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Abstract

All implanted biomaterials are targets of the host’'s immune system. With
increasing understanding of the beneficial roles of immune cells in wound healing,
in recent years it has become possible to leverage interactions with immune cells to
improve the function and efficacy of biomaterials intended to augment tissue repair.
In this review we will discuss the major immune cells that mediate the inflammatory
response to biomaterials, with a focus on how biomaterials can be designed
to modulate immune cell behavior to promote biomaterial-tissue integration. In
particular, the intentional activation of immune cells with controlled timing and
modulation of their interactions with other cell types involved in wound healing have
emerged as key strategies to improve biomaterial efficacy. To this end, biomaterial
structure can be designed to manipulate immune cell phenotype, and controlled
release of immunomodulators can maximize a wound healing response. Finally,
we discuss current challenges, such as limitations in the use of in vitro studies to
model the immune response, and future directions for understanding and controlling
the biomaterial-immune system interface, including the application of new imaging
tools, the discovery of new cellular targets, and novel techniques for immune cell
reprogramming.

Graphical Abstract

Inert biomaterial Foreign Body Response Wound healing
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1. Introduction

Besides the need to ensure proper functionality of the device, biomaterials
must address the immediate and aggressive response from the innate immune
system upon implantation. An uncontrolled inflammatory response to implants results
in fibrous encapsulation, which can lead to implant failure. However, the inflammatory
response is also essential for wound healing and tissue repair, making it critical for
biomaterial-tissue integration. Understanding the differences in these inflammatory
responses is key to designing successful biomaterials. Here, we will review these
two main types of inflammatory response to biomaterials (foreign body response
and biomaterial-tissue integration) (Figure 1), with a focus on design strategies to
promote beneficial interactions with the innate immune system.

Although we will briefly touch on the role of the adaptive immune system
in these processes, the adaptive immune response to biomaterials, including
its modulation for the development of vaccines and other immunotherapies, is
considered to be outside the scope of this article.

Foreign body response 4

P
(4 » |
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Implant integration:
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.................................... i RSN St e b el

Figure 1: Overview. The two main types of inflammatory responses to implanted biomaterials
include the foreign body response and biomaterial-tissue integration.
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2. The Foreign Body Response

All implanted biomaterials trigger the foreign body response (FBR) to a
certain extent, which is characterized by protein adsorption, the recruitment of innate
immune cells like neutrophils, monocytes, and macrophages, fusion of macrophages
into foreign body giant cells (FBGCs), and ultimately the formation of a fibrous
capsule by FBGCs and/or fibroblasts that isolates the implant from the surrounding
tissue. This process is generally considered detrimental for most biomaterials, and
therefore numerous strategies have been developed to interfere with one or more
steps, with the level of success measured in terms of either reduction in fibrous
capsule thickness or vascularization and integration, depending on the intended
purpose of the implant (Figure 2). Vascularization and integration are considered a
wound healing-type response and will be covered in detail later in this review.

2.1. Major cells and steps of the FBR

2.1.1. Protein adsorption

The first step in the FBR is the adsorption of serum proteins to the surface
of the biomaterial, which creates a chemoattractant gradient for neutrophils and
macrophages. This process is called opsonization. Among the numerous proteins
capable of signaling foreign objects, the most potent is the complement protein family,
especially C3 and C5, which fragment to coat the foreign material and to recruit
circulating immune cells — for a thorough review, see reference [1] —. Additional
opsonins include albumin, globulins, and fibronectin, among others.
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Figure 2: Continuum of the foreign body response to implants, which ranges from minimal
interactions (left), to fibrous encapsulation (center), to biomaterial-tissue integration (right).

In general, higher levels of protein adsorption lead to increased cell
adhesion and, therefore, increased fibrous encapsulation. As a result, a common
strategy to reduce fibrous encapsulation of biomaterials is to coat them with non-
fouling polymers. For example, zwitterionic polymers, which adsorb very low levels
of proteins due to their highly hydrophilic nature and neutral charge, have shown
promise for minimizing the FBR [2-7]. Zhang et al. prepared zwitterionic hydrogels
from poly(carboxybetaine methacrylate) (PCBMA) and compared them to poly(2-
hydroxyethyl)methacrylate (P HEMA) hydrogels implanted subcutaneously in mice
for up to three months [7]. The fibrous capsule surrounding the zwitterionic hydrogels
was much thinner and had lower collagen density compared to the pHEMA hydrogels.
Liu et al. extended this strategy to minimize the FBR to hydrogels containing
transplanted islet cells for the treatment of type 1 diabetes [6]. The group found that
conjugation of zwitterionic moieties to alginate hydrogel particles resulted in less cell
adhesion and improved survival of the transplanted islets in a diabetic mouse model
and in larger animal models.

21



However, several studies have added complexity to this dogma. For
example, fibronectin is a serum protein that is critical for cell adhesion. Therefore,
if increased cell adhesion always resulted in increased fibrous capsule thickness,
then biomaterials implanted in the absence of fibronectin would be expected to
result in thinner fibrous capsules. In contrast, Keselowski and colleagues found
increased fibrous encapsulation of polyethylene terephthalate (PET) discs implanted
subcutaneously in mice that were genetically deficient for fibronectin [8]. These mice
also showed a threefold increase in multinucleated cell formation around the implant
compared to wild type controls, despite no differences in leukocyte recruitment. In
another study, Swartzlander et al. showed that poly(ethylene glycol) (PEG)-based
hydrogels conjugated with RGD, the major cell-binding motif found in fibronectin,
were encapsulated in thinner fibrous capsules compared to controls without RGD,
even though they adsorbed similar levels of protein and supported higher levels
of macrophage adhesion in vitro and in vivo [9]. Thus, although reduced protein
adsorption is generally associated with lower levels of fibrous capsule formation,
future studies are needed to elucidate the complexities of the system with respect to
specific proteins.

2.1.2. Neutrophil recruitment

Neutrophils, the most abundant cell type of the innate immune system,
develop mainly within the bone marrow, where they mature and are released into
the blood stream under healthy conditions. Under inflammatory conditions, including
an injury or implantation of a biomaterial, this process is potentiated, leading to
greater extravasation to affected tissues. Neutrophils are phagocytic cells and are
capable of degrading foreign objects up to a certain volume [10]. While in a healthy
wound neutrophils are generally cleared within a few days, they have been shown
to persist for several weeks around implanted biomaterials [11]. The consequences
of this persistence are poorly understood. To investigate the role of neutrophils in
the FBR, Jhunjhunwala et al. implanted five different microparticles poly(lactic-co-
glycolic acid) or PLGA, glass, polystyrene, poly(methyl methacrylate) or PMMA,
and alginate of different sizes and shapes into the peritoneal cavity of mice [11].
While under homeostatic conditions the peritoneum is comprised mostly of resident
macrophages, B cells, and T cells, the implantation of these materials provoked a
30- to 500-fold increase in the neutrophil population to around 8-35 % of the total
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cell population, depending on the implanted material. Further evaluation of PMMA,
polystyrene and alginate microparticles demonstrated that neutrophils deposited
extracellular material on these implants resembling neutrophil extracellular traps
(NETs), or tangles of protein and chromatin that neutrophils use to kill invading
pathogens. To investigate the implications of NET formation in the FBR, Fetz et
al. examined the response of neutrophils to electrospun scaffolds of poly(dimethyl
siloxane) (PDO) of two different fiber sizes with or without collagen incorporation in
vitro and in vivo [12]. In vitro studies with human neutrophils showed that the degree
of NETosis, regardless of fiber size, was decreased in collagen-containing scaffolds.
In addition, scaffolds with larger fibers (1-2 ym) stimulated less NETosis compared
to those with smaller fibers (0.25-0.35 ym). When implanted subcutaneously in rats,
the smaller fiber scaffolds resulted in fibrous encapsulation, while the larger diameter
fiber scaffolds led to partial tissue integration, suggesting that NETosis propagates
the FBR and hinders biomaterial-tissue integration.

On the other hand, a study by Doloff et al. suggested that neutrophils do
not play a major role in fibrous capsule formation [13]. The authors depleted mice
of neutrophils using a Ly6G-neutralizing antibody and then implanted alginate
microparticles. Fibrous encapsulation was unaffected, although the alginate
microparticles did appear to clump together more, which the team had previously
found to be associated with fibrous encapsulation of other biomaterials [14]. These
results suggest that neutrophils do play some role in the immune response to
implants, although their precise functions are still poorly understood.

2.1.3. Macrophages and foreign body giant cells

Concurrent with neutrophils, monocytes and macrophages are also
recruited to the site of injury, where they play indispensable and complex roles in the
ensuing steps of the FBR. Monocytes, the precursors of macrophages, are formed
and matured inside the bone marrow until they are released into the blood stream
in response to injury. Monocytes are recruited to sites of injury via chemoattractive
factors released from dying cells, and they differentiate into macrophages upon
extravasation into the injured tissue. In addition to these blood-derived monocytes,
long-lived tissue-resident macrophages are also recruited to sites of injury [15],
although their specific role in the FBR is not yet known. Monocytes and macrophages
are highly plastic, existing as numerous distinct phenotypes. Some phenotypes may
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be more detrimental or beneficial than others, but the exact roles of each distinct
phenotype in the FBR are still poorly understood — for review, see [16] —. While
regulated macrophage activity is critical for biomaterial-tissue integration, which will
be discussed in detail later in this review, macrophage fusion into foreign body giant
cells (FBGCs) and their role in the propagation of fibrous capsule formation are
hallmarks of the FBR.

In addition to many studies noting the prevalence of macrophages within
the fibrous capsule surrounding biomaterials, several studies have shown that
depletion of monocytes/macrophages via administration of clodronate liposomes
inhibits fibrous encapsulation of biomaterials [13, 17, 18]. Pharmacologic inhibition
of the major receptor responsible for macrophage maturation, CSF1R, also inhibited
macrophage recruitment and the ensuing FBR [13]. However, one study suggested
that the mechanism of macrophage depletion may directly impact the results, because
macrophage depletion in macrophage fas-induced apoptosis (MaFIA) mice actually
increased fibrous encapsulation surrounding subcutaneously implanted collagen
scaffolds [19], even though a previous study in the same mouse strain showed
the opposite effects when alginate microparticles were implanted intraperitoneally
[14]. The discrepancies between these studies strongly suggest that the method
of macrophage depletion has an as-yet poorly understood effect on macrophage
behavior.

The FBR’s requirement of macrophage fusion into FBGCs has also been
challenged. Kyriakides and colleagues analyzed the impact of macrophage fusion
on the fibrous encapsulation of subcutaneously implanted poly(vinyl alcohol) (PVA)
sponges in mice genetically deficient for CCL2 (aka monocyte chemoattractant
protein 1, MCP-1), which reduced macrophage fusion around the implants without
affecting the total numbers of monocytes or macrophages [20]. Despite the reduction
in macrophage fusion, collagen deposition and the thickness of the fibrous capsules
surrounding the implants did not differ between groups, although scaffolds implanted
in CCL2-null mice were 50 % more intact compared to wild-type mice, indicating a
role for FBGCs in biomaterial degradation. Together, these results suggest that while
macrophages and their fusion into FBGCs do mediate fibrous capsule formation,
there must be redundancy in the system such that fibrous encapsulation can occur
without these steps.
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In addition to fusing into FBGCs to mediate biomaterial degradation,
macrophages may also play a direct role in extracellular matrix deposition during
the fibrous capsule formation process. Using MacGreen transgenic mice in which
macrophages fluoresce green, Mooney et al. found that macrophages participating
in the fibrous encapsulation of cubes of boiled egg whites implanted intraperitoneally
accounted for 80 % of the cells expressing a-smooth muscle actin (aSMA), a typical
fibroblast marker, and further suggested that these cells should be classified as
“fibroblastoid” macrophages [18]. Similarly, Kuehimann et al. analyzed the cellular
composition of the fibrous capsule surrounding silicone implants in human and
mice, and found that myeloid cells and not fibroblasts were the main depositors of
extracellular matrix [21]. In summary, macrophages are indispensable for formation
of the fibrous capsule, but their exact functions are still being elucidated.

2.1.4. Other innate immune cells

Mast cells, another type of innate immune cell that is critical for wound
healing, have been sparsely investigated for their effects on the FBR. Mast cells are
distributed throughout connective tissues and in close proximity with blood vessels.
Their activation results in release of their a-granules, stimulating recruitment of
neutrophils and macrophages. Farrugia et al. investigated the infiltration of mast
cells into chitosan or cellulose sponges subcutaneously implanted in rats [22].
Immunohistochemical analysis of mast cell markers confirmed their presence
around blood vessels and within the fibrous capsule, depending on the material type.
However, other studies have questioned the importance of mast cells in the FBR,
because the fibrous capsules surrounding PEG-PLGA, polyetherurethane (PEU),
or polyethylene terapthalate (PET) implants were unaffected in mast cell-deficient
mice [23, 24]. Similarly, natural killer (NK) cells, another innate immune cell that is
important in wound healing, appear to be dispensable for the FBR [24], although this
effect has not been widely studied.

It is also not clear to what extent dendritic cells (DCs) play a role in the
FBR. DCs are considered the messengers between the innate and adaptive
immune systems. One study found no evidence of DC presence in the fibrous
capsules surrounding nylon meshes implanted subcutaneously in mice [25], while
another showed that DCs were present in the fibrous capsule surrounding ECM
scaffolds implanted subcutaneously in mice [26]. Another study retrieved DCs from
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PVA sponges implanted subcutaneously in rats, finding that these cells accounted
from 5-38 % of total inflammatory cells within the sponge and that their capacity to
promote T cell activation decreased over time of implantation [27]. It may be that
DCs do not typically reside in fibrous capsules, but instead interact with biomaterials
and then migrate to lymph nodes, where they activate T cells, which further influence
the FBR (for review of DC-biomaterial interactions, see references [28, 29]). This
process is the main reason why DCs are considered detrimental for the survival of
allogenic or xenogeneic cell-based therapies [30]. Biomaterial-mediated modulation
of DC behavior is an active area of investigation for immunotherapies targeting
the adaptive immune system, such as vaccines and cancer treatments [31, 32].
Collectively, these studies suggest that several innate immune cells that are clearly
involved in wound healing may be less important in the fibrous encapsulation process
of the FBR.

2.1.5. Adaptive immune cells

Lymphocytes, including T cells and B cells, are part of the adaptive immune
system and provide delayed and specific responses to invading pathogens. Their
role in the FBR is a subject of debate. Some reports show that adaptive immune
cells contribute to the formation of fibrous capsules, while others report minimal
effects. For example, Rodriguez and colleagues investigated the FBR to elastane
80A (PEU), silicone rubber, and PET samples implanted subcutaneously in nude
(T cell-deficient) Balb/c mice [33]. Leukocyte recruitment, FBGC formation, and
cytokine levels were similar in immunocompetent and nude mice, although fibrous
capsules were not measured. On the other hand, Doloff et al. showed that fibrosis
surrounding subcutaneously injected alginate microparticles was increased in mice
genetically depleted of B cells (IghM-/-), while it was decreased in mice deficient
for both B and T cells (Rag2-/-) compared to wild type mice, although these effects
may have resulted from concomitant effects on macrophage behavior [13]. Sadtler
and colleagues showed that the immune cell profile in response to ECM scaffolds
differed in Rag1-/- mice, which are also deficient for B and T cells [26]. In particular,
ECM scaffolds injected into Rag1-/- mice recruited higher levels of macrophages
(CD11b* F4/80*) within one week compared to wild-type mice. Therefore, it appears
likely that the role of adaptive immune cells in the FBR is mediated through actions
on macrophages, but further investigation in this area is needed and could provide
new insights into how biomaterials can be tailored to control the FBR.
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2.2. Effect of biomaterial properties on the FBR

Given the importance of the FBR for dictating the success or failure of
implanted biomaterials, many studies have investigated how microstructure, surface
chemistry, surface coating and topography of implants affect the FBR. In general,
there are two main and very different goals behind decreasing fibrous encapsulation:
1) to minimize interactions with surrounding tissue, which would be desirable for
removable biomaterial implants like sensors, and 2) to increase neovascularization
and tissue integration, which is important for biomaterials intended to promote tissue
repair (Figure 2).

2.2.1. Minimizing the FBR

With respect to inhibiting the FBR in order to minimize interactions with
surrounding tissue, the general approach has been to decrease protein adsorption
via coating with non-fouling polymers, as previously described in section 2.1.1. On the
other hand, coating biomaterials with poly(ethylene glycol) (PEG), which generally
decreases protein adsorption, has resulted in mixed effects, with some reporting
decreased fibrous capsule thickness [34, 35] and others reporting increased fibrous
capsules [36] or no effects [37]. For a thorough review on the use of PEG to modulate
fibrous capsule formation, see reference [38].

Studies have shown that fibrous capsule formation can be reduced through
physicochemical alterations of implants, including chemical and topographical
modifications and polymer coatings, ultimately resulting in more inert biomaterials
(Table 1). Other strategies to decrease fibrous encapsulation via promoting integration
with surrounding tissue, which are generally applied to macroporous biomaterials,
will be discussed in detail in section 2.2.2.
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the FBR.
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Table 1. Studies that investigated the effects of structural or surface modifications of biomaterials on min
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Some biomaterials have been discovered that result in such low levels of
fibrous capsule formation that they appear nearly inert. Veiseh et al. showed that
relatively simple design considerations such as implant shape and size have strong
effects on the FBR [14]. They implanted alginate hydrogel spheres intraperitoneally
in mice using eight groups with diameters ranging from 0.3 mm to 1.9 mm. Increasing
sphere size resulted in reduced cell adhesion and formation of fibrous tissue, as
measured by staining for a-SMA and F-actin and gene expression analysis of fibrosis-
associated genes. Remarkably, this effect held true for a wide range of biomaterials,
including hydrogels, ceramics, metals, and plastics. In addition, the reduced fibrous
encapsulation around alginate hydrogel spheres of 1.5 mm diameter compared to
0.5 mm was confirmed following subcutaneous implantation for 14 days in non-
human primates.

