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Abstract

Acute and chronic wounds contribute to increased morbidity and mortality in
affected people and impose significant financial burdens on healthcare systems. Allogeneic
cell-based skin substitutes have been proposed as ready-to-use wound coverage as an
alternative to conventional split-thickness skin grafts, but the survival and usefulness of such
cells after transplantation into an immunocompetent host remain controversial.

We hypothesize that the application of an indoleamine 2,3-dioxygenase (IDO)
expressing allogenic dermal fibroblast populated within an acellular dermal matrix (ADM) is
sufficient to create an immune-privileged area within the wound to protect fibroblasts from
rejection. Fibroblasts in the skin substitute can potentially assist the graft to restore its
function by synthesizing extracellular matrix components and growth factors.

In this study, ADMs were prepared using a novel detergent—free method,
recellularized with IDO-expressing or control fibroblasts from C57/B6 mice, and were
transplanted on splinted full-thickness skin wounds in Balb/c mice.

Transplantation studies demonstrated that ADM significantly enhanced the
wound-healing process but there was no demonstrable benefit when the ADM was
recellularized with fibroblasts. Investigating the transplanted cells’ fate by
bioluminescence in vivo imaging after intra-hypo-dermal injection of fibroblasts in to
mouse skin revealed that both type of fibroblasts were rejected in allogeneic recipients
while in immunodeficient NOD-SCID-112r gamma null (NSG) mice they were not.
Allogeneic fibroblasts transplanted in natural killer T cell and gamma delta T (NKT)

cell deficient mice were rejected as well. Depleting natural killer (NK) cells or CD4+



T cells could delay the rejection but not prevent it. Double depletion of CD4+ and CD8+ cells
could partially prevent the rejection. Analyzing the infiltrated immune cells to graft region in
time of cell rejection revealed the presence of high number of monocytes, macrophage and
neutrophils. Our data indicate a clear immune response to allogeneic fibroblasts in which both
innate and T-cell immune response are involved in targeting cells. Although it has been
reported by other researchers that IDO-expressing cells exhibit strong immunosuppressive
activity in vitro and in vivo, we documented rejection of these cells in our study, suggesting

that the application of these cells in wound sites requires further improvements.



Lay Summary

Burn injuries and chronic wounds such as bedsores and diabetic foot ulcers affect
millions of patients worldwide. Covering the wound is essential to prevent infection and loss
of fluid and heat.

Here we have prepared a skin substitute by a novel method for removing cells from
skin while keeping structural components in the skin scaffold relatively intact. Then we used
this scaffold as non-rejectable wound coverage. Further, we investigated the transplantation
of fibroblasts cells in combination with our skin substitute to help the wound heal faster.

In the animal model, we showed that this skin substitute promotes wound healing
without scar formation. We showed that transplantation of fibroblast can induce immune
rejection and proposed a method to prevent this.

We believe that the outcome of this study can allow us to design a novel strategy to

use a non-rejectable skin substitute for treatment of many different types of wounds.
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Chapter 1: Introduction, Specific Aims and Research Plans

1.1  Overview

Acute and chronic wounds affect millions of people around the world. Approximately 11
million people are affected by acute wounds with 300,000 hospitalizations each year in the
United States. Additionally, the anticipated risks of non-healing chronic wounds such as diabetic,
pressure, and venous ulcers continue to increase dramatically. The annual cost of chronic wound
care now exceeds $1 billion in the United States alone and in the European Community it is
about 2% of total health care costs [1].

The ideal treatment for wounds should stimulate regeneration rather than repair in the
involved area. During wound repair in the skin, the tissue tries to restore normal function by the
formation of an epidermal layer as a barrier to fluid loss and further infection. It also attempts to
restore normal vascular anatomy, and to reestablish mechanical integrity. Because of the high
demand for the restoration of adequate function, the perfect reorganization of tissue’s structure
which might needs longer time to proceed is ignored. Consequently, this leads to scar formation
and the absence of some cellular elements. On the other hand, regeneration leads to the complete
restoration of original tissue without any problem. Although regeneration is an optimal outcome
for wound healing, it is mainly found in embryonic development and not in adult tissue [2].

The ultimate objective for the application of skin substitutes in treatment of wounds is
restoration of fully functional skin rather than repaired or scarred skin. At present, only
autologous full-thickness skin grafts and free flaps can restore the normal architecture and
functions of skin. However, in large wounds and iln areas with low vascularity these methods

are not applicable. Moreover, the harvest of full thickness skin grafts or skin flaps is associated



with donor site morbidity. These challenges necessitate the production of skin substitutes that
contain extracellular matrices and cultured cells to provide large quantities of grafts for
transplantation [3].

Numerous strategies for skin replacement or reconstruction have been investigated.
Among these, the extracellular matrix-based biomaterials have appropriate mechanical strength
and retain biological activity [4]. The acellular dermal matrix (ADM) has been used as a temporary
or permanent wound covering for partial- and full-thickness wounds [5] [6] [7] [8]. ADM is non-
immunogenic and mechanically similar to skin. Because of the better preserved physiological
structures of the dermis in ADM, with papillary and reticular dermis structure, it offers an ideal
template for the growth of angiogenic cells and the promotion of vascularization [9] .

Ideal skin substitutes should possess an appropriate physical structure or scaffold,
biologically relevant growth and differentiation factors, and living cells to be able to facilitate the
restoration of functional skin. ADM acts as a scaffold as well as a source of growth and
chemotactic factors, but living functional cells are absent. It has been demonstrated that normal
dermal fibroblasts synthesize essential extracellular matrix components, as well as secrete key
growth factors and cytokines that are important for wound healing [10] [11].

It is not feasible to use autologous dermal fibroblasts in ready-to-use skin substitute
harbouring live fibroblasts, because of the long in vitro culture period required to obtain enough
fibroblasts for transplantation, especially in patients with a large burn area. On the other hand,
using allogenic fibroblasts can potentially overcome this limitation but would be associated with
rejection.

Studies show that an immunologic response to an allogenic skin graft requires T cell

activation and proliferation. Thus, to prevent acute rejection, suppression of infiltrated immune



cells at early time points of engraftment is necessary [12]. Although systemic immunosuppressive
drugs are widely used for prevention of allorejection, side-effects associated with these
medications precludes their use in the management of skin defects or wounds.

Pregnancy is a good example of the body’s natural tolerance cells at work. For instance,
the mother releases interferon-gamma, which then induces expression of the enzyme
indoleamine 2,3-dioxygenase (IDO) from the trophoblast cells. IDO metabolizes the Tryptophan
in the environment. The deficiency of this essential amino acid and the toxic metabolites induce
T cell anergy and apoptosis [13].

The present thesis evolved from our previous studies that showed that adeno and
lentiviral vectors are efficient to transduce skin cells to express IDO, and the use of these IDO-
expressing fibroblasts protects allogenic skin substitutes [14].

As such, we hypothesized that the application of an IDO-expressing allogenic dermal
fibroblast populated within an ADM is sufficient to create an immune-privileged area within the
wound to protect fibroblasts from rejection and help the graft to restore its function by

synthesizing extracellular matrix components and growth factors by these cells.

1.2 Acellular dermal matrix (ADM) as a biological wound coverage

Covering skin defects is essential for healing of chronic wounds and large acute wounds
such as burn. Any delay in coverage can lead to hypothermia, electrolyte imbalance, fibrotic
scarring, and sepsis. As such, the main goals of wound treatment strategies are to achieve a rapid
closure of the defect and a functional aesthetic scar. Autologous full-thickness skin graft (FTSG)
is an ideal wound coverage, but in large wounds and in areas with low vascularity it is not

applicable. Split-thickness skin grafts (STSG) including varying amounts of dermis covered by an



epidermal layer have been recognized as the gold-standard treatment for skin wound coverage.
Despite the advantages of skin grafts, they come with short-comings such as morbidity of donor
sites, secondary contracture, lack of sweating and natural lubrication, loss of elasticity, sensory
impairment, and undesirable cosmetic results, including hypo- or hyper-pigmentation [15][16].

Because of these limitations there has been an emergence of tissue-engineered alternatives.
Among those alternatives, biological scaffold materials composed of an extracellular matrix
(ECM) have been reported to facilitate the constructive remodeling of different tissues in both
preclinical animal studies and in human clinical applications. The structural, biomechanical, and
biochemical properties of ECM scaffolds are inherently determined by the material properties of
original tissue [4]. It is well known that ECM is not only a scaffold but also a reservoir of molecules
secreted by tissue resident cells like growth factor and cytokines and facilitate signal transfer
between cells [17]. Studies support the idea of the direct binding of specific growth factors and
morphogens to the specific ECM proteins in extracellular microenvironments, suggesting the
possible role of ECM in regulating soluble factor spatially, facilitating signal transduction through
integrin/transmembrane receptors. These interactions are important in regulating several cell
biological activities such as proliferation, survival, and differentiation. [18].

To get the benefit of natural ECM components, including the structural and functional
molecules, removing cells from tissue can leave such an ECM. This process is called
decellularization and has been applied to several tissues including skin [4]. Decellularized skin is
commonly called an acellular dermal matrix (ADM), representing the fact that during
decellularization the epidermal layer has been removed and the dermis, which is the major part

and contains the ECM, remains.



The ideal decellularization process would remove cellular components but keep the
original tissue architecture and ECM components intact without any adverse effect on
biomechanical properties of the natural ECM [19]. The ideal bioscaffold resulting from the
decellularization of skin lacks cellular components to avoid any immune response or cause
inflammation. It supports rapid and directed proliferation of infiltrated host cells, has the capacity
for rapid vascularization and stability as a dermal template, be slowly bio-degradable to support
the reconstruction and remodelling of normal skin, and has similar biomechanical properties to the
skin it replaces with essentially no risk of disease transmission. Practically, the capability of being
stored with a long shelf life and readily prepared for transplantation are important features as well
[20].

In addition to the above mentioned advantages of ADMs, because of the better preserved
physiological structures of the dermis in ADMSs, with papillary and reticular dermis structure, they
offer an ideal template for the growth of angiogenic cells and promotion of vascularization [9] .

Clinical application of ADMs have been reported for different purposes, including
treatment of abdominal wall defects [21], partial- and full-thickness wounds [5] [6] [7] [8],
prevention of post-parotidectomy gustatory sweating [22], cleft palate repair [23], resurfacing of
intraoral defects [24], lip augmentation [25], reconstructive breast surgery [26], and chronic wound
repair [27].

A number of different decellularization methods have been reported, and products from

human or xenogeneic sources have been commercialized.

However, decellularization would have a negative effect on the graft function if it altered

the biochemical composition, structure, and biomechanical properties of tissue. Therefore,



decellularization methods that leads to preservation of these molecules would be beneficial for
graft function after transplantation.

It is essentially impossible to remove all cellular components without adverse effect on the
ECM. Even though the use of harsh reagents in the decellularization process can help to efficiently
remove cells, it can disrupt the ECM molecules. Therefore, a balanced methodology that removes
cell components yet keeps the native ECM molecules as intact as possible is highly desirable.

According to “International Consensus. Acellular Matrices for the Treatment of Wounds”,
there is no definitive guideline on the application of acellular matrices in acute and chronic wounds
[28]. Therefore, regulatory standards for decellularization of skin and application of their products
are needed. However, such standards must be based on reliable data that identify quantifiable
thresholds for different aspects of ADMs upon implantation.

In this thesis one of the objectives was to develop a detergent-free method of
decellularization to minimize any potential damage on matrix molecules and compare this method

with non-ionic and anionic detergent methods of ADM preparation.

1.3 Revitalization of biostatic acellular dermal matrix by fibroblasts

The acellular dermal matrix as a biostatic (nonvital) tissue allograft has been used for
temporary and permanent wound coverage, as well as to stimulate regeneration of a recipient’s
own tissues. This matrix which lacks the cells does not require immunosuppressive treatment and
can be sterilized and stored on shelf for long periods of time.

To induce tissue regeneration, three elements are required: a scaffold, growth and
differentiation factors, and living cells capable of remodeling the extracellular matrix and

restoring normal tissue function. Biostatic grafts act as a scaffold as well as a potential source of



growth and chemotactic factors, but the third necessary element of living functional cells is
missing. It is expected that after implantation, in response to chemotactic factors released from
the graft, host cells migrate onto the graft and start regenerating the structure of the damaged
tissue, however this desired process is not always effective. There is a growing body of evidence
in different fields of regenerative medicine that shows that seeding a recipient’s cells into the
graft prior to implantation has positive effects on graft remodeling. The process of introducing
cells into the biostatic graft is described as “revitalization” as the graft becomes revived [29].
In the case of application of skin substitutes for the treatment of wounds, experimental
and clinical results show promising positive effects upon revitalization of grafts with fibroblasts.
The fibroblast traditionally has been described as a provider of maintenance and support
for tissues. Recently, it has become evident that these cells contribute much more than a
supportive effect for tissue integrity. Fibroblasts are dynamic cells and have functionally and
morphologically heterogeneous subtypes. They are actively involved in wound healing and skin

regeneration [30].

1.3.1 Fibroblast in the skin

In practice, spindle-shaped morphology and adherence to plastic culture dishes are
important characteristics of fibroblasts. Although fibroblasts are one of the widely-used
mammalian cell types in in vitro culture, they remain poorly defined in molecular level [31].
Despite considerable progress in lineage tracing tools, characterisation of fibroblasts is
underdeveloped. One of the reasons is the lack of specific markers to distinguish different In
practice, spindle-shaped morphology and adherence to plastic culture dishes are important

characteristics of fibroblasts. Although fibroblasts are one of the widely-used mammalian cell



types in in vitro culture, they remain poorly defined in molecular level [31]. Despite considerable
progress in lineage tracing tools, there is limited characterisation of fibroblasts. One of the
reasons is the lack of specific markers to distinguish different fibroblast subtypes [32].

Fibroblasts are mesenchymal cells, and in the skin from different body sites, they have
different embryonic origins. In facial skin, they come from the neural crest. In ventral body skin,
they derive from the lateral plate mesoderm. And in back skin, they come from the
dermomyotome [32].

cDNA-microarray studies have demonstrated that cultured fetal and adult human
fibroblasts from different anatomical sites have their own gene-expression profile, suggesting
that fibroblasts at different locations should be considered distinct populations of differentiated
cells [31].

We can see fibroblast diversity even in one single body site and at a single developmental
stage in the skin dermis. Fibroblasts are different in papillary dermis, reticular dermis, dermal
papilla (DP), and hypodermis [33] [32].

