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Abstract

Evaluating the host immune response to biomaterials is an essential step in the development 

of medical devices and tissue engineering strategies. To aid in this process, in vitro studies, 

whereby immune cells such as macrophages are cultured on biomaterials, can often expedite high 

throughput testing of many materials prior to implantation. While most studies to date utilize 

murine or human cells, the use of porcine macrophages has been less well described, despite 

the prevalent use of porcine models in medical device and tissue engineering development. In 

this study, we describe the isolation and characterization of porcine bone marrow- and peripheral 

blood-derived macrophages, and their interactions with biomaterials. We confirmed the expression 

of the macrophage surface markers CD68 and F4/80 and characterized the porcine macrophage 

response to the inflammatory stimulus, bacterial lipopolysaccharide. Finally, we investigated 

their inflammatory and fusion response of porcine macrophages cultured on different stiffness 

hydrogels, and we found that stiffer hydrogels enhanced inflammatory activation by more than 

two-fold and promoted fusion to form foreign body giant cells. Together, this study establishes 

the use of porcine macrophages in biomaterial testing and reveals a stiffness-dependent effect on 

biomaterial-induced giant cell formation.
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Introduction

Porcine models are essential tools for the translation of tissue engineering and regenerative 

medicine research to the clinic (1, 2). Their use has increased over the years, particularly 

for musculoskeletal tissue engineering applications, where it is critical for the animal model 

to mimic the biomechanical environment present in humans (1). Despite some anatomical 

and morphological differences, porcine and human musculoskeletal tissues have many 

similarities in their mechanical loading profiles and biochemical properties, and, thus, 

porcine models have been widely chosen for studies of the cartilages, ligaments, and bones 

in joints such as the knee and temporomandibular joint (TMJ) (3, 4). In the context of 

injury response, porcine and human wound healing are also thought to occur through similar 

processes, and responses to wound therapies in porcine models are reported to be 78% 

consistent with responses in humans (5, 6). While there have been many advances in the 

field of tissue engineering, one of the major challenges hindering their success has been 

adverse innate and adaptive immune responses that result from implantation of engineered 

materials. The host immune response involves an acute inflammatory response followed by 

tissue fibrosis around the implant or infiltrating the construct, which can lead to altered 

function and device failure (7–10). Therefore, the ability to evaluate immune responses to 

engineered tissues in a porcine model is critical for developing new tissue-engineered and 

regenerative therapies

Cell culture platforms are a valuable tool for assessing the host response to biomaterials 

or implants, bridging the design and fabrication of new materials with in vivo pre-clinical 

studies. In vitro culture of cells on biomaterials can be completed more rapidly and at a 

higher throughput compared to in vivo studies, where materials are implanted into animals, 

often individually, and the inflammatory or fibrotic response is assessed at various time 

points afterwards. Culture models also allow the study of basic mechanisms underlying 

immune cell-biomaterial interactions, which can lead to new immunomodulatory strategies. 

Previous work from our laboratory and others has shown a robust correlation between the 

extent of inflammatory cytokine secretion by macrophages cultured on biomaterials with the 

inflammatory responses elicited by these materials after implantation in animals (11–13). 

These include studies evaluating libraries of new chemistries (11) as well as of materials 

with different physical and topographical properties (12, 13), suggesting that the methods 
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are broadly applicable to a wide range of materials. However, these findings have largely 

been established using rodent models, where material implantation and biocompatibility 

studies are common and immune cells are easily accessible through bone marrow harvest. 

To date, few studies have used cells derived from large animals, such as porcine sources, 

despite the established use of these models in tissue engineering.

Biomaterial stiffness has become widely appreciated for its role in regulating many 

cellular behaviors in healthy and pathological states (14–17), including immune activation 

and foreign body responses. In the context of medical devices, compliance mismatch 

between the implant and the surrounding tissue is thought to be a major driver of the 

foreign body response (18, 19). At the cellular level, our laboratory has demonstrated 

that macrophages cultured on soft fibrin or polyacrylamide (PA) hydrogels suppress the 

inflammatory activation compared to stiffer PA, polystyrene, or glass (12, 20). Similar 

observations were made when the macrophages were cultured on soft PEG hydrogels, 

leading to significantly less expression of tumor necrosis factor (TNF-α), interleukin 1 beta 

(IL-1β), and interleukin 6 (IL-6) (21). Furthermore, subcutaneous implantation of softer 

hydrogels recruited significantly fewer macrophages to the implant surface and led to a less 

severe foreign body reaction when compared to a stiff hydrogel (12, 21), suggesting that 

stiffness can regulate tissue repair responses in vivo. Taken together, material stiffness can 

play a critical role in immune cell activation and foreign body response to biomaterials, but 

the role of stiffness in regulating porcine immune cells has not yet been examined.

Here, we describe the isolation and characterization of porcine bone marrow-derived and 

peripheral blood-derived macrophages, as well as their responses in different stiffness 

environments. We identify candidate bones to consistently isolate maximal number 

of cells and confirm the expression of commonly expressed macrophage cell surface 

markers after differentiation including CD68 and F4/80. Both bone marrow-derived and 

peripheral blood-derived macrophages demonstrated an increased secretion of TNF-α 
with increased lipopolysaccharide (LPS) doses, as well as characteristic changes in 

inflammation-associated cell shape. Finally, we investigated the role of substrate stiffness 

on porcine macrophage behavior and found that culture on stiffer substrates increases 

their inflammatory activation, similar to our previous studies using murine and human cell 

systems (12, 20). Interestingly, fusion to foreign body giant cells was also enhanced in 

higher stiffness environments, specifically for bone-marrow derived macrophages. Together, 

this study will aid in the evaluation of new biological and synthetic biomaterials for tissue 

engineering.