Another approach sought to discover polymer modifications that reduced
the FBR via a high throughput, unbiased screen. Vegas et al. created a library of
774 chemical modifications to alginate hydrogels, implanted them subcutaneously in
mice, and used a fluorescent probe for cathepsin activity to identify those that caused
the least activity of this inflammatory marker [39]. The top ten performers were then
implanted subcutaneously and intraperitoneally in mice for 14 days and analyzed
for cell adhesion and fibrous capsule thickness, finally yielding three analogs that
resulted in minimal cell adhesion and collagen deposition. The three candidates, all
of which contained triazole groups, were further tested in primates for six months.
All three modified alginates performed significantly better compared to unmodified
alginate controls and had minimal fibrous capsule formation over six months as
demonstrated by insignificant levels of a-SMA and collagen deposition, common
indicators of the FBR. In corroboration with this study, Liu et al. demonstrated
that triazole-containing pHEMA hydrogels decreased collagen deposition when
subcutaneously implanted in mice compared to controls [5].

Other researchers have taken advantage of naturally occurring polymers
to develop less reactive materials. For example, Yan and colleagues crosslinked
the natural mucus biopolymer that covers the epithelium into hydrogels through the
addition of tetrazine and norbornene [40]. The mucin hydrogels were surrounded by
much lower collagen and cellular content compared to alginate hydrogels after 14
and 21 days of intraperitoneal implantation in mice.

29



2.2.2. Biomaterial-tissue integration

While the end result of inhibiting fibrous encapsulation may be the
development of relatively more inert biomaterials, the goal of other strategies is to
promote biomaterial-tissue integration. In general, porous biomaterials show lower
levels of fibrous encapsulation and higher levels of implant integration compared to
nonporous biomaterials [45, 50, 51], with larger pore sizes (~5-100 um and higher)
allowing for higher levels of cell infiltration and expansion of neovascular networks [52-
54]. Adjustments to pore morphology, including size and shape, and microstructure
also affect the balance between fibrous encapsulation and tissue integration.
Madden et al. demonstrated the importance of pore size of microtemplated poly(2-
hydroxyethyl methacrylate-co-methacrylic acid) (P HEMA-co-MMA) hydrogels when
implanted in cardiac tissue [51]. Hydrogels with pores of 30 or 60 um in diameter
allowed for more neovascularization after 4 weeks compared to nonporous hydrogels
and those with 20 um pores. Interestingly, fibrous capsules were thicker around
nonporous hydrogels and those with 60 um pores compared to hydrogels with 20 or
30 um pores, showing that neovascularization and fibrous encapsulation can occur
concurrently. However, these results may depend on the specific application, the
site of implantation, type of polymer, and animal model [55-57]. Newly developed
techniques have allowed for more precise and controlled mechanisms to control
the architecture of porous structures. For example, Thorson and colleagues used a
PEG-based hydrogel with a highly organized and interconnected porous structure
created through bicontinuous interfacially jammed emulsion jet (bijels) to evaluate
tissue integration compared to other hydrogels [58]. When implanted subcutaneously
in athymic mice, these bijels PEG hydrogels were better vascularized and integrated
than particle-templated and non-templated PEG hydrogels.

Various surface modifications have also been shown to decrease fibrous
capsule formation while increasing biomaterial-tissue integration. Among these
modifications are the addition of functional groups to alter surface properties such
as ionic charge and wettability [59], as well as coating with other polymers [35] or
bioactive moieties to mimic the natural tissue environment [60]. For example, the
incorporation of RGD or other ECM- or growth factor-derived peptides decreases
fibrous encapsulation [9, 61-63], probably through as-yet unknown effects on the
inflammatory response.
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The work mentioned within this session exemplifies that physicochemical
modifications to biomaterials can not only hinder fibrous capsule formation, but
also guide the cells involved in this process to promote integration with surrounding
tissues. With increasing understanding of how inflammatory cells modulate tissue
repair, it has become possible to direct their behavior for the enhancement of
biomaterial-tissue integration, which will be discussed in more detail in section 3.

2.2.3. Strategies to increase the FBR

A final consideration to discussion of the FBR, prior to moving on to
strategies designed to actively promote biomaterial-tissue integration via modulation
of the inflammatory response, is that some biomaterials are actually designed to
augment the FBR for specific medical applications. For example, biomaterials and
their ensuing fibrous capsules are used as embolic agents for the treatments of
cardiovascular aneurysms, thinning of the blood vessel wall, which if ruptured would
cause hemorrhage and stroke. Jung et al. investigated the usage of PVA particles as
such an embolic agent in canine models with normal renal segmental arteries and
aneurysms of the carotid wall [64]. PVA polymer coils were prepared by crosslinking
them with tantalum particles. Complete occlusion of the segmental arteries occurred
in all animals on day one and in 75 % of animals by four weeks. Researchers noted
increasing numbers of inflammatory cells and progressive thrombus formation over
time.

Asimilar strategy is used for the treatment of uterine fibroids, or leiomyomata,
which are benign uterine tumors that cause significant morbidity in the United
States. A common treatment is the use of polymeric microparticles (less than 1mm
in diameter) of the uterine arteries in order to block the blood supply to the tumors,
with the primary mechanism being the FBR [65]. These microparticles can be
synthetic (PVA) or naturally derived (gelatin). PVA is not degradable so this effect
is considered to be permanent. No significant differences were noted in the safety
or effectiveness of these different materials in a study of 100 patients over three
months [66]. In a five-year follow-up study of 200 patients, 73 % of patients treated
with PVA occlusion reported symptom control [67]. Histologic studies of embolized
uterine arteries removed for reasons other than complications due to embolization
have noted long-term FBR, including the presence of macrophages and FBGCs,
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with no adverse effects on surrounding tissue [68, 69]. However, in a study of eight
patients presenting with complications believed to result from the PVA embolization,
evidence of necrosis of nearby endometrial tissue was found in five of the eight
cases [68].

Others have even leveraged the FBR to enhance tissue regeneration.
For example, the healing of non-union bone fractures can be augmented by first
implanting a PMMA block in the bone until a fibrous capsule forms, and then
replacing the block with a bone autograft, in a surgical procedure known as the
Masquelet technique [70]. As another example, researchers have shown that the
fibrous tissue that forms around a polymeric tube implanted in the abdomen can be
surgically removed and used successfully as an autologous blood vessel graft in
animal models [71]. Rothuizen et al. implanted poly(ethylene oxide terephthalate)
(PEOT) and poly(butylene terephthalate) (PBT) rods, with dimensions similar to
the carotid artery, subcutaneously in pigs for four weeks [72]. Rods, together with
surrounding fibrous capsules, were explanted and then implanted as vascular grafts
in the carotid artery. Four weeks after vascular implantation, the grafts did not fail and
underwent thorough alterations at the cellular and protein levels. Collagen, aSMA
and desmin significantly increased and macrophage content significantly decreased
post grafting, and a heavy capillary network was formed.

In summary, polymeric biomaterials typically elicit the FBR, which can
be modulated to be minimal or robust as desired through chemical and structural
modifications.

3. Biomaterial-Tissue Integration and Tissue Repair

Many studies have shown that inhibiting the FBR can lead to more inert
biomaterials with minimal interactions with surrounding tissue. This outcome is
ideal for removable biomaterials like sensors, but it is not desirable for biomaterials
that need to integrate with surrounding tissue, as is the case for all biomaterials
intended to support tissue repair. For these biomaterials, success is measured in
terms of cellular infiltration, neovascularization, and the development of functional
tissue. Successful biomaterials tend to promote an inflammatory response that
is reminiscent of the normal wound healing process. In order to understand how
biomaterials can be designed to promote such a beneficial inflammatory response,
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it is helpful to first review how the inflammatory response proceeds in normal wound
healing.

3.1. Inflammatory Response in Wound Healing

Any tissue injury initiates inflammation, which triggers the wound healing
process. The recruitment of inflammatory cells is induced in response to damage
associated molecular patterns (DAMPs, or alarmins) released from damaged cells
and pathogen-associated molecular patterns (PAMPs) released from microbes [73].
The first step of inflammation is protein adsorption, followed by platelet adhesion,
activation, and initiation of the blood-clotting cascade. A provisional fibrin matrix forms
in the injury site, providing a scaffold for the infiltration of cells. Platelets release a
multitude of growth factors and cytokines that activate and recruit inflammatory cells
to the injury site [74]. Neutrophils are the first cells that are recruited, where they
clear the wound of bacteria and foreign particles via enzymes and reactive oxygen
species and by phagocytosis [74]. Neutrophil activation stimulates the release of
monocyte-recruiting signals to the injury site. After 1-3 days, monocytes arrive at the
site of injury and differentiate into macrophages, which are crucial for coordinating
both early and late events in the wound healing cascade [75]. Neutrophils undergo
apoptosis and are removed via phagocytosis by infiltrating macrophages, a process
called efferocytosis that serves to regulate macrophage behavior [76].

Macrophages are major regulators of all stages of tissue repair. During
the normal healing process, distinct macrophage phenotypes emerge in at least
two sequential phases. The initial phase is marked by the presence of mostly
pro-inflammatory macrophages, whereas the second stage is characterized by
macrophages with a distinct pro-regenerative phenotype [77, 78]. Pro-inflammatory
macrophages are often referred to as classically activated or M1, while the second
population of macrophages are referred to as alternatively activated or M2, although
there is considerable debate over this nomenclature (for more information see
Murray et al. [79] and Spiller and Koh [80]). In addition, it is now known that the
M2 population in particular is quite diverse, with numerous physiologically relevant
stimuli leading to phenotypically distinct behaviors, including those induced by
interleukin-4 (IL-4), IL-10, and efferocytosis of apoptotic neutrophils [81, 82].
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Figure 3: Design strategies for immunomodulatory biomaterials that achieve implant
integration. Most strategies focus on manipulation of biomaterial-intrinsic properties, the
addition of bioactive factors that mediate recruitment and/or the M1-to-M2 transition of
macrophages, or the inclusion of immunomodulatory cell types

Moreover, M2-type macrophages may derive from the infiltration of newly
arriving monocytes at later stages of wound healing, or they may derive from M1
macrophage repolarization [80, 83]. Finally, while most macrophages within an injury
site are monocyte-derived, prenatally derived tissue-resident macrophages may play
important roles at the early stages of the response to injury by recruiting monocytes
and initiating inflammation [84].

Macrophages are critical regulators of angiogenesis, which is crucial
for both wound healing and for biomaterial-tissue integration. While depletion of
macrophages from wounds hinders angiogenesis [85], exogenous addition of
macrophages promotes angiogenesis [81, 86]. However, the angiogenic effects
of the dynamic changes in macrophage phenotype that normally occur over
time are poorly understood. Recently, Graney et al. used a tissue-engineered
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model of human blood vessel formation in vitro to interrogate macrophage-blood
vessel interactions [81]. First, they showed that co-culture with M1 macrophages
caused endothelial cells to upregulate genes associated with the early stages of
angiogenesis, such as sprouting, while multiple M2-type phenotypes caused
endothelial cells to upregulate genes associated with later stages of angiogenesis,
such as regulation of pericyte differentiation. Then, they demonstrated that M1
macrophages stimulated angiogenesis in a three-dimensional (3D) triculture model
of human blood vessel network formation, but only if their presence was short-term
(1 day). These results, in combination with numerous other studies, suggest that M1
and M2-type macrophages act sequentially to regulate angiogenesis — for review
see, [80] —. While the detailed mechanisms regulating macrophage functions during
tissue healing are still poorly understood, their critical roles in both the response to
biomaterials and in tissue repair marks them as a primary target when designing
regenerative strategies.

Recent studies have highlighted the importance of adaptive immune cells,
especially T cells, in biomaterial-mediated tissue repair. For example, Sadtler et al.
showed that extracellular matrix (ECM)-derived scaffolds enhanced recovery from
volumetric muscle loss injury in mice, but not in mice genetically deficient for T cells
[87]. This effect was likely mediated through macrophages, since M2 macrophages
failed to develop in the T cell-deficient mice. While biomaterials that target T cell
behavior are an exciting area of future direction, in this review we will continue to
focus on the innate immune system, which has been widely manipulated through
biomaterial design to promote tissue repair and regeneration. Because of the
importance of macrophages for wound healing, they are by far the most targeted
immune cell for immmunomodulatory biomaterials designed to enhance tissue repair.

3.2. Biomaterials that Manipulate Macrophage Polarization

Design strategies for promoting tissue regeneration via immunomodulation
are progressing in conjunction with understanding of the crosstalk between the
immune components, stem/progenitor cells, and other cells involved in the tissue
healing process, such as endothelial cells and fibroblasts. Injuries characterized by
defective healing, such as chronic wounds and large traumatic tissue defects, are
distinguished by impairment in the M1-to-M2 transition — for review [88] —. Thus,
many studies have been directed towards understanding how biomaterial properties

35



affect macrophage phenotype, often with a focus on promoting M2 activation.
Extending these findings, strategies to actively control immune cell behavior in order
to promote biomaterial-tissue integration and tissue repair/regeneration generally
focus on enhancing recruitment of M2-biased monocytes/macrophages, stimulating
M2 phenotypes, and/or sequentially promoting M1 followed by M2. These effects
have been achieved through manipulation of biomaterial properties, the addition of
bioactive proteins or drugs, or the inclusion of immunomodulatory cell types (Figure
3).

3.2.1. Effects of biomaterial properties on macrophage polarization

Although it has long been known that macrophage behavior is critical for
determining the success or failure of implanted biomaterials — for review, see [89]
—, Badylak and colleagues were the first to introduce the importance of the M1/M2
paradigm to the biomaterials community [90]. In a series of studies characterizing
macrophages surrounding biomaterials with varying levels of success at being
“constructively remodeled,” it was concluded that higher ratios of M2:M1 markers
were predictive of a successful outcome [90-92]. Together with the well-characterized
importance of M2 macrophages in wound healing, these studies spurred a new
subfield of biomaterials research focused on promoting the M2 phenotype. However,
it is important to remember that M2 macrophages can be detrimental for healing, and
that M1 macrophages are also critical for healing, as described above. Indeed, many
studies have found higher M2:M1 ratios to be associated with thicker fibrous capsules
surrounding biomaterials [93-95], which may be linked to pro-fibrotic processes by
M2-like macrophages — for review, see [96] —. For these reasons, it is essential
to understand the effect of biophysical clues such as biomaterial stiffness, pore
structure, degradation, and incorporation of natural biomaterials on macrophage
phenotype and how these factors influence tissue repair (Table 2).

3.2.1.1. Biomaterial stiffness

Cells are able to sense physical properties of the surrounding biomaterial
and respond accordingly, in a process called mechanotransduction. For example,
macrophages are able to sense the deformation created by fibroblast contraction
in fibrillar collagen matrices, migrating toward the source from a distance, in an o3,
integrin-dependent process [97]. Sridharan et al. showed that macrophage migration
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speed was dependent on substrate stiffness and was related to the migration
mode adapted by macrophages and also to macrophage phenotype, with stiffer
polyacrylamide gels (323 kPa) promoting slower migration and priming macrophages
towards a pro-inflammatory (M1) phenotype compared to softer gels (11 kPa and
88 kPa) that promoted faster migration and primed macrophages towards an M2-
like phenotype (Figure 4A) [98]. Similarly, other studies have also shown that stiffer
substrates lead to more M1 activation [98-101], and that M2 macrophages are more
migratory than M1 macrophages [102]. One study showed that increasing stiffness
of poly(ethylene glycol) PEG hydrogels modified with RGD from 130 to 840 kPa
increased M1 related cytokine secretion when stimulated with LPS by a mouse
macrophage RAW 264.7 cell line [101]. When implanted subcutaneously in mice for
4 weeks, stiffer gels were surrounded by thicker layers of macrophages. However, at
least one study using porous gelatin hydrogel-based scaffolds reported decreasing
M1 marker expression and increasing M2 marker expression with increasing stiffness
both in vivo and in vitro [103], suggesting that the relationship between macrophage
activation and substrate stiffness likely depends on the substrate.

Patel et al. linked substrate-dependent changes in macrophage phenotype
to elasticity of the cells themselves [104]. First, they showed that pro-inflammatory
(M1) activation of macrophages with LPS and IFNy caused their elastic moduli to
increase, as measured by optical magnetic twisting cytometry. Then, using soft
(1.2 kPa) and stiff (150 kPa) polyacrylamide gels, they found that macrophages
cultured on stiffer substrates increased their own elastic moduli and their propensity
to phagocytose latex beads, but without clear effects on inflammatory cytokine
secretion or gene expression. Wu et al. designed porous scaffolds with dynamic
stiffness based on poly(urea-urethane) and polyhedral oligomeric silsesquioxane
(PUU-POSS) using a 3D printing-guided thermally-induced phase separation
technique (3D-TIPS) [105]. These scaffolds exhibited stiffness memory properties,
with decreasing stiffness over time. When implanted subcutaneously in rats, these
scaffolds were better vascularized than scaffolds with uniform stiffness, concomitant
with increased numbers of macrophages expressing both M1 and M2 markers.
Collectively, these results demonstrate the capacity of implant stiffness to influence
macrophage behavior.
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3.2.1.2. Pore structure and surface topography

Pore size has also been demonstrated to exert an effect on macrophage
behavior and the host immune response in vivo [103, 106, 107], with larger pores
generally enhancing expression of M2 phenotype markers [108, 109]. However,
one study highlighted the importance of context dependence, reporting that pro-
inflammatory macrophage responses to chitosan scaffolds were exacerbated when
pore size was increased [110].

In a recent study, Jiang et al. independently modulated pore size and stiffness
of gelatin scaffolds to analyze the effects on macrophage and fibroblast behavior
both in vivo and in vitro [103]. Different concentrations of glutaraldehyde were used
to adjust stiffness, while different concentrations of dimethyl sulfoxide (DMSO)
were used to regulate pore size by ice crystal formation during cryogelation. They
found that increasing pore size from 30 to 80 um decreased M1 marker expression
and increased M2 marker expression by murine macrophages in vitro, with more
pronounced effects on softer substrates 20 kPa compared to 70 and 90kPa). When
implanted in cutaneous wounds in mice, softer scaffolds with smaller pores were
more infiltrated by macrophages than stiffer scaffolds with larger pores, and the
macrophages expressed higher levels of the antigen presentation-related marker
MHC-II, although more commonly employed M1 and M2 markers were not assessed.
Interestingly, softer scaffolds with larger pores achieved the most pronounced wound
closure rate, suggesting that wound healing can be influenced by numerous cellular
responses and different biomaterial properties [103] (Figure 4B).

