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Don’t judge an implant by its cover: how
the foreign body response and fibrotic
capsule might be harnessed for good

M| Check for updates

Mary E. Dickenson', Robert S. Oakes?® & Aaron H. Morris'*

Biomaterials are widely used, yet when implanted, they elicit a complex reaction from the host called
the foreign body response (FBR). Although the FBR is typically viewed as a deleterious response to

implants, many potential benefits of the FBR have recently been identified. This review highlights the
variety of ways that the FBR has been harnessed for positive outcomes, including tissue engineering

and disease monitoring.

The foreign body response (FBR)

The FBR is an inflammatory response mounted as a reaction to foreign
materials that are implanted within, or otherwise introduced to, the
body. This response is characterized by an initial cascade of acute
inflammation and leads to eventual fibrotic encapsulation of the foreign
material'~’. The FBR and associated inflammatory and fibrotic responses
result in failure of many implanted devices, prompting continued study
of the FBR".

When a foreign material is implanted, it elicits a complicated response
composed of both innate and adaptive immune cells (Fig. 1). In general, this
response has historically been divided into a few primary stages: protein
adsorption, acute inflammation, chronic inflammation, and fibrotic
encapsulation”’. We present a brief overview of inflammatory cascades that
characterize the FBR response here. For more details, there are many recent
reviews on the topic"™.

Protein adsorption

Whether introduced via injection or a surgical method, the implantation
of a foreign material damages surrounding tissue, which subsequently
activates an initial inflammatory response™. Within minutes of
implantation, alayer of proteins adsorbs to the material surface, allowing
for infiltrating cells to interact with the material. This protein-surface
matrix is highly dynamic, undergoing protein adsorption-displacement
classified by proteins of lower molecular weight arriving first and sub-
sequently being replaced by proteins of higher molecular weight as time
passes, yielding longitudinally dynamic protein compositions"***".
These surface-protein characteristics are not only influenced by time,
but also by the type of foreign material being introduced, demonstrating
one of the many ways that the FBR can vary with respect to the materials
being implanted'"".

Acute inflammation

Protein adsorption paves the way for the cascade of cellular events that
compose the FBR. Neutrophils migrate to the site of the foreign body within
minutes of implantation, marking the beginning of the acute inflammatory
phase. These neutrophils adhere to the provisional matrix formed by the
adsorbed proteins on the surface of the material and release factors that
contribute to the recruitment of additional immune cells, namely
monocytes"”"”. As monocytes arrive at the implant site, they begin to dif-
ferentiate into macrophages that subsequently proliferate and adhere to the
surface of the material. The macrophages bound to the surface of the
implant then spread over the surface of the implant and attempt to engulf
and phagocytose it'. In the case that the macrophages can successfully
phagocytose the material in this acute phase, the FBR will resolve. However,
many implanted materials are either too large or are not degradable,
resulting in the transition to the chronic stage of the FBR™**",

Chronic inflammation and fibrotic encapsulation

Classically, the transition of the FBR from the acute phase to the chronic
phase is thought to be characterized by the evolution from an explicitly
inflammatory reaction into a fibrotic process. This transition into the
chronic stage of the FBR occurs within the first few weeks post-implanta-
tion, and, unless the implant is either destroyed or removed by external
processes, will continue indefinitely’. Key to this transition is the shift of
macrophages from a pro-inflammatory (M1) phenotype to an anti-
inflammatory (M2) phenotype that is associated with tissue regeneration,
and in the case of foreign materials, the formation of a fibrotic capsule
around the foreign body. We acknowledge that classifying macrophage
polarization into pro- and anti-inflammatory states is an oversimplification
of the biology, as these cells are likely polarized on a spectrum'*'*. With that
limitation in mind, we feel that this terminology is a helpful heuristic to
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Fig. 1| Schematic of the primary stages of the FBR
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Fig. 2 | Histological images showing the FBR to
Bard 3080 low porosity polytetrafluoroethylene
felt 28 days post subcutaneous implantation in
C57BL/6] mice. Hematoxylin and eosin repre-
sentative image of explanted scaffold and resulting
FBR at 4x (A) and 20x magnification (B), with
arrows denoting examples of FBGCs. Masson’s tri-
chrome representative image of explanted scaffold
and resulting FBR at 4x (C) and 20x magnification
(D), with the fibrotic capsule denoted in D. Inset
boxes in (A, C) denote the locations of the magnified
images in subpanels (B, D). Scale bars are 1000 pm
and 200 um in images (A, C) and images (B, D),
respectively.

discuss this topic and accurately reflect previously published results that
have characterized macrophages in this manner. M2 macrophages become
key players in the attraction and organization of fibroblasts to the surface of
the foreign material®'’"'°. These fibroblasts subsequently begin depositing
extracellular matrix (ECM) around the foreign body”. Another unique
hallmark of the FBR is the fusion of clusters of macrophages into poly-
nucleate foreign body giant cells (FBGCs), which are capable of phagocy-
tosing much larger materials than their macrophage counterparts'’. These
FBGCs are unique, displaying traits similar to both macrophages and
osteoclasts™, and they are more effective at damaging biomaterials than
macrophages™. Over the course of days to weeks, this buildup of macro-
phages, FBGCs, fibroblasts, and secreted ECM culminates in the formation
of a fibrotic capsule, thickening over the course of months to completely
isolate the foreign material from the surrounding tissue’ (Fig. 2).

This FBR capsule poses significant challenges to the longevity and
function of implanted biomaterials. While the acute inflammatory stage of
the FBR is characterized by a more direct immune attack on the implanted
foreign materials, the fibrotic capsule creates a thick physical barrier
between the implanted device and the surrounding tissue"*”’. Additionally,
the fibroblasts forming this fibrotic capsule will begin to contract around the
material trapped within it, and this physical force can be detrimental to
implants (for example, capsular contraction is a key failure mode of breast
implants)*’. Due to these challenges, fibrotic capsules have become one of
the leading causes of chronic failure for implants™™>.

The FBR differs in response to anatomical location and disease
Importantly, the FBR acts differently in different anatomical locations, as
well as in the context of different diseases, age, and obesity”’. For example,

npj Biomedical Innovations| (2026)3:3


www.nature.com/npjbiomedinnov

https://doi.org/10.1038/s44385-025-00053-7

Review

Surface
Topography

Soluble
Factors

Surface

\ Antibodies/
Coating

Ligands

PEGylation

Ligands/

Inhibitors,

Protein Cellular Surface
Surface o < Coating
Charge Adsorption Interaction

Surface
Chemistry
T ‘Co-encapsulation
Cell and Tissue o alls
Biomechanics

Polymer

Coating Properties

Porosity Surface
Topography

Electrospun
Fibers

Fig. 3 | Graphical representation of three major types of strategies used to
mitigate the FBR and fibrotic encapsulation: cellular interaction, cell and tissue
biomechanics, and protein adsorption. Tailoring of these material characteristics
can result in a minimized FBR post-implantation in vivo. This figure has been
republished with permission**.

itis known that the FBR in both the central nervous system (CNS) (distinctly
including the formation of an astroglial border in the CNS™*) and in the
epicardium (demonstrating increased levels of implant degradation as
compared to the subcutaneous space™) are unique from other areas of the
body, which consequently affects biomaterial function. This review does not
discuss the specific complexities of the FBR in the CNS or the field of
neuroimplants, because many of the cellular responses in the CNS differ
from those described here and there has not yet been substantial investi-
gation into the upsides of the CNS FBR. With regards to disease states,
researchers found that the FBR is altered in both inflamed and cancerous
tissue due to neutrophil, macrophage, and FBGC infiltration being modified
as a result of prior inflammation, and noted that further examination of the
FBR in disease states can lead to more biologically informed material
designs”. Together, this highlights not only the importance of considering
natural responses such as the FBR when designing implantable healthcare
devices, but also the intersection of disease state and implant-associated
inflammation, which have unique, yet connected, immune responses that
cumulatively affect how a material functions once implanted.