Results

Isolation of porcine bone marrow- and peripheral blood-derived macrophages

A schematic for isolation of bone marrow-derived and peripheral blood-derived 

macrophages is shown in Figure 1. To determine the optimal method of harvesting 

macrophages from porcine bone marrow, different bones including the radius, ulna, 

humerus, scapula, and pelvis were harvested from the minipig and cleaned of muscle 

and soft tissues to harvest bone marrow cells. Quantities of bone marrow cells harvested 

were analyzed to determine the ideal bones to use for future harvest. We found that 
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the pelvis yielded more than five times greater number of cells compared to any of the 

other bones tested and proceeded with isolating cells from only the pelvis in subsequent 

harvests. The cells were cultured in differentiation media containing recombinant porcine 

granulocyte macrophage colony stimulating factor (rpGM-CSF) to differentiate monocytes 

to macrophages, which are adhesive and can be isolated by removing nonadherent cells (22). 

We also attempted culture with human macrophage colony stimulating factor (hM-CSF)­

containing media, as has been previously reported (23), but found that cells did not adhere 

to the tissue culture plate in this culture medium. We isolated ~28 × 107 bone marrow cells, 

which yielded ~64 × 106 macrophages after differentiation, and therefore, approximately 

20% of the cells differentiated over seven days. We further confirmed this differentiation 

efficiency in two subsequent minipig donors, totaling three donors for later experiments. 

In conclusion, pelvises were determined to be the optimal bone for efficient isolation of 

macrophages, and rpGM-CSF was appropriate for cell differentiation.

To isolate peripheral blood mononuclear cells (PBMCs), blood was processed within 24 h 

of collection and stored in either sodium ethylenediaminetetraacetic acid (EDTA) or sodium 

citrate as anti-coagulants. PBMCs were then isolated using Sepmate-50 tubes for density 

gradient centrifugation. The cells were cultured in rpGM-CSF-containing media for seven 

days with fresh media added on day 3. We isolated ~10 × 107 PBMCs from 75 ml blood, 

which yielded ~14 × 106 macrophages after 7 days of differentiation. Further, we found 

that the blood stored in sodium citrate as an anti-coagulant resulted in less red blood 

cell contamination (Supp Fig. 1), and, thus, we continued using sodium citrate for future 

isolations.

Finally, we found that it was possible to freeze down differentiated macrophages for later 

experimentation, alleviating the need to perform experiments on the day of cell harvest. Of 

note, we found that bone marrow cells that were frozen prior to differentiation, in either 

90% heat-inactivated fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO) or 

45% FBS and 10% DMSO, did not survive thawing and failed to adhere to the plate. 

However, both peripheral blood- and bone marrow- derived cells that had been cultured in 

differentiation media for seven days were successfully frozen using media supplemented 

with 20% FBS and 10% DMSO and exhibited greater than 90% viability upon thawing. 

Together, these results describe a method to isolate and store porcine macrophages for 

downstream biological studies.

Porcine macrophages express F4/80 and CD68 on the cell surface

Following differentiation, macrophages were dissociated from the tissue culture plate for 

further analysis. The transmembrane protein cluster of differentiation 68 (CD68) is a marker 

highly expressed by macrophages and other mononuclear phagocytes, and it is often used to 

detect macrophages by flow cytometry and immunostaining (24, 25). Flow cytometry was 

performed to evaluate CD68 expression in porcine macrophages using a porcine-specific 

CD68 antibody, clone BA4D5 (26). Staining the cells with BA4D5 antibody after 7 days 

of differentiation showed substantial CD68 staining in both bone marrow-derived and 

peripheral blood-derived macrophages (Fig. 2A) compared to isotype control. We confirmed 

the protein expression of CD68 by immunofluorescence (Fig. 2C and D) in the bone 
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marrow- and peripheral blood-derived macrophages. Another marker, F4/80 protein, which 

is encoded by the ADGRE1 gene, has been widely used as a macrophage marker in 

mice. However, recent RNA-seq analysis identified ADGRE1 gene expression in monocyte­

derived and alveolar macrophages of eight different mammalian species including pig (27). 

Therefore, we confirmed ADGRE1 gene expression by quantitative real time polymerase 

chain reaction (qRT-PCR) (Fig. 2B) and expression of F4/80 protein in both bone marrow 

and peripheral blood-derived porcine macrophages by immunostaining (Fig. 2C and D). 

Secondary antibody only controls showed no positive staining (Supp Fig. 2). Together, our 

data show that porcine peripheral blood- and bone marrow-derived macrophages express 

CD68 and F4/80, two well-documented macrophage-specific markers.

Porcine macrophages respond to LPS and increase the expression of inflammatory genes.

To demonstrate the effect of inflammatory stimuli on the differentiated macrophages, 

cells were seeded onto glass or polystyrene for 24 h, and then stimulated with varied 

concentrations of bacterial LPS, a potent agonist of Toll-like receptor 4 (TLR-4), for 6 

h. We found that both bone marrow- and peripheral blood-derived macrophages showed 

dose-dependent secretion of the inflammatory cytokine TNF-α in response to LPS (Fig. 3A). 

