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Abstract

The foreign body response (FBR) occurs ubiquitously to essentially all non-biological materials 

that are implanted into higher organisms. The FBR is characterized by inflammation followed by 

fibrosis and is mediated largely by macrophages. While many current medical devices tolerate the 

FBR, the FBR is responsible for many asceptic device failures and is hindering advancements of 

new devices that rely on device-host communication to function. To this end, in vitro and in vivo 
models are critical to studying how a biomaterial, via its chemistry and properties, affect the FBR. 

This short review highlights the main in vitro and in vivo models that are used to study the FBR. 

In vitro models that capture macrophage interrogation of a biomaterial and evaluation of 

macrophage attachment, polarization and fusion are described. In vivo models using rodents, 

which provide a relatively simple model of the complex FBR process, and human-relevant 

nonhuman primate models are described. Collectively, the combination of in vitro and in vivo 
models will help advance our fundmental understanding of the FBR and enable new biomaterials 

to be developed that can effectively modulate the FBR to achieve a desire device-host outcome.
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Introduction

Implantable medical devices have revolutionized medicine. Each year, millions of medical 

devices are implanted into patients leading to significant improvements in quality of life. For 

example, joint arthroplasty enables patients with severe osteoarthritis to return to an active 

lifestyle with minimal pain [1]. Cochlear implants provide patients with irreversible 

sensorineural hearing loss the ability to recognize speech and participate normally in social 

interactions [2]. However, all implantable devices suffer from complications. One problem 

that is ubiquitous to essentially all implantable devices, regardless of the synthetic or 

biologic nature of the device, is the foreign body response (FBR), the body’s normal 

response to a foreign material. While many medical devices that are currently implanted into 

humans function despite a FBR, this response has been linked to reported asceptic implant 

failures [3–5]. These failures have the potential to be devastating and create a significant 

burden on the healthcare system [6,7]. Moreover, advancements of new and more complex 

devices are hampered by the presence of a FBR. For example, the formation of a fibrous 

capsule can disrupt communication between host and device, which is important for the 

function of devices such as glucose sensors [8], islet transplantation [9], and tissue 

engineering scaffolds [10]. The FBR represents a formidable challenge to current and future 

implantable medical devices.

The FBR is characterized by chronic inflammation accompanied by the formation of a 

dense, avascular fibrous capsule [11,12]. The FBR begins with non-specific protein 

adsorption to the surface of the implant followed by the recruitment of inflammatory cells. 

The latter occurs as part of the initial injury response where neutrophils arrive first, but are 

soon replaced by long-lived macrophages, the orchestrators of the FBR. Macrophages 

recognize the implant as foreign through the adsorbed protein layer. Due to the implant size 

(i.e., much larger than foreign microorganisms), macrophages are unable to phagocytose the 

material and eventually fuse into foreign body giant cells (FBGCs). Concurrently, the FBR 

transitions to fibrous encapsulation, the hallmark of the FBR. Macrophages remain at the 

implant surface for the lifetime of the implant encased within the fibrous capsule and 

maintain low grade chronic inflammation. These events can have a detrimental impact on 

implanted medical devices. For example, long-term exposure to chronic inflammation 

induces corrosion or degradation of otherwise highly stable biomaterials [3,13]. Continuous 

exposure to inflammatory cytokines can negatively impact living cells within biomaterials 

that are implanted for islet transplantation or tissue engineering [14]. The fibrous capsule, 

which typically forms within three to four weeks after implantation, acts as an impenetrable 

wall to prevent communication between device and host tissue. Depending on the device, 

chronic inflammation and/or fibrous encapsulation can adversely affect the function of 

implantable medical devices.
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Understanding how the FBR impacts the biomaterial and ultimately the function of the 

medical device is a critical step towards acheiving long-term in vivo success. In vitro and in 
vivo models that recapitulate aspects of the FBR offer powerful tools to study the FBR and 

its effect on the performance of a biomaterial. In vitro models reduce the complexity of the 

FBR. On the other hand, in vivo models capture the full temporal process of the FBR, which 

is still not completely understood. In vivo models are necessary to evaluate the formation of 

the fibrous capsule, the final stage of the FBR. Together, in vitro and in vivo models enable 

screening of new biomatierals to determine how they affect and are affected by the FBR. 

Moreover, these models can provide mechanistic insights into the processes that lead to the 

FBR, which will enable new and improved biomaterials to be developed. This short review 

summarizes the main in vitro and in vivo models that have been developed to assess the host 

response to implanted biomaterials and presents select key findings. Table 1 highlights these 

models along with their advantages and drawbacks.