A historical view of the FBR and techniques used to
mitigate it

Historically, biomedical scientists and healthcare professionals have looked
upon the FBR exclusively as a negative response to implanted materials that
needs to be mitigated. The negative opinion of the FBR stems from its
presenting a challenge to the efficacy and lifespan of medical devices that
need to be implanted for extended periods of time. Devices within this class
have only become more common in recent years, and device failure due to
the FBR costs $10 billion annually***”. The FBR evolved to remove or
encapsulate any foreign materials that are introduced which might other-
wise cause harm, acting as a defense mechanism against unknown materials.
This reaction can be extremely hard on implants, both in the acute phase
with the secretion of degradative enzymes and reactive oxygen species, and
in the chronic phase which leads to the fibrotic capsule around the
implant".

Scientists have attempted to tune almost every aspect of implantable
materials in an effort to mitigate the FBR (Fig. 3), leveraging the fact that
different materials elicit inherently different FBRs. These alterations have
ranged from modifications of material and surface chemistries, altering the
material size and surface topography, and incorporating drugs or bioactive
proteins. Due to the dynamic nature of the FBR, it is paramount to

acknowledge that some of the approaches discussed here to minimize the
FBR might work well in the acute phase but not in the chronic phase. While
none of these techniques has been able to fully elude the FBR, there has been
progress toward minimizing the negative impacts of the FBR so various
implants and devices can now function for much longer than was possible a
few decades ago**** .

Material chemistry

The chemical composition of an implant alters the immune response to the
material, and thus scientists have attempted to alter material chemistry to
manage the FBR*****, Naturally-derived ECM-based biomaterials have
been widely explored”, and these materials inherently elicit a lessened FBR
than that seen in response to synthetic materials*~*. It has been shown that
the surface chemistry of materials (hydrophobic, hydrophilic, anionic, or
cationic) impacts cellular interactions with surfaces, and consequently,
affects the FBR'*”. Various materials have also been fabricated to resist
protein adsorption, such as zwitterionic and polypeptide materials. Zwit-
terionic materials, the class of which includes carboxybetaine, sulfobetaine,
and phosphorylcholine chemistries, are classified by having equal numbers
of anionic and cationic groups, which causes this class of materials to be
highly hydrophilic and antifouling”*". Due to their natural antifouling
properties, these materials have been used to develop implants that elicit
very mild FBR"". Similarly, polypeptide materials with antifouling prop-
erties have recently gained traction for use in implanted devices as they
exhibit a reduced FBR™*™*. Given that different material chemistries and
surface chemistries yield vastly different material properties, these studies
cannot inform a one-material-fits-all type of conclusion, but instead should
be used to make informed decisions about which materials might be the
most appropriate for different use cases based on the desired properties and
outcomes of the material.

Physical material characteristics

The surface topography, geometry, and size of an implant play a key role in
the FBR, particularly the alteration of surface features on a micron-scale™ ™,
the geometrical smoothness of the implant™ ', and the overall size of the
material®*®. Surface topography regulates the proteins adsorbed to the
surface, with some topographies leading to reduced adsorbed protein
densities and consequently less pro-inflammatory cell activities. A clinical
trial investigating the fibrotic capsule formation around breast implants
with two different surface topographies found that implants with a reduced
surface roughness yielded lower levels of capsule formation
(NCT05648929)%. Of note, work has also been done to modify the surface
topography of implanted materials with the goal of achieving a more natural
tissue capsule, moving towards modulating the FBR towards a more
desirable outcome rather than wholly eliminating it”. Similar to textured
materials, porous implants have demonstrated less aggressive FBR as
compared to non-porous materials with vast potential utility in tissue
reconstruction”*®, though the exact details of this phenomenon remain
unclear®”. In addition to surface topography, the overall shape and size of
materials have been observed to play a pivotal role in the magnitude of the
FBR. Studies have indicated that smooth material geometries without acute
angles inherently minimize the FBR to implants™®, and that a large sphe-
rical shape (having a diameter of 1.5 mm or greater) might be the optimal
geometry for minimizing host fibrosis'. These techniques show promise in
yielding minimized fibrotic capsule formation around implants due to
altered protein adsorption, lower levels of pro-inflammatory cues, and
lessened cell adhesion and proliferation.

Delivery of bioactive drugs or biomolecules

It is clear that modulation of the FBR with systemic delivery of pharma-
ceuticals is possible®, but more precisely controlled delivery of anti-
inflammatory drugs at the site of the implant to locally control cell popu-
lations and activities shows promise in mitigating off-target effects***”".
Corticosteroids have been loaded into implantable biomaterials to help

71,72

mediate both acute and chronic inflammation at the site of the implant™"“.
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Within this space, there are multiple ongoing clinical trials assessing the
safety and efficacy of dexamethasone-eluting cochlear implants to help
reduce inflammation and the FBR (NCT06142682 and NCT06424262)".
Of note, the use of steroids to control the FBR is suspected to have down-
sides, including decreased angiogenesis’, though there are conflicting
reports in this space showing opposing findings”. Extensive work has
investigated delivering a variety of drug types (e.g., immunosuppressants/
anti-inflammatory drugs”’*”, cytokines’”’”®, or small-interfering RNA”*’)
ina number of different ways (e.g., drug coatings’**' or encapsulation”'), and
this body of work continues to be studied and expanded upon®***.
Interleukin-4 (IL-4) eluting implants promote macrophage polarization at
the site of the implant towards an M2-like, anti-inflammatory phenotype®.
Similarly, hydrogels with interleukin-33 conjugated to their surface stimu-
late macrophages on the implant surface to upregulate a type 2-like immune
response”’. Each of these phenotypical changes promoted by cytokines
integrated into implanted materials led to lessened inflammatory responses
and improved implant integration.

Mechanical actuation of implants

Signaling via mechanoreceptors and mechanical mismatch between
implants and their surrounding tissue appear to have an important role in
the FBR**. Leveraging this, the inclusion of mechanical actuation within
implanted materials has been used as a method to modulate the FBR. To
demonstrate this, biomaterials were implanted subcutaneously in both rats
and mice and were then intermittently subjected to mechanical pressure**™.
Over the course of 2 weeks, the mechanical actuation was found to sig-
nificantly reduce the fibrotic capsule thickness and myofibroblast presence
around the site of the implant in both animal models, as compared to non-
actuated controls. Conversely, it has been shown that implants vibrating at a
significantly higher frequency (200 Hz as compared to 1 Hz used in the
previously described studies) generate a more severe FBRY, demonstrating
the ability of these exerted mechanical forces to modulate the FBR.

Animal models for the study of the FBR

To continue to study and optimize materials for the complexities of the FBR,
accurate models are required. Two animal models commonly used to study
the FBR are rodents and non-human primates. Rodents have some ana-
tomical and genetic similarities to humans®, but they do not accurately
recapitulate the timescale and severity of the FBR experienced in humans®’.
Despite this, these animal models have been used as helpful platforms for
screening materials and potential therapeutic targets that might help
minimize the FBR**. Interestingly, incorporation of mechanical vibrations
has been shown to create a more human-like FBR in C57BL/6 mice, which is
the most widely used mouse model”. This result is thought to be at least
partially attributed to the allometric scaling of forces, where the mechanical
stresses experienced by tissues increase exponentially with respect to
increases in body size. Of note, different strains of mice exhibit inherently
different FBRs to the same implanted materials™, urging the careful selec-
tion of animal models. Humanized mouse models have emerged as a way to
create a more human-like FBR, enabling the further study of these impor-
tant immune interactions™”.