More recent studies have focused on the shape of the pores, following a
landmark study that showed that M2 macrophages were more elongated than M1
macrophages and that micropatterning could be used to promote M2 polarization
via cell elongation [111] (Figure 4C). Even though this link between morphology and
phenotype is true only for murine and not human macrophages [112], a recent study
showed that primary human macrophages upregulated M2 markers when cultured
on pHEMA scaffolds with an elongated pore structure [113]. In addition, another
study screened drugs for those that promoted roundness of murine macrophages in
order to find M1-promoting drugs for cancer treatment, and the selected drug also
promoted M1 activation of human macrophages, despite a lack of effect on their
morphology [114].
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Figure 4: Intrinsic properties of biomaterials affect macrophage phenotype. (A)
Macrophage motility is influenced by both phenotype and substrate stiffness. Reprinted and
adapted with permission from reference [98]. Copyright 2019 Elsevier (B) Gelatin scaffolds
were prepared with independent control over pore size and stiffness via the inclusion of
cryoprotectant and crosslinkers, respectively. Quantification of macrophages expressing the
M2 marker Arginase 1. Reprinted and adapted with permission from reference [103]. Licensed
under a Creative Commons Attribution 4.0 International (CC BY 4.0) (C) Micropatterning was
used to increase elongation of murine macrophages, which led to upregulation of M2 marker
arginase. Reprinted from reference [111]. (D) Multidimensional parameter reduction of a
13-color flow cytometry panel to illustrate the heterogeneity of the immune cells infiltrating
ECM and synthetic scaffolds. Reprinted from reference [119].Copyright 2019 Elsevier. (E)
Volcano plot of up- and down-regulated genes by macrophages isolated from UBM-treated
tumor microenvironment, highlighting their complex phenotype characterized by changes in
both M1 and M2 markers compared to saline. Reprinted and adapted with permission from
[118]. Copyright 2019 The American Association for the Advancement of Science.
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As with 3D pore structure, macrophages also exhibit sensitivity towards
surface topography. Bartneck et al. investigated the influence of different
perfluoropolyether (PFPE) microstructures (lines, large cylindrical post, widespread
cylindrical post, small posts, and concentrated small cylindrical posts) on the
inflammatory activation of human macrophages. They showed that smaller posts
separated by a shorter distance increased expression of M1 markers compared to
those with a longer distance, while larger cylindrical posts mostly upregulated M2
markers [115].

3.2.1.3. Degradation

Another biomaterial characteristic that affects the inflammatory response is
the degradation rate. For example, Zhang et al. investigated how the degradation
rate of PGA scaffolds influenced the host response in a mouse subcutaneous model
for 6 weeks [116]. Degradation rate was controlled by changing the crystallinity
of the polymers via varying the fabrication process of the scaffolds between gas
foaming and fiber formation. Fast-degrading scaffolds (50 % degradation in 1 week)
increased the proportion of macrophages expressing the M1 marker CD86 compared
to slow-degrading scaffolds (50 % degradation in 2 weeks), which were surrounded
by macrophages expressing higher levels of the M2 marker CD163. These results
corroborated previous findings that faster-degrading PLA/PEG scaffolds provoked
a more pronounced inflammatory response and thicker fibrous capsules when
implanted subcutaneously in rats compared to more slowly degrading formulations
[117]. The effects of biomaterial degradation rate on macrophage activation are likely
a combination of the degradation byproducts as well as effects on the macrophages’
ability to clear the foreign body.
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Table 2. Representative studies illustrating how biomaterial properties affect

macrophage polarization
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Table 2 (continued)
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3.2.1.4. ECM scaffold

ECM scaffolds, which are prepared by decellularization of human or animal
tissue, have been widely investigated for theirimmunomodulatory properties because
of their widespread success at promoting tissue repair and regeneration in animal
models and clinically [87, 118, 119]. The composition of the ECM scaffolds varies
depending on its tissue origin [120-122]. Dziki et al. cultured murine macrophages
on ECM scaffolds derived from eight different tissue sources [120]. They found that
macrophages exposed to small intestinal submucosa, urinary bladder matrix (UBM),
brain, esophageal and colonic ECM expressed higher levels of M2 markers and
lower levels of M1 markers, while macrophages exposed to dermal ECM expressed
higher levels of M1 marker and lower levels of M2 markers, and macrophages
exposed to liver ECM and skeletal muscle ECM did not significantly change the
expression of these markers [120]. Sadtler and colleagues performed detailed
analyses of the immune cell response to ECM scaffolds derived from UBM, bone,
or cardiac tissue and found that macrophages upregulated multiple M2 markers
compared to macrophages infiltrating collagen or synthetic scaffolds prepared
from PEG or PCL (Figure 4D) [87, 119, 123]. Interestingly, while M2 macrophages
are typically believed to promote tumor progression, Wolf et al. showed that UBM
scaffolds actually inhibited tumor formation, despite promoting increased expression
of M2 macrophages markers (Figure 4E) [118]. Gene expression analysis of the
macrophages showed that macrophages isolated from the UBM-treated tumor
microenvironment were phenotypically distinct from traditional M2 cells and from
classical tumor-associated macrophages. A recent study used single-cell RNA
sequencing to further analyze macrophages sorted from UBM-treated muscle
injuries compared to polycaprolactone (PCL), which led to a more pro-fibrotic
response [124]. The authors found that macrophages infiltrating the ECM scaffolds
did upregulate many M2 markers, but also highlighted the limitations of conventional
M1/M2 markers for accurately separating pro-regenerative and pro-fibrotic behavior.
They found that the PCL-induced fibrosis was driven by IL-17, and identified CD9
and CD301b as new cell surface markers to distinguish pro-regenerative from pro-
fibrotic macrophages. These studies demonstrate that macrophage phenotypes
are complex and caution against drawing broad conclusions about the role of M2
macrophages in tissue regeneration.
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3.2.2. Design of immunomodulatory biomaterials

Beyond empirical investigations of how changes in biomaterial properties
affect macrophage behavior and biomaterial-mediated tissue repair, the incorporation
of immunomodulatory cytokines and drugs has contributed a great deal to our
understanding of how immune cell behavior can be harnessed to promote tissue
repair. Such immunomodulatory design strategies typically involve enhancing
monocyte recruitment, promoting M2 polarization, or sequentially stimulating M1
and M2 activation (Table 3).

3.2.2.1. Biomaterials that recruit monocytes to the site of injury

Because monocytes are naturally recruited to sites of injury where they
differentiate into macrophages, biomaterials that augment this process have been
developed. Several studies have shown beneficial effects of biomaterials that
enhance monocyte recruitment to a site of injury, especially if the monocytes quickly
take on an M2 phenotype. For example, Kumar et al. designed multidomain peptide
hydrogels that sequentially delivered MCP-1, to recruit monocytes, followed by IL-4,
to promote M2 activation of the macrophages derived from those monocytes [138].
The hydrogels released 80 % of loaded MCP-1 in the first two days, while a much
slower release of IL-4 occurred over the next sixteen days, with these divergent
release profiles resulting from differences in diffusivities of MCP-1 and IL-4 as well
as possible matrix-protein interactions. Subcutaneous implantation in rats confirmed
that the sequential cytokine delivery increased the number of infiltrating monocytes
and shifted the macrophage population towards M2.

Other studies have taken advantage of the fact that monocytes themselves
exist as two different populations in the blood (three in humans), which appear
to be biased towards M1 or M2 macrophages as they extravasate into tissues.
The so-called classical or inflammatory monocytes are distinguished by the
Ly6CM"CX3CR1MICCR2*(CD62L*CD43"") surface receptor profile (in mice). Non-
classical or alternative monocytes appear to be biased to become M2 macrophages,
and are distinguished by Ly6C°*CX3CR1""CCR2(CD62L-CD43"d") [139] (for
review see [140]). However, it is important to remember that classical monocytes
can also be converted to non-classical monocytes, so the terms “M1-biased” and
“M2-biased” may not always accurate [139]. Nonetheless, Awojoodu et al. showed
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that M2-biased monocytes can be selectively recruited via the delivery of FTY720,
a sphingosine 1-phosphate receptor (S1P) agonist, from PLGA thin films [141].
Implantation into a dorsal skinfold window chamber model in mice showed that the
release of FTY720 increased the recruitment of alternative monocytes, resulting in
higher numbers of M2 macrophages, lower inflammatory cytokine secretion, and
increased microvascular density. This strategy was also shown to be effective at
enhancing repair of skeletal muscle [142] and bone defects [143-145]. Similar effects
on angiogenesis were achieved by preferentially recruiting alternative monocytes via
controlled release of SDF-1a[146]. Kim et al. modified the release profiles of proteins
from gelatin hydrogels by changing the isoelectric points of the hydrogels [147]. They
incorporated SDF-1a and SEW2871, an SP1 agonist, which have both been shown
in other studies to recruit alternative monocytes as well as other cells. The rapid
release of SDF-1a. combined with the sustained release of SEW2871 resulted in
higher numbers of macrophages expressing M2 markers and faster wound closure
when compared to sustained release of SDF-1a and rapid release of SEW2871
[147].

3.2.2.2. Bioactive modification with M2-promoting stimuli

A variety of techniques have been used to actively promote M2 polarization
of macrophages responding to biomaterials. Biomaterials that release IL-4 and
IL-10 in particular have been extensively investigated because of the potent effects
of these cytokines on M2 polarization. For example, Hu et al. designed injectable
heparin-modified gelatin microspheres to deliver IL-4 to macrophages within bone
defects under diabetes mellitus (DM) conditions [148]. Because IL-4 has heparin-
binding domains, the release of IL-4 was sustained for 3 weeks in vitro [149]. The
system was able to increase the presence of macrophages expressing M2 markers
and enhanced osteoblastic differentiation and bone regeneration in diabetic rats.

Another strategy to promote M2 polarization is using microRNAs (miRNAs).
miRNAs are small (~22 nucleotides) non-coding RNAs that regulate translation of
coding RNAs. Some miRNAs have been shown to regulate macrophage polarization
and subsequently affect inflammation (for review see [150, 151]). A number of
studies have determined miRNA expression profiles in M1- and M2-polarized
human and murine macrophages using microarray and RT-qPCR arrays techniques,
identifying potential targets for therapeutic manipulation. For example, Bejerano et
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al. presented a new therapeutic strategy to manipulate macrophage phenotype
using hyaluronan-sulfate (HS) nanoparticles loaded with miRNA-21, which promotes
an M2 phenotype [152]. The nanoparticles were delivered intravenously to a murine
model of myocardial infarction. The nanoparticles increased M2 polarization of
macrophages in the infarcted zone, increased angiogenesis, and improved cardiac
outcomes [152].

3.2.2.3. Mimicking efferocytosis

Considering another mechanism by which the M2 phenotype is generated
in vivo is by efferocytosis, or the uptake of apoptotic neutrophils, some
studies have sought to mimic this process using biomaterials. Apoptotic cells
display phosphatidylserine (PS), which is a phospholipid typically hidden inside
the cell membrane in non-apoptotic cells. The PS acts as an “eat me” signal for
the macrophages, and the binding to this receptor triggers an anti-inflammatory
phenotype in macrophages characterized by the secretion of IL-10, TGF-§ and
prostaglandins — for review, see [76] —. Huynth et al. were the first to propose
the use of PS-containing liposomes to mimic apoptotic cells as a tool to promote
the resolution of inflammation [153]. Harel-Adar et al. showed that PS-presenting
liposomes promoted M2 polarization of cardiac macrophages after myocardial
infarction in rats [154]. After PS-liposome uptake by macrophages in vitro and in
vivo, macrophages secreted high levels of anti-inflammatory cytokines such as
TFGB and IL-10 and upregulated the M2 cell surface marker CD206 along with
downregulation of proinflammatory markers such as TNFa and the M1 cell surface
marker CD86. Finally, PS-liposomes have been shown to decrease inflammatory
cytokine production and improve symptoms in a carrageenan-induced model of
mouse hindpaw inflammation [155].

3.2.2.4. Biomaterials that promote sequential M1 then M2

Even though the precise roles of each population of macrophages in tissue
repair is not fully understood, dysfunctional regulation of macrophage phenotype
can impede proper healing. The early presence of M1 macrophages is key for the
initiation of tissue regeneration, but chronic M1 activity could impede or prevent
proper healing [156, 157]. On the other hand, uncontrolled M2 activation could lead
to fibrosis [158-160]. Moreover, M1 and M2 macrophages appear to act sequentially
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in their regulation of normal angiogenesis and wound healing, and improper
activation in either phase is detrimental for healing (for review see [161]). For these
reasons, numerous studies have recently reported the design of biomaterials that
can promote sequential M1 and M2 activation of macrophages [80, 161-164].

One popular strategy to achieve sequential activation of M1 and M2
macrophages is the sequential release of a proinflammatory agent, such as IFNy,
which induces the M1 phenotype, followed by an M2-promoting cytokine or drug such
as IL-4 or simvastatin [162-164]. This idea was first introduced by Spiller et al. using
decellularized bone as a scaffold, with M1-promoting IFNy released by desorption,
with subsequent M2-promoting IL-4 released via biotin-avidin interactions [80]. This
sequential release promoted the M1-to-M2 phenotypical change of primary human
macrophages in vitro but failed to significantly enhance vascularization of bone
scaffolds in a murine subcutaneous implantation model, an effect that was attributed
to the overlapping of M1 and M2 phases at early time points. Following up on this
study, Li et al. loaded IFNy into calcium silicate/p-tricalcium phosphate scaffolds,
so that IFNy release would be followed by release of Si ions, which promote M2
polarization [165]. When the scaffolds were implanted subcutaneously in mice,
the sequential delivery of IFNy and Si ions upregulated M1 marker expression on
day 3 and M2 marker expression on day 7 and increased the number of infiltrating
blood vessels. Along similar lines, Alhamdi et al. designed a calcium phosphate
(pCaP) drug delivery system to release IFNy followed by the M2-promoting drug
simvastatin, with release tied to the activity of macrophages, for a potentially self-
regulating patient-specific biomaterial designed for bone repair [162]. Sequential
M1-to-M2 activation was achieved in both a human monocyte cell line and in bone
marrow-derived macrophages obtained from both young and old mice, although
the expression of M1 and M2 gene markers was blunted in aged macrophages.
Nonetheless the system showed potential applicability even for elderly patients,
whose immune systems are compromised [162]. Externally controlled dual release
of macrophage-modulating cytokines was achieved by Tolouei et al., who designed
a two-compartment biomaterial system comprised of an outer gelatin scaffold and
an inner biphasic ferrogel [164]. The outer porous gelatin layer was loaded with the
IFNy and the chemoattractant MCP-1, for rapid yet passive release via diffusion. In
contrast, the inner compartment was composed of a biphasic ferrogel with an Fe,O -
laden region in the top half and a Fe,O-free, porous, and deformable region on the
bottom.
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Table 3 - Bioactive modification of biomaterials to promote M2 macrophages
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Table 3 (Continued)
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Table 3 (Continued)
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In the presence of a gradient magnetic field, the ferrogel physically
deformed, releasing loaded IL-4 in a magnetically triggered fashion [164]. Although
the bioactivity of this system was not assessed, it could be a promising approach to
precisely control the release of macrophage-modulating cytokines, which would be
useful for investigations of macrophage timing in vitro and in vivo

4. Biomaterial-Enabled Cell-Based Therapies for
Immunomodulation

While the inclusion of macrophage-modulating cytokines has
shown considerable promise, others have explored the delivery of cells with
immunomodulatory properties, since they have the potential to respond to the
changes in the local environment. While numerous attempts have been made to
deliver macrophages themselves to sites of injury — for review, see [88] —, only
recently have biomaterials been employed to support this strategy. For example,
Hu et al. used pullulan-collagen hydrogels to deliver supraphysiologic numbers
of inactivated macrophages to a murine cutaneous wound model [182] (Figure
5A). The transplanted cells survived for at least 7 days in vivo, migrated into the
middle and lower dermis, and acquired mixed M1/M2 phenotypes. This treatment
accelerated wound healing and angiogenesis. Interestingly, the authors showed
that macrophages from diabetic mice also accelerated diabetic wound healing,
and even transplantation of human diabetic monocytes accelerated wound healing
in immunocompromised mice, although survival of the transplanted cells or their
incorporation into the mouse tissue were not assessed.

Despite these encouraging results, the efficacy of monocyte/macrophage-
based therapies has been limited due to inability to control the phenotype of
exogenously administered macrophages, since their high plasticity causes them
to take on the phenotype induced by microenvironmental stimuli at the injury site
[183, 184]. To address this challenge, Wofford et al. designed a strategy to promote
and preserve an anti-inflammatory macrophage phenotype through the use of
intracellular microparticles [185].
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A Isolated Monocytes are Exogenously Treated
with Degradable Dexamethasone-Loaded Particles.
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Figure 5: Cell therapies to promote wound healing response. (A) Macrophages delivered
within hydrogels to cutaneous wounds took on complex phenotypic profiles. Reprinted and
adapted, with permission from refernce [182]. Licensed under a Creative Commons Attribution
4.0 International (CC BY 4.0) (B) Strategy to control the phenotype of monocyte-derived
macrophages by loading monocytes with drug-loaded microparticles, which release drug
over time as the monocytes differentiate into macrophages. Reprinted with permission from
[185]. Copyright 2020 Elsevier (C) Cytokine-loaded “backpacks” that adhere to the surface
of macrophages and release cytokines to control their phenotype. Reprinted and adapted,
with permission from reference [186]. Licensed under a Creative Commons Attribution-Non
Commercial 4.0 International (CC BY-NC 4.0) (D) Ability of MSCs embedded within hydrogels
to decrease fibrous capsule formation decreases with stage of differentiation. Reprinted and
adapted with permission from reference [206]. Copyright 2015 Elsevier.
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In this approach, monocytes would be isolated from patients, incubated
with drug-loaded microparticles to allow their uptake by phagocytosis, and then re-
administered back into the patient, so that the intracellular release of drug can maintain
macrophages derived from those monocytes in an anti-inflammatory phenotype over
time even in inflammatory environments [185] (Figure 5B). The authors showed that
dexamethasone-loaded PLGA microparticles were retained within monocyte-derived
macrophages for several weeks in vitro, inhibited expression and secretion of pro-
inflammatory cytokines even in the presence of pro-inflammatory stimuli, and did not
interfere with subsequent phagocytosis of tissue debris and bacteria [185].

