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SUMMARY

Regenerative medicine promises to meet two of the most urgent needs of modern organ
transplantation, namely immunosuppression-free transplantation and an inexhaustible source of
organs. Ideally, bioengineered organs would be manufactured from a patient’s own biomaterials—
both cells and the supporting scaffolding materials in which cells would be embedded and allowed
to mature to eventually regenerate the organ in question. While some groups are focusing on the
feasibility of this approach, few are focusing on the immunogenicity of the scaffolds that are being
developed for organ bioengineering purposes. This review will succinctly discuss progress in the
understanding of immunological characteristics and behavior of different scaffolds currently under
development, with emphasis on the extracellular matrix scaffolds obtained decellularized animal
or human organs which seem to provide the ideal template for bioengineering purposes.
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Introduction

Regenerative medicine (RM), tissue engineering and organ bioengineering are terms used
interchangeably — yet erroneously —to indicate a field of health sciences that aims, among
other objectives, at manufacturing organs from patients’ own cells to replace their diseased
counterparts and restore function. When this technology reaches the bedside, organ
transplantation, as it is currently practiced, may become obsolete. In fact, it would enable
transplant providers to deliver custom made organs and allow organ-on-demand, whereby
patients suffering from end stage disease could receive a new functioning organ when
indicated without registering on a waiting list. Moreover, and very importantly, patients
could be immunosuppression-free because organs would be manufactured from their own
cells which the host immune system would recognize as “self” [1].

Organs, however, not only consist of cellular components, but also have an extracellular
compartment, which is fundamental for their well-being and ultimately their ability to
function [2]. Therefore, if we want to build organs, we must also manufacture that which is
referred to in RM jargon as supporting scaffolding materials. These scaffolds have become
quite popular in RM in the past few decades, during which extracellular matrix (ECM)-
based, as well as non-ECM-based (otherwise said, synthetic) scaffold technology has
advanced dramatically, leading to a variety of preclinical and clinical applications [3].
Despite their acellular nature and lack of HLA antigens, scaffolds are not immunologically
inert: an innate, foreign body-like immune response is activated immediately after
implantation. Interestingly, there is a wealth of data in the literature on the ability of the
immune system to mount a response against components of the ECM [4-6]. For example,
antibodies against critical ECM components like perlecan, fibronectin, collagen 1V and VI,
vimentin and agrin, can be detected in patients with chronic renal rejection [3].

The purpose of this review paper is to summarize the current knowledge on the
immunogenicity of the scaffolds that are currently being developed for organ bioengineering
purposes, with an emphasis on ECM scaffolds.

Utility of scaffolding materials

The rationale for utilizing scaffolds in organ bioengineering is that ECM innately serves as
the framework that allows the existence of multicellular organisms, by providing physical
support to cells, as well as all molecular and physical cues necessary for cells to live,
maintain viability and function [3]. Moreover, the ECM functions as reservoir of proteins
(cytokines and analogues) critical for the tissue’s welfare that are released or stored
depending on the tissue’s metabolic needs. Interestingly, the ECM retains [1,3,7] most of
these factors throughout decellularization, a process by which ECM scaffolds are generated.
This process, first described in the 60’s [1-3,7], aims to completely eliminate the cellular
compartment of tissues and organs, including its DNA and RNA content, and can nowadays
be successfully and consistently applied to virtually all mammal tissues and organs of
clinical interest [1,3,7]. Because cytokines and growth factors are retained, ECM scaffolds
are extremely bioactive. For example, when ECM scaffolds are implanted within the
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chorioallantoic membrane, a strong angiogenic response represented by the generation of
new capillaries around and above the scaffolds can be observed [1,3]. Moreover, innate
ECM can dictate a tissue-organ specific cell phenotype [7]. In fact, when progenitor cells are
seeded on ECM, they are induced to express genes specific to the ontogenesis of the organ
from which the ECM originated [2]. Finally, the ultrastructure of the ECM is tissue specific
and the molecules are arranged in way that is ideally suited for said tissue cell type [8].