Clearly, the wealth of literature surrounding methods for attenuating
the FBR suggests that by manipulating material properties, we can engineer
aspects of the FBR. These studies will provide insights into many different
control mechanisms as we move our focus towards leveraging the FBR for
positive outcomes. For further information, see the many excellent review
articles that discuss studying and attenuating the FBR">*~*%7*%,

Moving toward the future: shedding a positive light on
the FBR

Although the FBR has historically been viewed as a negative response that
needs to be ameliorated, an array of new immunoengineering and tissue
engineering techniques has reframed the FBR as something that can instead
be leveraged for a useful outcome™ ™. The first clear attempt to harness the
FBR was in the 1960s, when Charles Sparks leveraged the FBR to rods

A. In Vivo Tissue Engineering  B. Cell Attractant Mechanism

C. In Situ Tissue
Engineering

D. Prevascularizing
Biomaterial Constructs

Fig. 4| Different techniques and applications that have benefited from leveraging
the FBR. A Leveraging byproducts of the FBR, such as fibrotic capsules, for appli-
cations in in vivo tissue engineering. B Using the FBR as a method to improve tissue
formation and integration within engineered material constructs. C Harnessing the
FBR as a cell attractant mechanism to a predetermined site for the improvement of
disease diagnosis and treatment and for increasing vaccine efficacy. D Utilizing the
FBR as a method to aid in the prevascularization of biomaterial constructs. Figure
was generated in BioRender.

implanted in the body to grow a fibrotic tube of tissue in situ to be used as an
autologous vascular graft”. Since then, our knowledge of the FBR has
expanded tremendously, and consequently so have the potential applica-
tions for harnessing it. More recently, the possible outcomes of the FBR have
been applied to many different tissue engineering applications', as a way to
recruit cells to a predetermined scaffold site for disease diagnosis or
treatment'”, and even as a method for increasing vaccine efficacy'”' (Fig. 4).
This review will discuss the ways in which the FBR has been leveraged as a
tool and provide an outlook into how bioengineers can continue to harness
this response in new and innovative applications moving forward.

Harnessing the FBR for in vivo tissue engineering

Over the last 80 years, various aspects of the FBR have been harnessed to
engineer tissue, from the fibrotic capsule it forms, to the tissue remodeling it
can elicit, to the large recruitment of cells it causes to the site of an implant.
The earliest applications of harnessing the FBR for a positive outcome were
within the in vivo tissue engineering field. This section will discuss appli-
cations that have specifically used the FBR to form a fibrotic capsule around
an implant with the goal of later removing the implant and using the
remaining capsular tissue.

Autogenous vascular grafts

Immune responses to implanted biomaterials and transplanted tissues have
been a longstanding challenge in medicine'**'”, thus necessitating the use of
autologous tissue for many applications to avoid this immune reaction”.
Autologous tissue provides a source material that avoids rejection, but poses
other challenges including lack of available tissue, damage to sites of tissue
harvesting, and inadequate function of native tissues. To meet this need,
researchers noted that fibrotic capsules form around implanted materials
within a relatively short period of time, and that these fibrotic capsules could
then be used as autologous grafts without having to take functional tissues
from other areas’'". This technique of harnessing the FBR to implanted
materials has specifically been used to develop autogenous vascular grafts.
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Scientists implanted rods within the subcutaneous space or thoracic cavity
to generate tissue capsules for use as autologous vascular grafts, or hemo-
dialysis ports, primarily in patients who do not have saphenous veins
available for use. Sparks and his colleagues were responsible for much of the
early work within this area, developing a tissue die consisting of an outer
tubular shell and an inner mandril, with a knitted Dacron tube loaded
between these two layers to help reinforce the fibrotic capsule that was
expected to form. This allowed for the growth of a tubular fibrotic graft of
prespecified dimensions to be grown with one’s own cells, and then trans-
planted within a few weeks to the graft site with little to no observed immune
response””'*'*. While these early autologous grafts had high rates of
complications in patients (namely aneurysm formation and rupture)'”'”,
this work pioneered the harnessing of the FBR to make autologous vascular
graftslo‘)fl 12.

In more recent years, significant improvements have been made in
engineering the FBR to achieve the desired tissue properties needed for these
autologous vascular grafts to be successful. Briefly, Rothuizen et al. engi-
neered polymer rods by altering the ratios of polymers used to fabricate
these rods, as well as testing an array of surface modifications to elicit a
controlled inflammatory response that yielded a fibrotic capsule of desired
cell composition (dominated by myofibroblasts) and thickness (generally
thicker capsules were considered superior due to their improved
durability)'”. These engineered co-polymer (poly(ethylene oxide
terephthalate)-poly(butylene terephthalate)) rods were implanted sub-
cutaneously in a porcine model to elicit a fibrocellular capsule with adequate
mechanical strength and burst pressure, and were shown to differentiate
towards a vascular phenotype after being integrated as autologous carotid
artery interposition grafts'"". Interestingly, Bezhaeva et al. also studied this
technique within a chronic kidney disease model (the most common disease
for hemodialysis patients), wherein they showed the importance of the
macrophage-to-myofibroblast differentiation pathway and the contribution
of both functional bone-marrow-derived and tissue-resident cells to the
formation of a tissue capsule around foreign bodies'"”. Work in this area is
ongoing, with investigations into the remodeling capacity of these tissue-
engineered vascular grafts'’, the synthetic reinforcement of these grafts to
improve mechanical characteristics'”’, and further engineering of the
implanted foreign materials to optimize the resultant autologous vascular
grafts] 18,1 19.

FBR-derived autogenous grafts have shown such promise that a group
has worked towards the commercialization of these materials, having coined
the term “Biotubes” for their silicone rod-based vascular graft system'*"'*
(Fig. 5A-D). Notably, these Biotubes have shown success in the clinic,
having performed well as an autologous vascular graft in a first clinical
application in a pediatric patient for seven months post-implantation'*.
There is ongoing research to continue to improve the Biotube technology,
specifically allowing for the creation of longer vascular grafts that can be
used for below-knee bypass surgery'”'?. Since then, additional first-in-
human tests have yielded positive results in a distal bypass application for a
patient with chronic ischemia of the leg**'*’, suggesting that this technology
might soon become more widely adopted in the clinic.

For more details on the successes and failures of autologous vascular
grafts, see recent reviews'""*,

Fibrotic capsules for anchoring implanted materials

The FBR has also been leveraged to form a fibrotic capsule that can sub-
sequently be used to hold grafted material in place. This type of approach is
most commonly used for treating large bone defects and is referred to as the
Masquelet, or induced membrane, technique. Briefly, polymethyl metha-
crylate cement spacers are placed into the bone defect area and are removed
after several weeks once a fibrotic capsule has had time to form around the
spacers. The spacers are then replaced with a bone graft, and the capsule
from the FBR helps to hold the bone graft in place, prevents rapid resorption,
and promotes vascularization of the graft'” (Fig. 5E—F). While the fibrotic
capsule generated from the FBR can yield a hypoxic environment due to its
dense ECM composition, the Masquelet technique yields a highly

vascularized membrane that secretes vascular endothelial growth factor at 2-
and 4-week timepoints'. This discrepancy in anticipated vs clinically
observed capsule vascularization might be partially attributed to the rela-
tively early timepoints at which the cement spacers are removed, where
vascular remodeling that might otherwise result in an avascular capsule has
not yet occurred. This clinically used technique demonstrates the utility of
leveraging the FBR to materials for a positive outcome'””. As this is one of the
preferred methods worldwide for critical bone defect reconstruction”,
there has been much work done to continue to advance this approach, and
additional information on this technique and its associated advancements is
avaﬂablel3(7,l37,l39f|50.