Recently, Shields et al. described a strategy to lock macrophages in
an M1 phenotype for cancer therapy [186] (Figure 5C). They designed discoidal
shaped particles referred to as “backpacks”, whose anisotropical shape prevented
phagocytosis by macrophages and instead promoted adhesion to their surfaces.
Macrophages carrying IFNy-releasing backpacks maintained a pro-inflammatory
phenotype in the immunosuppressive environment of a murine breast cancer model,
where they slowed tumor growth and reduced metastasis compared to control
macrophages carrying blank backpacks. These studies demonstrate promising
strategies to modify and maintain phenotypes of transplanted macrophages.

Mesenchymal stromal cells (MSCs) are a widely investigated cell source
for diverse applications in regenerative medicine and have been used clinically for
decades [187]. While originally touted for their ability to differentiate into multiple
cell types in the mesenchymal lineage — e.g. bone and cartilage —, they are now
even more widely used for their immunomodulatory properties — for review, see
[188] —. In particular, they exhibit low immunogenicity even when transplanted
allogenically, and they inhibit T cell proliferation. In addition, crosstalk of monocytes/
macrophages with MSCs or MSC-derived conditioned media induces a unique
macrophage phenotype sometimes referred to as MSC-educated macrophages
[189-191]. As a result, MSC therapies have the potential to modulate macrophage
phenotype for enhanced tissue repair. However, MSC transplantation suffers from
poor survival in vivo and low cellular retention [192-194]. Therefore, biomaterials
have been developed to protect MSCs in numerous applications (for review, see
[195]). The inclusion of MSCs within hydrogels has been shown to reduce their
fibrous encapsulation [196, 197], with the magnitude of this effect decreasing with
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more differentiated cells (Figure 5D).

Recently, Clark et al. investigated how MSC functionality can be tuned
by delivering them within hydrogels modified with different integrins [198]. PEG
hydrogels were modified to present peptides capable of binding to different integrins
expressed by MSCs. They compared GFOGER, derived from type | collagen, which

has binding specificity for a,f, integrin, with RGD, which can be found in different

1
ECM proteins, such as fibronectin, and which has binding specificity towards ayf,,
ayf, and a,f, integrins. GFOGER-presenting hydrogels prolonged MSC survival
and caused them to upregulate numerous genes and cytokines associated with
inflammation and enhanced their abilities to stimulate bone repair in a segmental

defect model in mice.

In a wound healing environment, inflammatory cytokines prime MSCs to
increase their immunomodulatory properties [199]. Recently, Gonzalez et al. took
advantage of this finding to design immunomodulatory hydrogels for the delivery of
MSCs [200]. The hydrogels consisted of an interpenetrating network of functionalized
alginate and fibrillar collagen embedded with IFNy-loaded heparin-coated beads.
The inclusion of IFNy-loaded beads prolonged the expression of immunomodulatory
genes by bone marrow-derived primary human MSCs compared to 2D tissue culture.

Genetic modification of MSCs to amplify the expression ofimmunomodulatory
factors is another promising strategy [201, 202]. Ueno et al. developed lentivirus-
transduced IL-4 overexpressing MSCs (IL4-MSCs) to promote M2 polarization
of macrophages [177]. IL4-MSCs were delivered in a microporous gelatin-based
microribbon scaffold to critical-size long bone defects in mice. IL4-expressing MSCs
increased M2 marker expression by surrounding macrophages without inhibiting M1
marker expression in the early stage and augmented macrophage migration into the
scaffold, ultimately resulting in enhanced bone healing. Collectively, these studies
show that biomaterials are useful delivery vehicles for immunomodulatory MSCs.

5. Future Directions

Designing new and more effective strategies to prevent the FBR and/
or promote tissue repair and regeneration will undoubtedly require a greater
understanding of the complex mechanisms that govern these processes. To that
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end, researchers are exploring innovative avenues to study and manipulate the
inflammatory response to biomaterials. At the same time, this is providing invaluable
insight to identify hitherto unknown action points and new cellular targets.

5.1. Emerging tools and models for studying the inflammatory
response to biomaterials

Typically, the FBR has been assessed by means of histopathological
analysis of retrieved implants after staining with hematoxylin & eosin (H&E),
Masson’s trichrome and/or Sirius Red. The fibrous capsule can be analyzed via
semiquantitative analysis for thickness, degree of fibrosis, and cell overgrowth.
Supplementary methods include the use of gene expression analysis, cytokine
arrays and multidimensional flow cytometry. However, the need for high-throughput,
real-time, comprehensive, and biologically relevant data is leading researchers to
the development of innovative ways to explore the FBR.

Multiphoton intravital microscopy can provide valuable information to unravel
some of the still unknown complex and dynamic biological interactions driving the
inflammatory response. This technique allows imaging living biological responses to
materials implanted deep into the skin with excellent signal-to-background noise ratio
and minimal photodamage (Figure 6A) [203]. Besides fluorescence detection, it is
possible to exploit nonlinear processes such as second harmonic generation (SHG)
and third harmonic generation (THG) [204]. In this vein, 3D porous electrospun PCL
scaffolds implanted in the subcutaneous space of mice have been monitored by
means of the generated THG signal, while following the deposition of SHG-positive
collagen fibers and sprouting of red fluorophore-tagged neovessels (Figure 6B,
C) [17]. Intravital microscopy is usually performed in transgenic mice, whose cells
express fluorescent protein markers, to analyze kinetics of cell infiltrates [13].

In vivo molecular imaging techniques are also valuable tools, especially
when combined with innovative strategies to conduct high throughput investigations.
For example, by injecting 8 different polymer modifications subcutaneously into
one mouse and using an injected imaging probe that fluoresces in proportion to the
level of inflammation, researchers performed a rapid assessment of 774 variants
of chemically modified alginates aimed at mitigating the FBR [39] (Figure 6D, E).
Likewise, Yang et al. employed mice with a luciferase reporter gene to enable
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real-time, non-invasive monitoring of expression of the pro-inflammatory cytokine
interleukin-1p by bioluminescence imaging in response to subcutaneously implanted
functionalized PLLA scaffolds [205]. Strategies that can combine these techniques
with multiple reported outputs will be key to rapid advances in understanding the
inflammatory response.

Along these lines, Witherel et al. examined the FBR to polypropylene
sutures and polystyrene microparticles in zebrafish, which are optically translucent
and genetically tractable model organisms that have been used extensively to study
human disease [206]. By implanting these biomaterials in zebrafish with fluorescent
macrophages and neutrophils, the dynamics of these immune cells interacting with
model biomaterials could be visualized non-invasively and in real-time (Figure 6F).
Zebrafish are amenable to numerous genetic and chemical modifications, which
enables researchers to fluorescently label key cellular and molecular mediators
including immune cells, pro-inflammatory signals and blood vessels, to evaluate the
complex and multifaceted interplay between biomaterials and surrounding tissues
[206-208].

Beyond animal testing, however, there are currently no reliable and
accepted methods to assess the inflammatory response to biomaterials in a way
that accurately represents the human response. Inter-species differences are well
known to be a major reason that numerous therapies that appear promising in
animal models ultimately fail in humans [209]. To address this problem and reduce
the burden of experimental animals, some researchers direct their efforts towards
the development of more clinically relevant in vitro models. These consist of human
components intended to capture key aspects of the human inflammatory response.
Whole blood assays have been used to replicate the transient contact of materials
with the blood inherent to the surgical procedure [210, 211], while other assays are
focused on the response of macrophages [212] and their interactions with other
cell types like fibroblasts [213]. Jannasch et al. attempted to recapitulate the wound
environment by exposing biomaterials — PTFE and titanium — to macrophages
integrated in fibrin clots and co-culturing them with fibroblasts embedded within
soft tissue-resembling 3D matrices — made of either collagen or fibrin — [214].
Their results generally agreed with pre-clinical and clinical studies described in the
literature. With the development of more sophisticated “organ-on-a-chip” model
systems, it may become possible to comprehensively evaluate the human response
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Figure 6. Representative examples of emerging tools for studying the inflammatory
response to biomaterials. (A) Implantation of biomaterials in dorsal skinfold window
chambers in transgenic mice to study the inflammatory response using intravital imaging.
Reprinted by permission of reference [17]. Copyright 2016 Springer Nature. (B-C) Longitudinal
intravital imaging of green fluorescent protein (GFP)* cells in combination with perfusion
agent (dextran) and SHG and THG signals showing collagen fibril orientation. Reprinted by
permission from [17]. Copyright 2016 Springer Nature. (D, E) High throughput evaluation
of fluorescent inflammatory activity in response to a library of modified alginates injected
subcutaneously into mice. (E) Heat map summarizing gelation and cathepsin activity of a
library of 774 modifications to alginate. Reprinted with permission from [39]. Copyright 2016
Springer Nature. (F) Injection of fluorescent polystyrene microparticles into transgenic larval
zebrafish with fluorescently labeled neutrophils and macrophages. Reprinted and adapted
with permission from reference [206] Copyright (2018) American Chemical Society.
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to biomaterials in vitro [215]. For example, the use of a FBR-on-a-chip platform
combined with peripheral blood mononuclear cells (PBMCs) directly extracted from
the patient has recently been proposed [216].

Such in vitro model systems may also help to address another major
challenge in understanding the inflammatory response to biomaterials in humans,
which is that patients may have very different responses based on their own
clinical factors and medical history. It is generally not known how variations in the
immunological profile of individuals related to age, sex or comorbidities affect the
FBR or the ability of biomaterials to support tissue repair, although some studies
are beginning to tackle these questions [217-219]. The effects of comorbidities in
particular are especially difficult but important to consider because biomaterials
are typically used to repair tissue in diseased sites. For example, the inflammatory
response to dedrimer/dextran hydrogels was shown to vary greatly in healthy vs.
pathologic models of colonic tissue [220]. These findings suggest that a personalized
evaluation of the inflammatory response to biomaterials may be required.

5.2. Identification of new cellular targets

By harnessing spontaneous and knockout mutations or producing chemically-
induced immune cell depletions in mice, it is possible to delete specific immune
targets to study their role in the FBR and the inflammatory response to biomaterials
[221, 222]. Using these models, independent studies targeting different immune
mediators have arrived to similar conclusions: neutrophils [13, 26], mast cells [23,
24], natural killer cells (NK cells) [24], and T lymphocytes [33] seem to have little,
if any, effect on fibrous capsule development. However, these cells do have major
effects in wound healing, and T cells in particular have been demonstrated to be key
regulators of biomaterial-mediated tissue repair [87]. Therefore, the similarities and
differences between cellular regulation of the FBR and the wound healing response
to biomaterials are still poorly understood.

A recent study by Chung et al. described so far overlooked potential
therapeutic targets to reduce the FBR [223]. They analyzed the cellular components
of fibrous capsules surrounding silicone breast implants in humans and identified
IL17-producing y&" T cells and T helper 17 (Th17) cells as well as senescent
stromal cells. Senescent cells, which accumulate in aging and in chronic disease,
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are non-proliferative cells that secrete numerous inflammatory cytokines as part of
the senescence associated secretory phenotype (SASP). Clearance of these cells
has been shown to ameliorate numerous diseases [224]. Using animal models,
senescent cells were identified to be key mediators of the fibrotic response to PCL
particles, inducing differentiation of Th17 cells and giving rise to IL-17-secreting
antigen-dependent adaptive response [223]. This study opens the door to alternative
therapeutic interventions aimed at blocking the IL-17-associated pathway in T cells
and senescent stromal cells.

Still, macrophages have undeniable effects on regulating the FBR and
biomaterial-mediated tissue repair [13, 17, 18]. Targeted and timely interventions
in macrophage function represent a key area for future strategies to modulate the
inflammatory response. For example, manipulation of specific macrophage signaling
pathways, such as CSF1/CSF1R [13, 205] and CXCR7/CXCR4/CXCL12 [225],
have been shown to ameliorate fibrous capsule development around biomaterials.
The inflammasome of macrophages represents another valuable opportunity for
therapeutic targeting. The inflammasome comprises a cytosolic multiprotein complex
that assembles in response to the presence of danger signals and triggers the
production of pro-inflammatory mediators such as IL-13 and IL-18 [226]. In a given
moment, this complex can persist and develop a chronic inflammatory process, or
it can take an alternative direction towards resolution of inflammation and tissue
remodeling [227]. Gaining further insight into the biology of this mechanism may
unveil key regulators of the innate response that can be modulated to enhance
biomaterial integration.

Relatedly, future studies should direct efforts to overcome the limitations of
many biomaterials’ studies analyzing macrophage phenotype and overinterpretation
of the M1/M2 paradigm. Most studies use a handful of typical M1 and M2 markers but
fail to thoroughly characterize macrophage phenotype or extend the characterization
to functional effects. In contrast, Sommerfeld et al. used single cell RNA sequencing to
thoroughly characterize the phenotype of macrophages participating in the divergent
responses to biologic —i.e., ECM scaffolds — or synthetic materials [228]. The team
identified a particular combination of surface markers that discriminated between
unique macrophage phenotype subsets in fibrotic or pro-regenerative environments.
In addition, these populations did not necessarily converge with canonical M1/M2
markers, which reinforces the need for further investigation in this regard.
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5.3. New strategies to modulate monocyte/macrophage behavior

Given the importance of macrophages in inflammatory disease and
tissue repair, new strategies are needed to control their behavior. As an example,
recent studies demonstrate how researchers have taken advantage of the natural
behaviors of monocytes and macrophages to ameliorate excessive inflammation.
When nanoparticles or microparticles are injected into the bloodstream, they are
rapidly cleared from circulation by the reticuloendothelial system, which comprises
circulating phagocytes — neutrophils and monocytes — and filtration organs like
the liver, spleen, and kidney. While particle properties such as hydrophilicity, surface
charge, size, shape, molecular weight, and even coating with biomimetic moieties
affect their circulation time before they are cleared, all particles are eventually cleared
from circulation within minutes to hours [135, 229-232].

While this rapid clearance is a major impediment to systemically delivered
drug delivery systems, recently some researchers have turned it into an advantage.
Because monocytes phagocytose particles in the blood stream and carry them to
the liver and spleen, Getts et al. showed how this phenomenon can be leveraged
to divert monocytes way from sites of inflammation, instead trafficking to the liver
and spleen, thus reducing the number of monocytes at the inflammatory site and
ameliorating disease in mouse models of myocardial infarction, multiple sclerosis,
colitis, peritonitis, and West Nile virus [233]. The authors showed that negatively
charged (-40 mV) particles of 0.5 um in diameter and comprised of polystyrene,
PLGA, or microdiamond were internalized by monocytes and quickly carried to the
spleen. The effect was found to be more pronounced for negatively charged particles
than neutral particles, and to be primarily mediated by the phagocytosis-related
MARCO receptor on macrophages. Later, it was shown that the ability of the particles
to promote monocyte redirection away from sites of injury also depended on PLGA
molecular weight [234]. Finally, using a murine model of spinal cord injury, Park et
al. extended this strategy to show that not only did negatively charged particles
cause monocytes to redirect away from sites of inflammation, but the few remaining
monocytes/macrophages at the injury site expressed higher levels of markers
associated with tissue repair compared to controls [235]. While the mechanisms
behind this finding remain to be determined, this study shows the potential for
leveraging natural phenomena to ameliorate disease and promote tissue repair.
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6. Conclusions

The host inflammatory response is a critical determinant of the success
or failure of implanted polymeric biomaterials, with outcomes ranging from the
foreign body response to biomaterial-tissue integration. Interdisciplinary studies at
the intersection of biomaterials science and immunology have shown how these
biomaterial outcomes can be influenced by modulating immune cell behavior. With
increased understanding of how immune cells regulate tissue repair, it is increasingly
possible to design biomaterials that harness the inflammatory response for beneficial
effects
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Hypothesis and Objectives






In recent years, organ transplantation technology has made significant
improvements regarding long-term survival, substantially decreasing the risk of graft
rejection. However, with each passing year, the gap between available donors and the
number of patients needing an organ transplant is steadily increasing. Consequently,
there is a growing demand to create engineered tissues to minimize the need for
organ transplantation. However, the rejection of engineered tissue implants has
become a critical challenge today. Primarily, rejection occurs due to the crosstalk
between immune cells and the engineered tissue structure. Therefore, it is important
to be able to influence the immune cell milieu of the implantation site to achieve graft
integration. With this perspective in mind, this doctoral thesis aims to provide two
different strategies: 1) The use of human hair follicle derived mesenchymal stromal
cells (HF-MSCs) forimmunomodulation, and 2) The application of tissue engineered
blood vessels to interact with different macrophage phenotypes and promote a tissue
remodeling response around the implant.

The first strategy is based on the fact that MSC have the ability to secrete
immunomodulatory factors which can then subsequently regulate both the adaptative
and the innate immune response, thereby indirectly influencing the implant outcome.
Since they were first described in 1968, MSCs have been isolated from nearly all
tissues, with MSCs derived from bone marrow (BM-MSC) and adipose tissue (AT-
MSC) being the most widely used. However, the isolation procedures of these origins
are painful and invasive for patients. For that reason, this work proposes the use of
a lesser-known source of MSCs: the hair follicle. The main advantages of the HF-
MSCs are the easy accessibility, painless procedure and lower risk of viral infections.
Therefore, we hypothesized that HF-MSCs could be a feasible alternative source of
MSCs for immunomodulation regarding their accessibility and ease of harvesting
and that they could have better or at least comparable immunomodulatory potential
as AT-MSCs.