In the study by Driskell at al., using transplantation assays and lineage tracing, they
showed the presence of a common fibroblasts progenitors in mouse dermis at embryonic day (E)
12.5 which are expressing pan-fibroblast marker platelet-derived growth factor receptor (Pdgfr-
a), Delta-like homologue 1 (DIk1), and leucine-rich repeats and immunoglobulin-like domains
protein 1 (Lrigl) markers. By E16.5 two distinct subpopulations derived from common
progenitors can be identified. One (Pdgfr-a+, Dlk1-, Lrigl+, and Blimpl+ (B-lymphocyte-
induced maturation protein 1)) forms the upper dermis, including the papillary dermis, dermal
papilla, and the arrector pili muscle (APM). The second (Pdgfr-o+, Dlk1+, and Blimp1-) forms

the lower dermis, including the reticular fibroblasts and the preadipocytes of the hypodermis.



Later, at E18.5 and postnatal day (P) 2, further differentiation and fate restriction of these two
main fibroblasts progenitors led to the formation of specific fibroblasts lineages in skin [34]. It
has been shown by lineage-tracing experiments that epidermal cells and haematopoietic stem
cells or bone marrow derived mesenchymal cells cannot be the origin of dermal cells [35] [36]
[34].

Understanding the origin and molecular regulation of different fibroblasts sub-populations
in our body, specifically in skin, will help us in designing appropriate therapeutic approach such

as developing a skin substitute for promoting wound healing and regeneration of damaged skin.

1.3.2. Fibroblast in the skin substitute

Since the development of the first human skin substitute in the early 1980s by Bell et al.
[37], reconstruction of different types of human skin equivalents has been reported. The common
feature of these skin substitutes is the use of a combination of ECM components with
Keratinocytes and/or fibroblasts.

Fibroblasts used in skin substitutes are allogeneic or autologous. The advantage of using
autologous fibroblasts is that there is no risk of rejection or infection transmission. However,
there is a delay in culturing autologous cells, which can take two to three weeks to obtain
sufficient cell numbers, whereas allogeneic cells are readily available [38]. Also, the production
of autologous cells is more expensive than the allogeneic cells [20]

Regardless of the source of fibroblasts used in skin substitutes, the improved outcome of
grafting has been supported in several experimental and clinical studies. In clinical studies, the
application of this living skin substitute has been investigated in treatments of burn [39] and

chronic wounds [40] [41].



Coulomb et al. have shown that irrespective of the epidermalization technique they used,
the presence of dermal fibroblasts seeded into the collagen matrix as a graft bed was found to
reduce pain, to promote keratinocytes growth and dermal-epidermal organization, and to
improve the mechanical (e.g., elasticity) and cosmetic properties of the graft [42]. In another
study, the dermal matrix was prepared by plating allogeneic fibroblasts on a spongy collagen and
used to treat 145 clinical cases of various wounds including dermal burns, partial-thickness
donor wounds, traumatic skin defects, chronic skin ulcers, and coverage for autologous meshed
graft. The study showed 95% of the treatments (138/145) achieved good or excellent results in
terms of graft take and wound healing outcome [43].

Fibroblasts play a central role in wound healing. Wound healing is a complex biologic
process and an orchestrated progression of events that is regulated through different types of
cells, including fibroblasts. Fibroblasts migrate in to the injury site after the inflammatory stage
and play a key role in granulation tissue formation [2]. By producing extracellular matrix
components such as type | and type 1V collagen, elastin, laminin, and synthesizing matrix
metalloproteinase enzymes (MMPS), fibroblasts accelerate matrix remodelling and dermal
regeneration [11]. Fibroblasts release cytokines and growth factors that have autocrine and
paracrine effects. Paracrine activity has a regulatory effect on other cells including epidermal,
vascular, and lymphatic endothelial cells. The growth factors produced by fibroblasts that have
been shown to regulate many of these processes are acidic FGF (aFGF), basic FGF (bFGF),
keratinocyte growth factor (KGF), insulin-like growth factor (IGF-I), platelet derived growth
factor (PDGF), transforming growth factor-p (TGF-b) [44], [11]., and the vascular endothelial
growth factor (VEGF) family members include VEGF-A, B, -C and -D, which are involved in

vascular and lymphatic vessel development [45].
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In order to make a decision about including fibroblasts in skin substitutes, it is important
to evaluate its possible functions in promoting wound healing. Several studies have addressed
this question by analysing the secretion of growth factors and wound-healing mediators in skin
substitutes in vitro. Spiekstra et al. have shown that skin substitutes with cultured fibroblasts and
keratinocytes (bi-layer skin substitutes) produce high amounts of inflammatory / angiogenic
mediators, including IL-6, CCL2, CXCL1, CXCLS8, and sST2, but single-layer skin substitutes of
keratinocytes or fibroblasts produced less of these proteins, which highlights the importance of
keratinocyte—fibroblast interactions in the production of these factors [46]. In another study,
Maarof et al. quantified the secretion of wound-healing mediators and compared single and bi-
layer skin substitutes in vitro. They have found that all three skin substitutes secreted CCL2,
CCL5, CCL11, GM- CSF, IL8, IL-1a, TNF-a, ICAM-1, FGF-b, TGF-b, HGF, VEGF-a, and
PDGF-BB factors, without any significant difference between groups [47].

It has been shown that the presence of fibroblasts in skin substitutes can induce the
proliferation and differentiation of cultured keratinocytes to stratify more and to form rete ridges
more effectively than those on skin substitutes without fibroblasts [48] [49].

The transplantation of skin substitutes with fibroblasts onto animal models demonstrated that the
addition of fibroblasts to keratinocyte based skin substitutes improves epidermis formation,
induces vascularization, and reduces wound contraction and myofibroblast formation in
granulation tissue [11] [8] [50]. One of the reasons for wound contraction is the differentiation of
fibroblasts in to myofibroblasts. It is believed that wound contraction is very potent in the early
wound-healing phase and reducing healing times at early stages has a positive impact on the

prevention of contraction and scar formation. The early presence of fibroblasts in the skin
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substitutes accelerate the healing process by reducing the time needed for migration or
proliferation of host fibroblasts in the wound [10] [50].

As reviewed above, many studies have shown the benefits of in vitro recellularizing of
skin substitutes with autologous and allogeneic fibroblasts. There are several advantages to using
allogenic fibroblasts over autologous ones, including reduced morbidity in patient donor sites
and avoiding of a delay in treatment because of the time needed for autologous cell isolation and
culture. However, the viability and distribution of such cells after transplantation into an
immunocompetent host have been controversial and the usefulness of the seeded fibroblasts is
still unclear, questioning whether we need to repopulate ADMs with allogenic fibroblasts or we
should use only autologous fibroblasts.

In an early work by Sher et al. in a rat model, they evaluated the survival of allogeneic
female rat fibroblasts or xenogeneic rabbit or human fibroblasts in their skin substitute after
transplantation in male rats. After taking biopsies of the grafts and culturing fibroblasts from
them, cells were karyotyped to determine the percentage of donor fibroblasts present in the graft.
They found that xenogeneic cell did not survive one month after grafting but allogenic cells
could survive in the graft as late as 210 days [51].

In human cases of full-thickness excision of tattoos, following grafting by skin
substitutes with sex-mismatched human fibroblasts, Otto et al. have demonstrated allografts
could survive in the hosts as late as 2.5 years, as evident by in situ hybridization of the PHY2.1
repetitive Y chromosome sequence [52].

In a study carried out with a porcine full-thickness wound model, it was shown that in all
wounds treated with allogeneic fibroblast populated in dermal substitute in comparison to

autologous fibroblasts, there were more inflammatory cells, and the presence of mixed
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granulomatous and lymphocytic inflammatory foci were detectable. Also, myofibroblasts were
present in allogeneic fibroblast-treated wounds. These cells colocalized with inflammation foci.
Accordingly, allogenic fibroblasts induced more wound contraction compared with treatments
with the dermal substitute seeded with control fibroblasts and the overall cosmetic result was
worse [53].

In another study by Price et al. in a porcine wound model, seven days after
transplantation, no cells were detectable by polymerase chain reaction, and histologic results
showed little difference in wound-healing outcome [54].

Morimoto et al. have examined the application of an acellular collagen sponge and a
collagen sponge seeded with either autologous fibroblasts or with allogeneic fibroblasts on full-
thickness wounds on the backs of guinea pigs. They labelled cells with PKH26 before
transplantation. They found viable autologous and allogenic fibroblasts in the grafts after three
weeks but allogenic fibroblasts not only did not accelerate wound healing but also induced
inflammation and showed a decreased number of allogeneic fibroblasts, which might have been
the result of rejection [55].

A literature review was inconclusive about immunogenicity of allogeneic fibroblast when
it is transplanted within skin substitutes. In most experimental and clinical studies, the aspect of
immunogenicity of these cells has not been studied in detail. Therefore, we used IDO-expressing
allogenic fibroblasts along with normal allogenic fibroblasts in our study. IDO-expressing

fibroblasts exhibit strong immunosuppressive activity in vitro and in vivo.
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1.4. Local immunosuppression effect of IDO

Tryptophan is an essential amino acid used in the biosynthesis of proteins. It is essential
because it cannot be made in our body and therefore it must be obtained from the food. IDO is a
42 kDa monomeric protein and has high affinity for L-tryptophan. It can rapidly catalyze the first
and rate-limiting step in the breakdown of this amino acid along the kynurenine pathway [56].
Cells that produce this enzyme can create a local microenvironment devoid of this essential
amino acid.

It has been shown that IDO could be expressed in a variety of different cell types,
including placenta, macrophages, endothelial cells, smooth muscle cells, fibroblasts, astrocytes,
or dendritic cells. IDO expression can be induced by variety of inflammatory cytokines such as
IFN-vy (one of its strongest activators), IFN-a, IFN-B, TNF-a , TLR-ligands , glucocorticoid-
induced tumour necrosis factor receptor (GITR) ligand, or histone deacetylase inhibitors
(HDACS) [56].

It is worth noting that cellular expression of IDO protein does not necessarily means it is
an active enzyme. The IDO protein needs extra factors such as superoxide anion to be activated,
and its activity is dependent on the presence of redox active compounds [57]. IDO in its inactive
form contains a heme-prostetic group with ferric (Fe3+) iron bound and redox active compounds
(e.g., superoxide) being required to generate the active Fe2+ form. These compounds are
produced in large amounts at the site of inflammation by activated leukocytes, suggesting that
IDO activity would be restricted to sites of infection or inflammation [56] [58].

In 1998, Munn and Mellor showed that IDO expression by trophoblast cells during
pregnancy at the maternal-fetal interface suppress maternal T cell responses and that it is

necessary to prevent immunological rejection of allogeneic conceptus. They demonstrated that
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the inhibition of the enzyme by 1-methyl-tryptophan (LMT), resulted in spontaneous abortion in
a pregnant mouse model [13].

Two major mechanisms of immune regulation by the IDO pathway have been proposed.
One through the regulation of metabolic pathways and the other as a local effect of IDOon T
cells and Tregs [59]. KYN-pathway metabolites generated during Tryptophan catabolism by
IDO enzymes are biologically active, both as natural immunologic ligands for aryl hydrocarbon
receptor (AhR) and as excitatory neurotoxins. The effect of K'Y N-pathway metabolites on AhR
is immunosuppressive and promoting differentiation of forkhead box (Fox)p3+ T regulatory
cells. Another metabolic pathway regulatory effect of IDO is the rapid consumption of TRP from
the local microenvironment. TRP depletion can activate molecular stress-response pathways in T
cells, such as the general control non-derepressible- 2 (GCN-2) kinase and the mammalian target
of rapamycin (mTOR) that responds to the amino-acid withdrawal stress pathway [59]. GCN-2
activation finally inhibits the ribosomal translation of most mRNA species, though it induces the
translation of a small number of genes resulting in an induction of anergic state and apoptosis.
As a local effect of IDO on T cells and Tregs, activation of GCN2 in CD8+ T cells leads to cell-
cycle arrest and anergy. In CD4+T cells, it inhibits T helper (TH)17 differentiation and induces
de novo Treg differentiation and their suppressor activity. Thus, IDO creates an immune-
privileged microenvironment where Foxp3+ Treg are promoted but effector T cells become
anergic or apoptotic.

In the context of skin biology, fibroblasts and keratinocytes can also produce IDO in
response to stimulation with the proinflammatory cytokines such as interferon-gamma (IFN-v).

IDO expression in these cells contributes to the barrier defence property against the external
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pathogens in skin. It has been shown that the local tryptophan depletion by IDO leads to potent
inhibition of proliferation in some gram positive and negative bacteria.

It has been suggested that fibroblasts can act as non-professional antigen presenting cells
(APCs) [60] [61]. The ability of APCs to present antigens to CD4" T cells is dependent on the
expression of class I MHC molecules by the APCs. It has been shown that fibroblasts express
MHC class Il in response to IFN-y [62] [63] [64]. This allows fibroblasts to present antigens to
CD4 T- cells to initiate an immune response. On the other hand, the capability of IDO to induce
Treg cells, brings this idea that fibroblasts expressing MHC class Il can activate Treg cell
proliferation in the presence of IDO.

The present thesis was evolved from our previous studies that demonstrated that dermal
fibroblasts expressing IDO can expand a suppressive antigen specific Treg cells [65] and the
studies that showed IDO can act as a local immunosuppressive factor in a non-rejectable skin

substitute.

1.5. Hypothesis and objectives:
Hypothesis:

The application of an IDO-expressing allogenic dermal fibroblast populated within an
acellularized dermis is sufficient to create an immune-privileged area within the wound to prevent
rejection, while providing a rich source of nutrients and growth factors, in addition to serving as
wound coverage for burns.

Objective one: The primary objective of this study was to characterize the ADMs prepared

by three methods of decellularization to determine which one would be most effective for
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removing all cellular components without significantly affecting the composition, mechanical
integrity, and biological activity of the remaining extracellular matrix (ECM) components.

Specific aim 1: Developing a detergent-free decellularization method that maintains the
mechanical and structural integrity of dermal tissue with minimal disruption to the ECM in
comparison with ionic and non-ionic detergent decellularization methods to determine the most
effective method, i.e., the treatment that removes all cellular components without significantly
affecting the composition, mechanical integrity, and biological activity of the remaining ECM
molecules.

Specific aim 2: Although there are several methods published for the decellularization of
skin, those studies have typically focused on in vitro cytocompatibility and scaffold
characterization, with minimal in vivo evidence to assess biofunctionality. Consequently, there is
relatively little clinically relevant information with which to make decisions regarding the
selection of ADMs for various applications. Thus, as a second specific aim, we evaluated the
outcome of using these ADMs for transplantation in a full-thickness skin wound in a mouse model.