Similar in concept to the Masquelet technique is an approach to
improving the transplantation survival of pancreatic islets by harnessing the
FBR. The low survival of islet cells post-transplantation due to lack of
vascularization and the invasive nature of alternative transplant procedures
into the liver presents a large challenge for islet graft-mediated treatment of
diabetes. To combat this, researchers have studied the use of the FBR to
create a pre-vascularized, subcutaneous pocket that can act as a synthetic
pancreatic environment for the improved survival, monitoring, and access
to implanted islets. Briefly, a biomaterial scaffold was implanted sub-
cutaneously, left in the subcutaneous space for long enough to form a
vascularized fibrotic capsule around the material, and then the material was
removed and islet cells were inserted in the fibrotic pocket that had formed.
Multiple groups have shown preliminary results demonstrating increased
islet survival and improved glycemic control in the groups using the FBR-
pocket technique as compared to implantation into an unmodified sub-
cutaneous space when tested in small animal models"'"'*. While fibrotic
capsule formation is still considered a hurdle to delivering encapsulated
cells, a clinical trial to test the safety and efficacy of leveraging a vascularized
foreign body capsule to anchor islets is currently ongoing
(NCT03513939)"*". Of note, this technique has additionally shown pre-
liminary success in the application of forming a prevascularized tissue space
for the successful transplantation of hair follicle-associated cells and sub-
sequent regeneration of hair'”, indicating that this technique might be
relevant to other transplant applications.

The FBR has been harnessed in other applications for the improved
integration or anchoring of medical devices. Whereas the FBR to implanted
medical devices typically results in the surrounding of these implants with a
dense, avascular capsule, work has been done to modify the surface of
implants to drive a more favorable and tunable FBR. One study showed that
depositing coatings on soft tissue implants to create tunable macro-scale
pores on these surfaces allowed for the modulation of the FBR to these
implants towards more favorable outcomes. They specifically noted that the
dimensions of these macropores correlated with the degree of tissue inte-
gration, capsule characteristics, and angiogenesis around the implant'.
Another group was aiming to improve methods for attaching a robotic
cardiac compression sleeve to the external surface of the heart. They found
that using a mesh-based sleeve allowed for the FBR to yield ingrowth of
fibrous tissue into the pores of the material, thereby better integrating it with
and anchoring it to the native cardiac tissue as compared to a non-porous
material'”.

Leveraging the FBR to prevascularize acellular bioma-
terial constructs

Inadequate or non-functional vascularization of biomaterial constructs is a
limiting factor in tissue engineering, because this leads to inadequate
nutrient and oxygen supply to these areas'*. An approach to ameliorate this
issue is to harness the FBR to help bring cells to the site of the construct and
allow them to infiltrate the material, which has been shown to lead to the
prevascularization of these constructs'”. Although the FBR is often viewed
as a hindrance to functional vascular tissue in the peri-implant space due to
inflammatory effects on vascular integrity and diffusion limitations
imparted by the fibrotic capsule, with the right signals and approach, the
FBR can be used to enhance aspects of biomaterial vascularization. In this
section of the review, we will focus explicitly on acellular biomaterial
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Fig. 5 | Leveraging the FBR for vascular and bone tissue engineering applications.
Macroscopic photos showing the silicone rod-based implant (A) and the harvested
Biotube 2 months post-implantation in the dorsal subcutaneous pouch of a rabbit
(B). The Biotube was then implanted in a rabbit carotid artery (C) and harvested and
imaged after 12 weeks (D). A schematic showing the process of the Masquelet
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technique (E). A Histology and Eosin (H&E) section of an induced membrane
formed in response to implanted PMMA spacers in an ovine critical-sized bone
defect model (F). All portions of this figure have either been republished with
permission from the prior publisher'”', under the Creative Commons Attribution

License’”, or from a modified Biorender template”’.

constructs and the associated FBR rather than the complex signaling cas-
cades involved in the introduction of cellularized biomaterial constructs;
however, there have been many studies applying these techniques to cell-
containing materials. Three main techniques have gained traction to pre-
vascularize acellular biomaterial constructs via the FBR: angiogenic
ingrowth, the flap technique, and the AV loop technique'®~'®.

Angiogenic ingrowth

The angiogenic ingrowth technique directly harnesses the FBR as a means
for prevascularizing the construct in situ, using natural responses to create a
sort of bioreactor environment'® (Fig. 6A). A biomaterial scaffold is
implanted (ideally in a location that is well vascularized and easily accessible,
such as subcutaneously'®’ or in a muscle pouch'*"), the FBR is elicited against
this new material, and cells flood the area. This results in an angiogenic tissue
response wherein microvessels begin to grow into the scaffold from the
surrounding vasculature. After sufficient vascularization has formed within

the scaffold, the material can be excised and transferred to the desired end
location with little donor site tissue morbidity'®’. Notably, this technique
does rely heavily on random inosculation between the preformed micro-
vessels within the construct and the host vasculature at the transplant site,
which does not occur immediately post-transplantation. Work has been
done to accelerate this random interconnection of material and host
microvessels, primarily using short-term in vitro culture of the pre-
vascularized constructs prior to transplantation'**'"”. Despite these advan-
ces, this technique will likely never yield immediate perfusion of the scaffold
microvasculature post-transplant, so alternative in situ vascularization
techniques that allow for the immediate surgical anastomosis of the scaffold
construct have gained more traction.

Flap technique
The flap technique is an extension of the angiogenic ingrowth technique,
wherein a scaffold construct is implanted into a muscle flap to allow for the
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Fig. 6 | Schematic outlining the three in situ prevascularization approaches,
which, in part, leverage the FBR to attract cells and encourage vasculature to form
within an implanted scaffold material. These approaches are angiogenic ingrowth
(A), the flap technique (B), and the AV-loop technique (C). Vasculature is repre-
sented in red (A, B). Veins are represented in dark blue and arteries are represented
in red (C). Implanted materials are shown in gray, local tissue in orange, trans-
plantation to the final defect site in light blue, and host vasculature at the final defect
site in green (A-C). This figure has been adapted from a previously published figure
with permission'®.

ingrowth of microvasculature from the surrounding muscle area into the
biomaterial (Fig. 6B). Post-angiogenic ingrowth, the entire flap construct
(muscle and embedded scaffold) is excised and transplanted to the site of the
tissue defect where the major vasculature from the transplant can be sur-
gically connected to the host vasculature at the implant site'**'*""”". A major
downside to this technique is that it causes significant tissue loss at the site of
the muscle flap, but, conversely to the pure angiogenic ingrowth technique,
it allows for immediate anastomosis and reperfusion of the scaffold post-
transplantation. This technique saw its first successful clinical application in
2004 for the reconstruction of a large mandibular defect”>'”, but still
requires further advancements for wide clinical adoption of this method.