The second strategy relies on the addition of tissue-engineered blood
vessels to the biomaterial prior to implantation. Implant failure occurs mainly due
to the inability of the host tissue to rapidly vascularize the implanted engineered
tissue, leading to lack of oxygen and nutrients, the consequent cell death and the
eventual deterioration of tissue integration and function. To enhance vascularization,
one of the strategies that has been recently explored is the pre-vascularization of
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the engineered tissues. This could help to promote the anastomosis and subsequent
perfusion to the implant. However, upon implantation, the engineered tissue will
encounter the host’'s immune system. Macrophages, key regulators of wound
healing and angiogenesis, are one of the firstimmune cells to reach the wound site.
They are very plastic cells with the ability to switch phenotype depending on the
milieu. In addition, it is well known that they have a principal role in determining the
success or failure of the tissue-engineered integration. Thus, we hypothesized that
learning about the crosstalk between macrophage and blood vessels could help to
gain control over tissue integration.

Thus, the specific objectives of the present thesis are the following:

1. To isolate and characterize MSCs from the hair follicle. Specifically, describe
their exact anatomical location, study their naive phenotype, validate their stemness
properties along the period of validity, and assess their immunoevasiveness.

2. To assess the immunomodulatory capacities of HF-MSCs, as compared to
the most used AT-MSCs, when it comes to inhibiting the proliferation of peripheral
blood mononuclear cells (PBMCs), inducing T regulatory phenotype and skewing
macrophages towards a tissue remodeling phenotype (also referred as M2
phenotype).

3. To characterize the effects of tissue-engineered blood vessels on
macrophage phenotype by forming a three-dimensional (3D) tri-culture system
model comprising of endothelial cells, mesenchymal stromal cells and macrophages
in vitro. The effects of tissue-engineered blood vessels on undifferentiated (MO),
pro-inflammatory (M1) and regenerative (M2 and M1M2) macrophage phenotype
will be assessed by flow cytometry. For a thorough characterization of the different
macrophage populations, single cell analysis, specifically dimensionality reduction
and clustering algorithms will be used.
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Figure 1: Schematic representation of the objectives of the doctoral thesis. FUE, fo-
llicular unit extraction. HF-MSCs, hair follicle derived mesenchymal stromal cells. PBMCs,
peripheral blood mononuclear cells.Treg, Regulatory T lymphocytes
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Human Hair Follicle-Derived
Mesenchymal Stromal Cell
from Lower Dermal Sheath as
a Competitive Alternative for
Immunomodulation






Abstract

Mesenchymal stromal cells (MSCs) have unique immunomodulatory
capacities. Here, we investigate hair follicle-derived MSCs (HF-MSCs) from the
lower dermal sheath, which are advantageous as an alternative source because
of their relatively painless and minimally risky extraction procedure. These
cells expressed neural markers upon isolation and maintained stemness for a
minimum of 10 passages. Furthermore, HF-MSCs showed responsiveness to pro-
inflammatory environments by expressing type-ll major histocompatibility complex
antigens (MHC)-II to a lesser extent than adipose tissue-derived MSCs (AT-MSCs).
Regarding immunomodulation, HF-MSCs effectively inhibited the proliferation of
peripheral blood mononuclear cells equivalently to AT-MSCs. Additionally, HF-
MSCs reduced CD8 and CD19 lymphocyte populations and promoted the induction
of CD4*CD25*FOXP3* regulatory T lymphocytes to the same extent as AT-MSCs.
Finally, HF-MSCs, more so than AT-MSCs, skewed MO and M1 macrophages
towards M2 phenotypes, with upregulation of typical M2 markers CD163 and CD206
and downregulation of M1 markers such as CD64, CD86 and MHC II. Thus, we
conclude that HF-MSCs are a promising source of MSCs for immunomodulation.
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3.1. Introduction

Mesenchymal stromal cells (MSCs) are proliferative and multipotent cells
that exist in most tissues of the body and show numerous therapeutic properties.
As their immunomodulatory potential has become increasingly appreciated through
hundreds of clinical trials — reviewed in Ref. (1) —, in recent years a number of
MSC cell therapies have been approved for clinical use, including Temcell® for the
treatment of steroid-refractory acute graft versus host disease (GvHD) in Japan.
Alofisel® for Crohn’s related enterocutaneous fistular disease in the European Union,
and Remestemcel-L for pediatric steroid-refractory GvHD — reviewed in (1) and
(2) —. In December 2020, the United States Food and Drug Administration (FDA)
announced that they had granted Fast Track designation to Remestemcel-L to
treat acute respiratory distress syndrome — which is the primary cause of death in
COVID-19 patients— due to COVID-19 infection. This designation will speed up the
phase three trial review process and its approval if the results are positive (1-3).

MSCs have two primary and important characteristics that make them an
attractive therapeutic option for a wide range of inflammatory and immune-mediated
diseases: immune evasion and immunomodulation. Their ability to evade immune
rejection results from relatively low levels of major histocompatibility class | (MHC-I)
expression and absence of type-ll major histocompatibility complex antigens (MHC-II)
and the co-stimulatory molecules CD40, CD80, or CD86 (4). The immunomodulatory
abilities of MSCs are numerous, in that they regulate both adaptative and innate
responses, relaying on paracrine factors and cellular contact for their function. In
particular, MSCs inhibit the proliferation of lymphocytes, induce the generation of
regulatory T lymphocytes and skew macrophage phenotype into a pro-regenerative
and pro-tolerogenic one, among other immune cells (4-7). One of the main effectors
in MSC-mediated immunomodulation in humans is indoleamine 2,3-dioxygenase
(IDO), a metabolic enzyme that is secreted by MSCs upon exposure to inflammatory
conditions (8). However, the clinical potential of MSCs remains limited by numerous
obstacles, including (i) the invasive and painful harvesting procedure with possible
complications; (ii) their gradual loss of “stemness” and immunomodulatory properties
during in vitro expansion; and (iii) their loss of immune evasiveness in inflammatory
environments (9).

Unlike many other cells that are tissue-specific, MSCs can be harvested
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from almost every tissue at all developmental stages — fetal, young, adult, and
aged — using their plastic-adherence properties. Historically, bone marrow was the
first source from which MSCs were obtained (10). MSCs have since been isolated
from other tissue sources, including but not limited to umbilical cord, placenta,
adipose tissue, kidney, liver, lung and dental tissue — reviewed in (11) —. Of
note, MSCs originating from diverse sources may present different properties and
differentiation potentials (12). Recently, adipose tissue-derived MSCs (AT-MSCs)
have been utilized to almost the same extent as bone marrow-derived MSCs (BM-
MSCs) because they are easier to isolate in higher numbers (2, 13). However, the
procedures to harvest the cells from both origins are still relatively harmful, painful,
and invasive for the patient. Moreover, in the particular case of AT-MSCs, a recent
study has demonstrated that these cells are dysfunctional and undergo early
senescence when harvested from obese patients (14). Obesity, together with other
pathological conditions, can also alter their “stemness” and secretory profiles, thus
diminishing the immunomodulatory properties of these cells. For example, Serena
et al. reported that AT-MSCs obtained from patients suffering from obesity or Type
2 diabetes were impaired in their abilities to suppress lymphocyte proliferation and
promote M2 polarization of macrophages (15). Therefore, there is a need to evaluate
the immunomodulatory potential of MSCs derived from other, more easily accessible
cell sources.

The hair follicle is one of the main appendages of the skin and the source
of two different types of multipotent cells: epidermal-origin stem cells and dermal-
origin MSCs — HF-MSCs from now on — (16, 17). HF-MSCs can be obtained both
from the dermal papilla region and from the dermal sheath (18). One of the main
characteristics of the HF-MSCs is their possible neural differentiation capacity (19-
22). This could be attributed to the hypothesis that these cells have their origin in the
neural crest, as denoted by the possible presence of neural markers such as SOX-2,
CD271 and CD56. So far, a few limited studies have demonstrated the potential of
HF-MSCs. Hoogduijn et al. isolated HF-MSCs from the whisker hairs of Wistar rats
and compared their characteristics to those isolated from the bone marrow (23). Wang
et al. were able to induce pluripotent stem cells (iPSCs) from HF-MSCs obtained
by direct plucking (24). Yu et al. demonstrated the transdifferentiation capacity of
human HF-MSCs obtained by direct plucking into mature erythrocytes induced by the
OCT4 gene (25). Ma et al. showed that human HF-MSCs were able to differentiate
into chondrogenic, osteogenic, and adipogenic cells, and promoted wound healing
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in a diabetic wound healing model (26). Lastly, Li et al. isolated MSCs from the
outer root sheath of the epilated hair follicle and showed that HF-MSCs may display
immunomodulatory potential, in that they reduced secretion of TNF and 1L12p40
in cultures of pro-inflammatory macrophages, and increased secretion of IL10 and
expression of the M2 macrophage marker CD163. However, the immunomodulatory
potential of HF-MSCs has not yet been explored in detail, and whether they display
the same capabilities of other sources of MSCs is not known (27).

In the present study, we sought to explore the immunomodulatory properties
of primary HF-MSCs obtained from human donors undergoing hair transplant
therapy. We first characterized their location within the hair follicle, their expression
of neural phenotypic markers, and their stemness at both early and late passages in
vitro. Subsequently, we evaluated the responsiveness of the HF-MSCs to interferon
gamma (IFNy) by measuring the increased production of IDO and the expression
of MHC-II. The immunomodulatory capacity of HF-MSCs was further evaluated in
comparison to AT-MSCs in terms of their ability to suppress proliferation of activated
peripheral blood mononuclear cells (PBMCs), to stimulate induction of regulatory T
cells, and to promote M2 polarization of macrophages. The results comprehensively
demonstrate that HF-MSCs represent an effective and accessible source of MSCs
with immunomodulatory potential comparable to that of AT-MSCs.

2. Material and Methods
2.1. Isolation of the different cell types

2.1.1. HF-MSCs

Hair follicles were obtained from occipital scalps of routine hair transplant
procedures with the application of Follicular Unit Extraction technique (FUE) in
which individual follicular grafts from androgenetic alopecia patients were harvested
with the help of manual punches (Clinica Dermatolégica Ercilla, Spain) following
informed consent under an approved protocol (M30_2019 054, M10_2019_053).
Each collection consisted of five hair follicles per patient. This procedure, which is
minimally invasive, was performed under local anesthesia.

After removing the follicles, they were separated one by one, cleaned —
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involving removal of the fat tissue and the capillaries— and rinsed with phosphate-
buffered saline (PBS) (Gibco, Cat. No: 10010023). These hair follicles were then
washed twice with PBS. Following this, they were transferred to a 24-well cell
culture treated plate (Costar®, Cat. No: 3524) and incubated at 37 °C in a humidified
atmosphere containing 5 % CO, with 1 mL Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, 11965092) supplemented with 30 % human serum and 10 %
antibiotic/antimycotic solution (GIBCO, Cat No:15140-122).

For obtaining the HF-MSCs, the explant attachment method was used,
which exploits the inherent ability of MSCs to adhere to the plastic. Briefly, the hair
follicles were placed in a cell culture treated well plate, and the culture medium was
carefully changed every 3-4 days until the HF-MSCs were released from the hair
follicles around the 15" day. Then, the hair follicles were removed, and fibroblast-like
cells were allowed to grow until 80 % of confluency was obtained. These cells were
considered to be in passage 0. Subsequently, the cells were harvested using trypsin,
plated in cell culture 175 cm? T-flasks (Corning Life Science, Cat No: 431080), and
expanded as explained in section 2.2. To maintain consistency and for a thorough
comparison, pools of no more than 5 different patients’ cells were used. All the cells
were grown up to passage 2 and passage 10 and all subsequent characterization
experiments were performed using both passages 2 and 10. The experiments
regarding immunomodulation of both HF-MSCs and AT-MSCs were performed
within six passages.

2.1.2. PBMCs, T lymphocytes and macrophages

PBMCs were isolated from the blood of healthy donors (San Jose Medical
Center, Vitoria-Gasteiz, Spain), following informed consent under a protocol approved
by the Research Ethics Committee of the Basque Country and that of Txagorritxu
University Hospital (CES-BIOEF 2017-26, CEIC Araba Expte 2017-025). PBMCs
were separated from the whole blood by a density gradient centrifugation method
using Ficoll®-Paque premium (Sigma-Aldrich, Cat. No: GE17-5442-02). Then
CD4* T lymphocytes and CD14* monocytes were purified from PBMCs using CD4
MicroBeads (Mitenyi Biotec, Cat No: 130-050-201) and CD14 MicroBeads (Mitenyi
Biotec, Cat. no: 130-045-101) respectively, in a LS Column (Mitenyi Biotec, Cat. no:
130-042-401) of the QuadroMACS™ separator (Mitenyi Biotec, Cat. no:130-090-
976) following manufacturer’s instructions.
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2.2. Expansion and preparation of HF-MSCs and AT-MSCs

MSCs were seeded in 175 cm? T-flasks and cultured in the corresponding
medium for each cell type: AT-MSC were purchased from ATCC® (ATCC®, Cat.
No: PCS-500-011™) and were cultured in Mesenchymal Stem Cell Basal Medium
(ATCC®, Cat. No: PCS-500-030™) supplemented with the Mesenchymal Stem
Cell Growth kit (ATCC®, Cat. No: PCS-500-040™) and 1 % antibiotic/antimycotic
solution (GIBCO, Cat No:15140-122). HF-MSCs were grown in DMEM (Gibco, Cat.
No: 11965092) supplemented with 10 % of Fetal Bovine Serum (FBS) (Gibco, Cat.
No: 10270-106) and 1 % antibiotic/antimycotic solution (Gibco, Cat. No: 15140-
122). Cells were maintained at 37 °C, 5 % CO, and passaged when reaching 80 %
confluency using 0.25 % trypsin ethylenediaminetetraacetic acid (EDTA) (ATCC®
Cat. No: PCS-999-003™) and neutralized with Trypsin Neutralizing solution (ATCC®
Cat. No: PCS-999-004 ™) (AT-MSCs) or DMEM containing 10 % of FBS (HF-MSCs),
respectively. To generate IFNy-licensed MSCs, cells were plated at the same density
in complete HF-MSC media supplemented with 100 ng/mL recombinant human IFNy
(Sigma-Aldrich, Cat. No: [17001) for 72 h.

2.3. HF-MSCs characterization
2.3.1. Phenotype analysis

For the analysis of neural markers, freshly harvested hair follicles were
washed with PBS and centrifuged at 600 x g for 5 minutes in order to remove the
residual blood left from the surgery. Hair follicles were incubated in a PBS solution
containing 0.2 mg/mL collagenase (Sigma-Aldrich, Cat. No: 9001-12-1) and 200 ug
of calcium chloride (Sigma-Aldrich, Cat. No: C1016). Agitation was maintained in the
incubator, at 37 °C in a 5 % CO, air atmosphere for 90 minutes. After the incubation
period, hair follicles were homogenized using gentleMACS™ Dissociator (Miltenyi
Biotech, Cat. No: 130-093-235) and filtered with 70 um cell strainer (Falcon®,
Cat. No, 352340) to obtain a single cell suspension. Cells were resuspended in
staining buffer — containing 0.5 % bovine serum albumin (BSA) (Sigma-Aldrich,
Cat. No: A2153) and 2 mM EDTA (Sigma-Aldrich, Cat. No: E9884) in PBS —. The
cell suspension was dyed for 15 minutes at 4 °C in the dark with a dilution of 1:50
of the following antibodies: anti-CD271-APC (Miltenyi Biotech, Cat. No: 130-112-
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791), anti-CD56-PE (Miltenyi Biotech, Cat. No: 130-113-874) and anti-CD90-PE-
VIO770 (Miltenyi Biotech, Cat. No: 130-119-975), or with the corresponding isotype
control antibodies, following manufacturer instructions. Subsequently, the cells were
fixed and permeabilized using Intracellular Staining Buffer Set (Miltenyi Biotec,
Cat No: 130-093-142). Cells were then stained with a dilution 1:50 of anti-SOX2-
FITC (Miltenyi Biotech, Cat. No: 130-140-940) or with the corresponding isotype
control following manufacturer instructions and analyzed by flow cytometry using
the MACSQuant® Analyzer. Data was analyzed using FlowJo™ software (FlowJo™
10.6.2 Software, TreeStar Inc., USA).

HF-MSCs were cultured until passage 2 and passage 10 in order to
determine if the cells were able to maintain stemness even in late passages. Cells
were trypsinized, collected, and re-suspended in a staining buffer. A suspension of
1x108 cells was dyed for a span of 15 minutes at 4 °C in the dark with a dilution of
1:20 with the following antibodies: Anti-CD14-PerCP, anti-CD20-PerCP, anti-CD34-
PerCP, anti-CD45-PerCP, anti-CD73-APC, anti-CD90-FITC and anti-CD105-PE
(MSC Phenotyping kit, Miltenyi Biotech, Cat No 130-095-198), anti-MHC-I-PeVio770
(Miltenyi Biotec, Cat. No: 130-120-573) and anti-MHC-II-VioBlue (Miltenyi Biotec,
Cat. No:130-111-947) or corresponding isotype controls following the manufacturer’s
instructions. Anti-MHC-I and anti-MHC-II antibodies were also used after licensing
the cells with IFNy for 72 hours to determine if the pro-inflammatory environment
altered the expression of MHC-I and MHC-II. After the incubation period cells were
washed and resuspended in the staining buffer. Data was collected by flow cytometry
using MACSQuant® Analyzer (Miltenyi Biotec, Germany). Data was analyzed using
FlowJo™ software (FlowJo™ 10.6.2 Software, TreeStar Inc., USA).