Objective two: To evaluate the outcome of the presence of normal and IDO-expressing
fibroblasts within ADMs for wound treatment, ADMs were prepared using a new detergent-free
method, recellularized with IDO-expressing, or control, fibroblasts, and were transplanted on
splinted full-thickness murine skin wounds.

Specific aim 1: Comparing the outcome of transplanting ADM with or without normal and
IDO-expressing fibroblasts for wound healing

Specific aim 2: studying the allogeneic response to fibroblasts and possible protective role

of IDO
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1.6. Research plans:

In this study, we used ionic detergent, non-ionic detergent, and detergent-free methods
for decellularization of mouse skin. In a series of in vitro and in vivo studies, skin samples were
evaluated for efficacy of removal of cellular content and the effect on maintenance of several
ECM components, including basement membrane proteins. For each method, allogenic skin
transplantation on a full-thickness wound mouse model was performed. Immunogenic response
to ADM, neovascularization, and migration of host cells to scaffold were investigated at different
time points (Fig. 1). In the second step, we used our new detergent-free method for preparation
of ADM, then recellularized it with IDO-expressing fibroblast or normal dermal fibroblast as a
control. Then, recellularized ADMs were transplanted on splinted full-thickness skin wounds
generated on the dorsal side of mice. The outcome of wound healing was evaluated by checking
a list of criteria for graft take, clinical appearance, tissue cellularity, infiltrated immune cells,
angiogenesis, and reepithelialisation (Fig. 2). To further investigate the transplanted cells’ fate,
we intradermally injected luciferase-labeled fibroblasts in wild type Balbc and immunodeficient
NOD-SCID-I12r gamma null (NSG) mice and tracked the cells by bioluminescence in vivo

imaging.
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Figure 1: Method for first objective: characterizing the ADMs prepared by three methods of
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Chapter 2: Biofunctional Evaluation of Detergent- free Decellularization of

Murine Skin in In Vitro and In Vivo Models ?

2.1 Introduction:

Acute and chronic wounds affect millions of people worldwide. It is estimated that there
are 37 million people with ulcers worldwide and roughly 500,000 burn patients within the United
States, all of whom would benefit from rapid, biological wound coverage [66]. Additionally, at
least 1% of the population in developed countries will experience non-healing chronic wounds
such as diabetic, pressure, and venous ulcers in their lifetimes [67].

Adequate coverage of the wound is essential for healing regardless of the type of wound.
The primary purpose of a wound dressing is to achieve a rapid closure of the lesion and reduce
further insult during the wound repair process. Prolongation of wound repair due to inflammation,
infection, and severity of injury can increase the risk of complications and aberrant healing, such
as hypertrophic scarring. Chronic and large surface area wounds share a common characteristic of
delayed wound repair, which may be mitigated through the application of skin grafts and skin
substitutes. Despite the advantages of full-thickness skin grafts (FTSGs) and split-thickness skin
grafts (STSGs), problems such as morbidity of donor site, low vascularity, contracture, decreased
elasticity, sensory loss, and undesirable cosmetic results remain problematic [15,16].

To overcome these drawbacks tissue-engineered alternatives have been developed. Among
those alternatives, biological scaffold materials composed of an extracellular matrix (ECM) have
been reported to facilitate the constructive remodelling of different tissues in both preclinical
animal studies and in human clinical applications. The structural, biomechanical, and biochemical

properties of ECM scaffolds are inherently determined bv the material properties of the original
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tissue, because ECM consists of the structural and functional molecules secreted by the resident
cells of each tissue and organ [4]. Thus, de novo engineered skin substitutes, using biopolymers,
lack the addition of the mosaic heterogeneity of cell-derived molecules that are found in normal
skin. In order to fabricate a skin substitute with the molecular heterogeneity and biochemical and
mechanical properties of normal skin, a decellularization process is desirable.

Acellular Dermal Matrices (ADMs) are decellularized allogeneic skin and have been used
clinically for different purposes, including the treatment of abdominal wall defects [21] and full-
thickness burns [5], the prevention of post-parotidectomy gustatory sweating [22], cleft palate
repair [23], resurfacing of intraoral defects [24], lip augmentation [25], reconstructive breast
surgery [26], and chronic wound repair [27].

The ideal bioscaffold resulting from decellularization of skin should preserve the original
ECM materials with similar biomechanical properties to the skin and not induce an immune
response. It should support rapid and directed proliferation of infiltrated cells, be easily
revascularized, and exude stability throughout the repair process while being able to be
remodelled over time, just as any other tissue. Practically, the ADM should be easy to apply by
the end-user and have a commercially viable shelf-life [20].

A number of different decellularization methods have been reported and employed to
produce commercially available human- and xenogenic-derived products. However,
decellularization would have a negative effect on the graft function if it altered the biochemical
composition, structure, and biomechanical properties of tissue. It is well known that ECM is not
only a scaffold but also a reservoir of all molecules, such as growth factors and cytokines secreted
by tissue resident cells [68]. Any decellularization method that leads to the preservation of these

molecules should therefore ideally improve wound healing.
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Conventional decellularization processes require the use of harsh reagents that cause
unavoidable adverse effects on the ECM components and molecules contained within. Any process
improvements that seek to mitigate ECM damage are highly desirable.

In this study the primary objective was to develop a detergent-free method of
decellularization to minimize any potential damage on matrix molecules and compare this method
with Triton X-100 and N-Lauroyl sarcosinate (NLS) as non-ionic and anionic detergent methods
of ADM preparation, respectively, against specific design criteria. Triton X-100 is one of the most
widely used non-ionic detergents for decellularization of tissues [69-71]. NLS, also known as
sarkosyl, is a non-denaturing anionic detergent derived from sarcosine. This surfactant is
amphiphilic and is believed to be milder than other ionic detergents like Sodium dodecyl sulfate
(SDS). It has been used for the decellularization of skin and artery tissues [72,73].

Our criteria comprised indicators and measures of mechanical performance, removal of
cellular components, product biocompatibility, and preservation of ECM molecules. Although
there are several methods published for the decellularization of the skin, those studies have
typically focused on in vitro cytocompatibility and scaffold characterization, with minimal in vivo
evidence to assess biofunctionality. Consequently, there is relatively little clinically relevant
information with which to make decisions regarding the selection of ADMs for various
applications. Thus, as a secondary objective, we evaluated the wound-healing outcome of using
these ADMs for transplantation in a full-thickness skin wound in a mouse model. The results of
this comparable head-to-head study of decellularization methods demonstrated that a detergent-
free process preserves matrix composition and mechanical properties significantly better than

detergent-based methods.
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2.2 Materials and methods:
2.2.1 Ethics statement

All methods and procedures, as well as the use of animals and tissue specimens derived from

animals and humans, are approved by the Ethics Committees of the University of British Columbia.

2.2.2  Animals and skin preparation

Male C57/B6 mice (Jackson Lab, USA) aged 3 to 4 months were used as skin donors, and BALB/c
female mice aged 2 to 3 months were used as recipients of ADMs grafts. Donor C57/B6 mice were
anaesthetized with CO2 and euthanized by cervical dislocation. The mouse dorsum was depilated using a
shaver and hair removal cream. Skin was then scrubbed with povidone-iodine solution (Triadine, H&P
Industries Inc., Franklin, WI, USA). Full-thickness donor skin was removed from the mouse dorsum. The
removed skin was washed three times in phosphate buffered saline (PBS), and panniculus carnosus and
hypodermis tissues were removed manually using a surgical blade. After washing with PBS, the remaining

part of skin tissue was processed for decellularization as described below.

2.2.3  Cell Isolation and culture

Mouse dermal fibroblasts were explanted from B6 mice skin as previously described [74]. Human
primary fibroblasts were isolated from the discarded foreskins of consenting donors. Skin specimens were
briefly washed several times with 1x PBS (pH 7), containing 1% antibiotic, minced into small pieces, then
fixated with Fetal Bovine Serum (FBS) for 4 hours on a tissue culture plate. After 4 hours, one drop of 1x
Dulbecco’s Modified Essential Medium (DMEM) containing 10% FBS and 1% antibiotic was added to
FBS drops overnight. The next day DMEM was used to cover the fixated skin section in the dish. Skin
pieces were maintained in culture until fibroblasts reached 60% confluency, after which cells were

trypsinized and passaged.
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2.2.4  Decellularization methods

In this study, we used three different methods based on effective agents for decellularization that
have been reported previously: Triton (non-ionic detergent), NLS (non-denaturing anionic detergent), and
latrunculin B (LatB) treatment followed by hyper- and hypotonic solutions as a detergent-free method.
Triton and NLS have previously been reported for preparation of ADMs, whereas LatB, to the best of our
knowledge, has only been reported for preparation of decellularized muscle. The LatB method, described
herein, was modified for the preparation of ADMs.

All donor skin was treated with 2 units/mL Dispase Il (Invitrogen/Gibco, cat. no. 17105-041)

in high-glucose DMEM at 37 °C for 90 min to remove the epidermis and disrupt cell attachment to the
dermal matrix prior to preparation of the ADMs using one of the following methods:

(A) Triton method: This was based on a previously described decellularization method
by Takami et al. with some modifications [69]. After Dispase treatment and washing 3 times with
PBS, the dermal matrix was incubated in 0.5 % Triton X-100 (Fisher Scientific, ON, Canada) for
24 h at room temperature with continuous shaking and renewing the solution after the first 12 h.
Subsequently, ADM was extensively washed with PBS for 12 h.

(B) N-Lauroylsarcosinate (NLS) method: Samples in this treatment group were
subjected to a modified, previously described decellularization method that has led to developing
a commercial product named Matracell® [72]. Following Dispase Il treatment and washing 3 times
with PBS, the dermal matrix was incubated in 1 % NLS (Sigma-Aldrich) for 24 h at room
temperature with continuous shaking and renewing the solution after the first 12 h. Subsequently,
ADMs were extensively washed with PBS for 12 h.

(C) LatB method: A non-detergent protocol was used according to the method of Gillies
et al. with some modifications [75]. Briefly, after Dispase Il treatment and washing 3 times with

PBS (this step was not in the original protocol), skin samples were incubated in 50 nM LatB (Enzo
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Life science, BML-T110) in high-glucose DMEM (Gibco) for 2 h at 37 °C to depolymerize actin
filaments. Then samples were washed with distilled water twice for 15 min and subsequently were
incubated in 0.6 mol/L potassium chloride (Sigma-Aldrich) for 90 min, followed by 1.0 M
potassium iodide (Sigma-Aldrich) for 90 min. Following the high ionic solution incubations, skin
samples were washed in distilled water overnight. The potassium chloride and potassium iodide
incubations and overnight distilled-water incubation were then repeated. Samples were washed
with distilled water twice for 15 min between incubation steps. All steps were performed at room
temperature with continuous shaking.

At the final step, all of the ADMs prepared with the three methods were treated with 50
units/mL Benzonase® Nuclease (Santa Cruz, sc-202391) for 12 h at 37 °C, then washed with PBS
for another 12 h. All solutions used for ADM preparation were filter-sterilized, and all procedures
were performed aseptically. Solutions contained Sodium azide (0.02% wi/v) at all times, except

during the last PBS washing step, to prevent microbial growth.

2.2.5 Histological examination of ADMs

For histological evaluation of the ADM structures, conventional H&E as well as Masson
trichrome staining were done on paraffin sections. Paraffin-embedded ADMs were sectioned at a
thickness of 5 um. After removing the paraffin, sections were first rehydrated with a decreasing
series of alcohol concentrations to water, and then standard protocol was followed for hematoxylin
and eosin staining or Masson trichrome staining. After sealing, samples were examined by light
microscopy at a different magnification to inspect for the presence of cells (stained by hematoxylin
to a bluish-purple color) and collagen fibres (stained by eosin to a pink color or blue with aniline-

blue in Masson trichrome).
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2.2.6 DNA Quantification and Fragment Length Analysis

To assess presence of residual cells or debris within the ADMs after decellaularization,
total DNA content of the ADMs and native skin was measured as described previously [76].
Briefly, Samples were freeze-dried and cut into thin strips and then small pieces. Then digested
with 50 pg/mL protease K in 0.5 mL of a lysis buffer. The DNA was extracted with
phenol/chloroform method and purified by 2M NaCl- Isopropanol precipitation and 70% ethanol
washing. Precipitated DNA samples were dehydrated to remove residual ethanol and then
rehydrated in 1X TE buffer. The residual DNA content was measured at 260 nm using a nanodrop
spectrophotometer. To determine DNA fragment size, samples were separated by electrophoresis
on a 1% LMP agarose gel stained with SYBR-safe dye at 80 V for 75 minutes and visualized with

the Gel Doc EZ system (Bio-Rad Inc.)

2.2.7  Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and western blot
analysis

Skin and ADMs were freeze-dried, minced, and homogenized in the presence of protease
inhibitor. Total protein content was measured using the BCA method (ThermoFisher Scientific,
Cat # 23225). Due to the discrepancy between protein content of skin and ADM, protein amount
equal to 1 mg from each sample was loaded into wells of 10% gradient polyacrylamide gels
(Bio-Rad, Hercules, CA). Proteins were transferred to polyvinylidene difluoride (PVDF)
membranes (MilliporeSigma, IP\VVH00010), and subsequently blocked in 5% skim milk

in Phosphate buffered saline with 0.1% Tween-20. The blots were probed with Anti-3-actin
Mouse Monoclonal Antibody (Sigma-Aldrich, Cat # A5441) for 2 hours, and detected using

Goat anti-Mouse 1gG (H+L) Cross Adsorbed Secondary Antibody, DyLight 800 (Catalog # SA5-
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10176) at dilutions 1: 30,000 and 1:10,000, respectively. Blots were scanned with LI-COR
Odyssey Classic imaging system. Molecular weight was determined using PageRuler Plus

Prestained Protein Ladder (ThermoFisher Scientific, Cat # 26619).

2.2.8  Scanning electron microscopy (SEM)

Lyophilized ADMs were cross-sectioned using a surgical blade. Samples were first gold-
coated, then scanned with the Hitachi S-3000N scanning electron microscope (Hitachi, Tokyo,
Japan). Comparisons between ADMs and normal skin were made for morphological changes to

collagen fibres in cross sections and surface topography of epidermal and hypodermal sides.