AV-loop technique

In 1980, it was discovered that an arteriovenous (AV) fistula could be
surgically formed by connecting an artery and a vein in the shape of a loop
and that vasculature would spontaneously sprout out of this loop
structure'”’. Using this knowledge, researchers found that material con-
structs placed within this AV-loop would become prevascularized'” (Fig.
6C). While the prevascularization occurring from this technique cannot be
attributed solely to the FBR, the FBR plays a role as it does in the other
angiogenic ingrowth techniques discussed above, as evidenced by varied
materials altering the degree of vascularity (described below). Interestingly,
this method has been used to fabricate vascularized mature fibrous tissues
using only a cylindrical plastic growth chamber to house the AV-loop (not
requiring any additional scaffold material within the growth chamber),
further suggesting the involvement of the FBR for the success of this
technique'”®. This AV-loop approach has continued to be applied to the
tissue engineering space because of its ability to form prevascularized
scaffolds that can be transplanted and surgically anastomosed at the location
of interest, as well as not leading to extensive morbidity at the donor
site”®*'"7"7 A variety of scaffold materials have been assessed using the
AV-loop technique, demonstrating the impact of the type of material being
implanted on the vascularization and tissue formation within the AV-
loop'””"**2. One study observed that poly(lactic-co-glycolic acid) (PLG or
PLGA) scaffolds produced the largest amount of new tissue and

vascularization, followed by Matrigel and then fibrin scaffolds””. Other
studies saw positive tissue ingrowth and vascularization results when using a
fibrin-immobilized vascular endothelial growth factor and basic fibroblast
growth factor scaffold'™ or a processed bovine cancellous bone-based
scaffold'®”. Though prevascularizing constructs within an AV-loop model to
then be excised and transplanted to a different location is not associated with
high donor site morbidity'”’, there have been attempts to fabricate this AV-
loop at the desired defect site, which would eliminate any donor morbidity
as well as the need for multiple surgeries®. In addition to altering the
material type used, the incorporation of cells into these scaffold constructs
has been investigated. One group found that mesenchymal stem cells would
undergo myogenic differentiation over the course of 8 weeks in an axially
vascularized AV loop model'*, demonstrating the potential of this techni-
que to be used in regenerative medicine approaches. Over the last two
decades, the AV loop approach has shown success both in large animal
models'*™""" and, more recently, in the clinic'””. Together, each of the pre-
vascularization techniques discussed above demonstrates the utility in
harnessing the FBR to overcome the hurdle of biomaterial vascularization
and fabricate more functional tissue engineering constructs'®.

Harnessing the FBR for in situ tissue engineering

While much of the early work in domesticating the FBR was focused on
creating functional structures, more recent work has pivoted to focus on
biomolecular utility. As our knowledge around the complex interplay
between cells and materials continues to grow, studies have transitioned
away from simply trying to minimize fibrotic capsule formation and
towards the creation of a seamless tissue-biomaterial interface that might
favor integration of the biomaterial with surrounding tissue'”’. Following
this thought process, many groups have used the FBR to aid in tissue
formation within a scaffold construct for in situ tissue engineering. Much of
the in situ tissue engineering field is framed in a very engineering-focused
manner (i.e., identifying a defect that needs to be addressed and engineering
the best possible material or solution to fill this void). Although precise
engineering of material properties is critical, the host response to these
implants is also a key component of their success. The FBR to these
implanted scaffold constructs enables scaffold remodeling and tissue for-
mation within and around the materials'*. There are many other variables at
play aside from the FBR, and assessing the exact contributions of the FBR is
difficult. While many of the papers discussed within this subsection are not
explicitly studing the FBR, any implanted material will experience some
form of FBR which likely contributes to the outcome. Exemplifying this,
studies have shown that the recruitment of host monocytes, which are
directly involved in the FBR, plays a pivotal role in the inflammation-
mediated remodeling of scaffolds seeded with bone marrow mononuclear
cells (BMCs) into a successful tissue engineering graft'™*'”*. While we will
continue to focus on cell-free scaffolds herein, it is important to note that
many studies have used scaffolds seeded with stem cells for in situ tissue
engineering purposes. Interestingly, one of the large benefits of integrated
stem cells is that they provide immunomodulatory cues for FBR
modulation"*"*. Studies investigating scaffolds seeded with stem cells for
in situ tissue engineering applications have shown promise and moved into
first-in-human studies in recent years (NCT04467671, a clinical trial eval-
uating the use of a BMC-seeded tissue-engineered vascular graft)'” ",

Hernia repair

Despite hernia repair surgery being one of the most commonly performed
surgical procedures worldwide’”, rates of intraoperative and postoperative
complications remain high*”. Hernia repair surgeries almost always feature
the inclusion of a surgical mesh, most commonly polypropylene, over the
weakened muscle with the intention of reinforcing the area. However, these
classical meshes do not encourage the regrowth of functional tissue and
frequently cause post-surgical adhesions to the surrounding area”***. To
remedy these drawbacks, groups have attempted to leverage tissue engi-
neering strategies and the FBR to move towards a more pro-regenerative
response, as demonstrated by increased tissue regeneration. One attempt to
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improve this mesh resulted in the development of a polypropylene-based
3D multilamellar mesh, ProFlor, that undergoes a more pro-regenerative
response to yield higher levels of tissue regeneration than the classical flat
hernia meshes. This regenerative difference is thought to be at least partially
attributed to the complex “flower” geometry of ProFlor that allows for the
mesh to mimic the biomechanics and cyclic loading of the groin area and
might encourage improved tissue ingrowth. Interestingly, cyclic loading of
macrophage-loaded scaffolds has previously been shown to polarize mac-
rophages towards a more M2-like state’”, which, while not studied in the
ProFlor mesh yet, could be a contributing factor in the success of these
scaffolds. Additionally, FBGCs were observed within these meshes at a
1-month timepoint™”, indicating that the FBR may have had a role in the
outcomes observed. This technology has even been shown efficacious in
initial clinical trials (NCT04718298), seemingly decreasing complications
and postoperative pain and discomfort™**"”. Pelvic organ prolapse, a type of
hernia, is also a major healthcare issue that negatively affects over 11% of
women, with the usage of synthetic hernia meshes resulting in high rates of
complications for patients. To meet this need, Hympanova et al. developed
electrospun polycaprolactone (PCL) mesh scaffolds modified with
ureidopyrimidinone-motifs™®. This mesh has shown initial promise in a
small animal model of surgical reinforcement of a primary musculofascial
repair, demonstrating a similar level of compliance to native tissues after
being implanted for 42 days. It was observed that there was a higher number
of FBGCs around these electrospun meshes as compared to polypropylene
implants and a much higher number of M1 macrophages at the site of the
polypropylene implants, potentially indicating that these electrospun
meshes modulated the FBR. The incorporation of stem cells into scaffolds
for similar applications has also been investigated, with studies hoping to
explore potential modulation of the FBR caused by the incorporation of
these cells. Interestingly, multiple studies found the incorporation of these
stem cells to have no significant effect on the early stages of the host response
to these cell-containing constructs’*"".