Scaffolds can be manufactured de novo using synthetic or biological materials, or can be
obtained through the decellularization of human (allogeneic) or animal (xenogeneic) organs
(ECM-based). A variety of factors, including graft complexity, molecular fingerprint and
content, and type of graft can affect the host immune response to the graft [1].

Synthetic and natural scaffolds

“Biomaterial” is a term that describes synthetic or natural polymers, lipids, cells, and an
array of self-assembled structures, and refers to any substance that has been engineered to
interact with biological systems for a medical purpose - either a therapeutic (treat, augment,
repair or replace a tissue function of the body) or a diagnostic one. These biomaterials are
often used to build implantable scaffolds or devices [9,10], or to formulate nanoparticles or
microparticles that can be delivered or conjugated to cells ex vivo or in vivo[11].

In general, synthetic biomaterials trigger a foreign body reaction inducing the formation of
granulation tissue, in which neutrophils and macrophages are the predominant contributors
[12]. Surface characteristics of the biomaterial and its composition may affect the course and
the extent of the immune reaction. Flat and smooth surfaces generally lead to the formation
of fibrosis, whereas, implants with a rough surface, such as vascular prostheses, become
covered by a layer of macrophages and giant cells with variable amounts of granulation
tissue which can persist around the implant and potentially isolate it from the local tissue
[13].

The initial phase of foreign body reaction starts with the activation of the coagulation and
complement cascades which eventually leads to neutrophil infiltration, and, after 2-3 days,
macrophages. Subsequently, macrophages act as the main regulatory cells, activating
keratinocytes, fibroblasts, and endothelial cells [14,15]. Lymphocytes are the last cells
recruited, arriving in the late inflammatory period 72 hours after the onset of the foreign
body reaction. [13].

The final stage of tissue healing at the site of implantation is reparation, /.e. the proliferation
of connective tissue cells and the formation of a fibrous capsule, which isolates the implant;
or the regeneration of damaged tissue in which parenchymal cells are replaced to as they
were before the injury [15].

Virtually all synthetic implants induce such a response, to a different degree. The
immunogenicity of synthetic implants is also used to enhance immune response in cancer
therapy. Injection of nanoparticles coated with toll like receptor agonists results in enhanced
antitumor response [16]. On the other hand, hydrogels, plastics, polystyrene and gold, that
are commonly used to create synthetic biomaterials can also be manipulated to mitigate the
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host immune response. For example, these biomaterials can be coated with peptides
possessing immunomodulatory properties in order to reduce the intrinsic immunogenicity of
synthetic biomaterials [17].

Natural biomaterials composed of collagen, fibrinogen, hyaluronic acid,
glycosaminoglycans, hydroxyapatite, chitosan, silk, or starch, mimic ECM components and
may be less immunogenic. They can, however, also trigger an immune response, causing
monocytes to release interleukins (IL)-1B and IL-6 [18]. Therefore, alternative scaffold
materials are needed for the generation of fully functional bioengineered organs.

Scaffolds from Xenogenic and Allogeneic Organs

ECM-based scaffolds may be considered the ideal scaffolding material for the
bioengineering and regeneration of transplantable organs because they retain most of their
innate 3D architecture, molecular fingerprint and composition. Importantly, after
decellularization, the framework of the native vasculature is preserved which is critical for /n
vivo implantation and revascularization [1,3,7]. On the contrary, synthetic scaffolds cannot
reflect the complete array of native ECM components required for cell attachment,
expansion, viability, and function. Moreover, the extraordinary complexity of the innate
vasculature of complex organs has never been reproduced [1].