Expression of inflammatory genes iNOS, TNFα and IL6 in bone marrow- and peripheral 

blood-derived macrophages also increased compared to unstimulated cells (Fig. 3B and 

C). In bone marrow-derived macrophages, iNOS expression was 1.25 fold higher than 

the unstimulated cells with a p- value of 0.001. Expression of other inflammatory genes 

TNFα and IL6 were at least 1.65 fold higher, and significantly different, compared to 

the unstimulated cells, with a p-value of 0.026 and 0.027, respectively. In blood-derived 

macrophages iNOS, TNFα, and IL-6 expression were at least 1.8 fold higher, and 

significantly different, than the unstimulated cells with p-values of 0.003, 0.04 and 0.05, 

respectively. In addition, we performed immunostaining using an antibody targeting the 

inflammatory marker inducible nitric oxide synthase (iNOS) (Fig. 3C). We chose iNOS 

as an inflammatory marker in our study. iNOS is an enzyme that synthesizes nitric oxide 

from L-arginine. Its expression is enhanced with M1 (LPS and IFNγ) stimulation in mouse 

and rat macrophages and plays a critical role in systemic inflammation and sepsis (28), 

although the levels have been reported to be varied in porcine models (29–31). Nonetheless, 

detection of iNOS is feasible and valuable because it is intracellular across different cell 

types (32–34). On the contrary, TNF-α and IL-6 are secreted cytokines, and their levels as 

detected through immunofluorescence staining may not represent the true expression. We 

observed the expression of iNOS, both in unstimulated and LPS stimulated macrophages, 

suggesting that this marker does not show changes in inflammation at this time point (6 h 

post stimulation). Together, our data show that inflammatory cytokine gene expression and 

protein secretion can be used to evaluate responses to agonists such as LPS.

Substrate stiffness influences porcine macrophage inflammatory activation and fusion

Our previous work has shown that culture of murine and human macrophages on stiffer 

substrates enhances their inflammatory activation, whereas culture on soft substrates reduces 

their response to LPS (12, 20). To examine whether stiffness also plays a role in the 

inflammatory activation in porcine macrophages, we cultured bone marrow- and peripheral 

blood-derived macrophages on PA gels with stiffnesses of 1, 20, or 280 kPa, coated with 
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20 μg/ml of fibronectin. After 24 h of culture, cells were stimulated with 10 ng/ml LPS for 

6 h, and the supernatants were collected and analyzed for TNF-α secretion. Irrespective of 

the PA gel stiffness LPS stimulation enhanced the section of TNF-α secretion. Macrophages 

cultured on 20 and 280 kPa PA gels and stimulated with LPS, secreted at least two-fold 

higher inflammatory cytokine TNF-α compared to the cells cultured on soft (1 kPa) PA 

gels (p≤0.002) (Fig 4A). However, TNF-α secretion from cells cultured on 20 kPa was not 

significantly different from the secretion by cells on 280 kPa PA gels. These results are 

consistent with what we have previously observed in human and murine macrophages (12).

To evaluate the effects of stiffness on cell morphology, we stained cells with phalloidin to 

visualize their actin cytoskeleton. We found that macrophages cultured on 1 kPa PA gels 

were rounded with intense cortical actin staining, whereas cells cultured on 20 and 280 

kPa exhibited significantly higher spread area compared to cells cultured on 1 kPa both 

with and without LPS stimulation, with cytoplasmic actin staining, along with membrane 

ruffles. (Fig. 4B and C). Analysis of spread area of cells cultured on different stiffness PA 

gels showed heterogeneity with respect to cell size, particularly for the cells cultured on 

20 and 280 kPa gels (Fig. 4C). In addition, LPS stimulation did not significantly increase 

the cell area of bone marrow-derived and peripheral blood-derived macrophages on any 

of the stiffness tested (Fig. 4C). Interestingly, we also observed a striking increase in cell 

fusion, with the presence of many giant cells containing up to 50 nuclei on 20 and 280 

kPa, whereas greater than 95% of cells on 1 kPa surfaces remained as single cells, although 

sometimes clustered together (Fig. 4B and C). Multinucleated giant cells were observed 

in both bone marrow-derived and peripheral blood-derived macrophages, although giant 

cells with two or more nuclei were more abundant in bone marrow-derived macrophages 

compared to peripheral blood-derived macrophages (Fig. 4B and C). In addition, LPS 

stimulation enhanced cell fusion, increasing the number of nuclei per giant cell on 20 kPa, 

but not on 280 kPa, in bone marrow-derived macrophages, and on 280 kPa, but not 20 

kPa, in peripheral blood-derived macrophages. The fusion responses may at least in part 

explain the increases in cell area, since the well spread cells tended to have multiple nuclei 

(indicated by the blue dots in the cell area plot). Together, these data not only show that 

increased substrate stiffness enhances the inflammatory response of porcine macrophages 

to LPS, similar to human and murine macrophages, but also reveal that stiffness causes an 

increase in cell fusion and giant cell formation.

Discussion

Large animal models have been increasingly used for medical device development, tissue 

engineering, and regenerative medicine (1, 35). Porcine models in particular offer better 

homology with humans in terms of their anatomy and biomechanics of musculoskeletal 

tissues and are also thought to exhibit more similar immune responses to wound healing 

therapies (6, 36), However, large animals are costly, particularly for long term studies, and 

in vitro testing can offer a lower cost and expedient alternative for screening materials 

and developing tissue engineering strategies prior to studies in animals. This motivated 

our current study to isolate porcine macrophages and to characterize their responses to 

different biomaterial environments. We determined the pelvis yields the highest number of 

bone marrow cells and differentiated macrophages, and optimal differentiation occurs with 
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rpGM-CSF. While L929–conditioned media, human M-CSF, and porcine GM-CSF have all 

been used as differentiating factors for porcine macrophages (22, 23, 37), we found that 

recombinant human M-CSF did not result in monocyte differentiation to macrophages, and 

cells remained in suspension, whereas rpGM-CSF yielded many adherent macrophages. 