Musculoskeletal tissue engineering

The repair of skeletal tissues has been a promising area of biological tissue
repair for decades and has a plethora of exciting applications™'. Within this
space, one such area of promise is tendon repair via in situ tissue engi-
neering. Li et al. developed a method for tissue repair specifically intended to
stimulate the host’s remodeling abilities (Fig. 7). They first engineered a
PCL-based scaffold with aligned microchannels and implanted this scaffold
subcutaneously in rats to allow cells to infiltrate the scaffold. They subse-
quently explanted the scaffold, removed the PCL template, and decellular-
ized the scaffold material, leaving behind an autologous ECM scaffold with
highly aligned microchannels. This ECM-based scaffold was then surgically
placed in a rat Achilles tendon defect, and promoted promising regeneration
of a neo-tendon’". Another area of interest within the skeletal tissue field is
bone tissue engineering. Briefly, one group developed an electrospun
nanofibrous PCL scaffold functionalized with hydroxyapatite particles for
use in in situ bone engineering. They placed this scaffold construct in a
calvarial bone defect in a mouse model and saw recruitment of host cells
from the bone marrow to the site of the scaffold, resulting in enhanced bone
tissue regeneration at the site of the defect’”’. While this study did not
explicitly study the role of the FBR on this outcome, it is likely that the
inflammatory nature of the FBR that these implanted foreign materials
experienced had some impact on the recruitment of cells to the site of this
scaffold. Another method used to try to modulate the FBR is via the
inclusion of cells in implanted materials. One group found that the inclusion
of bone marrow mesenchymal stem cells in scaffold constructs resulted in
increased M2-like macrophage polarization®", likely indicating that the
inclusion of these cells played a role in modulating the FBR.

Other advancements in the in situ tissue engineering field

In addition to advancements in the tissue engineering field intended for a
specific application, there is work developing scaffolds with instructive
niches for more oriented tissue regeneration in situ, which might have

applications across many different areas of tissue engineering and regen-
erative medicine. Similar to the approach developed by Li et al. discussed
above, another group engineered ECM-based scaffolds that contain parallel
microchannels which are implanted subcutaneously, and then explanted for
template removal and decellularization. This decellularized autologous
scaffold construct can then be used to guide structured tissue regeneration
when placed at the defect site, which they demonstrated in the applications
of nerve, artery, and muscle regenera‘cion215 . For further reading, see reviews
discussing in situ tissue engineering in depth'**'***,

Harnessing the FBR as a cell attractant mechanism
Previous sections have demonstrated the utility of harnessing the FBR to
bring cells to a specific site of interest, primarily for use in tissue engineering
applications, many of which have served a structural role. Conversely, this
idea of utilizing implanted materials as a method to attract cells to a pre-
defined location has more recently been harnessed to provide cellular and
molecular insight for better studying or ameliorating disease burden'***'**.
Building upon these concepts, this section will focus on approaches that use
the FBR to recruit cells to a localized site to better study or treat disease
(Table 1).

Disease diagnosis and pathophysiology

The idea that the FBR changes with disease state has been harnessed for
monitoring disease development and progression, including in auto-
immunity. For example, porous PCL-based scaffolds were implanted sub-
cutaneously to act as an immunological niche in the experimental
autoimmune encephalomyelitis (EAE) mouse model of multiple sclerosis
(MS). The FBR recruited immune and stromal cells into the highly porous
implant, allowing for the minimally invasive biopsy and analysis of these
scaffolds to glean information about the state of the immune system.
Implanted scaffolds were used to diagnose disease at presymptomatic time
points and showed promise in allowing for the rapid assessment of treat-
ment efficacy’””’. Our group has investigated using the FBR to assess
molecular mechanisms of disease. Harnessing the FBR as a source of
inflamed tissue in disease models enabled single cell RNA sequencing
(scRNAseq) studies to monitor dynamics of cell phenotypes and cell-cell
communication in disease without the need for biopsy of vital tissue.
Insights from this approach were used to develop a novel nanoparticle-
based therapeutic for MS that simultaneously delivered antigen and targeted
dysregulated chemokine signaling™’. Similar work has also been done in the
context of diabetes, wherein subcutaneously implanted scaffolds were used
as an immunological niche in a mouse model of type 1 diabetes (T1D).
Biopsy of these scaffolds and analysis of the cells captured within them were
able to successfully delineate healthy mice from diseased mice, providing a
potential platform for better diagnosis and further study of TID**. Also in
the context of diabetes, Thelin et al. harnessed the FBR to recruit antigen-
presenting cells to an implanted scaffold adsorbed with antigen, allowing the
scaffold to enrich T cells reactive to the loaded antigen. This system was
applied to a diabetes model, wherein it was shown that antigen-loaded
scaffolds successfully enriched autoreactive T cells in vivo, allowing for the
subsequent harvesting and study of these rare, disease-relevant T cells™*.
Finally, a similar biomaterial niche has been used for the study of organ
rejection. This subcutaneously implanted biomaterial scaffold allowed for
the minimally invasive study of the body’s immune state longitudinally and
was able to reliably predict acute rejection of organ allografts in mice’”. The
wide array of use cases discussed here demonstrates the utility of FBR-
induced cell recruitment to implanted biomaterial scaffolds for applications
in the study and diagnosis of diseases, particularly those of immune
dysfunction.

The notion of using scaffolds as a cell attractant mechanism has also
been applied to the diagnosis and study of cancer through harnessing
scaffolds that are able to recruit both immune and tumor cells post-
implantation. This field of research has largely focused on two related
avenues of analyzing either captured tumor cells”® or immune cells”’. In
2015, Azarin et al. subcutaneously implanted PLG-based microporous
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Fig. 7 | The engineering of decellularized autologous extracellular matrix (@aECM)
scaffolds. A highly aligned PCL template was implanted subcutaneously and
allowed to be infiltrated with cells and remodeled in vivo prior to explantation. The
PCL template was then removed, and the remaining material was decellularized to
leave behind an aECM scaffold with highly aligned microchannels. This aECM
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scaffold was then used as an autologous scaffold transplantation into a rat Achilles
tendon defect, yielding promising tissue remodeling and regeneration in vivo (A).
The gross morphology (B) and H&E staining of sections of the aECM (C) are shown
at 2 weeks, 4 weeks, and 12 weeks post-implantation, with native tendon as a

reference. This figure has been republished with permission®"’.

scaffolds in a mouse model of breast cancer to recruit metastatic cancer cells.
The authors hypothesized that due to the FBR, the scaffolds would become
infiltrated with immune cells, which could condition the site to enable
invasion of metastatic cells. Thus, they referred to the implants as metastatic
niches. Implanted scaffolds captured high levels of metastatic cells in vivo,
allowing for the early detection and further study of metastatic cancer’.
This work has continued to be improved and expanded since then,
improving the stability of the scaffolds by fabricating them out of PCL**,
coating the scaffolds in ECM proteins to increase tumor cell
accumulation™, and further studying the tumor cells recruited to the
metastatic niches and how these implanted scaffolds affect the fate and
activities of tumor cells”**"'. More recently, these metastatic niches have
been used to provide insights into disease progression and therapeutic

outcomes™>*”, identify specific cell populations that are indicative of

systemic immune changes driven by different cancer types™*”, and even

probe mechanisms of resistance to the clinically used immune checkpoint
blockade therapies™. These studies have yielded vital insights into cancer
diagnosis, progression, and treatment, as well as continuing to develop an
exciting framework that might continue to be applied to other disease
models (Fig. 8).

Biomaterial implants also provide a platform for testing different
parameters that may influence tumor cells at the scaffold site, including the
ECM they encounter upon arrival. One of the important parameters deter-
mined to influence the biology of the pre-metastatic niches are focal altera-
tions in the ECM. To synthetically control the expression of ECM at distal
sites, polymer implants, like those that were discussed to capture disease-
relevant immune cells, were coated with fibronectin and collagen IV proteins
prior to implantation””. Additionally, diseased organs were screened for
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Table 1 | Studies that have leveraged the inflammatory nature of the FBR to recruit immune cells, as well as, in certain cases,
cancerous cells, to a predetermined scaffold site for the study or treatment of disease.