Xenogeneic scaffolds obtained from clinically relevant animal organs hold promise to
become the biomaterial of choice for organ bioengineering. In fact, bred animals — likely the
pig — may one day become the potentially inexhaustible source of organ scaffolds required
to achieve organ-on-demandtransplantation. Nevertheless, they also carry a risk of
immunogenicity like de novo biological biomaterials. Additionally, the intrinsic risk for
transmission of zoonosis remains debated. Pig tissues express several immunogenic proteins,
notably galactosylated cell surface glycoproteins originating from alpha 1,3
galactosyltransferase (a-gal) activity, that could plausibly prevent effective use of porcine
derived ECM scaffolds. In a recent study, Platz et al. demonstrated that decellularized ECM
scaffolds obtained from wild-type pig lungs contained 25% more residual proteins when
compared to their a-gal knock out counterpart [19]. Despite robust initial recellularization,
subsequent growth and proliferation observed in all cell types with no obvious differences
between cells seeded onto wild-type versus a-gal KO lungs, these findings certainly raise
concerns for clinical translation. A recent study on face subunit bioengineering, however,
showed that ECM scaffolds obtained from the porcine ear may be non-immunogenic [20]. In
fact, when implanted in discordant pigs, such scaffolds did not trigger any specific anti-
swine leukocyte antigen (SLA) humoral response, as demonstrated by a lack of donor-
specific antibodies. Interestingly, no humoral response was detected despite the few
scattered cells remaining in the cartilage. Moreover, these scaffolds did not induce any
inflammatory process, as evidenced by the absence of signs of inflammation in the site of
implantation and by a lack of remodeling within the scaffolds at time of euthanasia (one
month after implantation).

Researchers are also proposing the use of scaffolds obtained from the decellularization of
allogeneic organs [1,21-27]. In discussing the clinical translation of this technology, one
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could posit a scenario in which a patient in end stage renal failure needs a transplant. Here,
one of the patient’s native kidneys can be removed laparoscopically and processed to obtain
an acellular ECM-based scaffold that would be used as template to manufacture a custom-
made kidney. Because the cellular compartment of the new organ would be regenerated from
patient’s cells, the patient would receive an organ fabricated from his or her own
biomaterials which would arguably render immunosuppression after implantation
unnecessary. Nevertheless, as with porcine ECM scaffolds, initial protein content may not be
completely cleared at the end of decellularization. In the very first report of a transplanted
bioengineered trachea, a scaffold was obtained from the decellularization of a deceased
donor trachea [28]. Importantly, the scaffold was used despite the small amount of focal
MHC class Il expression seen in a few areas of the ECM scaffold. The impact of these
findings, however, is difficult to determine. In fact, the 5-year outcome of this milestone
surgery was marked by narrowing and collapse of the airway requiring stenting in which the
stent was replaced multiple times. Because the trachea was implanted without any vascular
pedicle and therefore without anastomosis to the bloodstream of the recipient, ischemia may
have played a critical role. Nevertheless, a chronic humoral response triggered by persistent
donor antigens cannot be discounted.

Overall, in both xenogeneic and allogeneic materials, the tissue remnants present after
decellularization may still provoke an innate immune response. For example, damage-
associated molecular pattern proteins (DAMPs) may still be present after decellularization.
These DAMPs are not only found in the native tissue, but are actively secreted during cell
necrosis and by macrophages that respond to the acute tissue injury. DAMPs, including
HMGB1, mediate a pro-inflammatory response by activation of TLRs on macrophages and
other innate immune cells®, which could result in rejection of the graft.

IMMUNE RESPONSE AGAINST XENOGENEIC AND ALLOGENEIC
SCAFFOLDS

A] Innate Immune Response

Implantation of acellular xenogeneic and allogeneic scaffolds in both humans and mice leads
to an acute cellular infiltrate, as would be expected with introduction of a foreign body [29].
The composition of cellular infiltrates varies depending on the source and processing of the
scaffold. Both neutrophilic and giant cell infiltrations have been seen after implantation of
porcine and human scaffolds into rats [30,31]. Mononuclear cells invade the peri-implant
space as early as at 24 hours of implantation and this process can continue for several
months leading to chronic inflammation and encapsulation or scar formation [32]. On the
other hand, when circulating monocytes are absent, normal remodeling of the ECM scaffold
does not occur, implying that mononuclear cells play an important role in the constructive
remodeling process [32].