After differentiation for seven days, we analyzed the macrophages for the expression 

of CD68 and F4/80 and found that both markers were highly expressed. While F4/80 

(ADGRE1) is often thought to be a mouse-specific macrophage marker, a recent study 

also reported its expression in other species including porcine (27). Taken together, we 

successfully isolated and differentiated bone marrow cells and PBMCs to bone marrow- and 

peripheral blood-derived macrophages, respectively.

Inflammation is a key aspect of the tissue repair process. It is caused by injury to the 

tissue and presence of a foreign biomaterial and is also needed to initiate wound healing 

responses. However, chronic inflammation is associated with poor healing and fibrosis 

(16). We tested the inflammatory response to LPS, a bacterial component and agonist of 

TLR4, and found that bone marrow- and peripheral blood-derived porcine macrophages 

responded to LPS by secreting the inflammatory cytokine TNF-α, consistent with an 

earlier study (22). In addition, we found a dose-dependent increase and saturation of the 

response at approximately 5 ng/ml of LPS. We also observed that LPS induced expression 

of inflammatory genes including iNOS, IL6, and TNFα, although iNOS protein analyzed 

by immunofluorescence staining appeared to be expressed regardless of LPS stimulation. 

Dynamic changes in nitric oxide (NO) synthesis has been observed in porcine macrophages 

in response to LPS (30). Another study also showed that regardless of iNOS gene expression 

after LPS treatment, cells did not produce any detectable NO or iNOS protein, contrary 

to what we show here (38, 39). Using TNF-α secretion to measure inflammation, we 

also examined porcine macrophage response to substrate stiffness. We found that porcine 

macrophages stimulated with LPS cultured on stiffer substrates secreted significantly higher 

TNF-α levels than the softer substrate, with cells cultured on 1 kPa exhibiting significantly 

less inflammation compared to cells on 20 or 280 kPa, consistent with what we have 

observed in human and murine macrophages (12).

Macrophages often exhibit characteristic cell shape changes in response to their biochemical 

and biophysical environment, and we found that porcine macrophages indeed exhibit a 

flattened, “fried-egg” morphology, when stimulated with LPS. In addition, we observed a 

profound increase in cell fusion and the presence of multi-nucleated giant cells, particularly 

in bone marrow-derived macrophages cultured on stiffer PA hydrogels, which was not 

observed in cells cultured on soft polyacrylamide hydrogels. Fusion responses are common 

during the foreign body response to biomaterial implant, during which macrophages can 

exhibit “frustrated phagocytosis” as they are unable to engulf large materials (40). In 
vitro studies have demonstrated that macrophage fusion requires stimulation with IL-4 

and CCL2/MCP-1 (41–43). A recent study has also shown that this response occurs in 

different biomaterial contexts (44). Here, we observed fusion of up to 50 cells after only 

24 h of culture on stiffer PA hydrogels in the presence of rpGM-CSF, and a further 

increase with LPS stimulation. Interestingly, fusion occurred the most in cells cultured 

on 20 kPa hydrogels, to a lesser extent on 280 kPa, and was nearly absent in cells on 

1 kPa in bone marrow-derived macrophages. Moreover, while fusion was less prominent 
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in peripheral blood-derived macrophages, the most occurred in cells cultured on 280 

kPa gels. The differential response between bone marrow- and peripheral blood-derived 

macrophages may be caused by differences in cell origin, and thus diverse experiences in 

their respective mechanical environments (45, 46). Nonetheless, fusion of cells is thought 

to require fusogens, cell surface proteins such as integrins and ion channels, as well as 

cytoskeletal rearrangements (47–52), and further studies will be needed to elucidate the 

molecular underpinnings of stiffness-dependent porcine macrophage fusion.

In summary, we describe here an efficient method to isolate porcine macrophages from 

peripheral blood and bone marrow and characterize their response to LPS and the stiffness 

of the environment. Since macrophages are recruited abundantly to biomaterial implants 

and tissue-engineered constructs, it is crucial to understand the macrophage response to 

the integrative effects of chemical and physical stimuli. The findings from this study will 

assist in studying the immunomodulatory properties of new tissue-engineered constructs and 

biomaterials used in medical devices.

Methods

Isolation of bone marrow- and peripheral blood derived-macrophages and differentiation

Pelvis, scapula, radius, ulna, and humerus from 5 to 8 month old Yucatan minipigs were 

obtained within 6 hours of postmortem. The bones were cleaned of muscle and other soft 

tissues. Using a sterile chisel and hammer, the bone marrow was exposed and flushed 

with phosphate buffered saline (PBS) or un-supplemented 1X RPMI-1640 media. The 

cells were then passed through a 70 μm filter, centrifuged, rinsed with PBS, treated 

with ACK lysing buffer to remove any red blood cells, and subsequently washed with 

PBS. Cells were then seeded at approximately 10 million cells per 100 × 25 mm petri 

dishes or 0.176 million per cm2 in differentiation culture media composed of RMPI-1640 

(Fisher Scientific), L-glutamine (Fisher Scientific), and 1% penicillin-streptomycin (Fisher 

Scientific), supplemented with 10% FBS and 20 ng/mL recombinant porcine granulocyte­

macrophage colony-stimulating factor (rpGM-CSF, R&D Systems) or human macrophage 

colony stimulating factor (M-CSF, PeproTech) to differentiate cells to macrophages. Cells 

were fed with the same media on day 3 and dissociated from the culture plate on day 7 for 

experiments or frozen down in 1X RPMI media with 20% FBS and 10% DMSO for future 

use.