In vitro models

In vitro models enable the investigation into discrete events associated with the FBR in a 

tightly controlled environment. These events include non-specific protein adsorption and 

macrophage attachment, polarization, and/or fusion into FBGCs (Fig. 1a). By culturing 

macrophages directly on a biomaterial surface, the role that surface chemistry and properties 

play on macrophage response can be studied. The following sections describe macrophage 

sources that are commonly used in vitro, assessment and induction of macrophage 

polarization and fusion, and the in vitro model representing macrophage interrogation of a 

biomaterial.

Macrophage source

Macrophages are recruited from blood-derived monoyctes and differentiate into 

macrophages as they migrate through the tissue to the implantation site. In vitro studies of 

the FBR have used monocyte/macrophage cell lines, blood-derived primary monocytes, and 

primary macrophages derived from either blood or bone marrow monocytes. The advantage 

of cell lines is their accessibility and straightforwardness to culture. Examples of murine 

macrophage cell lines include RAW 264.7, J774A.1, and IC-21, and human monocyte cell 

lines include THP-1 and U-937. The latter can be differentiated into macrophages. Primary 

monocytes or monocyte-derived macrophages have also been studied for their biologically 

relevance. However, they require human/animal subjects with institutional approval, can be 

time-intensive and expensive to isolate, and have limited passaging capacity. Several studies 

have compared cell lines to primary cell sources. For example, RAW 264.7, J774A.1 and 

IC-21 responded to inflammatory stimulants by increased expression of pro-inflammatory 

cytokines, which was similar to primary bone-marrow derived macrophages, but the 

magnitude was generally lower [15]. Contrarily, THP-1 monocytes were more responsive 

than human peripheral blood monocytes to biomaterial extracts and an exogenous 

inflammatory stimulant [16]. These studies suggest that cell lines and primary cells can 

provide useful information regarding the relative monocyte/macrophage response to 

different biomaterials in vitro. However, the magnitude of the response will depend on cell 

type and thus interpretation of the magnitude should be taken with caution.
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Macrophage Polarization

To study the macrophage in the context of the FBR in vitro, identifying the state of 

macrophage polarization is important. Macrophages are often categorized by two distinct 

polarization states, classically activated (M1) macrophages, which are involved in 

inflammation, and alternatively activated (M2) macrophages, which are involved in non-

inflammatory (i.e., regulatory and wound-healing) processes. However, macrophages exhibit 

a high degree of plasticity. A more appropriate characterization of macrophage polarization 

is to consider activation across a spectrum, where macrophages display charateristics that 

span multiple polarization states [17]. To this end, efforts to identify subtypes of M2 

polarization states (i.e., M2a-M2d) based on the in vitro stimulant have also been described 

[18]. A summary of macrophage polarization states are presented in Table 2 including their 

activation, key surface markers, commonly secreted factors, and functional outcomes.

Macrophage polarization can be mediated by the biomaterial itself, but is also confounded in 
vivo by the inflammatory environment that is associated with tissue injury at the time of 

implantation. The latter can be simulated in vitro by exogenous delivery of inflammatory 

stimulants such as lipopolysaccharide (LPS), a membrane component of gram-negative 

bacteria, and/or interferon gamma [19]. The inflammatory macrophage polarization state is 

most commonly characterized by NF-κB dependent transcription of pro-inflammatory 

cyotkines including TNF-α, IL-6, and IL-1β as well as other markers such as inducible nitric 

oxide (iNOS) [20]. The polarization state of alternatively activated macrophages is more 

complex to assess due to the different processes in which the macrophages are involved. 

Arginase type I, which converts arginine to orthinine, a precursor of collagen, has been used 

as a marker of a wound-healing polarization state [17,21]. Interleukin-10 has been used as a 

marker of a regulatory polarization state [17], which can inhibit the inflammatory state and 

act to self-regulate inflammation [22]. Several studies have demonstrated that macrophages 

display plasiticity in vitro whereby a shift in the polarization state from inflammatory to 

either wound-healing or regulatory phenotype has been reported [23,24].

A unqiue characteristic of macrophages in the FBR is their fusion into FBGCs, which are 

defined as having three or more nuclei per cell [25]. In vitro methods have been developed to 

induce macrophage fusion in vitro through the delivery of Th2 cytokines of interleukin-4 

combined with either interleukin-13 or granulocyte macrophage colony-stimulating factor 

[26]. Using this protocol, fusion rates >70% can be achieved, compared to <10% without 

fusion mediators, and very lage FBGCs can be formed with >200 nuclei per cell [25]. 

Although fusion is more readily achieved in primary monocytes and macrophages, studies 

have reported that RAW264.7, THP-1 and U937 can undergo fusion, but the number of 

nuclei per FBGC is much lower [27].