Neutrophils—Neutrophils are polymorphonuclear lymphocytes produced daily by the
body in large quantities (1011 produced by the bone marrow each day) and reside mainly in
the circulation [33]. Although classically considered to be ‘only’ effector cells, neutrophils
interact with other cells, influencing, recruiting, and secreting signals for surrounding
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immune and humoral cells [34]. Neutrophils are highly capable phagocytes that release lytic
enzymes and reactive oxigen species (ROS) to clear pathogens [34,35]. Neutrophils also
exude a meshwork of chromatin fibers decorated with granule-derived antimicrobial
peptides and enzymes., such as neutrophil elastase and myeloperoxidase (MPQ), in a
process known as NETosis [36].

Within 24-48 h after implantation of a synthetic biomaterial or a decellularized organ,
neutrophils begin to infiltrate the material [12,37]. Neutrophils remain at the site of
implantation, invading the scaffold as the host response progresses [4]. In addition, they
begin the degradation process of the decellularized materials utilizing proteinase 3 (PR3)
and matrix metalloproteinases (MMPs) [38]. They also clear the implant of any pathogens
and release cytokines that modulate the subsequent responses to the implant. Although their
persistence in the implanted tissue is transient, neutrophils are crucial in shaping the immune
response.

Macrophages—Three to four days after implantation, the macrophage becomes the
dominant immune cell in the host response. There is no unanimously accepted nomenclature
for monocytes [39], but it is generally agreed that M1-like macrophage subtype has
proinflammatory effects in contrast to the M2-like subtype which can lead to tissue repair
[40]. M1s are known to be induced by IFN-y alone or in combination with LPS, TNF and
GM-CSF, while M2, macrophages are induced by a variety of signals including the
cytokines IL-4, IL-13, and IL-10, immune complexes, and glucocorticoids [41].

In general, decellularized scaffolds have been noted to induce macrophages towards an anti-
inflammatory state [42]. Although the mechanisms are not yet well understood, it is thought
that a transition from M1 phenotype to the anti-inflammatory M2 phenotype is important for
constructive tissue remodeling and prevention of scar tissue formation. Thus, modulation of
macrophages may contribute to improved outcomes in regenerative medicine.

Multiple studies have shown that transition from an M1 to an M2 phenotype occurs one to
two weeks after implantation of the biological scaffold [43-45]. In the case of suboptimal
decellularization, presence of cellular debris within the scaffold leads to an extended M1
type immune response, poor remodeling outcomes, encapsulation and scarring. Degradation
of the ECM scaffold appears necessary for the switch from an M1 to M2 phenotype, thus
implying that the breakdown products may be important for this transition. Further support
of the immunomodulatory capabilities of the ECM is found in studies which have
demonstrated that hydrogels composed of ECM bioscaffolds facilitate a transition to an M2
type response compared to the M1 response elicited in the absence of ECM [46]. These
protolerogenic effects of ECM also seem to extend to scaffolds obtained from diseased
organs. Petrosyan et al. [47] studied the effects of monocytes on different ECM in mice
including, acellular ECM scaffolds obtained from wild type kidneys as well as from kidneys
of mice affected by Alport syndrome at different time-points of disease progression. Results
showed that both healthy and diseased ECM scaffolds induce differentiation of macrophages
into reparative M2 macrophages, whereas artificial biomaterials favored differentiation into
the M1 phenotype. Therefore, even ECM scaffolds obtained from diseases organs offer a
more protoleroegnic profile compared to synthetic materials.
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B] Adaptive Immune Response