Blood from the jugular vein was collected in sodium citrate as an anti-coagulant 

and stored at 4° C until use. The PBMCs from the blood were isolated by density 

gradient centrifugation using SepMate™-50 tubes (Stem Cell Technologies) following the 

manufacturer’s protocol. The isolated PBMCs were incubated with ACK lysing buffer 

to remove red blood cells and subsequently washed with PBS. Finally, the cells were 

resuspended and differentiated using the differentiation media and protocol described above.

Flow cytometry

After 7 days of differentiation with rpGM-CSF, the cells were dissociated from the plate 

using dissociation buffer (ThermoFisher) and blocked using anti-CD16 (clone 2.4G2, Tonbo 
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Biosciences) on ice. The cells were stained with mouse anti-pig macrophage antibody, clone 

BA4D5, specific for porcine CD68 (Bio-Rad) and IgG2b isotype control. The unbound and 

excess antibody was washed thoroughly using 1X PBS. Flow cytometry was performed on a 

BD LSRII flow cytometer using BD FACSDiva software (BD Biosciences). Data acquisition 

was performed until at least 10,000 events were collected, and post processing of the date 

was performed in FlowJo (Tree Star).

Assessment of cytokine secretion by ELISA and immunofluorescence staining of the cells

After 7 days of cell culture with rpGM-CSF, the cells were dissociated from the plate using 

cell dissociation buffer and seeded on tissue culture polystyrene or cover glass. Cells were 

seeded at a density of 0.1 million cells/well in 24 well plates. After 24 h of culture, the cells 

were stimulated with 10 ng/ml ultrapure LPS (InvivoGen). Supernatants were collected 6 

h after stimulation for assessment of cytokine secretion by enzyme-linked immunosorbent 

assay (ELISA) following the manufacturer’s protocol (R&D Systems). Further, the cells 

were immediately fixed in 4% PFA (Electron Microscopy Sciences) for 10 min at room 

temperature (RT). The cells were washed 3 times with PBS and permeabilized using 0.3% 

Triton X-100 in PBS. Samples were then blocked with 2% bovine serum. The samples 

were incubated in the following primary antibodies overnight at 4 °C: F4/80 (Thermo 

Fisher Scientific, BM8) or CD68 monoclonal antibody (KP1; MA5–13324, Thermo Fisher 

Scientific). Cells were then washed with 2% bovine serum albumin (BSA; 0219989880, MP 

Biomedicals) in PBS and incubated with secondary antibody anti-rat IgG-488 (for F4/80; 

Jackson ImmunoResearch laboratories, Inc.) and anti-mouse Alexa fluor 488 (for CD68; 

ab150113, abcam) at RT for 1 h. Nuclei and actin were stained using Hoechst and Alexa 

fluor 594-phalloidin (Invitrogen), diluted in 2% BSA in PBS for 30 min at RT. Finally, the 

cells were washed with PBS and mounted on glass slides using Fluoromount G (Southern 

Biotech). Images were acquired at 40X using the Olympus FV3000 laser scanning confocal 

microscope.

Polyacrylamide hydrogel synthesis

Polyacrylamide (PA) hydrogels with tunable mechanical properties were synthesized on 

glass coverslips according to the previously described protocol (53). The PA coated 

glass coverslips were conjugated with 20 μg/ml fibronectin using sulfo-SANPAH (Thermo 

Scientific) overnight at 4°C. Cells were cultured for 24 h on the gel and stimulated with 

10 ng/ml LPS for 6 h and the supernatant was collected for ELISA, and cells were fixed 

immediately for immunostaining.

RNA isolation, cDNA preparation, and qRT-PCR analysis

After the collection of supernatants, cells were lysed using TRI Reagent (Sigma), and RNA 

was isolated following the manufacturer’s protocol. The pellet was briefly air-dried and 

the RNA was dissolved in DEPC treated water. cDNA was synthesized using the High 

Capacity cDNA Reverse Transcription Kit from Applied Biosystems (Cat. no. 4368814) 

with 1 μg of total RNA following the manufacturer’s protocol. PerfeCTa® SYBR® Green 

SuperMix Reaction Mixes from QuantaBio was used for quantitative real-time PCR, and a 

total of 40 cycles were performed on Bio-Rad’s CFX-96 real-time PCR system. Relative 

gene expression was analyzed by 2-ΔΔCT method and expressed relative to the housekeeping 
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gene GAPDH and normalized to the unstimulated condition. The primers used for qPCR in 

this study are in Supp. Table 1.

Statistical Analysis

One -way ANOVA with Tukey’s post hoc test was used for bone marrow- and peripheral 

blood-derived macrophages to assess LPS dose response and the response to substrate 

stiffness. Student t-tests were performed to compare the gene expression of inflammatory 

genes in bone marrow- and peripheral blood-derived macrophages. For cell spread, Kruskal­

Wallis test with Dunn’s multiple comparisons were performed for both bone marrow- and 

peripheral blood-derived macrophages. For all the statistical tests, p value less then or equal 

to 0.05 were considered significant. The determined p value is reported with in the graph for 

each comparison made. Values presented here are mean ± standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported by the National Institutes of Health 1) National Institute of Dental and Craniofacial 
Research (NIDCR) Administrative Supplement for Collaborative Science (3R01DE015038–13S1) to K.A.A and 
W.F.L., 2) NIDCR Grant Number 3R01DE015038–13 to K.A.A., and 3) National Institute of Allergy and Infectious 
Disease (NIAID) Grant Number 1R01AI151301–01A1 to W.F.L.