Macrophage Interrogation of a Biomaterial

Macrophages interrogate implanted biomaterials through non-specifically adsorbed proteins. 

Proteins rapidly adsorb to all surfaces regardless of chemistry (e.g., hydrophobic and 

hydrophilic), but the amount, type and conformation of the adsorbed proteins will depend on 

surface chemistry [28–30]. Studies often use serum-containing medium or pre-treat the 

biomaterial in full serum prior to seeding with macrophages [30] to promote non-specific 
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protein adsoprtion. While the mechanism by which the adsorbed proteins mediate the FBR 

is not well-understood, presence of these proteins at the surface is critical to emulating the 

FBR in vitro. In fact, studies have reported more than 200 unique proteins adsorbed to an 

implanted biomaterial [30].

To recapitulate the macrophage-biomaterial interactions, the in vitro model should consist of 

monocytes/macrophages seeded directly on top of a biomaterial in the presence of proteins 

(e.g., serum-containing medium) (Fig 1b). This in vitro model has enabled assessment of 

macrophage attachment, polarization state, and fusion as a function of biomaterial surface 

properties. For example, hydrophobic surfaces promote better attachment of monocytes and 

macrophages when compared to neutral hydrophilic surfaces, but the latter leads to greater 

activation of inflammatory macrophages [31]. In the presence of fusion mediators, FBGC 

formation is influenced by surface chemistry (Fig 1bi) [32]. Surface topography such as 

increased surface roughness [33], reduced alignment [27], and micron-sizes surfaces features 

[34] can enhance monocyte/macrophage attachment and/or activation to an inflammatory 

state. Inflammatory stimulants (e.g., LPS) can be used to simulate the inflammatory 

macrophage phenotype that is recruited to the implant site in vivo [15,23,35]. Studies have 

shown that LPS-mediated activation of inflammatory macrophages is dependent on the 

biomaterial properties, such as hydrogel stiffness (Fig 1bii) [35]. Thus, inflammatory 

stimulants combined with in vitro models can more closely approximate the in vivo 
environment to identify synergistic effects between biomaterial-type and macrophage 

activation and as well to identify biomaterials that are capable of attenuating macrophage 

activation.

In vitro models have also be adapted to investigate the impact of other cell types (e.g., 

fibroblasts and lymphocytes) in augmenting macrophage response in the FBR. Fibroblasts 

play an important role in the formation of the fibrous capsule. Studies have shown that 

paracrine factors secreted by fibroblasts, such as monocyte chemoattractant protein 

(MCP)-1, decrease pro-inflammatory cytokine production in macrophages (Fig 1biii) [36]. 

When fibroblast and monocyte were cultured together, secretion of CC chemokine ligand 2 

(CCL2) was increased [33], which is a mediator of FBGC formation [37]. Together, these in 
vitro studies suggest that fibroblasts may play a role in facilitating the macrophage 

phenotypic switch from inflammation to fibrosis. Although the exact role of the adaptive 

immune system in the FBR is not well understood, studies report that monocyte/macrophage 

adhesion on biomaterial surfaces is decreased, but FBGC formation is increased, in the 

presence of lymphocytes [38]. These studies and others illustrate that paracrine signaling 

between macrophages and other cell types influences macrophage response to biomaterials 

and therefore may play an important role in the FBR in vivo.

In vivo models

In vivo models offer the “complete picture” of the FBR from inflammation to fibrosis (Fig 

2a). This section highlights a) small animal rodent models (wildtype and genetically 

modified), which are commonly used to study the FBR and b) clinically relevant non-human 

primates, which have been used to study the FBR in animal models that more closely 

resemble humans.
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Rodent wild-type models

The most common in vivo model of the FBR is implantation at subcutaneous or 

intraperitoneal sites in mice or rats. Several studies have shown differences in the FBR with 

implantation site, where the intraperitoneal site had higher levels of proangiogenic factors 

and lower levels of pro-inflammatory cytokines during the initial stage of the FBR [39]. 

However, both sites led to fibrous encapsulation [36,37]. The former is attributed to the 

faster healing response that occurs in the periotenal cavity compared to the dermis [40]. The 

mouse strain also affects the FBR with the C57BL/6 strain showing a more robust FBR and 

fibrous encapsulation mimicking that of humans when compare to the BABL/c strain [41]. 