Despite the major role played by neutrophils and macrophages, other cellular and humoral
immune responses are likely to occur after implantation of acellular ECM scaffolds. Data
exist that show there is an attenuated T-helper 1 (Th1) cell-mediated immune response
against acellular ECM scaffolds compared to fresh tissue [45]. This effect could be driven
both by the absence of the cells, which can trigger the immune response, and by the
decellularization process which promotes anti-inflammatory and immunosuppressive effects
both /n vitroand in vivo. Evidence for the latter hypothesis is provided by animal studies
that demonstrate decellularized xenogeneic scaffolds inhibiting in vitro T-cell proliferation
and release of proinflammatory cytokines IL-2 and IFN-vy, while increasing production of
the inhibitory cytokine I1L-10. In vivo, transplant of allogeneic mouse cells seeded onto
decellularized rabbit muscle scaffolds in rats prolonged survival compared to donor cells
transplanted within poly(e-caprolactone) scaffolds [48]. The mechanisms by which
decellularized scaffolds modulate the host adaptive immune response remains to be
determined. One potential explanation is that the process of decellularization unmasks
certain surface peptides and molecules on the scaffold that modulate the immune response
[49-51], but the nature of such mediators is still unclear.

T Cells—T cells are broadly defined by the cell surface markers CD4 and CD8. CD4+ T
cells are activated by HLA class 1l molecules expressed on APCs. Functionally, CD4+ T
cells are usually helper T cells because they “help” activate other T and B cells. The human
immune system is fine-tuned in such a way that the antigen in question stimulates a
particular cytokine environment, which in turn activates precise transcriptional networks that
induce differentiation toward a specific T helper (Th) cell pathway, including Thl, Th2, Th9,
Th17, Th22, and T follicular helper cells. T cells can also present regulatory features
(regulatory T cells, or Tregs) and counteract the activity of conventional T cells [52] (Figure
1).

In general terms, T helper 1 (Th1) polarization is associated with a pro-inflammatory
response, while Th2 polarization is generally associated with wound healing and
constructive remodeling response, analogous to M2 macrophage polarization [53]. The
implantation of porcine small intestinal submucosa (SIS) into mice led to graft acceptance
and increased production of IL-4 and an absence of IFN-vy leading to an anti-inflammatory,
predominantly Th2 associated response [54]. In humans, implantation of porcine SIS was
also associated with a Th2 polarized cytokine and antibody isotype profile [55]. Antibodies
produced against “non-self” ECM also appear to be limited to a Th2 profile, and repeated
exposure to xenogeneic ECM in mice led to an accentuated Th2 response.

In vitro studies showed that human pancreas ECM scaffolds decrease human CD4* T-cell
expansion, induce T-cell apoptosis and promote conversion of CD4* T-cells into Tregs [56]
(Figure 2). Further demonstrating the protolerogenic effects of ECM, decellularized porcine
and rat livers did not elicit an inflammatory response at 7 days after implantation into a rat.
Serum white blood cell counts did not increase after implantation, and no sign of T-cell
activation was reported. Although cells positive for the pan monocyte marker, CD68, did
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infiltrate the implant, these cells did not express surface markers specific for either M1 or
M2 macrophages and their role was unclear [57].

The mechanism through which acellular ECM scaffolds modulate the host immune response
remains to be determined. Low or absent levels of MHC classes I and Il molecules would
explain the decreased T-cell proliferative response seen in vitro, the non-inflammatory
effects seen in vivo, and the reductions seen in IL-2 and IFN-y through mitigation of direct
T-cell antigenic presentation mechanisms. This explanation, however, fails to account for the
increases seen in IL-10, as well as polarization of the macrophage response toward an M2
phenotype and the protection afforded by such scaffolds in preventing the rejection of
xenogeneic donor cells. Clearly, increased levels of 1L-10 raises the possibility of a response
mediated by regulatory T cells which may play an integral role in the effects seen, as
demonstrated in this study [58,59]. As reported above, the ECM functions as reservoir of
cytokines and growth factors that persist, can be detected, and quantified after
decellularization. In fact, a recent study showed that high levels of TGF-p which can be
found within ECM scaffolds obtained from the human pancreas, may be implicated in the
induction of T-cell apoptosis and promote conversion of naive CD4" T cells into
CD4*CD25*Foxp3* Tregs [60].