References

1. Cone SG, Warren PB, Fisher MB. Rise of the Pigs: Utilization of the Porcine Model to Study 
Musculoskeletal Biomechanics and Tissue Engineering During Skeletal Growth. Tissue Eng Part C 
Methods. 2017;23(11):763–80. [PubMed: 28726574] 

2. Ikada Y Challenges in tissue engineering. J R Soc Interface. 2006;3(10):589–601. [PubMed: 
16971328] 

3. Murphy MK, Arzi B, Hu JC, Athanasiou KA. Tensile characterization of porcine 
temporomandibular joint disc attachments. J Dent Res. 2013;92(8):753–8. [PubMed: 23783320] 

4. O’Leary SA, Link JM, Klineberg EO, Hu JC, Athanasiou KA. Characterization of facet joint 
cartilage properties in the human and interspecies comparisons. Acta Biomater. 2017;54:367–76. 
[PubMed: 28300721] 

5. Schook L, Beattie C, Beever J, Donovan S, Jamison R, Zuckermann F, et al. Swine in biomedical 
research: creating the building blocks of animal models. Anim Biotechnol. 2005;16(2):183–90. 
[PubMed: 16342425] 

6. Summerfield A, Meurens F, Ricklin ME. The immunology of the porcine skin and its value as a 
model for human skin. Mol Immunol. 2015;66(1):14–21. [PubMed: 25466611] 

7. Anderson JM. Biological responses to materials. Annual review of materials research. 
2001;31(1):81–110.

8. Langer R Perspectives and challenges in tissue engineering and regenerative medicine. Adv Mater. 
2009;21(32–33):3235–6. [PubMed: 20882493] 

9. Sadtler K, Singh A, Wolf MT, Wang X, Pardoll DM, Elisseeff JH. Design, clinical translation 
and immunological response of biomaterials in regenerative medicine. Nature Reviews Materials. 
2016;1(7):1–17.

10. Lanza R Principles of tissue engineering. Waltham: Elsevier; 2020. pages cm p.

Meli et al. Page 10

Biomater Sci. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Ma M, Liu WF, Hill PS, Bratlie KM, Siegwart DJ, Chin J, et al. Development of cationic polymer 
coatings to regulate foreign-body responses. Adv Mater. 2011;23(24):H189–94. [PubMed: 
21567481] 

12. Meli VS, Atcha H, Veerasubramanian PK, Nagalla RR, Luu TU, Chen EY, et al. YAP-mediated 
mechanotransduction tunes the macrophage inflammatory response. Sci Adv. 2020;6(49).

13. Wang T, Luu TU, Chen A, Khine M, Liu WF. Topographical modulation of macrophage phenotype 
by shrink-film multi-scale wrinkles. Biomater Sci. 2016;4(6):948–52. [PubMed: 27125253] 

14. Huynh J, Nishimura N, Rana K, Peloquin JM, Califano JP, Montague CR, et al. Age-related 
intimal stiffening enhances endothelial permeability and leukocyte transmigration. Sci Transl Med. 
2011;3(112):112ra22.

15. Palombo C, Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: 
Pathophysiologic mechanisms and emerging clinical indications. Vascul Pharmacol. 2016;77:1–7. 
[PubMed: 26643779] 

16. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: therapeutic translation for fibrotic disease. 
Nat Med. 2012;18(7):1028–40. [PubMed: 22772564] 

17. Pickup MW, Mouw JK, Weaver VM. The extracellular matrix modulates the hallmarks of cancer. 
EMBO Rep. 2014;15(12):1243–53. [PubMed: 25381661] 

18. Moshayedi P, Ng G, Kwok JC, Yeo GS, Bryant CE, Fawcett JW, et al. The relationship 
between glial cell mechanosensitivity and foreign body reactions in the central nervous system. 
Biomaterials. 2014;35(13):3919–25. [PubMed: 24529901] 

19. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. Semin Immunol. 
2008;20(2):86–100. [PubMed: 18162407] 

20. Hsieh JY, Smith TD, Meli VS, Tran TN, Botvinick EL, Liu WF. Differential regulation of 
macrophage inflammatory activation by fibrin and fibrinogen. Acta Biomater. 2017;47:14–24. 
[PubMed: 27662809] 

21. Blakney AK, Swartzlander MD, Bryant SJ. The effects of substrate stiffness on the in vitro 
activation of macrophages and in vivo host response to poly(ethylene glycol)-based hydrogels. J 
Biomed Mater Res A. 2012;100(6):1375–86. [PubMed: 22407522] 

22. Gao J, Scheenstra MR, van Dijk A, Veldhuizen EJA, Haagsman HP. A new and efficient culture 
method for porcine bone marrow-derived M1- and M2-polarized macrophages. Vet Immunol 
Immunopathol. 2018;200:7–15. [PubMed: 29776615] 

23. Kapetanovic R, Fairbairn L, Beraldi D, Sester DP, Archibald AL, Tuggle CK, et al. Pig 
bone marrow-derived macrophages resemble human macrophages in their response to bacterial 
lipopolysaccharide. J Immunol. 2012;188(7):3382–94. [PubMed: 22393154] 

24. Holness CL, Simmons DL. Molecular cloning of CD68, a human macrophage marker related to 
lysosomal glycoproteins. Blood. 1993;81(6):1607–13. [PubMed: 7680921] 

25. Chistiakov DA, Killingsworth MC, Myasoedova VA, Orekhov AN, Bobryshev YV. CD68/
macrosialin: not just a histochemical marker. Lab Invest. 2017;97(1):4–13.