2.2.9 Hydroxyproline content

Lyophilized ADMs or fresh tissues were collected from five independent experiments and
digested with proteinase K (in Tris-HCI buffer) (Thermo Scientific) at 54 °C while shaking for 5
to 6 h, and then homogenates were incubated with an equal volume of 12N HCl at 105 °C overnight
to hydrolyze the collagen (1 mg tissue/l mL HCI 6N). After evaporation of the acid under a
nitrogen flow, the dried samples were suspended in 40 pL of ethanol:dH2O:TEA (2:2:1) and re-
dried. Derivatization to phenylthiocarbamyl was achieved by adding 40 pL of
ethanol:dH2O:TEA:PITC (Edman’s reagent, Pierce Biotechnology) (7:1:1:1) to each sample and
incubating at room temperature for 20 min before drying. The samples were then resuspended in
1 mL of analysis solution (dH20: Acetonitril, 7:2) and cleared before high-performance liquid
chromatography (HPLC) analysis. In addition, and using the same procedure, 1 mg of purified
type | bovine collagen was hydrolyzed and derivatized as a control. For the calibration curve,
different amounts of hydroxyprolin (1-320 pg) were dried from freshly prepared stock solution of

trans-4-hydroxy-L-proline (Sigma) in dH20 and derivatized before analysis.
27



2.2.10 Glycosaminoglycans content

The quantification of sulfated glycosaminoglycans (sGAGs) was performed using the 1,9-
dimethylmethylene blue (DMMB) assay adapted from Barbosa et al. [77]. Briefly, lyophilized
samples were collected from five independent preparations and digested overnight with
100 pg/mL proteinase K (Sigma—Aldrich, St. Louis, MO) at 56 °C followed by DNAse treatment.
Then 100 pL of digested mixture was added to 1 mL of the GAG-complexating DMMB solution,
which was a 16 pg/mL DMMB (Sigma—Aldrich) in 5% ethanol solution (paper filtered) with a 0.2
M guanidine hydrochloride solution containing 0.2% formic acid and 0.2% sodium formate. The
resulting SGAG-DMMB complex was precipitated from the solution and then solubilized in the
decomplexating solution, which was a 50 mM sodium acetate solution buffer (pH 6.8) containing
10% 1-propanol and 4 M guanidine hydrochloride. Absorbance of the decomplexed solution of
DMMB and sGAGs was measured at 656 nm. SGAG concentration was calculated by calibrating
against a standard curve of chondroitin sulfate-A (Sigma—Aldrich), ranging from 0 to 70 mg/mL
(0 to 7.0 pg/assayed sample). Assays were performed five times and every time in duplicate.

Results were expressed in pg of GAG/mg of dried tissue.

2.2.11 Biomechanical assessment

Biomechanical characteristics of native and decellularized skin were evaluated by uniaxial
tensile-stress testing. Specimens were cut into a dog-bone shape using a standardized jig with the
neck of the dog-bone shape measuring 2 cm in length and 0.4 cm in width. Tensile testing was
done using a KES-G1 Micro-Tensile testing set-up (Kato Tech, Kyoto, Japan), with a 5-kg load
cell. Two pieces of sandpaper were then used to firmly secure the samples to the specimen holder.
Samples were then stretched until breakage at a deformation rate of 0.1 cm s—1. Young’s Modulus

in megapascals (MPa) was derived from the engineering stress/strain curve and calculated using
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the area density of the ADM. For statistical purposes, the mean and p-value of five samples from

each group were evaluated and compared.

2.2.12 Immunofluorescent staining of elastic fibres

For the assessment of elastic fibers, we used immunofluorescence staining. Paraffin-
embedded samples were sectioned at a thickness of 5 um. After deparaffinization and rehydration,
the non-specific antibody binding sites were blocked with 5% BSA in PBS. For staining we used
polyclonal rabbit Anti-Elastin primary antibody (Abcam, ab21610), 1:100 in 2% BSA in PBS and
secondary Rhodamine Red™-X (RRX) AffiniPure goat anti-rabbit IgG (H+L) antibody (#111-
295-144, Jackson Immunoresearch Laboratories, West Grove, PA, USA), 1:1000 in 2% goat serum
in PBS. Images were collected by the systematic uniform random sampling of tissue sections,
using the 20x dry objective of a Zeiss AxioObserver Z1 confocal microscope fitted with a CSU-
X1 spinning disc (Yokogawa Electric) and AxioVision 4.8 (Zeiss). To quantify the elastin area
fraction, confocal images were analyzed using the program ImageJ 1.50i (National Institutes of
Health, USA). Images were converted to an RGB stack format and the scale was adjusted to
micrometres, using a scale bar of the images, then the threshold was set to exclude background
and saturated pixel intensities. Immunolabelled areas were automatically detected and the area
fraction was calculated for elastin. For final quantification, the area fraction for 15 fields of view

per sample were averaged over triplicate independently prepared samples.

2.2.13 Cytocompatibility
Cell adherence to the surface of ADMs was determined qualitatively through staining actin

filaments with cytopainter Phalloidin 647-iFluor reagent (Abcam, ab176759), and viability was
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assessed using a Live/Dead toxicity assay (Molecular Probes®, Invitrogen, Carlsbad, CA). Cells
used in this study include mouse dermal fibroblast and human foreskin dermal fibroblast. The
high-glucose DMED culture medium supplemented with 10% FBS was added to each ADM and
incubated in a 370C, CO2-regulated incubator for 24 h before cell seeding. For cell attachment
and viability tests, 15 x 103 and 10 x 103 cells were seeded onto the top surface of each ADM,
respectively, and were maintained in culture. Cell culture was stopped at 24 h post-seeding, and
phalloidin staining or Live/Dead staining was performed. For the cell attachment test, after 24 h
of culture, the ECM scaffolds were fixed with 4% paraformaldehyde, stained with cytopainter
Phalloidin 647-iFluor reagent (Abcam, ab176759) for f-actin to visualize cells, and counterstained
with the nuclear dye DAPI. For the viability test, after 24 h, the scaffolds containing cells were
washed three times with 1x phosphate-buffered saline (PBS), pH 7.0, and incubated with a mixture
of ethidium homodimer and calcein-AM according to the manufacturer’s instructions. After
30 min, the scaffolds were washed three times with 1x PBS and visualized using a Zeiss
AxioObserver Z1 confocal microscope fitted with a CSU-X1 spinning disc (Yokogawa Electric)

and AxioVision 4.8 (Zeiss), and images were analyzed by Zen software.

2.2.14 Subcutaneous implantation of ADMs and biocompatibility study

Four female BALB/c mice per each treatment group were anesthetized using isoflurane
and aseptically prepared for surgical subcutaneous engraftment of ADMs. Briefly, bilateral 1 cm
incisions were created on the mouse dorsum followed by minimal dissections under the panniculus
carnosus. ADMs (8mm in diameter) or freshly excised C57/B6 mouse skin, were placed onto
dorsal pockets. Each had two implants from the same treatment group, one at left and the other in

right dorsal sides; a C57/B6 fresh skin sample acted as a control and three decellularized dermal
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matrices as treatment groups. All the skin incisions were closed with 5/0 vicryl sutures. They were
implanted for 1, 2, 4, and 8 weeks into each mouse. All mice remained healthy, with no overt signs
of inflammation over the experimental period. At proper time points, recipient mice were
euthanized, and the implants along with upper skin and surrounding connective tissue were
removed (Fig. 2.4). The size of the implanted ADM was measured using a ruler and then processed

for routine H&E histologic examination.

2.2.15 Recall antigen and T cell proliferation assays

Spleens from ADM-matched BALB/c mice were harvested and prepared by removing fat
and mesentery. Splenocytes were isolated using a 40-um cell strainer (Fisherbrand; Fisher
Scientific UK) and the back end of a plunger from a 10-mL syringe as previously described [78].
In all cases, >95% of cells remained viable (data not shown). Splenocytes were also isolated from
C57/B6 mice spleens for the two-way mixed lymphocyte reaction (MLR) controls. After isolating
the splenocytes from pre-sensitize mice and labeling them with carboxy-fluorescein diacetate
succinimidyl ester (CFSE), each group was cocultured with 8-mm punch biopsies of native or
decellularized skin from a corresponding group for 4 days.

To ensure that only viable cells were evaluated, 7AAD (Live/Dead) exclusion dye was
used as a selection marker. Only 7AAD negative cells were gated for final analysis. Any adherent
cells were detached by gently washing the tissue with medium. Cells were incubated with
monoclonal antibodies for Anti-Mouse CD3 APC (ebioscience), Anti-Mouse CD4 PerCP-
Cyanine5.5 (BD Biosciences), Anti-Mouse CD8a PE (ebioscience), or an equivalent isotype-
matched negative control antibody. Samples were processed (minimum 30,000 live-events per

sample) using a BD FACS machine (BD Biosciences). Data was acquired and analyzed using BD
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CellQuest Pro software (version 4.0.1 for Mac; BD Biosciences). The gating strategy excluded
debris to ensure positive gating of a lymphocyte population on the forward scatter — side scatter
dot plot. Out of the live cells, CD3+, CD4+, and CD8+ cells were shown in a dot plot against
CFSE, and the percentage of proliferated cells was measured on a histogram, expressed here as the

proliferation index (i.e., the proportion of cells that have proliferated in response to antigen).

2.2.16 Transplantation procedure

BALB/c mice were anesthetized and hair from their backs was removed using clippers and
a depilatory cream. Full-thickness wounds, including the panniculus carnosus, were created on the
back of the mice using a 6-mm-in-diameter punch device in two different sites on the back of the
recipient mice (Fig. 2.6A). Four female BALB/c mice per each treatment group were used, and
each mouse received either two ADMs (prepared using the same method) or control skin grafts
(fresh allogeneic skin). Allogeneic skin was harvested from donor C57/B6 mice. Skin grafts and
ADMs (8-mm diameter) were engrafted on the 6-mm wound bed and sutured at 90° intervals using
7-0 prolene sutures (12, 3, 6 and 9 o’clock). The intervening gaps were then addressed using simple
interrupted sutures with 8-0 nylon sutures (6-8 sutures) (Fig. 2.6A). Immediately following
surgery, OPSITE dressing (Smith & Nephew) was sprayed onto the graft site and covered by
Vaseline-impregnated gauze. Tegaderm film was applied over the graft site and then secured by a

2-cm width Co-flex bandage.

2.2.17 Statistical analysis.
Data are means = SEM of three or more independent set of experiments. The statistical

differences of mean values among ADMs and control normal skin were tested with one-way
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ANOVA. Post-hoc comparisons were done using Bonferroni correction for multiple comparisons.

P-values < 0.05 were considered statistically significant.

2.3 Results:
2.3.1 Assessment of decellularization

We compared freshly isolated mouse dorsal skin with site-matched decellularized skin
matrix variants, namely, Triton, NLS, and LatB. Histological examinations are shown in figure
2.1A. Successful decellularization was defined as the absence of nuclei in H&E staining, with
relative preservation of dermis structure. To qualitatively assess the extent of preservation of
collagen fibres during decellularization, we used Masson trichrome staining (Fig. 2.1B). Both
staining methods revealed that dermal and epidermal cells (nuclei included) were completely
removed by all decellularization treatments, while the basic dermal architecture of collagen
bundles were preserved.

Representative scanning electron micrographs of the surfaces of both sides of ADMs and
their cross-sections are shown in figure 2.1C. SEM micrographs showed morphological and
structural differences between the hypodermal and epidermal sides of ADMs. In brief, a network
of collagen, reticular fibres, and connective tissue with varying diameters were observed on the
hypodermal sides. Even though all three ADMs showed a relatively smooth epidermal-surface,
resembling sheets of tightly compacted materials, they exhibited different surface topography.
Cross-sectional micrographs of the materials displayed fibrous architecture with variable porosity,
and interestingly, the cross section of the NLS-ADM has a distinct structural pattern resembling
the normal skin (Fig. 2-1 C). Figures 2-1 D, E show the residual DNA contents before and after

the decellularization with three methods. The residual DNA content, which represents the
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remaining cell debris, is not detectable in ADMs. In last step of our decellularization methods we
used Benzonase treatment and these results showed that our methods were adequate for eliminating
the residual DNA cell content. Similar findings were observed with western blot for detection of
actin protein as an abundant intracellular protein. The amount of actin in ADMs was undetectable

compared with that of untreated skin (Fig. 2-1 F).

2.3.2 Collagen and sGAG content

The collagen and sulfated GAG content of the normal skin and decellularized scaffolds
were assessed quantitatively. Collagen content, indicated by quantification of hydroxyproline, was
equally preserved in all three methods of decellularization (Fig. 2.2A). In contrast,
decellularization with NLS significantly reduced sulfated GAG while other decellularization

methods did not significantly change the GAG content (Fig. 2.2B).

2.3.3 Tensile strength

Tensile strength, as a measure of engineered stress, was determined for all ADMs as well
as mouse skin as a control. Performance-wise, LatB decellularized skin was most comparable with
normal skin (Fig. 2.2C). Further, the tensile modulus of NLS and Triton ADMs were significantly

higher than that of both LatB-ADM and normal skin (P < 0 .05) (Fig. 2.2D).
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Figure 2.1. Histological analysis of native and decellularized dermis tissue. A) Hematoxylin and eosin
staining of normal skin and ADMs demonstrate absence of the nuclear staining material, showing removal
of cells after decellularization but preservation of the architecture of the decellularized ECM (scale bars in
top and lower rows = 200 um and 50 pm, respectively). B) Masson trichrome staining shows presence of
collagen in ADMs (scale bars in top and lower rows = 200 pm and 50 um, respectively). C) Scanning
electron micrographs of the two surfaces and cross-section of the skin and ADMs samples from different
treatments show their ultrastructure (scale bars = 200 um). D, E) Residual DNA contents before and after
the decellularization with three methods. F) Western blot for detection of actin protein. Arrow

indicates the band corresponding to b-actin.
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2.3.4  Immunofluorescent staining of elastic fibres

In order to evaluate non-collagenous proteins of ECM in decellularized matrix, elastin
staining was performed. The elastic network, elastin, is in part responsible for natural skin tension
and elasticity. The elastic fibres are much finer than its collagen fibres. The role of elastin fibres
is to restore the collagen network to its normal condition after deformation [79]. As shown in
Figure 2.2E, elastin fibres appeared fragmented and significantly less abundant in the Triton- and
NLS-ADMs (12.98+ 0.42 and 11.89+ 0.66) than those of the LatB method and normal skin (19.20+

0.93 and 19.35+ 1.00), respectively (P < 0.05).