Altogether, available data concur that acellular ECM scaffolds polarize host responses away
from a classical Thl-proinflammatory profile and appear to downregulate T-cell xenogeneic
responses and Th1 effector function by inducing a state of peripheral T-cell
hyporesponsiveness (Figure 3). These results have substantial implications for future clinical
application of tissue-engineered therapies.

C] Humoral Immunity Against Xenogeneic Scaffolds

Antibodies directed against the well-studied Gal epitope, namely the glycoside hydrolase
enzyme that hydrolyses the terminal alpha-galactosyl moieties from glycolipids and
glycoproteins expressed by porcine cells, are key players of hyperacute antibody-mediated
rejection, while anti-non-Gal epitope antibodies may play a role in chronic rejection of
xenogeneic implants from Gal knock-out animals [61].

Anti-Gal Antibodies—In experimental xenotransplantation, hyperacute rejection (HAR)
of the graft occurs within minutes. In a model of transplantation from pig to non-human
primate, HAR is thought to be mediated by the preformed xenogeneic antibody against a
galactose residue expressed on pig vascular endothelium. The a-Gal epitope is a sugar
moiety present on all non-primate mammals, New World monkeys, and the human
microbiome. All humans produce anti-Gal antibodies.

The a-gal epitope is thought to play a major role in facilitating HAR of xenotransplants, but
despite its presence in ECM, its role in the host response to biological scaffolds is
controversial. When organs from a-Gal-deficient pigs are transplanted into anti-Gal
antibody producing baboons, HAR is prevented and there is no binding of preformed anti-
Gal antibody [62].
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The a-gal epitope (1-3Galal-4GIcNAc-R) is abundantly synthesized on glycolipids and
glycoproteins of non-primate mammals and New World monkeys by the glycosylation
enzyme a-1,3 galactosyltransferase (a-1,3 GT) [63]. In humans, primates, and Old World
monkeys, this epitope is absent as the a—-1,3 GT gene was inactivated in ancestral Old World
primates [64]. Xenografts containing a-Gal epitopes activate B cells and cause a dramatic
increase in the circulating levels of anti-Gal 1gG [65]. When the epitope is present in the
organism, even acellular tissues such as proteoglycans and glycoproteins contain the a-Gal
epitope [66]. Although this implies exposure of the xenogeneic a-gal epitope to the human
host, the clinical significance of anti-Gal antibodies remains unclear.

One study in old world monkeys found that while implanted porcine SIS containing a-Gal
induced a humoral response, the implant had no histologic differences at any time point
compared to SIS that was harvested for implantation from a knockout pig without the a-Gal
epitope [67]. Another study found that when decellularized skin from pigs lacking the a-Gal
epitope was implanted into old world primates, anti-Gal antibodies were absent and
significantly fewer T-cells were present in the implant at 3 and 6 months post-implantation
[68]. No changes, however, were observed in the remodeling process of the implant. As
reported above, similar findings were observed by Platz et al. [19].

Anti-Non-Gal Antibodies—Anti-non-Gal antibodies are antibodies formed to any
epitope other than a-Gal. In humans, they may form against ECM peptide sequences that are
different from those in homologous human proteins. If binding of these antibodies to a
xenograft occurs, activation of the complement cascade can ultimately lead to graft rejection
[6]. Antibodies to collagen have been described, as well as antibodies to cartilage, after
removal of the a-Gal epitope [45]. Similar humoral responses have been observed with
porcine SIS.