Harnessing the FBR as a cell attractant mechanism

Material Disease model Primary purpose Citation
number

Alginate-based azide-conjugated hydrogel as a refillable Triple negative breast cancer Treatment of post-resection 263

prodrug depot cancer recurrence

Antigen-loaded PLG scaffolds Hindleg ischemia Treatment of the ischemic area 244

Decellularized porcine lung, chitosan/gelatin, and poly-L-lactic acid Breast cancer Developing a 3D in vitro 235

scaffolds tumor model

Degradable porous hyaluronic acid (HA)-based scaffolds loaded with  4T1 breast cancer Treatment of disease 262

therapeutic cues

Mesoporous silica rod (MSR)-based scaffolds loaded with vaccine Lymphoma Increase vaccine efficacy 246

Microporous collagen scaffold conjugated with the autoantigen Experimental autoimmune Prevention of disease 245

proteolipid protein (PLP) encephalomyelitis (EAE)

PCL, chitosan, and montmorillonite clay-based porous drug-eluting ~ Breast cancer Treatment of disease 264

scaffold

Porous alginate hydrogels loaded with granulocyte-macrophage Healthy mice Enrichment of dendritic cells 247

colony-stimulating factor (GM-CSF) in vivo

Porous PCL scaffolds Metastatic breast cancer Early detection and monitoringof 224
metastasis

Porous PCL scaffolds Metastatic pancreatic cancer Study of disease 232

Porous PCL scaffolds Type 1 Diabetes (T1D) Disease diagnosis 221

Porous PCL scaffolds EAE Disease diagnosis and treatment 219
monitoring

Porous PCL scaffolds Metastatic breast cancer Disease monitoring 230

Porous PCL scaffolds Triple negative breast cancer Study of disease and 234
therapeutics

Porous PCL scaffolds Metastatic breast cancer Early detection and reduction of 227
metastasis

Porous PCL scaffolds Acute cellular allograft rejection Early prediction of transplant 223
rejection

Porous PCL scaffolds Metastatic breast cancer Study of disease 233

Porous PCL scaffolds loaded with ECM Metastatic breast cancer Study of disease 228

Porous PCL scaffolds and antigen-loaded nanoparticles EAE Study and treatment of disease 220

Porous PLG scaffolds Metastatic breast cancer Study and treatment of disease 229

Porous PLG scaffolds Metastatic breast cancer Early detection of metastasis 226

Porous PLG scaffolds loaded with GM-CSF, danger signals, and Melanoma Treatment of disease 249

cancer antigens

Porous PLG scaffolds with melanoma tumor lysates and GM-CSF Melanoma Treatment of disease 248

and/or PEI-CpG-rich oligonucleotides (PEI-CpG-ODN)

Porous PLG scaffolds loaded with antigen T1D Study of disease 222

Supported lipid bilayers (SLBs) formed on MSR-based scaffolds Lymphoma Treatment of disease 261

Type | collagen-coated inverted colloidal crystal hydrogel scaffolds Metastatic prostate cancer Study of disease 237

Urinary bladder matrix scaffold Melanoma, colon carcinoma, and breast ~ Treatment of disease 236

cancer
Vaccine-loaded polymer-nanoparticle (PNP) hydrogels Healthy mice (model OVA and TLR3 Increase vaccine efficacy 250
vaccine)

Vaccine-loaded PNP hydrogels Healthy mice (influenza vaccine) Increase vaccine efficacy 251

Vaccine-loaded PNP hydrogels Healthy mice (COVID-19 vaccine) Increase vaccine efficacy 252

Vaccine-loaded PNP hydrogels Healthy mice (COVID-19 vaccine) Increase vaccine efficacy 253

Vaccine-loaded PNP hydrogels Healthy mice (rabies vaccine) Minimize the number of vaccine 254

doses needed

metastasis-associated factors, which informed the development of a myelo-
peroxidase coating. Each of these coatings increased the trafficking of tumor
cells to the implants, demonstrating the importance of ECM proteins for the
recruitment of tumor cells to a predetermined site. Interestingly, the addition
of these proteins did not alter the immune cell distribution recruited to the
scaffold sites. More recent studies from Li et al. expanded these efforts to focus

on differences in 2D vs 3D microenvironments’”, finding that 3D in vitro
tumor models can better recapitulate the in vivo tumor microenvironment. In
relation to the primary tumor, Wolfet al. presented recent work using tailored
ECMs to study the growth and gene expression kinetics of primary tumor
development™. This mix-and-match approach to manipulating the micro-
environment and tumor cells demonstrated an ability to alter infiltrating
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Fig. 8 | In conjunction with the current clinical standards and newly emerging
clinical technologies, engineered diagnostic sites should be leveraged as a method to
provide unique information over time for the better diagnosis, monitoring, and
treatment of cancer. Current clinically used testing methods (A) and emerging
clinical technologies (B) are highlighted as ways to initially diagnose cancer, with

Y
Longitudinal monitoring

engineered scaffold-based diagnostic sites (C) as a potential manner of longitudinal
monitoring. Integrating these technologies together might allow for more com-
prehensive cancer diagnosis and monitoring moving forward (D). This figure has
been republished with permission””.

immune phenotypes based on insights gleaned from biomaterial-tissue
interaction research. Importantly, the results demonstrate that the FBR is
progressively altered as a function of disease.

While not explicitly a diagnostic or therapeutic approach, one notable
concept that has gained momentum is the use of humanized models for the
improvement of therapeutics. A version of these models has recently been
used for the modeling of disseminated tumor cells””. Scaffolds were pre-
seeded with human stromal and immune cells prior to implantation into a
mouse model of a tumor xenograft. These scaffolds were found to recruit
circulating human tumor cells, providing a platform for the study of post-
dissemination phase tumor microenvironments. Additionally, 3D model
systems have been developed to better recapitulate tumors in vitro with the
goal of personalizing immunotherapies to improve cancer treatment
outcomes™*. Collectively, these examples using humanized and 3D models
demonstrate the wide variety of approaches that are being employed to
leverage the interactions of implanted materials to improve cancer diag-
nostics and treatments.

Clinical trials have begun using implanted scaffolds to capture meta-
static cells for monitoring disease progression (NCT03085238, completed
2019). While this initial clinical trial did not meet the preset criteria for safety
or performance, some of these complications were attributed at least par-
tially to the surgical complexity of this study**, and therefore might still be a
valuable reference moving forward in this field. Additional reviews with
information regarding using scaffolds as a premetastatic niche to capture
cancer cells or provide a personalized medicine approach to cancer ther-
apeutics can be found elsewhere™* %,

Disease prevention and treatment

Building upon the work discussed above that has studied diseases and
therapeutic approaches, researchers have looked to harness the attributes of
the FBR to directly treat diseases. Using a similar technique to the in vivo
enrichment of T cells discussed previously”, Kwee et al. developed an
antigen-releasing scaffold that had the capability of locally recruiting and
concentrating T2 T cells for enhanced vascularization of ischemic tissues,
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presenting a novel possibility for the treatment of ischemic diseases™*’. This
approach has additionally been applied to the treatment of autoimmune
diseases, wherein antigen-specific immune decoys were developed that were
intended to mimic tissues that are targeted in autoimmune diseases. Using
these decoy scaffolds as a distraction mechanism to selectively intercept
autoimmune cells that would otherwise cause damage elsewhere, the sub-
cutaneously implanted scaffolds were seen to result in autoimmune cell
sequestration and exhaustion in an EAE mouse model, thus successfully
preventing autoimmune disease onset™’.