Using rodent models, studies have identified differences in the FBR based on biomaterial 

chemistry and properties. For example, macrophage apoptosis was higher on hydrophilic and 

anionic biomaterials compared to hydrophobic biomaterials [42]. Macrophage accumulation 

was higher with increasing stiffness of neutral hydrogels, a finding that mirrored parallel in 
vitro studies, which are shown in Fig 1bii [35]. Zwitterionic hydrogels, on the other hand, 

substantially reduced fibrous encapsulation compared to neutral hydrogels [43]. Morover, 

nanofibrous scaffolds that were aigned resulted in significantly thinner fibrous capsule when 

compared to random scaffolds (Fig 2bi) [44]. Similarly, porosity influenced macrophage 

polarization and fibrous capsule formation (Fig 2bii) [45]. Smaller pores (34 μm) led to an 

alternatively activated macrophage phenotype at the implant surface and a thinner capsule 

while larger pores (160 μm) led to inflammatory macrophages and a thicker capsule. 

Assessment of protein expression in macrophages and FBGCs adhered to an implant 

revealed the presence of cytokines, interleukin-4 and interleukin-13, and the growth factor 

TGF-β [46], which are consistent fibrosis [18]. Collectively, these studies and many more 

demonstrate that while a FBR occurs to nearly all implanted non-biological biomaterials, the 

severity of the FBR depends on the nature of the surface.

Genetically modified mouse models

Genetically modifed mouse models provide the opportunity to gain insight into the cell types 

and/or pathways that mediate the FBR. For example, biomaterial implantation in mice 

deficient in T-cells [38], natural killer cells [47], or mast cells [47,48] demonstrated normal 

formation of FBGCs and/or fibrous capsule formation, suggesting these inflammatory cells 

are not essential to the FBR [41]. Mice lacking toll-like receptor-4, a cell suface receptor 

that recognizes damage-associated molecular patterns, led to a shift in the recruited 

leukocyte profile with fewer monocytes/macrophages (Fig 2ci), but this shift was insufficient 

to affect fibrous capsule formation [49]. Mice lacking Rag2 and IL2rγ, which leads to 

macrophage dysfunction, resulted in no observable fibrosis at day 14 (Fig 2cii) [50]. 

Collectively, implant studies with genetically modified mouse models have confirmed that 

macrophages are critical to the FBR and the formation of the fibrous capsule. While other 

immune cells may have a role in the FBR (e.g., via cytokine secretion), the immune system 

has built in redundancies such that signals involved in the FBR most likely arise from more 

than one cell type.
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Large animal models

Pre-clinical large animal models are needed to bridge the knowledge gap between rodent 

models and humans. Nonhuman primates (NHP), in particular, closely mimic the human 

immunology [51] and therefore provide an important step towards understanding the FBR in 

humans. Several studies have investigated the FBR to implanted biomaterials [50,52]. For 

example, studies have shown that biomaterials implanted in NHP lead to a dense fibrous 

encapsulation and the presence of FBGCs similar to that observed in C57BL/6 mice [50]. In 

addition, alterations in biomaterial chemistry, which reduce the fibrotic response in C57BL/6 

mice, similarly reduce the FBR in NHP [52]. Morover, assessment of immune factors within 

the implant region were similar to those identified in the C57BL/7 mice [50]. Collectively, 

these studies suggest that findings from mouse models are translatable to clinically relevant 

large animal models and therefore can serve as a sutiable model prior to testing in NHP.

Concluding Remarks

The FBR continues to present a formidable challenge to implantable devices. For some 

devices (e.g., glucose sensors, islet transplantation) complete abrogation of the FBR is 

desired, but for other devices (e.g., joint arthroplasty, tissue engineering scaffolds, etc.) 

modulating the FBR to a normal wound healing process is necessary for device-host 

integration. In the latter, inflammatory macrophages will be necessary, but their presence 

must be short-lived. In vitro models utilizing macrophage interrogation of the biomaterial 

combined with in vivo relevant cytokines can provide key mechanistic insights into the role 

of the biomaterial in mediating macrophage response. In vivo models are critical for 

assessing the fibrotic response, which is difficult to simulate in vitro. Collectively, in vitro 
models when combined with in vivo models will help advance our fundmental 

understanding of the FBR and enable new biomaterials to be developed that can effectively 

modulate the FBR to achieve a desire device-host outcome.
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Figure 1. 
In vitro models of the FBR. (a) Schematic of in vitro models that capture specific events of 

the FBR by non-specific protein adsorption to the surface of an implanted biomaterial, 

macrophage attachment, macrophage activation via different polarization states and 

macrophage fusion into foreign body giant cells (FBGCs). (b) In vitro model that 

recapitulates macrophage interrogation of a biomaterial. Select results using the in vitro 
model. i) Differential interleukin-4 (IL-4)-induced foreign body giant cell (FBGC) formation 

by human monocytes cultured on two different substrates: chitosan-adsorbed onto cell 

culture polystyrene (CH) and carboxylated (negatively charged) polystyrene (C). 