2.3.5 Cytocompatibility of ADMs

To investigate the cellular response to these scaffolds in vitro, ADMs were seeded with
mouse dermal fibroblast and human fibroblasts. All cell types cultured for 24h on ADM surfaces
prepared with 3 different decellularization methods, were viable as indicated by green (live cells)
staining (Fig. 2.3A). There was no difference between the three materials with respect to fibroblast
adherence after 24h in culture (Fi. 2.7-Sup. Fig. 1). The morphologic appearance of the fibroblasts
and their density on the surface of ADMs are indicative of fibroblasts’ adherence to the surface of
the matrix. Differences in fibroblast morphology correspond with the observation of differences
in surface topology made evident by SEM (Fig. 2.1C). To investigate the infiltration of fibroblasts
into the dermal matrices, fibroblasts were kept in culture on matrices for 1 month. As shown in
Figure 2.3B, all three types of ADMs were able to foster the in vitro culture of fibroblasts and

allow their infiltration into the ECMs after one month of being in culture
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Figure 2.2. Characterization of ADMs. Samples were collected from five independent preparation for
following experiments. A) Hydroxyproline contents were used as a measure of total collagen content
of native and decellularized skin. B) Effects of decellularization on tissue SGAG content was
significantly lower in the NLS-ADM when compared to controls (*, P < 0.05). C) Tensile stress-strain
relationships of ADMs and normal skin. LatB decellularized skin was most comparable with normal
skin. D) The tensile modulus of NLS and Triton ADMs were significantly higher than that of both LatB-
ADMs and normal skin (*, P < 0 .05). E, F) Elastin immunofluorescent staining (scale bars in top and
lower rows = 200 um and 50 pm, respectively) and quantification. The area fraction for 15 fields of

view per sample were averaged over triplicate independently prepared samples for quantification.
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Figure 2.3. Cytocompatibility of ADMs.
A) Cells were grown on the different
ADM s for one day and stained with calcein
and ethidium homodimer. Live cells appear
green and dead cells appear red. Top row
shows lower magnification (Scale bars = 1
mm) and lower row higher magnification
(Scale bars = 100 um). B) ADMs seeded
with mouse fibroblasts, after four weeks in
culture. The infiltration of cultured cells at
epithelial surface into dermal matrix is
detectable in all ADMs (scale bars in top

and lower rows = 100 pum and 50 pm,

respectively).

2.3.6  Biocompatibility study

Both fresh and decellularized dermal samples derived from C57/B6 mice were implanted
subcutaneously on the dorsum of BALB/c mice to evaluate both immunogenicity and cell
infiltration in a secondary in vivo model (Fig 2.4). After 1, 2, 4 and 8 weeks, recipient mice were
euthanized, and the implants were removed, along with upper skin and surrounding connective
tissue, and processed for routine H&E histologic examination (Fig. 2.4A and B). As expected,
allogeneic skin presented signs of immune cell infiltrate, indicative of acute rejection by the host,
as early as 1 week (Fig. 2.4A.h), with notable degradation and infiltrating immune cells within the
implants at week 8 (Fig. 2.4B.1). In contrast, none of the ADMs (regardless of the decellularization
method) prompted any significant immune response. In fact, there were no noticeable differences
in gross morphology of ADM implants at any given time. Histology revealed that host cells
migrated into all ADMs after the first week of implantation (Fig. 2.4A. e,f,g). Over the 8 weeks of
follow-up, there was no evidence of ADM rejection by the recipient mouse (Fig. 2.4B).
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Figure 2.4. Biocompatibility study of both fresh allo-skin and decellularized dermal samples derived
from C57/B6 mice implanted subcutaneously on the dorsum of BALB/c mice after (A) one week and
(B) 8 weeks. Dissected ADMs after subcutaneous implantation with the overlying skin at week 1 (A-
a,b,c,d) and week 8 (B- a,d,g,j). Allogeneic skin presented signs of immune cell infiltrate at week 1 (A-
h), with notable degradation and infiltrating immune cells within the implants at week 8 (B-k,I). Scale

bar in A. e-h =100um, B. b, e, h, k=500um, B. c, f, I, | = 50pm.
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2.3.7 Assessment of T cell proliferative response to decellularized scaffolds in vitro

When pre-sensitized BALB/c splenocytes were stained with CFSE and cocultured with
any type of B6 decellularized dermal scaffolds (acting as a recall antigen), the BALB/c T-cell
proliferation rate was not significantly different from that of the unstimulated BALB/c splenocytes
(data not shown). The stimulation of BALB/c splenocytes by coculturing with allogeneic, fresh
B6 skin tissue or B6 splenocytes (mixed lymphocyte reaction), however, resulted in a robust
BALB/c CD3+ T-cell proliferation (8.1 + 1.33% for B6 skin coculture and 25.4 + 1.94% for MLR,
respectively. P < 0.05). Further analysis revealed that both CD4+ and CD8+ population of CD3+
cells showed increased proliferation in response to fresh B6 skin tissue or B6 splenocytes and not

to ADMs (Fig. 2.5).

2.3.8 Biofunctionality of ADM transplantation

Macroscopically, 1 week after transplantation, ADM appeared to be engrafted in
surrounding host tissue, and the migration of host cells into implanted ADM was detectable.
Epithelialization was observed at the wound edges of the grafted ADM (Fig. 2.6B). Two weeks
after implanting, vascularization was detectable in the margin of implants, as its colour changed
to a pinkish skin colour (Fig. 2.6B). Three weeks after transplantation (Fig. 2.6C), histology results
show complete recellularization and reepithelialisation. Newly formed vessels originating from
wound bed penetrated upward through the ADM. The collagenous structure of the ADMs was
preserved. At week 4, this reepithelialisation effectively protected the ADMs implant such that
neither bacterial infection nor desiccation of the implanted ADMs was seen (Fig. 2.8- Sup. Fig. 2).

There were no signs of rejection in all ADMs after transplantation at any time points tested.

40



A

D3

D4

CD8

Triton NLS LatB Allo Skin 2-way MLR B

Triton NLS LatB Allo MLR

CD4+ Proliferation (%)

e w

Triton NLS LatB Allo MLR

s
S

w
S

—
S

CDS8+ Proliferation (%)
™
S

o

Triton NLS LatB Allo MLR

Figure 2.5. Recall antigenic T-cell (CD3, CD4 and CD8) proliferation assay by flowcytometry analysis
using CFSE dye. (A) Co-culture experiments using CFSE-stained splenocytes with ADMs, allogenic B6
mouse skin and allogenic lymphocyte with a 1:1 ratio of stimulator (unstained B6 mouse splenocytes) to
responder (stained Balb/C splenocytes). The percentage of proliferated CD3+, CD4+ and CD8+ cells
were measured at day 3 (D3) culture and expressed as the proliferation index (i.e., the proportion of cells
that have proliferated in response to the antigenic stimulus). (B) Summary of proliferation index for all

samples. n = 5 samples in each group. Statistical significance indicated by asterisks, *P < 0.05.
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Figure 2.6. Assessment of biofunctionality of ADM in full-thickness skin wound transplantation. A) Full-
thickness wounds, including the panniculus carnosus, were created on two different sites on the back of the
recipient mice, and allogenic skin grafts (from B6 mice) and ADMs were engrafted on the wound bed and
sutured. B) Gross images of engrafted ADMs at 1, 2 and 3 weeks after transplantation. In week 3, allogenic
skin showed rejection of graft while ADMs are engrafted in host tissue without any sign of rejection. C)
Three weeks after transplantation, histology results showed complete recellularization and reepithelialisation.
Newly formed vessels were detectable (arrows) through the ADMs. Normal skin graft show high cellularity

at the wound site (scale bars in top and lower rows = 100 pm).
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2.4 Discussion

In this study, we have introduced a detergent-free method for preparing ADMs and
compared it with two commonly used detergent-based decellularization methods of ADM
preparation. This comparison was based on effectiveness of decellularization while maintaining
the structure and functional composition of ECM components. Recalling that the advantage of an
ADM over an engineered matrix in the preparation is the inclusion of cell-secreted molecules that
are resident in normal skin, the best decellularization processes should thus prevent their damage
and removal. Despite the variety of reported decellularization methods, there is a lack of evidence
to support the use of one method over another in consideration of design characteristics. In our
study, we sought to explore and evaluate the biofunctionality of three decellularization methods,
in parallel, both in vitro and in vivo. In the interest of clinical applicability, we sought to further
compare differently decellularized ADMs as skin substitutes in the treatment of full-thickness
wounds.

The detergent-free method that we used, namely the LatB method, has been reported before
for decellularization of skeletal muscle, and it is based on decellularization without using detergent
and proteolytic enzymes [75]. However, in this study we used Dispase Il, a neutral protease, to
remove the epidermis and improve the efficiency of the decellularization process, as our
preliminary results showed inefficient decellularization without using this enzyme. This method
utilizes actin filament disruption by treatment with LatB, cell lysis by osmotic shock by exposure
to high ionic strength salt solution, and benzonase treatment to remove residual DNA from skin.

Based on H&E and Mason trichrome staining, there was no detectable nucleus staining in
ADMs prepared with the three methods, confirming complete decellularization, and the overall

structure of the ECM was maintained when compared with the normal skin (Fig. 1). As evidenced
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by Hydroxyproline assay, these methods did not remove collagen—the most abundant ECM
structural component (Fig. 2.2A). Studies using Triton X-100 have shown mixed results from
complete to inefficient cell removal and from safe to harsh on ECM molecules [80]. This
discrepancy was mainly related to the tissue being decellularized and such details of protocol as
Triton concentration, incubation time, agitation, and the other methods with which it was
combined.

Our results showed that the decellularization method using NLS significantly removed
SGAGs from the skin while Triton and LatB methods did not show any reduction when compared
to normal skin (Fig. 2.2B). Previous studies have shown that most detergents cause at least some
degree of removal of GAG from the scaffolds [81]. GAGs are negatively charged hydrophilic
molecules, so they are capable of absorbing and retaining a large amount of water within the
matrix. This feature affects the mechanical and viscoelastic behaviour of the tissue matrix [82].
Retention of SGAGs content in ADM thus has a significant impact on its function.

Biomechanical analysis of the ADMs confirmed the mechanical integrity of the ADM
prepared with LatB method, since there was no difference between the normal skin and ADM,
while detergent-based methods showed different stress-strain patterns and tensile modulus (Fig.
2.2C, D). Further, elastin staining showed that the LatB method has a similar staining pattern to
normal skin compared with methods that use Triton or NLS (Fig. 2.2E). Elastin is a durable and
insoluble protein with minimal turnover. It gives recoil and resistance to tissue such as blood
vessel, lung, and skin and induces cell activities like cell migration and proliferation, matrix
synthesis, and protease production [83—-85]. The biomechanical properties of elastin allow skin to
bear tensile stress, especially at the mobile parts of the body such as joints. Even though at the

beginning of wound healing and upon injury, elastin fragments are generated and released into the
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ECM to induce biological responses in cells as active ligands (elastokines) [86], later on the
deposition of elastin in the dermis is aberrant and has only been detected a few months after the
initial wound-healing stages [87]. Moreover, disrupted elastic fibres lead to the reduced elasticity
of the mature scar. Also, the presence of elastin in a skin substitute has been shown to reduce
wound contraction and improve dermal regeneration [88]. Regarding the mechanical and
signalling properties of elastin during wound healing, it is obvious that the restoration of an intact
elastic fibre is critical to regain functional skin after injury [83].

In this study, we provided a comparison of ADMs prepared in parallel with different
methods of decellularization. Each method was associated with distinct changes to structure and
composition of the resulting material. Although our assessment of post-transplanted scaffolds
showed overall acceptable results for all ADMs and no-single method greatly outperformed the
functionality of another, our findings indicated that a detergent-free LatB method was minimally
disruptive to native ECM and was the only method that achieved effective decellularization of skin
while preserving sGAGs and elastin content of the tissue as well as its biomechanical property,
when compared to detergent methods.

A limitation of the present study is that a full-thickness skin wound model was created on
the backs of the mice and that location is not the proper place to show the importance of having
elastic skin substitute because it is not the best body site in terms of enduring tensile stress. It
would be appropriate to create skin wounds in the areas like joints, which bear tensile stress.
However, this is not feasible in a small rodent model. Although removal of all cell material without
affecting ECM components may be fundamentally impossible, it seems apparent that methods that
remove most of the cellular components are preferred. There is a variation in definition of

decellularization across different studies. Some have reported a lack of positive staining for
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cellular antigens such as MHC-1 and MHC-2 [89-91], and others consider the dsDNA content of
decellularized tissue as compared with the native one, which they suggest should not exceed 200
base pairs in length and 50 ng per mg of dry weight of the material [92]. These criteria may depend
more on tissue type and may not be proper for all decellularized bioscaffolds. Overall, our results
emphasize the importance of the decellularization methods for producing ADMs and the design
criteria forevaluating efficacy of these methods. We strongly recommend using controlled, parallel

preparation and analysis of ADMs in vitro and in vivo to ascertain biofunctional outcomes.
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Figure 2.7. (Supplementary Figure 1). Day-1 cell attachment test. Confocal microscopy of

passaged human dermal fibroblasts stained for phalloidin and counterstained with the nuclear
stain DAPI, cultured on different acellular dermal matrix. Upper panel at low magnification

(scale bar=1mm) and lower at high magnification (scale bar=50um).
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Figure 2.8. (Supplementary Figure 2). Four weeks after transplantation, all ADMs
show complete integration of grafts and reepithelialisation effectively covered the

ADM s transplants. Dotted line circles show original transplant sites

47



Chapter 3: Acellular Dermal Matrix Revitalized with Allogeneic Dermal

Fibroblasts as a Biological Wound Coverage: Do We Need Fibroblasts? !

3.1 Introduction

The ideal treatment for wounds should stimulate regeneration with the complete
restoration of original tissue, rather than repair that leads to scar formation and the absence of
some cellular elements in the defected area. Although regeneration is an optimal outcome for
wound healing, it is mainly found in embryonic development and not in adult tissue [2].

Currently, only autologous full-thickness skin grafts and free flaps can restore normal
architecture and functions of skin. However, these methods are not applicable in large wounds
and in areas with low vascularity. Also, it causes morbidity of donor sites. These limitations
necessitate the production of skin substitutes [3]. One of the tissue-engineered products
developed to substitute the defected skin is the acellular dermal matrix (ADM).

ADM has been used as a temporary or permanent wound covering for partial- and full-
thickness wounds [5] [6] [7] [8]. ADM, ideally, is non-immunogenic and mechanically similar to
skin. Because of the better preserved physiological structures of the dermis in ADM, it offers an
ideal template for the growth of angiogenic cells and the promotion of vascularization [9] .