2.3.2. Induction of osteogenic, chondrogenic and adipogenic
differentiation

For the purpose of osteogenic and adipogenic differentiation, HF-MSCs —
passage 2 and 10 — were seeded at a density of 2 x 10° cells/well in a cell culture
treated 6-well plates (Costar®, Cat.N0:3736) and cultured in basal medium: DMEM,
supplemented with 10 % of FBS and 1 % antibiotic/antimycotic solution. When these
cells reached 70 % of confluence, the basal medium was changed to differentiation
medium. Osteogenic differentiation medium: Basal medium was supplemented with
0.05 mM L-ascorbic acid (Sigma-Aldrich, Cat. No: A8960), 20 nM B-glycerophosphate
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(Sigma-Aldrich, Cat. No: G5422) and 100 nM dexamethasone (Sigma-Aldrich, Cat.
No: D2915). Adipogenic differentiation medium: basal medium was supplemented
with 0.5 yM dexamethasone (Sigma-Aldrich, Cat. No: D2915), 0.5 yM 3-isobutyl-1-
methylxanthine (Sigma-Aldrich, Cat. No: 15879), and 50 yM indomethacin (Sigma-
Aldrich, Cat. No: 17378). For chondrogenic differentiation, 2.5 x 10° cells were cultured
in 15 mL conical tubes with 7 mL basal medium supplemented with 50 nM L-ascorbic
acid (Sigma-Aldrich, Cat. No: A8960), 6.25 ug/mL bovine insulin (Sigma-Aldrich, Cat
No: 10516) and 10 ng/mL of transforming growth- 8 factor (TGF-B) (Sigma-Aldrich,
Cat. No: SRP0300). Each differentiation medium was replaced every 3-4 days for
3 weeks. After this time, cells were fixed with neutral buffered formalin solution at
10% (Sigma-Aldrich, Cat. No: 252931.1211) and stained with Alizarin Red S (Sigma-
Aldrich, Cat. No: A5533) for osteogenic differentiation, Oil Red O (Sigma-Aldrich,
Cat.No: 00625) for adipogenic differentiation and Alcian Blue (Sigma-Aldrich, Cat.
No: B8438) for chondrogenic differentiation.

The results obtained with the microscope imaging were validated by reverse
transcription quantitative polymerase chain reaction (RT-qPCR). Briefly, samples were
collected at the end of each stage of differentiation. Cell pellets were resuspended in
the ribonucleic acid (RNA) lysis buffer (RLT) from the RNeasy Mini Kit (Qiagen, Cat
No0:74104) and stored at -80 °C until RNA extraction. RNA was extracted following
the manufacturer’s recommendations. After extraction, total RNA was quantified with
a SimpliNano nanodrop (GE Healthcare LifeScience, Iceland). For complementary
deoxyribonucleic acid (cDNA) synthesis, 100 ng of total RNA was used. RT-gPCR
was performed with StepOne™ Real-Time PCR system (Applied Biosystems Inc.,
Foster City, CA) by using specific TagMan fluorescent probes (Applied Biosystem):
Lipoprotein lipase (LPL) (Thermo Fisher, Hs00173425_m1) and Leptin (Thermo
Fisher, Hs00174877_m1) for adipogenic differentiation; aggrecan (ACAN) (Thermo
Fisher, Hs00153936_m1) and Collagen Type X Alpha 1 Chain (COL10A) (Thermo
Fisher, Hs00166657_m1) for chondrogenic differentiation; and Osteopontin (SPP1)
(Thermo Fisher, Hs00959010_m1) for osteogenic differentiation. 18 S was used as
the housekeeping gene (Integrated DNA technologies). All samples were assayed in
triplicate and normalized based on their constitutive 18 S ribosomal RNA.

2.3.3. IFNy licensing by Western Blot

Cells were immersed in ice-cold radioimmunoprecipitation assay (RIPA)
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Lysis and Extraction Buffer (Thermo Scientific, Cat. No: 89901) with Halt Protease
inhibitors (Thermo Scientific, Cat. No: 78430). Following this, samples were
maintained in agitation for 2 hours at 4 °C. Afterwards, lysates were spun down at
12,000 x rpm for 20 minutes in a centrifuge at 4 °C. Supernatants were collected and
30 pg protein quantified by Pierce Bicinchoninic acid assay (BCA) protein assay kit
(Thermo Scientific, Cat. No: 23225) were mixed with 1/10 parts of dithiothreitol (DTT)
(Sigma-Aldrich, Cat. No: 10197777001) and 4 parts of 4 X Laemmle Sample Buffer
(Bio-Rad, Cat. No: 161-0747). The mixture was heated at 85 °C for 10 minutes and
right after the mixture was cooled on ice for 3 minutes. Samples were run on 10 %
Criterion™ greater transfer efficacy (TGX) Stain-Free™ Precast Gel (Bio-Rad, Cat.
No: 567-8033) and transferred onto a Polyvinylidene fluoride (PVDF) membranes
using the Trans-Blot®Turbo™Midi PVDF Transfer Packs (Bio-Rad, Cat. No:170-
4157). Anti-IDO antibody (rabbit monoclonal, 1:1000 dilution) (Cell Signaling, Cat.
No: 86630) and anti-B-actin antibody (mouse monoclonal, 1:4000 dilution) (Sigma
Aldrich, Cat. No: A1978) as a loading control were used, followed by horseradish
peroxidase (HRP)-conjugated Goat Anti-Rabbit (Bio-Rad, Cat. No:170-6515) and
Goat Anti-Mouse (Bio-Rad, Cat. No: 170-6516) secondary antibodies (1:10000
dilution for both). Finally, Clarity™ Western enhanced chemiluminescence (ECL)
Substrate (1:1) (Bio-Rad Cat. No: 170-5061) was added and blots were visualized
using a ChemiDoc™ multiplex (MP) Imaging System (Bio-Rad, Cat. No:170-8280).
Obtained band signals were processed for semi-quantitative analysis using Image
Lab™ Software 4.0.1 (Bio-Rad, USA).

2.3.4. IFNy licensing by RT-gPCR

The IDO expression was also analyzed at gene expression level by RT-
gPCR. Briefly, after the IFNy licensing, passage 2 and passage 10 HF-MSCs were
collected in the RLT buffer from the RNeasy Mini Kit and stored at - 80 °C until RNA
extraction. RNA was extracted following the manufacturer’s recommendations of
the RNeasy Mini Kit (Qiagen, Cat No:74104). Extracted total RNA was quantified
with a SimpliNano nanodrop (GE Healthcare LifeScience, Iceland). For cDNA
synthesis, 500 ng of total RNA was used. RT-qPCR was performed with StepOne™
Real-Time PCR system (Applied Biosystems Inc., Foster City, CA) by using specific
TagMan® IDO fluorescent probes (Thermo Fisher, Hs00984148 m1) and 18 S as the
housekeeping gene (Integrated DNA technologies).
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2.3.5. CD90 Immunohistochemistry

Freshly isolated hair follicles were fixed with 10 % formalin for 20 minutes.
Fixed hair follicles were then blocked with 2 % BSA solution and 0.5 % Triton-X
(Sigma-Aldrich, Cat.No: T8787) in PBS for 2 hours at room temperature. After rinsing
with PBS, they were incubated with the primary antibody anti-CD90 (Abcam, Cat. No:
ab189367) at a 6 ug/mL concentration overnight at 4 °C in a solution containing PBS
with 0.1 % BSA and 0.1 % Triton-X. This was followed by a subsequent incubation
with the secondary antibody (Fisher Scientific, Cat. No: A11055) in PBS with 0.1 %
BSA and 0.1 % Triton-X for 2h at room temperature. After toughly rinsing with PBS,
the hair follicles were incubated with a 1:10,000 4,6-diamidino-2-phenylindole (DAPI):
PSB solution for 20 minutes. After toughly rinsing with PBS, the hair follicles were
washed and mounted on gelatin-coated slides and cover slipped with Fluoromount-
GTM mounting medium (Thermo Fisher, Cat. No: 00-4958-02). Images were taken
in the Zeiss Apotome 2 microscope (Jena, Germany).

2.4. Immunomodulatory properties of HF-MSCs

2.4.1. PBMC proliferation assay

The capacity of MSCs to suppress the activation and proliferation of
stimulated PBMCs was assessed by means of a 5,6-carboxyfluorescein diacetate
N-succinimidyl ester (CFSE)-based proliferation assay (Molecular Probes, cat no.
C1157). Briefly, PBMCs were labeled with CFSE at a final concentration of 5 yM
for 5 minutes at room temperature in a PBS solution, and then washed three times
with PBS containing 5 % FBS. PBMCs were treated with 2.5 ug/mL of the stimulant
Concanavalin A (Sigma-Aldrich, Cat. No: C0412) in the absence or presence of
either HF-MSCs or AT-MSCs — with or without a 100 ng/mL IFNy licensing — at
PBMC:MSC different ratios for 5 days. On the fifth day, cells were collected, and
resuspended in a staining buffer containing 0.5 % BSA (Sigma-Aldrich, Cat. No:
A2153) and 2 mM EDTA (Sigma-Aldrich, Cat. No: E9884) in PBS (Gibco, Cat. No:
10010023). CFSE intensity was determined by flow cytometry using MACSQuant®
Analyzer. Data was measured by FlowJo'’s proliferation tool (FlowJo 10.5.0 Software,
TreeStar Inc.,USA).
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2.4.2. PBMCs population change during MSCs co-culture

PBMCs were stimulated with 2.5 pg/mL Concanavalin A in the absence
or presence of either HF-MSCs or AT-MSCs — with or without a 100 ng/mL IFNy
licensing— at PBMC:MSC 1:1 ratio for 5 days. Then, PBMCs were collected, and
resuspended in a staining buffer containing 0.5 % BSA (Sigma-Aldrich, Cat. No:
A2153) and 2 mM EDTA (Sigma-Aldrich, Cat. No: E9884) in PBS (Gibco, Cat. No:
10010023). A suspension of 1x10° cells was dyed for 15 minutes at 4 °C in the
dark at 1:50 dilution with staining buffer with the following antibodies: Anti-CD3-
VioGreen (Miltenyi Biotec, Cat.No: 130-113-704), anti-CD19-PEVio770 (Miltnyi
Biotec, Cat.No: 130-114-173), anti-CD8-APC (Miltenyi Biotech, Cat. No: 130-113-
716), or corresponded isotype controls. Data were collected by flow cytometry using
MACSQuant® Analyzer. Data was analyzed using FlowJo™ software (FlowJo™
10.6.2 Software, TreeStar Inc.,USA)

2.4.3. Induction of regulatory T lymphocytes and co-culture with
HF-MSCs

For in vitro regulatory T lymphocyte induction, purified CD4* T cells were
cultured in a complete medium containing RPMI medium, 10 % FBS and 1 %
antibiotic/antimycotic solution. The wells of a cell culture treated 24-well plate were
coated overnight with 1 pg/mL anti-CD3 monoclonal antibody (eBiosciences, Cat.
No: 300437) at 4 °C. Purified CD4* T lymphocytes were seeded at 1x108 cells/well
and then stimulated with 25 L of Dynabeads Human T-Activator CD3/CD28 (Gibco®,
Cat No: 11161D), 5 ng/mL TGF-f and 0.1 yM/mL all-trans-retinoic acid (Sigma-
Aldrich, Cat. No: R2625) for 2 days with T lymphocytes alone or in the presence of
either HF-MSCs and AT-MSCs. MSCs were co-cultured with CD4* T lymphocytes at
a ratio of 1:10 (MSCs: CD4").

After 2 days, CD4* T lymphocytes were removed by a thorough aspiration, as
T lymphocytes are much less adherent to the plastic than the MSCs. Cell suspension
was dyed for 15 minutes at 4 °C in the dark with the following antibodies: Anti-
CD4-VioBlue (Miltenyi Biotech, Cat. No: 130-113-820) and anti-CD25-PE (Miltenyi
Biotech, Cat. No: 130-113-848) or with the corresponding isotype control antibodies.
Then, cells were fixed and permeabilized using FoxP3 Staining Buffer Set (Miltenyi
Biotech, Cat. No: 130-093-142). Finally, T lymphocytes were stained with anti-
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FoxP3-APC (Miltenyi Biotech, Cat. No: 130-113-996) or with the corresponding
isotype control antibodies and analyzed by flow cytometry using the MACSQuant®
Analyzer. Data was analyzed using MACSQuantify® software and FlowJo Software
(FlowJo 10.6.2 Software, TreeStar Inc.,USA)

2.4.4. Induction of differentiated macrophages and their co-
culture with HF-MSCs

For in vitro macrophage induction, purified CD14* monocytes were cultured
in a complete RPMI medium containing RPMI 1640 (Gibco BRL,11875101)
supplemented with 10 % heat-inactivated calf serum (HI-FCS) (Sigma-Aldrich,
Cat. No:C8056), 2 mM L-glutamine (Gibco, Cat. No: 25030081), 1 % antibiotic/
antimycotic solution and 100 ng/mL human Macrophage Colony-Stimulating Factor
(M-CSF) (Miltenyi Biotec, Cat. No: 130-096-489) for 8 days. Afterwards, obtained
MO macrophages were polarized towards a pro-inflammatory (M1) phenotype by
incubating them with 120 ng/mL of IFNy and 10 ng/mL of Lipopolysaccharides (LPS)
(Sigma-Aldrich, Cat.No: L4391) for 48 hours. Alternatively, MO macrophages were
polarized towards a pro-regenerative (M2) phenotype by incubating them with 2 g/
mL recombinant human interleukin 4 (IL-4) (Prepotech, 200-04) for 48 hours. MSCs
were co-cultured with either MO, M1 or M2 macrophages at a ratio of 1:1 (MSC:
Macrophage).

After 2 days, the macrophages were removed from the culture and washed
twice with in staining buffer. Macrophages were dyed for 15 minutes at4 °C in the dark
with the following antibodies: anti-CD163-APC (Miltenyi-Biotech, Cat. No:130-097-
630), anti-CD64-APC-Vio770 (Miltenyi-Biotech, Cat. No:130-100-449), anti-CD209-
PE-Vio770 (Miltenyi-Biotech, Cat. No:130-109-591), anti-CD86-FITC (Miltenyi-
Biotech, Cat. No:130-102-506), anti-MHC-I- PeVio770 (Mitenyi Biotec, Cat. No:
130-120-573), anti-CD206 VioBlue (Miltenyi-Biotech, Cat. No:130-100-034) or with
the corresponding isotype control antibodies. Data was acquired by flow cytometry
using the MACSQuant® Analyzer. Data was analyzed using MACSQuantify software
and FlowJo Software (FlowJo 10.6.2 Software, TreeStar Inc.,USA).

To further confirm the capacity of HF-MSCs to modulate the differentiation
of macrophages, RT-qPCR was conducted. Briefly, samples were collected after
48 h of the co-culture of the macrophages with the HF-MSCs. Cell pellets were
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resuspended in the RLT buffer from the RNeasy Mini Kit (Qiagen, Cat No:74104)
and stored at - 80 °C until RNA extraction. RNA was extracted following the
manufacturer’s recommendations. After extraction, total RNA was quantified with a
SimpliNano nanodrop (GE Healthcare LifeScience, Iceland). For cDNA synthesis,
100 ng of total RNA was used. RT-gPCR was performed with StepOne™ Real-Time
PCR system (Applied Biosystems Inc., Foster City, CA) by using specific TagMan
fluorescent probes (Applied Biosystem): IDO (Thermo Fisher, Hs00984148 m1),
C-X-C motif chemokine ligand 11 (CXCL11) (Thermo Fisher, Hs00171138_m1), C-C
Motif Chemokine ligand 19 (CCL19) (Thermo Fisher, Hs00171149_m1 ) and C-X-C
motif chemokine ligand 10 (CXCL10) (Thermo Fisher, Hs00171042_m1) as M1
phenotype markers; and C-C Motif Chemokine ligand 13 (CCL13) (Thermo Fisher,
Hs00234646 ), mannose receptor c-type (MRC) (Thermo Fisher, Hs00267207_m1),
Fibronectin 1 (FN1) (Thermo fisher, Hs203717), fibrinogen like 2 (FGL2) (Thermo
Fisher, Hs00173847_m1 ) and C-C chemokine receptor type 7 (CCR7) (Thermo
Fisher, Hs01013469_m1 ) as M2 phenotype markers. All were normalized based on
their constitutive 18 S ribosomal RNA.

2.5. Data analysis and statistics

The experiments have been done in triplicate at least and the results are
shown as mean of at least 3 independent experiments + SD for line and bar graphs.
First the normal distribution of the data was determined using Shapiro-Wilk test. To
detect statistical significances between two groups, t-test was performed in normally
distributed data. The non-parametric Mann-Whitney U test was used if the data was
non-normally distributed. For multiple comparisons, one-way ANOVA was used.
In One-way ANOVA the Bartlett’'s or Levene test was performed to determine the
homogeneity of variances. If homogeneous, the Tukey or Bonferroni post-hoc test
was applied; if not, the Tamhane post-hoc test was used. All statistical analyses were
performed by SPSS 23 (IBM SPSS, Chicago, IL) and Prism GraphPad (Prism 9, San
Diego, CA) Software.

3. Results
3.1. Characterization of HF-MSCs
First, we characterized the HF-MSCs regarding their (i) localization and
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neural crest-like phenotype; (ii) “stemness” properties; and (iii) responsiveness
to pro-inflammatory stimulus. We explored all these characteristics with cells of
passage 2 and passage 10 to detect any possible significant change in the quality of
the cells throughout the recommended expansion range.

3.1.1. Isolation, localization and freshly harvested phenotype

Hair follicles from patients aged between 25-40 were harvested using
Follicular Unit Extraction (FUE) technique and used for either immunohistochemical
staining or flow cytometry analysis (Figure 1A). These experiments were performed
with the objective of addressing the exact location of the HF-MSCs (CD90*) (Figure
1A1) and analyzing whether these stromal cells showed expression of neural
markers SOX2, CD56 and CD271 (Figure 1A2).

Thus, we first conducted an immunohistochemistry assay to detect CD90
in the explanted hair follicles. CD90 is one of the three markers that should be
expressed by a cell to be considered MSC. CD90* cells were found only in the
lower part of the hair follicles that is located in the dermal papilla and dermal cup/
lower dermal sheath (Figure 1B). One of the differential characteristics of HF-MSCs
is their neural differentiation capacity and the expression of neural crest markers,
which provide these cells with unique characteristics that are not observed in MSCs
from other origins. To confirm our cells met these criteria, we dissociated the hair
follicles to obtain single cell suspensions and conducted flow cytometry for three
neural markers: CD271, SOX2 and CD56. To ensure that HF-MSCs exclusively were
analyzed, only CD90 positive cells were considered (Figure 1C, Supplementary
Figure 1).