26. Poulsen CB, Al-Mashhadi AL, von Wachenfeldt K, Bentzon JF, Nielsen LB, Al-Mashhadi RH, 
et al. Treatment with a human recombinant monoclonal IgG antibody against oxidized LDL in 
atherosclerosis-prone pigs reduces cathepsin S in coronary lesions. Int J Cardiol. 2016;215:506–
15. [PubMed: 27135822] 

27. Waddell LA, Lefevre L, Bush SJ, Raper A, Young R, Lisowski ZM, et al. ADGRE1 (EMR1, 
F4/80) Is a Rapidly-Evolving Gene Expressed in Mammalian Monocyte-Macrophages. Front 
Immunol. 2018;9:2246. [PubMed: 30327653] 

28. Choi JY, Nam SA, Jin DC, Kim J, Cha JH. Expression and cellular localization of inducible nitric 
oxide synthase in lipopolysaccharide-treated rat kidneys. J Histochem Cytochem. 2012;60(4):301–
15. [PubMed: 22260992] 

29. Bernardini C, Greco F, Zannoni A, Bacci ML, Seren E, Forni M. Differential expression of 
nitric oxide synthases in porcine aortic endothelial cells during LPS-induced apoptosis. J Inflamm 
(Lond). 2012;9(1):47. [PubMed: 23181483] 

30. Liu H, Liu J, Huang J, Bai X, Wang Q. Heterogeneity and plasticity of porcine alveolar 
macrophage and pulmonary interstitial macrophage isolated from healthy pigs in vitro. Biol Open. 
2019;8(10).

Meli et al. Page 11

Biomater Sci. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



31. Wang L, Hu S, Liu Q, Li Y, Xu L, Zhang Z, et al. Porcine alveolar macrophage polarization 
is involved in inhibition of porcine reproductive and respiratory syndrome virus (PRRSV) 
replication. J Vet Med Sci. 2017;79(11):1906–15. [PubMed: 28924090] 

32. Tao Y, Fu Z, Zhang M, Xia G, Yang J, Xie H. Immunohistochemical localization of inducible and 
endothelial nitric oxide synthase in porcine ovaries and effects of NO on antrum formation and 
oocyte meiotic maturation. Mol Cell Endocrinol. 2004;222(1–2):93–103. [PubMed: 15249129] 

33. Villanueva C, Giulivi C. Subcellular and cellular locations of nitric oxide synthase isoforms 
as determinants of health and disease. Free Radic Biol Med. 2010;49(3):307–16. [PubMed: 
20388537] 

34. Chmelikova E, Jeseta M, Sedmikova M, Petr J, Tumova L, Kott T, et al. Nitric oxide synthase 
isoforms and the effect of their inhibition on meiotic maturation of porcine oocytes. Zygote. 
2010;18(3):235–44. [PubMed: 20109267] 

35. Seaton M, Hocking A, Gibran NS. Porcine models of cutaneous wound healing. ILAR J. 
2015;56(1):127–38. [PubMed: 25991704] 

36. Sullivan TP, Eaglstein WH, Davis SC, Mertz P. The pig as a model for human wound healing. 
Wound Repair Regen. 2001;9(2):66–76. [PubMed: 11350644] 

37. Genovesi EV, Villinger F, Gerstner DJ, Whyard TC, Knudsen RC. Effect of macrophage-specific 
colony-stimulating factor (CSF-1) on swine monocyte/macrophage susceptibility to in vitro 
infection by African swine fever virus. Vet Microbiol. 1990;25(2–3):153–76. [PubMed: 2281603] 

38. Schneemann M, Schoedon G. Species differences in macrophage NO production are important. 
Nat Immunol. 2002;3(2):102. [PubMed: 11812978] 

39. Zelnickova P, Matiasovic J, Pavlova B, Kudlackova H, Kovaru F, Faldyna M. Quantitative 
nitric oxide production by rat, bovine and porcine macrophages. Nitric Oxide. 2008;19(1):36–41. 
[PubMed: 18456005] 

40. McNally AK, Anderson JM. Macrophage fusion and multinucleated giant cells of inflammation. 
Adv Exp Med Biol. 2011;713:97–111. [PubMed: 21432016] 

41. Pereira M, Petretto E, Gordon S, Bassett JHD, Williams GR, Behmoaras J. Common signalling 
pathways in macrophage and osteoclast multinucleation. J Cell Sci. 2018;131(11).

42. McNally AK, Anderson JM. Interleukin-4 induces foreign body giant cells from human 
monocytes/macrophages. Differential lymphokine regulation of macrophage fusion leads to 
morphological variants of multinucleated giant cells. Am J Pathol. 1995;147(5):1487–99. 
[PubMed: 7485411] 

43. Kyriakides TR, Foster MJ, Keeney GE, Tsai A, Giachelli CM, Clark-Lewis I, et al. The CC 
chemokine ligand, CCL2/MCP1, participates in macrophage fusion and foreign body giant cell 
formation. Am J Pathol. 2004;165(6):2157–66. [PubMed: 15579457] 

44. Fang JY, Yang Z, Han B. Switch of macrophage fusion competency by 3D matrices. Sci Rep. 
2020;10(1):10348. [PubMed: 32587271] 

45. Meli VS, Veerasubramanian PK, Atcha H, Reitz Z, Downing TL, Liu WF. Biophysical regulation 
of macrophages in health and disease. J Leukoc Biol. 2019;106(2):283–99. [PubMed: 30861205] 