ADM acts as a scaffold as well as a source of growth and chemotactic factors, but to
induce tissue regeneration, the presence of living cells capable of remodeling the extracellular
matrix and restoring normal tissue function is necessary [29]. It has been shown that primary
dermal fibroblasts synthesize essential extracellular matrix components and secrete key growth
factors and cytokines that are important for wound healing [10] [44] [11]. Fibroblasts used in

skin substitutes are allogeneic or autologous. Regardless of the source of fibroblasts used in skin

L A version of this chapter has been prepared for submission. Ali Farrokhi,MSc, MohammadReza
Rahavi,MSc, Mohammadreza Pakyari, MD, Victoria McCann, BSc, Reza Jalili, MD/PhD, Gregor Reid?, 48
PhD, and Aziz Ghahary, PhD (Aug 2016).




substitutes, the improved outcome of grafting has been supported in several experimental and
clinical studies in treatments of burn and chronic wounds [39] [40] [41] [43].

To have a ready-to-use skin substitute harbouring live fibroblasts, there are several
advantages in using allogeneic fibroblasts over autologous ones, including reduced morbidity in
patient donor sites and avoiding of a delay in treatment because of the time needed for
autologous cell isolation and culture [38]. Also, the production of allogeneic cells is less
expensive than the autologous cells [20]. However, the viability and immunogenicity of such
cells after transplantation into an immunocompetent host have been controversial, and the
usefulness of the seeded fibroblasts is still unclear, questioning whether we need to repopulate
ADMs with allogeneic fibroblasts or we should use only autologous fibroblasts [51] [52] [93]
[53] [54] [55].

In most experimental and clinical studies, the aspect of immunogenicity of these cells has
not been studied in detail and a limitation in techniques to follow cells after transplantation may
partly contribute to the conflicting reports of allogeneic fibroblasts’ fate. To address these
limitations, we used in vivo bioluminescent imaging (BLI) for assessing engraftment, survival, and
migration of these cells following transplantation in an allogeneic host. Studies show that an
immunologic response to an allogeneic skin graft requires T-cell activation and proliferation. Thus,
to prevent acute rejection, suppression of infiltrated immune cells at early time points of
engraftment is necessary [12]. Indoleamine 2,3-dioxygenase (IDO) is an enzyme that metabolizes
the tryptophan in the environment. The deficiency of this essential amino acid and its toxic
metabolites induce T-cell anergy and apoptosis [13] [59]. IDO-expressing cells exhibit strong

immunosuppressive activity in vitro and in vivo [74] [94] [95].
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As such, we hypothesized that the application of an IDO-expressing allogeneic dermal
fibroblast populated within an ADM might be sufficient to create an immune-privileged area
within the wound to protect fibroblasts from rejection and help the graft to restore its function by

synthesizing extracellular matrix components and growth factors by these cells.

3.2 Materials and methods:
3.2.1 Ethics statement

All methods and procedures, as well as the use of animals and tissue specimens derived
from animals, have been approved by Animal Ethics Committees of the University of British

Columbia.

3.2.2 Mice

Male C57/B6 mice (Jackson Lab, USA) aged 3 to 4 months were used as skin donors and
female Wild-type BALB/cJ, Rag-1-deficient BALB/cJ (RAG1—/-), interferon-y (IFN-y)—
deficient BALB/cJ (IFN—/—), and common y chain—deficient NOD-scid (NSG) mice were
obtained from The Jackson Laboratory (Jackson Lab, USA) with those aged 2 to 3 months as
recipients of ADMs grafts and fibroblast cell injection.

Mice were bred and maintained under specific pathogen-free conditions in accredited

animal facilities at the University of British Columbia.
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3.2.3 Decellularization methods

In this study, we used the detergent-free method based on our previous publication for
decellularization of skin, which was utilizing Latrunculin B treatment followed by hyper- and
hypotonic solutions incubation.

Briefly, after shaving the hair and application of hair removal cream followed by
scrubbing with povidone-iodine solution (Triadine, H&P Industries Inc., Franklin, WI, USA),
full-thickness skin was removed from the backs of donor C57/B6 mice. The panniculus carnosus
and hypodermis tissues were removed manually by using a surgical blade and then washed three
times with phosphate buffered saline (PBS).

After washing with PBS, the remaining part of the skin tissue was treated with 2u/ml
Dispase Il (gibco) in DMEM media for 1 hour in an incubator. After removing epidermis and
washing three times with PBS, skin samples were incubated in 50 nM latrunculin B (Sigma-
Aldrich) in high-glucose DMEM (DMEM; Gibco) for 2 hours at 37 °C to depolymerize actin
filaments. Then samples were washed with distilled water twice for 15 minutes and subsequently
were incubated in 0.6 mol/L potassium chloride (Sigma-Aldrich) for 90 minutes. Samples were
washed with distilled water twice for 15 minutes and followed by 1.0 mol/L potassium iodide
(Sigma-Aldrich) for 90 minutes. Following the high ionic solution incubations, skin samples
were washed in distilled water overnight, and then the potassium chloride and potassium iodide
incubations and overnight distilled water incubation were repeated. All steps were performed at
room temperature with continuous shaking.

For eliminating residual RNA and DNA, ADMs were treated with 50u per ml
Benzonase® Nuclease (Santa Cruz, sc-202391) for 12 hours and then washed with PBS for

another 12 hours. All solutions used for ADM preparation were filter-sterilized and all
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procedures were performed aseptically. Sodium azide (0.02% w/v) was present in all solutions

except the last PBS washing step to prevent microbial growth.

3.2.4 Histological examinations
For histological evaluation of the harvested grafts, conventional H&E staining was done on 5 pum thickness

paraffin sections.

3.25 Dermal fibroblast attachment and viability on ADMs scaffolds.

Cells were used in this study include mouse dermal fibroblasts and transgenic continuous
IDO-expressing fibroblasts. Cells were seeded onto each of the ADMs in a density of 50x103
and were maintained in culture. Cell adherence and viability was assessed 24 hours after seeding
the cells on ADM, using a Live/Dead toxicity assay (Molecular Probes®, Invitrogen, Carlsbad,
CA) followed by visualization by confocal microscopy. To perform the assay, the scaffolds
containing the cells were washed three times with 1x phosphate-buffered saline (PBS), pH 7.0,
and incubated with a mixture of ethidium homodimer and calcein-AM according to the
manufacturer’s instructions. After 30 minutes the scaffolds were washed three times with 1x
PBS and visualized using a Zeiss AxioObserver Z1 confocal microscope fitted with a CSU-X1
spinning disc (Yokogawa Electric) and AxioVision 4.8 (Zeiss)) and images were analyzed by
Zen software.

In parallel to this, the amount of lactate dehydrogenase (LDH) in cell culture medium
was used to monitor cell viability during three weeks of in vitro cell culture. This enzyme is a
cytoplasmic enzyme released by dead cells, but not healthy cells. Twenty-four hours after
seeding the cells and every two days after that, supernatant of cultured cells was collected and

LDH amount measured by Pierce™ LDH Cytotoxicity Assay Kit (Cat:88953-Thermofisher),
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according to the manufacturer’s instructions. To determine the number of dead cells based on the
OD value measured for LDH content and to determine the optimum number of cells to ensure
LDH signal is within the linear range, we prepared a serial dilution of cells (0-20,000
cells/100uL media) in two sets of triplicate wells in a 96-well tissue culture plate and then lysed

them by using a lysis buffer.

3.2.6 T Cell proliferation assays: Evaluation of suppression

The purpose of this assay is to determine whether allogeneic fibroblasts and IDO-
expressing fibroblasts can suppress T-cell proliferation in a Jurkat cell line, an immortalized line
of T lymphocyte, and in two-way mixed lymphocyte reaction (MLR). To perform this assay,
5%104 regular fibroblasts and IDO- expressing fibroblasts were cultured for three days on the
hypodermal side of the ADM in 48-well plates in 10% FBS DMEM high-glucose media and then
co-cultured with splenocytes of MLR or Jurkat cells for four days.

Splenocytes isolated from BALB/c mice spleens as previously described [65] stained
with carboxy-fluorescein diacetate succinimidyl ester (CFSE) and used as a responder cells were
mixed with splenocytes isolated from rat spleens, which were used as a stimulator. For co-culture
with fibroblast, 1x105 responder and 5x104 stimulator cells were added to fibroblasts cultured
on ADM and incubated at 37 °C in the presence of 5% CO2. The final co-culture volume per
well was 400 pl, 200 pl of 10% FBS RPMI media for MLR cells and 200 pl fibroblast culture
medium.

The following experimental groups were used as controls: (i) Balb/c splenocytes
unstained for CFSE to check background fluorescence; (ii) CFSE-stained Balb/c splenocytes

without mixing with rat splenocytes as a unstimulated negative control; (iii) two-way MLR
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without co-culture with fibroblasts to ensure that Balb/c splenocytes were proliferating in
response to rat antigens; and (iv) fibroblasts cultured in plate and not ADM co-cultured with
two-way MLR to ensure that the effect of fibroblasts is not modified by culturing them on ADM.

Any adherent cells were detached by gently washing the tissue with medium. Cells were
incubated with monoclonal antibodies for Anti-Mouse CD3 APC (ebioscience) or an equivalent
isotype-matched negative control antibody. Samples were processed (minimum 30,000 live-
events per sample) using a BD Acuri machine (BD Biosciences). Data was acquired and
analyzed using BD Accuri 6 software (BD Biosciences). The gating strategy excluded debris to
ensure positive gating of a lymphocyte population on the forward scatter-side scatter dot plot.
Out of the live cells, CD3+ cells were shown in a dot plot against CFSE, and the percentage of
proliferated cells was measured on a histogram, expressed here as the proliferation index (i.e.,
the proportion of cells that have proliferated in response to antigen).

For co-culturing fibroblasts with Jurkat cells, 1x105 CFSE-Stained jurkat cells were
added to fibroblasts cultured on ADM and incubated at 37 °C in the presence of 5% CO2. After
four days, the proliferative index of Jurkat cells was measured by doing flow cytometry based on

CFSE staining.

3.2.7 Transplantation procedure

Transplantation of ADM and recellularized ADM was performed as described previously
[96]. Briefly, after induction of anesthesia and removing hair from the back skin of recipient
Balb/c mice, full-thickness excisional wounds, including the panniculus carnosus, were created
in two different sites on the back of the recipient mice using a 6-mm-in-diameter punch device.

In order to minimize the involvement of the contractile subcutaneous panniculus carnosus
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muscle of murine skin in our wound-healing model and make it more similar to the one in
humans, silicone splints with 14-mm outer and 10-mm inner diameters were placed around the
perimeter of the wounds and were sutured in place to the skin. Four female BALB/c mice per
each treatment group were used, and each mouse received either two ADMs, or two
fibroblasts—recellularized ADMs or IDO-expressing fibroblast ADMs. Grafts (8-mm diameter)
were sutured on the surrounding tissue of a 6-mm diameter wound bed (Fig. 3.3A). Immediately
following surgery, OPSITE dressing (Smith & Nephew) was sprayed onto the graft site and
covered by Vaseline-impregnated gauze. Tegaderm film was applied over the graft site and then

secured by a 2-cm width Co-flex bandage.

3.2.8  Invivo depletion

To explore the role of each subset of immune cells in graft rejection, they were depleted
by administering 200 pg of depleting antibody i.p. every three days beginning three days prior to
cell transplantation as indicated: CD8 T cells with anti-CD8a. (clone 2.43, BioXCell), CD4 T
cells with anti-CD4 (clone GK1.5, BioXCell), gamma delta (yd) T cells with anti- Vy2 TCR
(clone UC3-10A6, BioXCell), with the exception of NK-cell depletion, which were done using
200 pg of rabbit anti mouse-asialo GM1 (CL8955, Cedarlane), 24 hours before cell injection and
50 ug every three days after cell injection. Cellular depletions of CD8 T cells, CD4 T cells, and
NK cells were confirmed by flow cytometry of PBMC every time before injecting new dose of

antibodies (Fig. 3.7A).

3.2.9 Bioluminescence imaging (BLI)
To track the fibroblasts in vivo by BLI, a self-inactivating (SIN) lentiviral vector carrying
a double fusion (DF) reporter gene of click beetle red (CBR) luciferase and enhanced green
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fluorescent protein (eGFP) driven by a constitutive ubiquitin promoter (pUB) (Fig. 3.4A.a), was
transduced into fibroblasts (C57/B6 mouse strain), when cells were in passage 5 as described
previously [20]. After transduction, fibroblasts robustly expressed eGFP (Fig. 3.4A.b-e).
Transduced fibroblasts were transplanted by intradermal injection into the lateral side of
dorsal skin of recipient mice, 1x105 per spot (Fig. 3.4B), and the first BLI was performed 6
hours after transplantation, followed by next-day imaging. After day 1, BLI was performed every
other day. The BLI protocol involved intraperitoneal administration of the d-Luciferin reporter
probe with 3mg of luciferin in 200 pL of PBS, followed by mild anesthesia using isofluoren, and
imaged 10 minutes later using the Spectral Instrument In Vivo Imaging System. Experiments

contained 3 to 5 animals per group.

3.2.10 Isolation of infiltrating immune cells to the site of cell injection in skin.

Mice were euthanized and 12 mm in diameter circle from skin at the site of cell injection
were harvested and then minced using blade. To get single cell isolation, tissue samples were
digested by Liberase ™ enzyme blend (Sigma-Aldrich) at 37°C for 45 minutes in Hank's
Balanced Salt Solution and 250 rpm shaking. Digestion was stopped by adding RPMI media
supplemented with 10% FBS and passed through 40 pore size cell strainer and washed with

same media.

3.2.11 Flow cytometry

The following fluorochrome-tagged antibodies were purchased from BD Pharmingen,:
lymphocyte panel: APC-Cy(tm)7 -CD3, PE-Cy(tm)7- CD19, BV605- CD45, V500- CD4,
V450- CD8a, PE- CD69, PE-CF594- CD49b, BV650- CD335 (NKp46), 7AAD as a dead cell
exclusion dye, and myeloid panel: FITC-Gr-1, PE-Cy™7- CD11b, PerCP-Cy™S5 5- Ly-6C,
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APC-Cy™7- Ly-6G, BV711- F4/80, and DAPI as a dead cell exclusion dye. Flowcytometry was
performed on an LSR Fortessa flow cytometer (BD Biosciences), and data were analyzed using

FlowJo software (Tree Star Inc.).

3.3 Results:
3.3.1 Cytocompatibility of ADM

To investigate the attachment and viability of cells after seeding them on ADM, fibroblasts
were cultured for 24 hours on ADM surfaces and a Live/Dead assay was performed. The viable
and dead cells were shown as green and red, respectively (Fig. 3.1A). Fibroblasts adhered to ADM
upon seeding and stay viable within the first 24 hours. LDH assay on collected supernatant of in
vitro cultured fibroblasts on ADM for three weeks revealed minimal cell death in the period of cell

culture indicating supportive effect of ADM on fibroblasts growth (Fig. 3.1B).