The histograms showed remarkable differences in the percentages of neural
marker expression between each patient, indicating the inter-patient variability
(Figure 1C). However, as noticed in the three-dimensional (3D) density plot at least
96 % of CD90* cells were also positive for at least one of the assayed neural markers
(Figure 1C). Of note, once the cells were cultured in vitro, CD271 expression
decreased rapidly, whereas CD56 and SOX-2 were gradually lost over subsequent
cell passages (Supplementary Figure 1).
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Figure 1. Isolation of HF-MSCs and neural origin characterization of freshly harvested
HF-MSCs. (A) Hair follicle extraction using FUE technique from patients undergoing hair
transplant therapy. After the extraction, the hair follicles were cleaned and used either for an
(1) immunochemistry assay or digested and used for the (2) expression of neural markers
(CD271, SOX2 and CD56) in freshly harvested cells. (B) Immunohistochemistry of the hair
follicle showing the MSC marker CD90 in green and DAPI in blue. (2) Schematic representation
of the procedure to obtain single cell suspension from freshly harvested hair follicles and
subsequent staining of the HF-MSCs with neural markers. (C) Density plot representation of
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(Figure 1 continued) the CD90 variation with respect to FSC-H for the three different patients
and three-dimensional representations of the intensity of neural markers, SOX2 (x- axis),
CD56 (y-axis) and CD271(z- axis) after the CD90 gating. FUE, follicular unit extraction. HF,
hair follicle. MSC, mesenchymal stromal cells.

3.1.2. “Stemness* characterization

HF-MSCs were then characterized according to the 2006 International
Society for Cellular Therapy (ISCT) criteria (Figure 2A) (28) at both early (passage
2) and late (passage 10) passages to assess the duration over which the cells are
able to maintain “stemness” properties.

HF-MSCs displayed a high capacity to adhere to tissue culture treated plastic
and to proliferate (Figure 2B). Similar to MSCs from other tissues, the attached cells
showed a significant decrease in proliferation rate capacity when cells reached
passage 10 (Figure 2C) (29, 30).

Subsequently, we analyzed the phenotype of HF-MSCs cultured at passage
2 and passage 10 by flow cytometry. Both passages met the criteria addressed by
ISCT, with non-statistically significant differences in expression levels of the explored
markers between MSCs from different passages (Figure 2D).

To demonstrate the differentiation potential of HF-MSCs, both passages
were cultured under the conditions to induce chondrogenic, osteogenic, and
adipogenic differentiation (Figure 2E-J). After 3 weeks of culture, chondrogenic
differentiation was confirmed in both passages by Alcian blue staining, which
stains proteoglycans (Figure 2E). To further confirm these results, expression of
chondrogenic gene mRNAs COL10A and ACAN was evaluated. Both genes were
highly expressed in passage 2 (p < 0.001 and p < 0.01 respectively compared to
control), but only COL10A was expressed by cells at passage 10 (p < 0.05 compared
control). (Figure 2F). Differentiation into the osteogenic lineage was characterized by
the deposition of calcified nodules, as shown by Alizarin Red staining (Figure 2G).
While at passage 2 the stain was visible all over the well, at passage 10 the stain
was more sparse. To further confirm the results, the gene expression of SPP1, an
osteogenic marker, was analyzed. SPP1 was highly expressed in passage 2 cells (p
< 0.001 compared to control) but there was reduced expression in passage 10 cells
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compared to passage 2 (p < 0.01), although expression was still significantly higher
than the control (p < 0.001). Adipogenic differentiation of HF-MSCs was evaluated by
staining the lipid vacuoles with Oil Red O (Figure 2I). The formation of lipid vacuoles
was less prominent at passage 10 compared with passage 2. To further confirm
adipogenic differentiation, the expression of LPL and LEPTIN genes was evaluated
(Figure 2J). LEPTIN was highly expressed at both passage 2 and passage 10 (p <
0.001 compared to control), with no significant difference between passages (p >
0.05). However, the expression of LPL was only detected at passage 2 (p < 0.001
compared to control and p < 0.01 compared to passage 10).

These results suggested that naive HF-MSCs fulfiled all commonly
considered attributes of bona fide mesenchymal stem cells, but also that the cells
gradually lost stemness properties in adaptation to culture.

3.1.3. Immunomodulatory responsiveness and maintenance of
immunoevasiveness against pro-inflammatory stimulus

Two of the main characteristics of MSCs are their immunomodulatory
and immunoevasiveness capacities. MSCs are able to secrete IDO, among other
immunomodulatory molecules, in response to pro-inflammatory stimuli, which
further modulates the phenotype of immune cells such as macrophages and T
lymphocytes (Figure 3A). Thus, we examined if HF-MSCs were able to produce IDO
in response to a pro-inflammatory signal. After licensing the HF-MSCs for 3 days
with IFNy (29, 30), a pro-inflammatory cytokine, we assessed IDO expression at
both early and late passages by qRT-PCR (Figure 3B) and by western blot (Figure
3C, Supplementary Figure 3). IFNy-treated HF-MSCs exhibited significantly higher
IDO expression compared to the untreated cells at both the mRNA (p < 0.001 each
passage compared to its control) and protein levels (p < 0.001 passage 2 compared
to its control, and p < 0.01 passage 10 compared to its control), with no statistical
differences (p > 0.05) between passages.
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Figure 2. Characterization of minimal criteria to define MSCs. (A) A Schematic
representation of the MSCs and their necessary properties. (B) Microscopic image
representing the capacity of the HF-MSCs to adhere to plastic (C) Graphical representation
of the proliferation potential of HF-MSCs at both passage 2 and passage 10. Each datapoint
represents the mean for 3 biological replicates + SD. Statistical significance: *** p < 0.001
**p <0.01, * p <0.05. (D) Cells cultured at passage 2 and passage 10 were harvested
and labelled with antibodies against the following cell surface proteins CD90, CD105, CD73,
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(Figure 2 continued) CD14, CD20, CD34, CD45. Flow cytometry histograms of cells at
P2 (teal) and P10 (dark blue) are shown. Gray histograms indicate isotype control for each
antibody. Each datapoint represents the mean for 3 wells + SD. (E-J) Trilineage differentiation
of cells at both passage 2 and passage 10. (E) Chondrogenic differentiation capacity of HF-
MSC after 21 days with the differentiation medium. Blue color represents the secretion of
sulfated proteoglycans visualized with Alcian blue. (F) Chondrogenic differentiation was further
confirmed by COL10A and ACAN gene expression. (G) Osteogenic differentiation capacity of
HF-MSCs after 21 days with the differentiation medium. Deposition of calcified nodules was
visualized by Alizarin Red staining. (H) Osteogenic differentiation was further confirmed by
SPP1 gene expression. (1) Adipogenic differentiation capacity of HF-MSCs after 21 days with
the differentiation medium. Red color indicates the staining of lipid vesicle-forming adipocytes
by Oil Red staining. (J) Adipogenic differentiation was further confirmed by LPL and LEPTIN
gene expression. Each datapoint represents the mean for at least 3 wells + SD. Statistical
significance: *** p < 0.001 ** p < 0.01, * p < 0.05. MSC, mesenchymal stromal cells. P2,
passage 2. P10, passage 10. HF-MSC, hair follicle-derived mesenchymal stromal cell
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Figure 3: Effect of IFNy licensing on HF-MSCs immunomodulatory responsiveness.
(A) In humans, IFNy induces expression of IDO in MSCs, which is a key molecule to drive
their immunomodulatory capacity. (B,C) Histogram representation of IFNy dependent relative
IDO gene expression levels in HF-MSCs, as characterized by (B) gRT-PCR and (C) Western
Blot. Each datapoint represents the mean for at least 3 biological replicates + SD. Statistical
significance: *** p < 0.001, ** p < 0.01, ns, no significant difference p > 0.05. IFNy, interferon
gamma. IDO, indoleamine 2,3-dioxygenase. RT-gPCR, reverse transcription quantitative
polymerase chain reaction. P2, passage 2. P10, passage 10. mRNA, messenger ribonucleic
acid.
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It has been described that IFNy induces expression of MHC-Il in MSCs from
different origins (Figure 4A), which could make MSCs lose theirimmunoevasiveness.
To assess if this too influences our cells, we used IFNy as a pro-inflammatory inducing
agent and the MHC-Il and MHC-I expression was compared, between HF-MSCs and
AT-MSCs by means of flow cytometry (Figure 4). Interestingly, we observed that HF-
MSCs, even though they started expressing MHC-II when treated with IFNy, showed
lower expression that AT-MSCs (p < 0.001), indicating that HF-MSCs may remain
immunoevasive even when exposed to a proinflammatory environment (Figure 4B).
Regarding MHC-I expression, when treated with IFNy, HF-MSCs showed higher
expression compared to AT-MSCs (p < 0.01) (Figure 4C).

3.2. Immunomodulatory potential of HF-MSCs

Having confirmed the “stemness” of the HF-MSCs and their responsiveness
to pro-inflammatory cues, we next addressed the extent of their immunomodulatory
potential. To this end, we evaluated their ability to inhibit the proliferation of activated
human PBMCs and to induce regulatory phenotypes in both T lymphocytes and
macrophages. We used AT-MSCs as a positive control because these cells exhibit
strong immunomodulatory capacity.

3.2.1. PBMCs inhibitory potential

Initially, we analyzed the capacity of HF-MSCs to inhibit the proliferation of
PBMCs (Figure 5). PBMCs were isolated from the blood of healthy volunteers by
density gradient centrifugation. These PBMCs were then cultured alone or in the
presence of either HF-MSCs or AT-MSCs at different MSC:PBMCs ratios — 1:1, 1:2,
1:5 and 1:10 — for 5 days in the presence of Concanavalin A to stimulate the PBMCs
(Figure 5A). Proliferation was assessed by CFSE staining and flow cytometry.
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Figure 4. Effect of IFNy licensing on HF-MSCs immunoevasiveness. (A) Schematic
representation showing IFNy-mediated upregulation of MHC-II expression in MSCs. (B,C)
Histograms from flow cytometry assays depicting percentage of HF-MSCs positively stained
for MHC-Il (B) and MHC-I (C) on unstimulated and IFNy-licensed HF-MSCs (light blue for
unstimulated and dark blue for IFNy-licensed and AT-MSCs (light orange for unstimulated and
dark orange for IFNy-licensed) Each datapoint represents the mean for at least 3 biological
replicates + SD. Statistical significance: *** p < 0.001 ** p < 0.01, * p < 0.05. IFNy, interferon
gamma. MHC-I, major histocompatibility class | molecule. MHC-II, major histocompatibility
class Il molecule. HF-MSCs, hair follicle-derived MSCs. AT-MSC, adipose tissue-derived
MSCs.
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Figure 5. Immunomodulatory effects of HF-MSCs and AT-MSCs in concanavalin
A-stimulated PBMCs. (A) PBMCs were isolated from the blood of human healthy donors
and stained with CFSE to monitor their proliferation. (B) Flow cytometry histogram showing
the proliferation profile of PBMCs without MSCs after 5 days of co-culture. Undifferentiated
cells are represented by the vertical grey bars in the figure. (C) Flow cytometry histograms
showing the proliferation profiles of the PBMCs after 5 days of co-culture with different ratios
—1:1, 1:2, 1:5, 1:10 — of either AT-MSC or HF-MSCs. (D) Percentages of PBMCs remaining
undivided, undergoing 4 and 5 division and undergoing more than or 6 divisions. Statistical
significance: *** p < 0.001 and ** p < 0.01 when compared against PBMCs without MSCs;
### p < 0.001 and ## p < 0.01 when compared HF-MSCs with AT-MSCs; ns: not significant
differences, p>0.05. (E-F) Flow cytometry dot plot depicting the populations of CD3*CD8*
T lymphocytes (E) and their relative percentages (F) when PBMCs were cultured alone (no
MSCs), with HF-MSCs or with AT-MSCs. (G-H) Flow cytometry dot plot representing the
populations of CD19* B lymphocytes (G) and their relative percentages (H) when PBMCs were
cultured alone — no MSCs —, with HF-MSCs or with AT-MSCs. Each datapoint represents
the mean for at least 3 wells £+ SD. Statistical significance: *** p < 0.001 and ** p < 0.01
when compared with PBMCs without MSCs; ns: not significant differences, p > 0.05. CFSE,
5,6-carboxyfluorescein diacetate N-succinimidyl ester PBMCs, peripheral blood mononuclear
cells. MSC, mesenchymal stromal cells. HF-MSCs, hair follicle-derived mesenchymal stromal
cells. AT-MSCs, adipose tissue-derived mesenchymal stromal cells.

PBMCs alone showed a strong proliferative response (Figure 5B, D). In
contrast, PBMCs demonstrated a significantly decreased proliferation when co-
cultured with HF-MSCs and AT-MSCs in a dose-dependent manner (p < 0.001)
(Figure 5C, D). Overall, few significant differences between HF-MSCs and AT-MSCs
were observed. HF-MSCs stimulated considerably higher percentage of undivided
cells for 1:5 (p < 0.01) and 1:10 (p < 0.001) ratios, and lower percentage of cells
between four and five divisions (p < 0.001), compared to AT-MSCs. In addition, HF-
MSCs pretreated with IFNy did not elicit a stronger inhibitory response on PBMC
proliferation than non-stimulated counterparts (Supplementary Figure 4). Finally, we
examined whether MSCs were able to decrease the percentage of cytotoxic T cells
(CD3*CD8") (Figure 5E, F) and B cells (CD19*) (Figure 5G, H) in a 1:1 PBMC:MSC
ratio. Significant decreases in the percentages of both CD3*CD8* and CD19* positive
cells were observed when PBMCs were co-cultured with MSCs (p < 0.001). Both
HF-MSCs and AT-MSCs showed similar immunosuppressive capacity (p > 0.05).
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(Figure 6 continued) MSCs to enhance induction of regulatory T lymphocytes in vitro. (B-G)
Dot plots (B, D, F) and their bar-graph representations (C, E, G) exhibiting the percentages of
CD4*CD25"FOXP3* cells under T regulatory induction conditions when cultured alone, with
HF-MSCs or with AT-MSCs during (B, C) 60h, (D, E) 96h and (F, G) 132h. Each data point
represents the mean for at least 3 wells £ SD. Statistical significance: *** p < 0.001, ** p <0.01
and *p < 0.05 when compared against the control group without MSCs. PBMCs, peripheral
blood mononuclear cells. MSC, mesenchymal stromal cells. HF-MSCs, hair follicle-derived
mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal stromal cells.

3.2.2. Capacity to generate CD4'CD25*FOXP3* Regulatory T
lymphocytes

We next evaluated the capacity of HF-MSCs to induce CD4*CD25*FOXP3* T
regulatory differentiation as compared to AT-MSCs. To this end, CD4* T lymphocytes
were obtained from healthy human blood by gradient centrifugation and subsequent
sorting by positive magnetic isolation for CD4. Then, CD4* T lymphocytes were
stimulated with anti-CD3, anti-CD28, TGFf, and all-trans-retinoic acid while co-
culturing with or without MSCs for 60 h, 96 h and 132 h (Figure 6A). The number
of cells exhibiting a T regulatory phenotype (CD4*CD25*FOXP3*) was analyzed
by flow cytometry (Figure 6B-G). As expected, there was a significant increase
in CD4*CD25"FOXP3* T regulatory induction at all assayed time points when T
lymphocytes were cocultured with MSCs, with peak induction at 96 h (p < 0.001
and p < 0.01 for HF-MSCs and AT-MSCs vs. the control group, respectively). No
significant differences between HF-MSCs and AT-MSCs (p > 0.05) were observed
throughout the experiments (Figure 6C, E, G).

3.2.3. Capacity to regulate macrophage phenotype

Macrophages are the primary cells of the inflammatory response, and they
have long been recognized as one of the most crucial regulators of the healing
process. In order for successful wound healing to occur, macrophages must switch
their phenotype from pro-inflammatory — also called M1 — to an M2 phenotype
associated with resolution of the healing process — reviewed in (31) —. MSCs
have been previously shown to cause macrophages to reduce markers of the pro-
inflammatory M1 phenotype and to increase expression of M2 markers in vitro and in
vivo (32, 33). Based onthe observation that MSCs are able to promote M2 macrophage
polarization, we next investigated the effects of HF-MSCs and AT-MSCs on human
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peripheral blood monocyte-derived macrophages in vitro. CD14* monocytes were
sorted using positive magnetic isolation from PBMCs obtained from a buffy coat from
healthy donors. Monocytes were differentiated towards macrophages through the
addition of M-CSF for 8 days. Macrophages were consequently co-cultured with the
MSCs and their phenotype marker expression was analyzed by flow cytometry after
48 hours (Figure 7).

Regarding M1 markers, macrophages cocultured with HF-MSCs and AT-
MSCs showed significantly lower expression levels of CD86 (p <0.01 and p < 0.001,
respectively) and MHC-II (p < 0.001 and p < 0.001, respectively) than the M1 control
group, reaching values similar to or even lower than the M2 control. Notably, HF-
MSCs but not AT-MSCs caused macrophages to express lower levels of CD64
compared to the M1 control. For M2 markers, only HF-MSCs were able to express
CD206 and CD163 to the same extent as the positive control M2 (p > 0.05), while
AT-MSCs were not able to express these markers as much, exhibiting significant
differences between them and the positive M2 control (p < 0.05 for CD206 and p <
0.001 for CD163).