Additionally, it has been shown that various decellularization methods may result in
materials that contain residual MHC molecules [69]. Although it is unknown whether
antibodies to residual MHC molecules have significant effects on the outcomes of the host
response to these scaffolds, it is possible that an excessive humoral response to various
proteins in the matrix may inhibit the ability of stem cells to bind and penetrate scaffolds due
to a lack of available adhesion sites [45]. Like anti-Gal antibodies, anti-non-Gal antibodies
can be harmful to ECM implant regeneration, and can hinder stem cell interaction with the
ECM which is required to direct stem cell differentiation [70].

CONCLUSIONS

Organ bioengineering is still in its infancy, but the question has now changed from asking
whether it is possible to asking how to fully develop its potential and allow for its clinical
translation. One of the barriers to the use of xenogeneic, allogeneic, synthetic, and de novo
biological tissues is the propensity of the graft to provoke a host immune response. The
immunogenicity of grafts has implications both for the scale of production that could be
achieved and the outcomes of grafts after implantation. One solution to solving the problem
of immunogenicity is to cloak grafts in immune-neutral substances, such as ECM or
peptides. Additionally, studies are finding techniques to suppress or harness the immune
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system to promote graft tolerance. Data also indicate that, while ECM elicits an early innate
immune response like that of the foreign body reaction. Over time, however, this response
tends to shift to a tolerogenic profile, with generation of M2 macrophages and T regulatory
cells. Leveraging these protolerogenic effects of ECM could be crucial to the promotion of
tolerance to standard and bioengineered grafts.

Funding sources:

PC is supported by NIH grant 5T32A1078892-07.

Abbreviations

ECM Extracellular matrix

PAMPs Pathogen associated molecular proteins

MHC Major histocompatibility complex

IL Interleukin

TGF-p1 Tissue growth factor-p1

DAMPs Damage associated molecular proteins

IFN-y interferon- -y

Thi T-helper cell 1

Th2 T-helper cell 2

SIS Small intestinal submucosa

HAR hyperacute rejection

a-1,3GT a—1,3 galactosyltransferase
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Figure 1.
Differentiation of naive CD4+ T cells into CD4+ T cell subsets. On T cell receptor activation

by antigen-presenting dendritic cells, naive CD4+ T cells differentiate into T helper (Th)1,
Th2, Th9, Th17, Th22, T follicular helper, and T regulatory cells controlled by their
respective transcription factors under unique cytokine-polarized milieus. AHR = aryl
hydrocarbon receptor; GATA-3 = transcription factor GATA-3; c-Maf= protooncogene c-
Maf; IFN-y = interferon gamma; IL = interleukin; IRF = interferon regulatory factor; iTreg
= induced regulatory T cells; LT-a = lymphotoxin- a; STAT = signal transducer and
activator of transcription; TGF-p = transforming growth factor—p; TNF-a = tumor necrosis
factor—a.
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Human renal ECM inhibits naive CD4* T cell expansion and promotes their conversion into
regulatory T cells. (A) CFSE-labeled naive CD4* T cells were activated with anti-CD3/anti-
CD28 mAb without or with ECM from kidney medulla or kidney cortex. Cell division was
quantified on day 5 with CFSE dilution by flow cytometry. Representative histograms (left)
and data quantification (right) of 6 independent experiments from 6 different donors. (B)
Naive CD4* T cells activation with anti-CD3/anti-CD28 mAb +IL2 without or with ECM
from kidney medulla or kidney cortex. On day 5, the percentage of CD4*CD25*FoxP3*
regulatory T cells was quantified by flow cytometry. Representative histograms (left) and

data quantification (right) of 4 independent experiments from 4 different donors.

Transpl Int. Author manuscript; available in PMC 2019 August 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Cravedi et al.

TGFB

ay

L4 L1 L1

g, & oG

Figure 3.
Cytokines embedded in the biological scaffolds are thought to drive conversion of T cells

and monocytes towards anti-inflammatory phenotypes (e.g. Treg, Th2, and M2 monocytes).
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