3.3.2 Proliferation of T cells cocultured with recellularized ADM with IDO-expressing
fibroblasts was suppressed in vitro.

To evaluate the T-cell suppressive property of IDO- expressing fibroblasts repopulated
within ADM, these cells and control fibroblasts on ADM were cocultured with two-way mixed
lymphocyte reaction (MLR) and Jurkat cell line in different experimental sets. In the MLR
reaction, CFSE stained splenocytes used as responder cells were mixed with rat splenocytes,
which were used as stimulators.

The result of two- way MLR reaction in the presence of fibroblast-ADM, 41.4 +5.04% of
CD3+ cells were in proliferative stage. However, in the presence of IDO-Fibroblast-ADM,
there was significantly reduced number of proliferating cells (3.31 + 2.4% (p<0.05). On the
other hand, as a result of T-cell suppression by IDO expression, more T cells underwent anergy
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as evidenced by 45.07+£4.52 % dead cells in CD3+ T-cell population in IDO-Fibroblast-ADM
coculture group in compare to 7.12+0.98% in fibroblast-ADM group (Fig. 3.2A).

The suppression property of IDO-Fibroblast-ADM was confirmed in coculture of these

cells with Jurkat cell line (Fig. 3.2B).
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Figure 3.1. Cytocompatibility of ADMs. A) fibroblast and IDO- expressing fibroblasts were seeded on
the ADM for one day and stained with calcein and ethidium homodimer. Live cells appear green and
dead cells appear red (Scale bars = 100 um). B) fibroblasts cultured on ADM for thee weeks and every
three days culture media collected and analyzed by LDH assay to monitor dead cells quantity. Left panel
shows a manually lysed serial dilution of cells as a control and right panned shows the collected media

from fibroblast and IDO- expressing fibroblasts cultured on ADM.
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3.3.3 Allogeneic dermal substitute did not promote the wound healing.

Three weeks after transplantation (Fig. 3.3A), gross images of grafted recellularized
ADM showed engraftment in surrounding host tissue, and histology results confirmed complete
reepithelialisation and the presence of cells inside the grafts. In terms of time required for healing
and the quality of the healed wound, there was no difference between experimental groups.
Investigating the type of infiltrated cells with various florescent labeling techniques (data not
shown) and flowcytometry against H2kb-MHCI antigen (Fig. 3.3B) showed absence of
transplanted allogeneic fibroblasts within engrafted ADM. Evaluating the fate of cells a week
after transplantation, showed that small number of IDO-Fibroblasts could survive within grafted
tissue but it was not consistent through multiple repeats of experiments.

Immune florescent staining of graft for immune cell infiltration at week three after
transplantation revealed the presence of pan-leukocyte marker, CD45+ cells (Fig. 3.3C).

The absence of transplanted cells led us to investigate the following hypotheses: (i) Cells
are dying because of lack of oxygen and nutrients due to delay in vascularization of grafted
ADM; (ii) Cells are dying because of cell senescence and short life-span after transplantation;
(iii) Cells are migrating from ADM graft to other parts; and (iv) Cells are immune rejected.

To address these hypotheses, we performed a series of experiments by making dual
reporter Luciferase-EGFP fibroblasts and IDO-expressing fibroblasts (Fig. 3.4A.a-e.). Then cells
were intra-hypo-dermally injected (Fig. 3.4B) in various strains of immune deficient and antigen

depleted mice and followed by in vivo BLI in different time points post-transplantation.
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Figure 3.3. Evaluating the outcome of recellularized ADM transplantation on wound healing. A) gross
images of the wound showed engraftment of ADM in surrounding host tissue, and histology results
confirmed complete reepithelialisation and the presence of cells inside the grafts. B) flowcytometry of
infiltrated cells to graft region against H2kb-MHCI antigen showed absence of transplanted allogeneic
fibroblasts within engrafted ADM three weeks after transplantation. C) At week three, Immune

florescent staining of the graft revealed the presence of pan-leukocyte marker, CD45+ immune cells.
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Figure 3.4. Tracking transplanted cells by in vivo BLI. A) dual reporter Luciferase-EGFP vector
were used to transduce fibroblasts and IDO-expressing fibroblasts. B) Then cells were intra-hypo-
dermally injected in to mouse skin. C) Cells were injected in to Balbc as an allogeneic and into
NSG and NS as immune deficient mice, then followed by BLI at different time point. After 3 days
significant reduction of luciferin signal was detected in wt-BalbC mouse but not in NSG and NS
mice, p<0.05, and by Day 5 both cell types were rejected in wt-BalbC mice.
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3.3.4 Transplanted allogeneic fibroblasts were rejected due to immunologic response.

To investigate the possible reasons for not being able to detect the transplanted cells
within grafts, luciferase positive normal and IDO-expressing fibroblasts were injected intra-
hypo-dermally into wild type Balbc as an allogeneic recipient and into immune deficient mice of
NSG and NS, then followed by BLI. Intra-hypo-dermal injection of cells eliminates the role of
delay in angiogenesis and lack of oxygen and nutrition to cells because dermis is well
vascularized tissue and BLI enabled us to follow the cell fate and migration to other part of the
body. Results showed that within three to five days after transplantation, cells were detectable in
immune deficient NSG and NS mice but not in Balbc mice, which was an indication of immune

rejection (Fig. 3.4C).

3.3.5 Natural killer T cells and g/d T cells were not involved in immune rejection of
fibroblasts.

To address the question of whether the rapid rejection of transplanted fibroblasts
observed in allogeneic mice is caused by innate immune cells with the capability of lysing cells,
we examined the possible role of natural killer T cells and yd T cells.

To determine if NKT cells were responsible for allogeneic reaction, we performed
transplantation utilizing Jal8 knockout (Ja18-/-) and CD1d knockout (CD1d-/-) mice.
Gamma/delta T cells involvement in this allogeneic reaction was investigated by transplanting
cellsin g/d T cell depleted mice. In all three mice models, cells were rejected in similar time to

wt-Balbc recipients with no delay in rejection (Fig. 3.5).
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B6 fibroblasts B6-1DO fibroblasts

Figure 3.5. In vivo bioluminescent imaging (BLI) of transplanted fibroblasts in NKT and y6 T
cell deficient mice. Representative BLI images of mice following intra-hypo-dermal
transplantation of fibroblasts show a decrease in BLI signal in allogeneic (Balb/c), NKT cell
deficient (Jal8-/- and CD1d-/-) and yo T cell depleted mice, as opposed to immune deficient
(NSG and Rag-/-) mice, reaching to background levels between post-transplant Days 4 and 6.

Color scale bar values are in photons/sec/cm 2/steridian (p/s/cm 2 /sr).
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3.3.6  Depletion of natural killer (NK) cells delayed immune rejection of fibroblasts.

To evaluate the role of NK cells in mediating fibroblasts rejection, we depleted NK cells
from wt-Balbc mice by injecting anti-asialo-GM1 (ASGM-1) and cells were transplanted
hypodermally. Delayed rejection of cells in the ASGM-1 treatment group was observed
compared to the control group, indicating that removing NK cells increases fibroblasts’ survival
in wt-Balbc mice but it cannot prevent rejection (Fig. 3.6 A,B). In vitro co- culture of NK cell
line with fibroblasts and IDO-expressing fibroblasts showed cytotoxicity of NK cells within 14-
24 hrs, p<0.05 (Fig. 3.6 C). These results suggest that NK cells are capable of targeting
fibroblasts, but they are not major cell types that target the fibroblasts in vivo. NK depletion of
the Rag-/- mice did not alter the survival of transplanted cells. This finding confirms that NK-

mediated response is not the major contributor in the allogeneic rejection of fibroblasts.
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Figure 3.6. A,B) Depletion of Natural Killer Cells delayed immune rejection of fibroblasts but
could not prevent rejection. Depletion of NK cells in Rag-/- mice did not change the pattern of cell
rejection/survival. C) In vitro co- culture of natural killer cell line with fibroblasts and IDO-

expressing fibroblasts showed cytotoxicity of NK cells within 14-24 hrs, p<0.05.
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3.3.7  Simultaneous depletion but no single depletion of CD4+ and CD8+ cells could
prevent rejection of fibroblasts.

In an attempt to assess T cell roles in rejection of fibroblasts, we tested the depletion of T
cells using mAb towards the CD4 and CD8 cell surface molecules in cell transplanted mice.
BALB/c mice were injected with anti-CD4, anti-CD8, or a combination of both starting three
days before cell transplantation and followed by injection every three days. The depletion
efficiency of each, or combination of antibodies were monitored by flow cytometry on 50 pl of
peripheral blood samples every three days before injecting a new dose of antibodies (Fig. 3.7A).

The results showed that when mice were injected with a combination of anti-CD4 and
anti-CD8, rejection of cells was prevented (Fig. 3.7B) but single depletion of CD4+ and CD8+
cells was not effective. However, single depletion of CD4+ cells showed a delay in rejection

(Fig. 3.7C)
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Figure 3.7. Double depletion of CD4+ and CD8+ cells prevent immune rejection of
fibroblasts. A) evaluation of CD3+, CD4+ and CD8+ cells presence in peripheral blood after
single and double depletion of CD4+ and CD8+ cells. B) In CD4+ and CD8+ double depleted
mice, BLI shows a pattern of transplanted fibroblasts survival, however there is a decease

amount of signal by day 9. C) CD4+ cells depletion delay rejection but cannot prevent it.
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3.3.8  Skin samples from cell injected spots in compare to PBS injected skin harbor a
greater number of myeloid cell but not cytotoxic CD8+ cells.

To test which type of immune cells are infiltrating to the site of cell injection at the time of
rejection, we isolated cells from harvested tissues and analyzed them by flowcytometry in two set of panels;
one for lymphocytes and the other for myeloid derived immune cells. For lymphocyte panel, first we gated
single viable CD45+ cell (7AAD-) then we considered CD19-CD3+ CD4+CD69+ cells as activated CD4+
cells, CD19-CD3+ CD8+CD69+ cells as activated CD8+ cells and CD3- CD49b+ CD335+ cells as NK
cells (Fig. 3.9).

For myeloid panel, first we gated single viable CD45+ cell (DAPI-) then we considered
CD11b+Gr-1+ cells as monocytes, CD11b+F4/80+ cells as macrophages, Gr-1+ Ly6G+ as neutrophils and
Gr-1+ Ly6c+ as other type of monocytes.

We found that a large number of host myeloid cells infiltrated allogeneic cell transplanted spots,
mainly macrophages and neutrophils (Fig. 3.8B,C). Interestingly, there was not notable amount of activated
CD8+ cells. However, activated CD4+ T cells were detectable (Fig. 3.9B).

Infiltration of NK cells (CD3-CD49b+CD335+) in allogeneic cell injected samples was

higher than PBS injected samples (Fig. 3.9B).
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Figure 3.8. Analysis of myeloid cell infiltration after fibroblast transplantation in skin of
immunocompetent recipients. Panel A represents gating strategy based on CD45+ live cells. Panel B
compares macrophage (CD11b+ F4/80+) and monocyte (CD11b+ Gr-1+) population of infiltrating
immune cells in cell vs PBS injected skin. Panel C shows in cell injected skin, majority of infiltrating
monocytes are neutrophils while there is no neutrophil detectable in PBS injected samples.
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Figure 3.9. Analysis of T cell and NK cell infiltration after fibroblast transplantation in skin of

immunocompetent recipients. Panel A represents gating strategy based on CD45+ live cells and then

CD19-CD3+ and CD3- populations. Panel B compares activated T cells (CD11b+ F4/80+) and NK cells

(CD3-CD49b+CD335+) population of infiltrating immune cells in cell vs PBS injected skin.
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3.4 Discussion:

Since the development of the first human skin substitute in the early 1980s by Bell et al.
[37], reconstruction of different types of skin equivalents by using fibroblasts as a major cell type
involved in wound healing and skin regeneration [30] in combination with ECM components has
been reported. However, the viability, immune response, and overall usefulness of transplanted
cells into an immunocompetent host have been controversial [50] [43] [39] [40] [41] [54] [97]. In
this study, we have shown that application of allogeneic fibroblasts populated within the ADM
was not effective in promoting wound healing in comparison to ADM alone. Further analysis of
grafted tissue revealed no sign of transplanted cells after three weeks. These findings set the stage
in investigating the fate of transplanted cells. To achieve this, we did intra-hypo-dermal injection
of fibroblasts to enable us to bypass any possible conflict of delay in vascularization of the grafts
for survival of cells. By using BLI, we could follow up possible cell migration to surrounding
tissues and study cell viability over the course of the transplantation study. Transplantation of cells
into different strains of immune-deficient and antigen-depleted mice helped us to identify specific
immune cell types involved in alloreaction against transplanted cells.

The findings provided evidence that immune rejection of transplanted fibroblasts happens
when BLI labelled cells were intra-hypo-dermally injected in allogeneic host, wt-Balbc mice,
while cells were not rejected in NSG and NS mice. Acute rejection of cells in allogeneic hosts
raised the hypothesis for innate immune cells’ involvement. To investigate which subsets of
immune cells are responsible for this alloreaction, we did transplantation in Jal8 knockout (Jal8-
/-) and CD1d knockout (CD1d-/-) mice for evaluation of NKT cells’ role and gamma/delta T cells
depletion by using antibody for evaluation of gamma/delta T cells’ role. These results eliminated

the possible roles of these innate immune cells. Natural killer (NK) cells as a type of innate immune
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cells with capability of killing target cells were the other type of the cells that we looked at their
effect on transplanted cells. We showed that depletion of NK cells in recipient mice could delay,
but not prevent, the rejection of cells. The rejection of allogeneic cells by NK cells via missing self
recognition has been reported in other studies as well [98] [99]. A polyclonal Ab specific to asialo
GM1 (ASGM1) has been commonly used to deplete NK cells in vivo. However, there are some
reports regarding the off-target effect of anti-ASGML1 on a subpopulation of NKT, CD8+ T, and
vo T cells, macrophages, eosinophils, and basophils under specific experimental conditions [100].
Since we have assessed the effect of NKT, CD8+ T, and yo T cells in our study, we did not
conclude that the observed delay in cell rejection in anti-ASGM1 treated mice is dependent on the
lethal off-target effect of anti-ASGM1 on these cell types.

