01, ###p<0.001, ####p<0.0001 vs. B6 MoS; ††p<0.01, †††p<0.001, ††††p<0.0001 

vs. BALB/c MoS.
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Figure 4. Washing mMSCs before implantation significantly reduces the local serum immune 
response.
(a) Schematic of experimental design for studies involving mMSCs. mMSCs were isolated 

from C57BL/6J mouse bone marrow and expanded ex vivo in media containing MSC-

qualified FBS. mMSCs washed 3 times in PBS or unwashed mMSCs were incorporated into 

a PEG-4MAL hydrogel solution and injected subcutaneously into the mouse dorsum. Cell-

free hydrogels containing either MSC-qualified FBS or PBS were included as controls. On 

day 7, hydrogels were explanted and the immune response was analyzed via flow cytometry. 

(b) Concentration, as measured by plate ELISA, of serum components BSA and bovine 

APOB in cell suspensions of ex vivo expanded mMSCs following washing the cell pellet 

either once or 3 times with 15 mL of PBS. Unwashed cell pellet in complete media (RPMI 

+ 3.2% MSC-qualified FBS) and complete media without cells were included as controls. 

Data was log-transformed and a one-way ANOVA was used to detect statistical differences 

followed by Tukey’s multiple comparisons test with adjustment for multiple comparisons. 

****p<0.0001 vs. RPMI + FBS; ####p<0.0001 vs. mMSC + FBS; ††††p<0.0001 vs. mMSC 

+ PBS (1x wash). Number of infiltrating (c) myeloid and (d) lymphoid cells in populations 

with significant differences between samples containing FBS and those without (n=6–9); 

mean ± SEM. A one-way ANOVA was used to detect statistical differences followed 

by Tukey’s multiple comparisons test with adjustment for multiple comparisons. Data in 

(c, d) were log transformed prior to ANOVA analysis. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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Figure 5. FBS impairs biomaterial-directed bone repair outcomes.
(a) Schematic of murine radial segmental defect model. PEG-4MAL hydrogels containing 

50 ng BMP-2 and either RPMI 1640 + 3.2% MSC-qualified FBS (FBS) or PBS as the 

buffer component were cast inside 4 mm polyimide tubes. 2.5 mm unilateral critical-sized 

radial defects were created in C57BL/6J mice and the hydrogel-containing implant tube 

was introduced into the defect site. 4 weeks post-surgery, bone volume was analyzed by 

micro-computed tomography. (b) Representative 3D μCT reconstructions of week 4 defects. 

(c) μCT calculated bone volume within the middle 2 mm of the radial defect (n=9 over 2 

independent experiments); mean ± SEM. Differences in bone volume were calculated by a 

two-tailed t-test.
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Table 1.

Sera used in study.

Serum Manufacturer

MSC-qualified FBS, not heat inactivated Gibco, 12662029

FBS, heat inactivated Corning, 35–011-CV

HyClone FBS characterized, heat inactivated Cytiva, SH30071.01

Porcine Serum Innovative Research, IGPCSER100ML

C57BL/6J Mouse Serum Innovative Research, IGMSC57SER10ML

BALB/c Mouse Serum Innovative Research, IGMSBCSER10ML
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Table 2.

Antibodies used in flow cytometry panels.

Myeloid Flow Panel

Target (anti-mouse x) Fluorochrome (Cytometer Filter) Company, Catalog Number Dilution

CD45 PE Dazzle (PI) BioLegend, 103146 1:100

CD11b PerCP-Cy5.5 BioLegend, 101228 1:100

CD170 (Siglec-F) PE BioLegend, 155506 1:100

I-A/I-E (MHC-II) APC Fire 750 (APC-Cy7) BioLegend, 107652 1:100

Ly6C BV711 BioLegend, 128037 1:100

Ly6G BV510 BioLegend, 127633 1:100

CD11c BV786 BioLegend, 117336 1:100

F4/80 FITC BioLegend, 123108 1:100

CD163 PE-Cy7 BioLegend, 155319 1:100

CD86 APC BioLegend, 105012 1:100

CD206 BV605 BioLegend, 141721 1:100

Lymphoid Flow Panel

Target (anti-mouse x) Fluorochrome (Cytometer Filter) Company, Catalog Number Dilution

CD45 FITC BioLegend, 103108 1:200

CD3 PE Dazzle (PI) BioLegend, 100246 1:200

CD4 APC BioLegend, 100412 1:100

CD8a PerCP-Cy5.5 BioLegend, 100734 1:200

CD11b V500 BD Biosciences, 562127 3:200

NK1.1 BV650 BioLegend, 108736 1:200

CD19 BV786 BioLegend, 115543 3:200

ILC2 Flow Panel

Target (anti-mouse x) Fluorochrome (Cytometer Filter) Company, Catalog Number Dilution

CD45 PE Dazzle (PI) BioLegend, 103146 1:100

CD3 FITC BioLegend, 100203 1:100

CD4 FITC BioLegend, 100405 1:100

CD11b FITC BioLegend, 101205 1:100

CD11c FITC BioLegend, 117305 1:100

NK1.1 FITC BioLegend, 108705 1:100

CD19 FITC BioLegend, 152403 1:100

Ly6G FITC BioLegend, 127605 1:100

CD278 (ICOS) APC BioLegend, 107712 1:100

CD90.2 PerCP-Cy5.5 BioLegend, 105338 1:100

IL-33Rα (ST2) PE-Cy7 BioLegend, 146610 1:100

Biomaterials. Author manuscript; available in PMC 2024 October 07.


	Abstract
	Introduction
	Methods
	PEG hydrogel synthesis
	Subcutaneous dorsal hydrogel injection
	Flow cytometry of infiltrating immune populations
	Luminex multiplex ELISAs
	mMSC isolation, culture, and immunodepletion
	ELISAs for FBS components bovine BSA, APOA1, and APOB
	Bone implant preparation
	Radial segmental defect surgery
	Live animal uCT
	Statistics

	Results
	FBS alters immune cell infiltration into hydrogels implanted subcutaneously
	FBS-containing hydrogels drive local increases in type 2 immunity-associated cytokines
	Immune response induced by FBS-containing gel is specific to xenogeneic serum
	Macrophage phenotype shifts in response to xenogeneic serum
	Immune response to FBS-containing hydrogels masks mMSC immunomodulatory effects
	Delivery of FBS within biomaterial-based bone repair constructs reduces de novo bone formation

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.