Reproduced with permission from [32]. ii) Stiffness-dependent gene expression by RAW 

264.7 macrophages for interleukin-1β (IL-1β) when cultured on poly(ethylene glycol) 

hydrogels in the presence of an inflammatory stimulant (lipopolysaccharide) after 0, 4, 8, 
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and 24 hours of culture. Data show increased pro-inflammatory cytokine expression with 

increased stiffness. Spatial localization of F-actin (red) in RAW 264.7 macrophages (nuclei 

in blue) on poly(ethylene glycol) hydrogels highlights increased cell spreading with 

increasing stiffness. Reproduced with permission from [35]. iii) tumor necrosis factor (TNF) 

production (pg/105 cells) by RAW 264.7 macrophages was reduced when cultured in 

NIH3T3 fibroblast-conditioned media. Reproduced with permission from [36].
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Figure 2. 
In vivo models of the FBR. (a) Schematic of the temporal progression of the FBR in vivo, 

characterized by biomaterial implantation followed by immediate non-specific protein 

adsorption, inflammatory cell recruitment, macrophage fusion into foreign body giant cells 

(FBGCs) and resolving in fibrous capsule formation. (b) Select results using the in vivo 
rodent models. i) Topography-dependent fibrous capsule formation to subcutaneous 

implantation of aligned or random PCL fibers in Sprague Dawley rats. H&E staining shown 

on the left and Masson’s Trichrome staining shown on the right. Open arrows in panels C 

and D show macrophage presence and FBGC formation. Reproduced with permission from 

[44]. ii) Porosity dependent macrophage polarization and fibrous capsule formation in BAT-

gal mice. Macrophages shown in red with nuclei in blue. Green indicates an inflammatory 

macrophage polarization state (iNOS) or an alternatively activated macrophage polarization 

state (MMR, a marker of fusion). Reproduced with permission from [45]. (c) Select results 

using the in vivo genetic mouse models to elucidate pathways within the FBR. i) Differential 

leukocyte profile in WT and TLR4-defficient mice following PET disc implantation. 

Reproduced with permission from [49]. ii) Fibrosis to alginate microspheres was reduced in 
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B-cell deficient mice, restored in T-and B-cell deficient mice, and further reduced in MΦ-

dysfunctional (Rag2/γ) mice. Reproduced with permission from [50].
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Table 1

Summary of models used for assessing the host response to biomaterials.

Model Advantages Drawbacks

In vitro models

Macrophage interrogation of a 
biomaterial

Enables assessment of macrophage 
activity as a function of biomaterial 
properties

Lacks influence of crosstalk between cell 
types present in the FBR in vivo

Co-culture of macrophages with 
other cell types

Allows for investigation of paracrine 
and juxtracrine signaling on 
macrophage activity

Limited to one phase of the FBR

In vivo models

Rodent wild-type models Supports assessment of the phases of 
the FBR over time

Limited assessment of redundant immune 
pathways

Genetically modified mouse 
models

Provides insight into the pathways and 
cell types that drive the FBR

Expensive

Large animal models Demonstrates translatability of mouse 
models; clinically relevant

Expensive; highly regulated
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Table 2

Macrophage polarization1

Polarization State Activation Key Surface Markers and Secreted Factors Functional Outcome

M1 LPS, TNF-α, IFN-γ CD86, MHC-II, TLR2, TLR4, iNOS, ROS, IL-12, 
IL-6

• Phagocytosis of bacteria, debris, etc.
• Inflammation

M2a IL-4, IL-13 CD163, MHC-II, Arginase-1,IL-1ra, IL-10, TGF-
β,

• ECM production
• Immunoregulation

M2b Immune Complexes, LPS CD86, MHC-II, IL-1, IL-6, IL-10, TNF-α • Immunoregulation

M2c IL-10, TGF-β CD163, CD206, TLR1, TLR8, MMP-9, IL-10, 
TGF-β

• ECM production
• FBGC formation and fibrosis
• Wound healing

M2d IL-6 VEGF-A, IL-10, IL-12, TNF-α, TGF-β • Immunoregulation

Table constructed from [53–56]. Abbreviations: LPS lipopolysaccharide, TNF tumor necrosis factor, IFN interferon, IL interleukin, TLR toll-like 
receptor, MHC major histocompatibility complex, TGF transforming growth factor, iNOS inducible nitric oxide synthase, ROS reactive oxygen 
species, MMP matrix metalloproteinase, VEGF vascular endothelial growth factor.
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