Transplantation of cells in Rag -/- mice revealed specific patterns in cell survival. The
number of cells decreased significantly during the time course of experiment in comparison to
NSG mice, but a proportion of injected cells could survive and be protected from immune
rejection. The initial rejection and following survival means that the rejection of cells at the
beginning is Rag independent, but later it becomes Rag dependent. Simultaneous depletion of
CD4+ and CD8+ cells prevented rejection in similar pattern to Rag mice but surprisingly no single
depletion of CD4+ and CD8+ cells could prevent rejection of fibroblasts, however CD4+ cells
depletion showed the delay in rejection.

This part of our results was not conclusive for us to identify T-cell mediated alloresponse
as an exclusive mechanism of rejection. This is because we were anticipating to see CD8+
cytotoxic T-cell depletion to be effective in preventing rejection. Also, the initial loss of cells in
Rag and double depleted mice was in agreement with the non-T-cell mediated response. A similar

mechanism has been reported in other studies as well [101] [102]. On the other hand, prevention
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from complete rejection in Rag -/- and CD4/CD8 double depleted mice was supporting T-cell
alloresponse to transplanted fibroblasts.

In this study, we showed that despite of our anticipation regarding the immune protecting
effect of IDO expression by fibroblasts, it could not prevent fibroblasts rejection in our
experimental condition. There are several possible explanations for this. This could be because of
strong immune response generated in the first days of acute rejection by innate immune cells such
as NK cells and monocytes, which overcome the immunoregulatory effect of tryptophan
depravation or its metabolites. The depletion of tryptophan by local IDO expression could not be
enough due to an insufficient level of IDO produced by fibroblasts, a continuous supply of
tryptophan in the environment, which makes supply of tryptophan faster than degradation rate, or
tryptophan deprivation alone may not be sufficient to prevent cytotoxic T cell infiltration [95].

Similar results have been reported by Yang et al., which show that even though high
expression of IDO and Treg marker, Foxp3, is detectable in the graft region during acute rejection
of an islet cell transplantation model, this cannot counterbalance the alloimmune response [103].
In the clinical study of patient with kidney transplantation, Brandacher et al. has shown that renal
tubuli express IDO during acute kidney transplantation rejection in vivo and this overexpression
not only could not prevent rejection but also IDO metabolism evaluation could be used as a
monitoring tools for allograft rejection [104].

In conclusion, our data indicate clear immune response to allogeneic fibroblasts with both
innate and T-cell response on targeting cells. As in the field of regenerative medicine application
of skin substitutes that harbor live cells continues to grow, it becomes more important that the host
immune response to allogeneic cells and following complications be characterized and new

strategies may need to be planned to prevent immune rejection of transplanted cells.
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Chapter 4: General Discussion, Conclusion and Suggestions for Future Work

4.1 General discussion and conclusion

In this study, we had two objectives. First one was developing a detergent-free
method for decellularizing skin and comparing it with two commonly used detergent-based
methods of ADM preparation. The premise was to avoid the deleterious effects of
detergents on ECM components, thereby maintaining ECM molecules, including cell
secreted factors, as intact as possible. The results of our study showed that each
decellularization method was associated with distinct structure and composition
differences between the resulting ADM.

In this study, we tried to provide head-to-head comparison of the extracellular
matrix scaffold materials produced with different methods of decellularization. In vivo
assessments of wounds based on reepithelialization, angiogenesis, infiltration of host cells,
lack of alloreactivity to materials, wound contraction, and gross appearance of grafted
ADMs showed that there is no superior matrix in our study and the ability to cover full
thickness wounds in mouse model was equivalent among the ADMSs prepared with
different methods (Figure 2.6, Chapter 2). However, only the detergent-free method
achieved effective decellularization of skin while preserving sulfated glycosaminoglycans
(SGAGSs) and elastin content of the tissue as well as its biomechanical property, when
compared with detergent-based methods (Figure 2.2, Chapter 2).

Our results emphasize the importance of the decellularization protocol for
producing skin ECM scaffolds and suggest considering both in vitro and in vivo outcomes

for evaluating the ADM quality.
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The second objective of my research was to evaluate the functional outcome of adding
allogeneic fibroblasts to ADM to produce a live skin substitute for transplantation on full thickness
wounds in a mouse model. One of our aims was to study the therapeutic application of IDO-
expressing fibroblasts to create immune privilege for prevention of allogeneic fibroblasts rejection
after transplantation of our skin substitute.

The potential benefit of including fibroblasts in skin substitute has been addressed in
several experimental and clinical studies but the longevity and immunogenicity of allogeneic cells
after transplantation into an immunocompetent host have been controversial. This results in the
question of whether the potential benefits of allogeneic fibroblasts within  ADM outweighs the
consequences of the rejection associated with these immunogenic cells, or if only autologous
fibroblasts should be utilized [51] [52] [93] [53] [54] [55]. One of the reasons for this debate is
that in most experimental and clinical studies the aspect of immunogenicity of these cells has not
been studied in detail and evaluation was limited to the outcome of transplantation in the overall
wound-healing process. Also, limitations in techniques to follow the ultimate fate of allogeneic
fibroblasts after transplantation may partly contribute to the conflicting reports. Commonly used
techniques such as immunohistochemical (IHC) staining, fluorescent visualization, and DNA
polymerase chain reaction are end point methods that allow us to study the fate of transplanted
cells only after the animal has been euthanized and so require including a large number of animals
to study at multiple time points. Also, migration of cells from transplanted sites to other parts or
tissues might not be noticed unless numerous samples from different tissues were used [105].

To address these limitations, we used in vivo bioluminescent imaging (BL1I) for assessing
engraftment, survival, and migration of these cells following transplantation in an allogeneic host

(Figure 3.4, Chapter 3). Bioluminescence is a natural biological process. When cells were modified
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to express an enzyme known as luciferase, visible light is produced in the presence of a
substrate (luciferin) and oxygen. Some luciferases such as firefly luciferase (Fluc) require
other cofactors such as ATP and Mg2+ whereas sea pansy Renilla reniformis luciferase
(Rluc) and the marine copepod Gaussia princeps luciferase (Gluc) do not. In animal
studies, bioluminescence light transmitted through the tissues is detectable by charge
coupled device (CCD) cameras with sensitive detectors [106] [107]. An important
advantage of BLI in transplantation studies is that luciferase is expressed in only
metabolically active, living cells, which enables real-time assessment of transplanted cells.
In the present study, by using BLI, we demonstrated the alloresponse pattern to
intradermally  injected allogeneic mouse fibroblasts in  immunocompetent,
immunocompromised, and specific antigen depleted mice.

Transplanted cells were rejected in wtBalbc mice but not in NSG and NS mice
(Figure 3.4, Chapter 3). They were also rejected in Jal8-/- and CD1d-/- mice and in y6 T
cells depleted mice, ruling out the possible involvement of NKT cells and y5 T cells in
allogeneic response (Figure 3.5, Chapter 3). Transplanted cells were rejected in NK
depleted mice as well. However, upon NK depletion we could observe a delay in the
rejection, indicating that NK cells are involved in rejecting allogenic fibroblasts, but they
are not the main player (Figure 3.6, Chapter 3). NK cells are lymphocytes with cytotoxic
activity and can target the cells without previous sensitization. Based on the missing-self
model of target cell recognition, NK cells can attack cells that do not express at all or
sufficient levels of host major histocompatibility complex (MHC) class | molecules
[108,109]. It has been shown that NK cells are alloreactive and can reject both bone

marrow cells and solid grafts allotransplants. NK cells are generally considered as innate
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immune response cells; however they can acquire features such as Ag-specific response, clonal
expansion, and memory features similar to the ones in adaptive immune response [98]. NK cells
alloreactivity to both human and mouse embryonic stem cells (ESC) [99], to allogeneic
hematopoietic stem cells (HSC) [110], mesenchymal stem cells [111] have been studied. The
rejection of fibroblasts by NK cells has not been reported before, and it is not clear to us that the
rejection pattern in our study is due to direct cytotoxic activity of NK cells or if it is a combinatorial
effect with cytokines and other cell types.

Transplantation of cells in Rag -/- mice showed that the number of cells decreases within
10 days after transplantation and it is less than the cells in NSG mice. However, a proportion of
injected cells could survive and be protected from immune rejection. Also, transplanted cells in
double CD4 and CD8 depleted mice show the similar rejection/survival pattern to that of Rag -/-
mice (Figure 3.7, Chapter 3). These results together are indicative of T cell alloresponse. However,
single depletion of CD4 or CD8 did not led to protection of the fibroblasts from rejection. This
finding is unexpected given the predicted prevention of rejection following depletion of cyotoxic
CDB8+ cells. The complexity of the rejection observed in this model is further demonstrated by the
initial decrease in transplanted cell number in both Rag-/- and CD4 CD8 double depleted mice,
suggestive of a pattern of innate immune or Rag -/ - independent rejection. These results were not
conclusive for us to identify T-cell mediated alloresponse as an exclusive mechanism of rejection.

The non-T-cell mediated immune response to mesenchymal stem cell and allogeneic cells
has been reported by other investigators as well [101] [102]. Overall, we hypothesize two possible
mechanisms for immune response to allogeneic fibroblasts. The first one is the two-phase rejection
model, which initially is mediated in the first week after transplantation by NK cells, monocytes

and neutrophils followed by a T-cell mediated response in the second week. The second model is
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based on only innate immune response. The observed results for the role of Rag-dependent and
CD4+ and C8+ cells mediated response could be explained by the role of CD4+ Th cells in
activation of macrophages in inflamed sites [112], the presence of a population of CD4+/C8+
monocytes/macrophages with a cytotoxic phenotype at inflammatory sites [113], and CD8+
dendritic cells that can produce interleukin-12 and stimulate inflammatory responses [114].

In this study, IDO expression by fibroblasts could not prevent allogeneic fibroblasts
rejection. There are animal experimental studies and in vitro evidence for an immunoregulatory
role of IDO as well as mechanistic studies from a range of murine models for transplantation that
imply the possibility of IDO induction as a clinically desirable approach for immunosuppression
[13][74] [115][95]. Also, over-expressing IDO donor grafts has been studied in some experimental
models. Beutelspacher et al. have shown that vector-mediated overexpression of exogenous IDO
in cornea allograft extends survival of the graft. However, their results showed that following
allograft corneal transplantation there is a significant up-regulation of endogenous IDO mRNA in
recipient corneas compared with syngeneic controls, with the highest amount at the time of
rejection [116]. A similar results were obtained in an islet transplantation study in which
Alexander et al. showed that transplantation of IDO-expressing islets from a non-obese diabetic
(NOD) mouse into a NOD/severe combined immunodeficiency (SCID) recipient mice, after
adoptive transfer of NOD diabetogenic splenocytes T cells, prolongs islet graft survival [117]. On
the other hand, there are some other studies that challenge the possible immunoregulatory role of
IDO in allograft transplantation. Yang et al. have shown that even though high expression of IDO
and the Treg marker Foxp3 is detectable in the graft region during acute rejection of an islet cell
transplantation model, this failed to counterbalance the alloimmune response [103]. In the clinical

study of patients with kidney transplantation, Brandacher et al. have shown that renal tubuli
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express IDO during acute kidney transplantation rejection in vivo and this overexpression not only
could not prevent rejection but also that IDO metabolism evaluation could be used as a monitoring
tools for allograft rejection [104].

As the literature review shows, the exact role of IDO in solid organ transplantation remains
unclear, and even we cannot make a conclusion about a beneficial or detrimental role of IDO in
the process of allograft rejection. In the context of our study, which is a model of allogeneic cell
transplantation, IDO expression failed to protect fibroblasts from rejection. This could be because
of a strong innate immune response by NK cells and monocytes at the first inflammatory stage that
may overcomes the immunoregulatory effect of tryptophan depravation or its metabolites. Because
of a continuous supply of tryptophan and an insufficient level of IDO produced by fibroblasts in
the local environment, the depletion of tryptophan by local IDO expression may not be adequate
to full suppress the T cell mediated immune response. Also, tryptophan deprivation alone may not
be sufficient to prevent cytotoxic T cell infiltration and therefore, allograft rejection [95].

In summary, in this research we demonstrate that

1) ADM significantly enhanced the wound-healing process within three weeks, but there
was no more improvement when we recellularized it with fibroblasts.

2) Our data indicate a clear immune response to allogeneic fibroblasts with both innate
and T-cell response on targeting cells.

3) Although it has been reported by other researchers that IDO-expressing fibroblasts
exhibit strong immunosuppressive activity in vitro and in vivo, we documented rejection of these
cells in our study, suggesting that the application of these cells in wound sites requires further

improvements.
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In conclusion, two findings of this thesis are reported here for the first time. First,
in Chapter 2 we showed that detergent-free decellularization of skin produce ADM with
preserved structure and biomechanical property, which makes it an excellent choice for
transplantation. As a second new finding of this study, as presented in Chapter 3, we
documented immune response against allogeneic fibroblasts transplantation mediated
mostly by innate immune cells rather than T cells, which provides new insights to
development of a new clinical strategy to overcome immune response to allogeneic

fibroblasts.

4.2 Suggestions for future work

Although this study shows detergent-free ADM significantly enhanced the wound-
healing process and challenged the need for adding allogeneic fibroblasts to the wound,
we acknowledge that further studies are required. Following are my suggestions for
improving the application of allogeneic fibroblasts along with ADM to accelerate wound
healing.

1. Regarding comparison of a detergent-free ADM with detergent-based
methods, we could not see a significant difference upon transplantation in our wound
model. Thus, the main advantage of our detergent-free ADM was its biomechanical
property; having an animal wound model with which we can test elasticity of the wound
region after ADM transplantation would show its significance over other ADMs.

2. The wound model used in this study is best categorized as an acute wound
model. The cellular response and capacity of the host to repopulate the ADM may be

considerably different from a chronic wound. It remains possible that the potential benefit
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of allogeneic fibroblasts within the ADM would be demonstrated in a more "challenging™ wound
model.

3. Although in our study adding allogeneic fibroblasts to an ADM did not improve
the wound healing process, we acknowledge that further studies are required to prevent immune
rejection of fibroblasts first and then see how it can have a positive outcome upon transplantation.

4. As a possible treatment to prevent immune rejection of fibroblasts, we suggest
using local anti-inflammatory treatments or local antibody depletion of monocytes to prevent
infiltration of monocytes/macrophages to the site of transplantation.

5. As IDO expression by fibroblasts could not prevent fibroblast rejection in our
experimental condition. This means that the overexpression of IDO needs further improvement.
We recommend study of IDO interaction with innate immune cells such as monocytes and
macrophages and increasing the IDO expression level per cell by using new vectors with a stronger

promoter to enhance the IDO-to-tryptophan ratio in vivo.
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