As mentioned previously, porous polymer-based scaffolds were able to
successfully diagnose and further study cancer in mouse models. Interest-
ingly, due to the early recruitment of tumor cells to the site of the sub-
cutaneously implanted scaffolds, these scaffolds significantly reduced
disease burden and enhanced survival as compared to the groups that did
not receive scaffold implants”**”. Additionally, expanding antigen-
delivering scaffolds for T cell engagement into cancer treatment™, it was
hypothesized that this technique might lend itself as a potential way to use
biomaterials to expand CAR-T cells in situ for the improved treatment of
cancer””’. Together, these studies show promise for the development of new
therapies leveraging the FBR to implanted materials for the recruitment, and
potential subsequent modulation, of cells at a defined location.

Bulk scaffold-induced FBR to increase vaccine efficacy

As has been highlighted throughout this review, foreign materials elicit a
FBR that results in the migration of cells, many of which are immune cells, to
the site of the implant. This localized inflammatory environment can be
used to modulate immune cells in situ with the goal of increasing vaccine
efficacy'”’. The research group of Dr. David Mooney has contributed
numerous findings to this area”*****.. In one such study, this group
designed mesoporous silica rods that would spontaneously assemble into a
bulk material post-injection, acting as a 3D microenvironment for the
recruitment of host immune cells. These scaffolds can be loaded with a
vaccine, allowing the recruited immune cells to be modulated in vivo at the
site of the scaffold before migrating out of the scaffold to further modulate
other immune cells, yielding an increase in vaccine efficacy as compared to
standard bolus administered vaccines™**. Similarly, an alginate-based mac-
roporous hydrogel was engineered that slowly released granulocyte-
macrophage colony-stimulating factor (GM-CSF) to further increase den-
dritic cell (DC) recruitment and modulation at the site of the scaffold. While
these scaffolds were not yet loaded with a vaccine, they showed high levels of
immature DCs recruited to the site of the scaffold, which is a promising
platform for future use as a materials-based vaccine delivery platform™’. In a
similar approach, the group developed porous PLG-based scaffolds loaded
with various combinations of an inflammatory cytokine, immune danger
signal, and tumor lysates to act as tumor-mimicking materials that effec-
tively worked as a cancer vaccine. They found that these scaffolds, when
implanted subcutaneously, successfully recruited and activated DCs in situ,
generating cytotoxic T cells against cancer cells that were able to mediate
tumor regression in a mouse model”**". This technology has moved into
stage I clinical trials for the treatment of metastatic melanoma
(NCT01753089), indicating promise for antigen-loaded material-based
therapies in the future™.

Dr. Eric Appel’s research group has also significantly contributed many
findings in this area®™ %, leveraging the development of a local inflam-
matory niche within a foreign material and extended subunit vaccine release
from scaffolds. Briefly, a polymer-based injectable hydrogel material was
developed that was able to deliver multiple distinct vaccine components
over extended periods. The local inflammatory environment, combined
with the sustained delivery of vaccine subunits, resulted in enhanced
humoral immunity as compared to standard bolus vaccine
immunizations™”. This system has further proven efficacious in a mouse
model testing the influenza vaccine’. More recently, this system has been
applied to the coronavirus disease (COVID-19) vaccine, showing that this
hydrogel-based slow release of a receptor-binding domain subunit vaccine
was able to elicit neutralizing antibody responses against SARS-CoV-2,

whereas bolus vaccines did not™". Interestingly, it was further shown that
using this prolonged release hydrogel system only a single immunization
was required to achieve broad and durable immunity, as opposed to the
multiple rounds of boosting required by the standard COVID-19 vaccine®.
Together, this work demonstrates that biomaterials-based strategies for
prolonged vaccine exposure might minimize the need for repeated vaccine
doses and complex immunization schedules that are often expensive and
challenging to maintain in under-resourced environments™.

Almost all clinically used anti-cancer therapeutics have the significant
drawbacks of needing to be delivered systemically, and consequently having
broad-spectrum toxicity to healthy host cells in addition to the targeted
cancer cells””. Implantable immunotherapies have been designed with this
limitation in mind, wherein these therapies are intended to localize
immunogenic cues to the specific site of the cancer cells’*. One of the most
prevalent uses of biomaterial implants in the cancer therapy space has been
the controlled release of therapeutics25 ° and more recently, the localization
of antigens and adjuvants to induce a specific immunogenic response
against tumors™*****', These immunotherapies have recently entered early-
stage clinical trials (NCT04062721—assessing local immunomodulation via
a thermoreversible hydrogel)***>. Recent designs for the development of
implantable cancer vaccines have relied on the attraction of innate immune
cells and delivered a milieu of costimulatory and informational cues™”. In
addition to the concept of implanting a scaffold with cues for a vaccine,
another common theme has been the incorporation of therapeutics in
implanted scaffolds that can be inserted into the surgical site following
resection of a primary tumor’***®, Within the space of bone metastases,
researchers have developed biomaterials that leverage the material-tissue
interaction to rebuild lost bone while also releasing anti-cancer compounds
to prevent tumor recurrence’®.

Of note, there has also been work focusing on the impact of a localized
FBR on distal aspects of cancer. One interesting report demonstrated that
the implantation of a polymer scaffold, free from any additional adjuvants,
altered the phenotype of macrophages in the primary tumor™”. This illus-
trates that while the FBR is generally thought of as a localized response to
introduced foreign bodies, it might be able to disrupt the kinetics of systemic
immunological diseases like cancer metastasis™' or otherwise be modulated
in response to disease or infection®”.

Additional details regarding leveraging biomaterials as local niches for
the modulation of immune cells in situ can be found elsewhere'”"*".

Conclusion and outlook

The FBR is a complex phenomenon that occurs when a foreign material is
introduced to the body, yielding an immune response that attempts to
dispose of or encapsulate the implanted material. Historically, the FBR has
been described as a negative outcome to the implantation of foreign
materials and thus a reaction that needed to be minimized as much as
possible to prevent the failure of implanted medical devices. Due to this, a
plethora of different methods for mitigating the FBR have been developed
throughout the years and continue to be studied today. Yet, the paradigm of
the FBR as a negative reaction has begun to be challenged as many different
technologies have emerged that harness the FBR as a useful tool.

The FBR has been consistently viewed as a deleterious response to
implanted materials, but in this review, we propose a rebrand. The FBR goes
well beyond the dogma of a static inflammatory response that simply walls
off a material. It is a dynamic process involving varied cells, signaling
molecules, and ECM deposition that can be harnessed for myriad appli-
cations. We propose that the FBR instead be thought of as a response that
can be tuned and leveraged, if desired. The FBR may at times still be a
consequence with no specific intention. However, the FBR could also be
utilized with the specific intention of enabling in situ tissue engineering, for
example. This will move the field past cause and further towards precision
control.

Highlighting studies that examine positive aspects of the FBR, this
review discusses work across in vivo tissue engineering, in situ tissue engi-
neering, and disease-ameliorating implants. The FBR has the potential to
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help provide solutions to many of medicine’s largest limitations, such as
providing an autologous and tunable tissue source, prevascularizing tissue
engineering constructs, and providing a minimally invasive way to collect
diagnostic information about the current state of the immune system.
Studies are just recently starting to unveil the interconnected relationship
between disease state, the FBR, and the types of materials being implanted.
The FBR remains an extremely powerful response to introduced foreign
bodies that will continue to be modified and leveraged as an invaluable tool
as the intricacies of this response continue to be unveiled.
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