46. McWhorter FY, Davis CT, Liu WF. Physical and mechanical regulation of macrophage phenotype 
and function. Cell Mol Life Sci. 2015;72(7):1303–16. [PubMed: 25504084] 

47. Yagi M, Miyamoto T, Sawatani Y, Iwamoto K, Hosogane N, Fujita N, et al. DC-STAMP 
is essential for cell-cell fusion in osteoclasts and foreign body giant cells. J Exp Med. 
2005;202(3):345–51. [PubMed: 16061724] 

48. Cui W, Ke JZ, Zhang Q, Ke HZ, Chalouni C, Vignery A. The intracellular domain of CD44 
promotes the fusion of macrophages. Blood. 2006;107(2):796–805. [PubMed: 16195325] 

49. Helming L, Winter J, Gordon S. The scavenger receptor CD36 plays a role in cytokine-induced 
macrophage fusion. J Cell Sci. 2009;122(Pt 4):453–9. [PubMed: 19155290] 

50. McNally AK, Anderson JM. Beta1 and beta2 integrins mediate adhesion during macrophage 
fusion and multinucleated foreign body giant cell formation. Am J Pathol. 2002;160(2):621–30. 
[PubMed: 11839583] 

51. Wang Y, Brooks PJ, Jang JJ, Silver AS, Arora PD, McCulloch CA, et al. Role of actin filaments 
in fusopod formation and osteoclastogenesis. Biochim Biophys Acta. 2015;1853(7):1715–24. 
[PubMed: 25871908] 

Meli et al. Page 12

Biomater Sci. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



52. Goswami R, Arya RK, Biswas D, Zhu X, Rahaman SO. Transient Receptor Potential Vanilloid 4 Is 
Required for Foreign Body Response and Giant Cell Formation. Am J Pathol. 2019;189(8):1505–
12. [PubMed: 31121133] 

53. Tse JR, Engler AJ. Preparation of hydrogel substrates with tunable mechanical properties. Curr 
Protoc Cell Biol. 2010;Chapter 10:Unit 10 6.

Meli et al. Page 13

Biomater Sci. Author manuscript; available in PMC 2022 November 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Schematic representation of the protocol used to isolate and differentiate bone marrow 
and peripheral blood- derived macrophages.
Bone marrow-derived macrophages were isolated from the pelvises and differentiated 

for seven days using rpGM-CSF. Peripheral blood was used to isolate PBMCs using 

SepMate™-50 tube with density gradient solution. Isolated PBMCs were differentiated for 

seven days using rpGM-CSF.
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Figure 2: Bone marrow- and peripheral blood derived-macrophages express CD68 and F4/80 
upon differentiation
(A) Representative flow cytometry histograms with unstained macrophages in light blue 

curves, isotype controls indicated using orange, and CD68 with red curves for bone marrow- 

(left) and peripheral blood-derived (right) macrophages after 7 days of differentiation using 

rpGM-CSF on tissue culture-treated polystyrene. (B) Expression of ADGRE1 (F4/80) 

relative to GAPDH assessed by quantitative PCR in bone marrow- and peripheral blood­

derived macrophages after 7 days of differentiation. The values are the mean ± SEM from 

three porcine donors. Immunofluorescence confocal images of F4/80 (left) and CD68 (right) 

of bone marrow- (C) and peripheral blood-derived macrophages (D) after 24 h adhesion and 

6 h stimulation with LPS.
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Figure 3: Differentiated bone marrow- and peripheral blood-derived macrophages are activated 
upon LPS stimulation
(A) Secretion of TNF-α by bone marrow- (top) and blood- (bottom) derived macrophages 

after 24 h of adhesion and 6 h of stimulation with increasing concentrations of LPS. 

(B) Relative expression of iNOS, TNFα and IL6 genes in bone marrow- and peripheral 

blood-derived macrophages when stimulated with 10 ng/ml LPS, analyzed by qRT-PCR, and 

normalized to M0 (no LPS) condition. (C) Immunofluorescence confocal images of iNOS 

in bone and peripheral blood-derived macrophages cultured on glass for 24 h and stimulated 

with LPS for 6 h. The values are the mean ± SEM. and from three donors. Statistics: p 

values are depicted in the graph for each comparison, assessed by one-way ANOVA with 

Tukey’s multiple comparisons for LPS titration experiment and two-tailed Student’s t-test 

for qRT-PCR analysis.
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Figure 4: Substrate stiffness enhances inflammatory activation and fusion of macrophages.
(A) Secretion of TNF-α by bone marrow- (left) and peripheral blood- (right) derived 

macrophages after 24 h of adhesion to PA gels of varying stiffness and 6 h of stimulation 

with 10 ng/ml LPS. (B) Immunofluorescence confocal images of F-actin (phalloidin, red) 

and nuclei (blue) in bone marrow- and peripheral blood-derived macrophages cultured on 

PA gels of varying stiffness for 24 h and stimulated with 10 ng/ml LPS for 6 h. The values 

are the mean ± SEM. and from three donors. Statistics: One-way ANOVA with Tukey’s 

multiple comparisons test was used and the determined p value is reported in the graph. (C) 

Cell spread (top) and proportion of multinucleated cells (bottom) in bone marrow-derived 

macrophages (left) or peripheral blood-derived macrophages (right) cultured on PA gels of 

different stiffness. Each condition had 50–100 cells analyzed. Statistics: For the cell spread 

the determined p value is reported in the graph, assessed by Kruskal-Wallis test with Dunn’s 

multiple comparisons. ns: not significant.
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