To determine whether the macrophage pre-polarization state has an impact
in the crosstalk between macrophages and MSCs, macrophages were further
polarized towards M1 and M2 phenotypes through the addition of LPS and IFNy
or IL-4, respectively, prior to co-culture with MSCs (Figure 7A and Supplementary
Figure 6A). Overall, when M1 macrophages were cocultured with the MSCs, they
downregulated M1 markers and upregulated M2 markers (Figure 7C), although M1
macrophages showed less plasticity than did the MO macrophages. Specifically, HF-
MSCs and AT-MSCs were able to lower the expression of the M1 markers CD86 (p <
0.001 and p < 0.05 respectively) and HLA-DR (p < 0.001 and p < 0.001, respectively)
as compared to the M1 control group. No major differences were observed in the
downregulation of M1 markers between HF-MSC and AT-MSC groups, although the
expression of CD64 was decreased to a greater extent by HF-MSCs than by AT-
MSCs (p < 0.05 for the HF-MSC group and p > 0.05 compared to the M1 control).
With respect to M2 markers, co-culture with HF-MSCs caused macrophages to
upregulate CD163 and CD206 (p < 0.01), while co-culture with AT-MSCs had no
significant effect (p > 0.05). However, such expression levels were not comparable
to those of the M2 control group in any case.
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Figure 7. Effect of HF-MSCs and AT-MSCs on the modulation of macrophages phenotype.
(A) CD14" monocytes, obtained from blood samples of healthy donors were cultured with
M-CSF for 8 days. Obtained MO macrophages were either kept in M-CFS containing media
or kept in M1 or M2 differentiation conditions for 48 hours. Once all the different types of
macrophages were ready, it was followed by the addition of either HF-MSC or AT-MSC to
the culture of MO and M1 macrophages in 1:1 ratio for another 48 hours. Flow cytometry was
performed to assess the phenotypical markers of M1 and M2 macrophages after either MO or
M1 macrophages were cocultured with the MSCs. M1 and M2 macrophages cultured without
MSCs were used as a control. (B, C) Bar-graphs showing percentage of cells positive for either
M1 related phenotypic markers CD86, MHC-II and CD64 or M2 related phenotypic markers
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(Figure 7 continued) CD163, CD206 and CD209 expression when MO macrophages (B) or
M1 macrophages (C) were cocultured with HF-MSCs or AT-MSCs. Each datapoint represents
the mean = SD of 4 wells. Statistical significance: ***p < 0.001 and ** p < 0.01 and * p <
0.05 when compared with macrophages without MSCs ; ns: not significant differences, p >
0.05. PBMCs, peripheral blood mononuclear cells. M$ps macrophages. HF-MSCs, hair follicle-
derived mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal stromal
cells.

Furthermore, the addition of HF-MSCs or AT-MSCs did not significantly alter
M2 macrophages, with the exception of decreased CD209 and increased CD163
expressions (Supplementary Figure 6B). Indeed, when M2 were co-cultured with HF-
MSCs, there was a significant increase in CD163 expression compared to AT-MSCs
(p < 0.01). Additionally, gene expression analysis validated that ability of the HF-
MSCs to skew macrophage phenotype towards an M2 phenotype (Supplementary
Figure 7).

4. Discussion

In this study, we isolated and characterized MSCs from the human hair
follicle. HF-MSCs showed immunomodulatory potential equal to or exceeding that
of AT-MSCs, including inhibition of PBMC proliferation, suppression of cytotoxic
T cell induction, promotion of regulatory T cell differentiation, and modulation of
macrophage phenotype from M1 to M2. These results suggest that HF-MSCs should
be considered a viable alternative to BM- and AT-MSCs for therapies that rely on
their immunomodulatory potential.

Bone marrow and adipose tissue are the most studied sources of MSCs in
clinical trials, with both of them being used with almost equal frequency (34, 35).
However, there are substantial limitations in using these cells, mostly regarding the
harvesting procedure and the patient situation. On the one hand, harvesting BM-
MSCs from the bone marrow presents a high degree of viral and bacterial exposure
and shows a significant decrease in cell number and proliferation/differentiation
capacity with the increasing age of the donor (36, 37). On the other hand, the clinical
utility of AT-MSCs is limited by the need to overcome certain challenges such as
the extraction technique invasiveness, extraction limitations and the way this type
of cells lose effectiveness if they have been extracted from obese patients or from
patients with autoimmune pathologies such as diabetes (14, 15, 38). In contrast,
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HF-MSCs can be obtained by means of a relatively painless, less invasive, and low
risk harvesting procedure, which also presents a lower risk of viral and bacterial
contamination.

The cells analyzed throughout this study came specifically from the hair
follicle lower dermal sheath/dermal papilla, and these freshly isolated cells expressed
the neural markers SOX2, CD271 and CD56. CD271 has been proposed as one
of the most specific marker for the characterization and purification of different
origin human mesenchymal stromal cells, such as, bone marrow- and adipose
tissue-derived MSCs (39). Interestingly, CD271 expression is found in cells within
human neural crest-derived tissues (40, 41). As the hair follicle has many different
stem cell niches to focus on, an immunohistochemistry analysis was conducted to
ensure that the cells that were being analyzed — CD90 positive cells — came from
the mesenchymal niche of the hair. As expected, and in concordance of previous
studies, most of the stained section were in the lower part of the hair follicle, where
the dermal papilla/dermal cup is localized (Figure 1B) (42-44). The dermal papilla
is a cluster of specialized mesenchymal cells. In addition to the dermal papilla, the
mesenchyme of the follicle is also composed of a follicle smooth muscle known as
the dermal sheath (45). Work conducted by Rahmani et al. showed the existence of
dermal stem cells that are located in the hair follicle dermal sheath (46). They studied
the crosstalk between the dermal sheath and dermal papilla, and they demonstrated
the importance of these stem cells in the hair follicle regeneration. Some studies
have suggested that a difference between HF-MSCs and other origin MSCs is the
possible neural origin of the former one (Figure 1C) (21, 22). Our results showed
that at least 96 % of the freshly harvested CD90* cells co-expressed a minimum of
one of the neural markers. We also noticed that there was a lot of variability between
donors (Supplementary Figure 1) and that these markers were lost at different rates
when cells were cultured in vitro (Supplementary Figure 2).

HF-MSCs fulfilled all the requirements to be called MSCs for at least 10
passages (Figure 2) (28). First, the HF-MSCs were able to adhere to plastic and
proliferate (Figure 2 B, C). Phenotypically, they were positive for the MSC markers
and negative for the non-specific MSC-markers (Figure 2D). Finally, they possessed
the capacity to differentiate into mesenchymal trilineage, which was proven by
tissue-specific staining and expression of specific genes (Figure 2E-J). Interestingly,
stemness — strictly interpreted from the minimum criteria defined by the ISCT —
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and the immunomodulatory responsiveness capacity, were maintained even in
passage 10, although the proliferation rate slowed significantly (Figure 2B) along
with a decrease in differentiation potential. This could be an important feature as
it has been described that MSCs lose their differentiation and immunomodulatory
capacity earlier than passage 10 (29, 30). By taking advantage of aforementioned
characteristics, HF-MSCs could be cultured until the needed yield is obtained without
any concern of losing important MSC qualities.

HF-MSCs showed immunomodulatory responsiveness to pro-inflammatory
signals for at least 10 passages. Immunomodulatory capacity of MSCs have been
associated with the activity of IDO, among many other compounds of their secretome
(9). However, it is known that this immunosuppressive potential of MSCs is not
constitutive, but dependent on the inflammatory environment to which MSCs are
exposed (47, 48). For example, it has been demonstrated that pretreatment of MSCs
with IFNy induces a robust expression of IDO, leading to subsequent inhibition of
immune cell proliferation (49, 50). Thus, to assess the possible immunomodulatory
capacity of the HF-MSCs, the cells were licensed for 3 days with IFNy and then,
expression of IDO was analyzed by RT-gPCR and Western Blot (Figure 3B and
C, respectively). HF-MSCs showed a good responsiveness to pro-inflammatory
stimulus, expressing comparable levels of IDO at both passage 2 and passage 10.
This indicates that they did not lose their IDO responsiveness even when cultured
for a long period in vitro.

HF-MSCsdid notexpress MHC-IImolecule when exposed to pro-inflammatory
environments, even at late passages (Figure 3). An important characteristic of the
MSCs is theirimmune evasiveness, namely the capacity of non-inducing an immune
response. One of the main reasons for this — in addition to others explained in
the introduction part— has been associated with the fact that they do not express
MHC-II (51). However, it has been described that in inflammatory environments
MSCs of diverse origins start expressing MHC-II molecules, thereby losing their
characteristic evasiveness (52). We observed that both HF-MSCs and AT-MSCs
expressed MHC-| class but not MHC-II class molecules. However, when exposed
to pro-inflammatory environment there was an upregulation of the expression of
both markers (Figure 4B,C). Importantly, we observed that HF-MSCs, even though
they starting expressing MHC-II when treated with IFNy, showed lower expression
than AT-MSCs. This could be due to the hair being an immune privileged organ,
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where physiologic processes are maintained by several mechanisms that merge to
limit recognition of foreign antigens, deviate immune response to favor tolerance,
and suppress immune-mediated inflammation (53, 54). Thus, considering the limited
number of cells available for autologous use, HF-MSCs may be a suitable allogenic
alternative for MSC-based cell therapy.

HF-MSCs suppressed the proliferation of PBMCs and reduced the
populations of CD8* T lymphocytes and CD19* B cells at same extent as AT-
MSCs (Figure 5). Once HF-MSCs were characterized and analyzed for their
responsiveness to IFNy and their immunoevasiveness, the next step was to assess
their immunomodulatory reach. For such aim, AT-MSCs were used as a reference,
because they are considered as the MSC type with the highest immunomodulatory
potential (38). First, by means of co-culture experiments, the influence of both
MSCs on the proliferation of Concanavalin A activated PBMCs was examined and
compared (Figure 5B-D). The results demonstrated a dose-dependent suppressive
effect with point differences between both groups. Interestingly, HF-MSCs exerted a
more powerful inhibition than AT-MSCs when co-cultured at lower MSC:PBMC ratios
(Figure 5D). The impact of these cells on specific lymphoid populations was further
evaluated, and a significant reduction in the percentages of cytotoxic CD3*CD8* T
cells and CD19* B cells was observed, with no significant differences between both
types of MSCs (Figure 6).

HF-MSCs induced the generation of CD4*CD25*FOXP3* T regulatory
lymphocytes for over a period of 132 h to the same extent as AT-MSCs (Figure
6). CD4*CD25'FOXP3* T regulatory lymphocytes are a specialized suppressor
T lymphocyte subpopulation that play a critical role in self-tolerance and immune
homeostasis. Therefore, the ability of HF-MSCs to prompt T regulatory differentiation,
and thus inhibit the response of activated B and T cells, makes this cell type a
promising candidate for different immune-mediated diseases — such as graft-
versus-host disease — where the adaptive immunity plays a critical role (55-57)

With respect to modulation of innate immune cells, HF-MSCs increased M2
polarization of MO macrophages to a greater extent than AT-MSCs (Figure 7). MSCs
have been reported to be able to influence M2 polarization of macrophages in vivo
and in vitro, which is an important mechanism in resolution of inflammation or the
induction of immune tolerance (11, 58-60). Specifically, a recent study has shown
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that MSCs located in the outer root sheath of the hair follicle suppressed secretion of
the proinflammatory cytokines TNFy and IL-12p40 while stimulating the production
of anti-inflammatory cytokine IL-10 and the expression of the M2 marker CD163
in M1 macrophages (27). Our findings that HF-MSCs promoted M2 polarization of
primary human macrophages are in accordance with the work published by Cutler
et al. and Witte et al. who showed that MSCs induced expression of the M2 markers
CD163 and CD206 on monocytes (61, 62). Interestingly, when directly compared to
AT-MSCs, HF-MSCs demonstrated a superior performance, as they were the only
MSC type able to reduce significantly the CD64 M1 marker and increase CD163 and
CD206 M2 markers to the same levels shown by the M2 control group.

HF-MSCs switched M1 macrophages into more M2-like regenerative
phenotypes to an equal or greater extent than AT-MSCs. It was also desired to
determine whether the pre-polarization state of the macrophages influenced
the crosstalk with MSCs. M1 macrophages did not show as high plasticity as
undifferentiated ones, at least with the markers used in this study. Although both
MSC types caused downregulation of M1-related markers, only HF-MSCs caused
upregulation of any M2 markers in the M1 macrophages. This is of greatimportance in
chronic inflammatory conditions, as a transition from the pro-inflammatory phenotype
M1 to the regenerative phenotype M2 is pivotal to overcome the pathological state
and heal. Afailure in this transition can cause poor healing, as in the case of chronic
wounds (63). Indeed, recent studies have highlighted the importance of MSCs to
modulate the macrophage phenotype from M0 and M1 to M2, to kickstart the wound
healing process (32, 33, 59, 64-66). In this study we can notice that the addition of
HF-MSCs results in macrophages moving towards an M2 phenotype. The fact that
M1 macrophages were less plastic than MO macrophages may suggest generation
of a hybrid M1/M2 phenotype, which was recently shown to be associated with the
production of less fibrotic extracellular matrix compared to a more predominant M2
macrophage phenotype (67).

5. Conclusions

In summary, the cells obtained from the lower dermal sheath/dermal papilla
of human hair follicles expressed specific neural markers such as CD56, CD271
and SOX-2 upon extraction, which disappeared at different rates upon culture.
In addition, HF-MSCs maintained sufficient stemness properties for at least 10
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passages, including standard phenotypic markers, trilineage differentiation and
proliferative capacity. These cells showed responsiveness to the pro-inflammatory
cytokine IFNy while retaining their immuno-privileged status, which makes allogenic
HF-MSCs a feasible alternative source of stem cells. In addition, HF-MSC exhibited
immunomodulatory properties comparable to or exceeding those of AT-MSCs with
respect to crosstalk with cells of both the innate and adaptive immune systems.
Together with the advantages of HF-MSC accessibility, such as easy accessibility,
relatively painless procedures for donors and lower risk of possible infections,
these results suggest that HF-MSCs may be a suitable alternative to AT-MSCs
for the treatment of inflammatory disorders. Further studies will fully evaluate the
immunogenic properties and immunomodulatory function of HF-MSCs in vivo.
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SUPPLEMENTARY TABLES AND FIGURES

Supplementary Table 1: PCR primers for RT-qPCR

Gene symbol

IDO
LPL
Leptin
ACAN
COL10A
SPP1
CXCL11
CCL19
CXCL10
CCL13
MRC
FN1
FGL2
CCR7

18S

Gene Name
Indoleamine 2,3-dioxygenase 1
Lipoprotein lipase
Leptin
Aggrecan
Collagen Type X Alpha 1 Chain
Osteopontin
C-X-C motif chemokine ligand 11
C-C Motif Chemokine ligand 19
C-X-C motif chemokine ligand 10
C-C Motif Chemokine ligand 13
Mannose receptor c-type
Fibronectin 1
Fibrinogen like 2
C-C chemokine receptor type 7

18S ribosomal RNA

Prime ID
Hs00984148 ml
Hs00173425 ml
Hs00174877_ml1
Hs00153936 ml
Hs00166657_m1
Hs00959010 m1
Hs00171138 ml
Hs00171149 ml
Hs00171042 ml
Hs00234646 ml
Hs00267207_ml
Hs203717 _ml
Hs00173847_m1

Hs01013469 ml

Hs.PT.39a.22214856
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Supplementary Figure 1: Neural origin characterization of freshly harvested HF-MSCs.
(A) Flow cytometry histograms representing the % of positive freshly isolated CD90+ HF-
MSCs expressing SOX2, CD271 or CD56 neuronal marker in. (B) Flow cytometry density
plots representing the percentage of positive cells co-expressing both of the neural markers.
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Supplementary Figure 2: Specific neural marker expression CD56, CD271 and SOX-
2 disappeared when HF-MSCs were cultured in vitro. (A) Flow cytometry histograms
representing the expression of CD56, SOX-2 and CD271 neuronal marker in HF-MSCs of
passage 0, passage 4 and passage 7. (B) Graphical bars showing the percentage of positive
HF-MSCs to CD56, SOX-2 or CD271 neuronal markers in passage 0, passage 4 or passage
7. The numbers represent means + SD of the percentage of positive cells for each of the
marker. Statistical significance: ***p < 0.001, ** p < 0.01 and * p < 0.05 when compared HF-
MSCs in passage 4 and passage 7 to passage 0.
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Supplementary Figure 3: Western Blot bands of the expression of indolamine
2,3-dioxygenase (IDO) and b-actin when hair follicle mesenchymal stromal cells (HF-MSCs)
of passage 2 (P2) and passage 10 (P10) are licensed with interferon (IFN) (P2+IFN, P10+IFN)
or without IFN licensing (P2, P10).
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Supplementary Figure 4: Immunomodulatory effects of IFN-licensed HF-MSCs and AT-
MSCs in Concanavalin A-stimulated PBMCs. (A) The proliferation profiles of the PBMCs
after 5 days of co-culture with different ratios (1:1, 1:2, 1:5, 1:10) of either IFN-licensed AT-
MSC or HF-MSCs by means of percentages of PBMCs remaining undivided, undergoing 4
and 5 division and undergoing more than or 6 divisions. The numbers represent means +
SD of the percentage of PBMCs in each division. Statistical significance: ns: not significant
differences, p > 0.05. PBMCs, peripheral blood mononuclear cells. HF-MSCs, hair follicle-
derived mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal stromal
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Supplementary Figure 5: Flow cytometry histograms showing either M2-related
phenotypic markers (CD163, CD206 and CD209) or M1-related phenotypic markers
(CD86, CD64 and MHC-II) expression when MO, M1 or M2 macrophages were co-cultured
with HF-MSCs or AT-MSCs. HF-MSCs, hair follicle-derived mesenchymal stromal cells. AT-
MSCs, adipose tissue-derived mesenchymal stromal cells.
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Supplementary Figure 6: Effect of HF-MSCs and AT-MSCs on the modulation of M2
macrophages phenotype. (A) CD14* monocytes, obtained from blood samples of healthy
donors were cultured with M-CSF for 8 days. Obtained MO macrophages were kept in M1
or M2 differentiation conditions for 48 hours. Once all the different types of macrophages
were ready, it was followed by the addition of either HF-MSC or AT-MSC to the culture of M2
macrophages in 1:1 ratio for another 48 hours. Flow cytometry was performed to assess the
phenotypical markers of M1 and M2 macrophages after M2 macrophages were cocultured
with the MSCs. M1 and M2 macrophages cultured without MSCs were used as a control. (B)
Bar-graphs showing either M2 related phenotypic markers (CD163, CD209 and CD206) or
M1 related phenotypic markers (CD64, CD86 and MHC-II) expression when M2 macrophages
were co-cultured with HF-MSCs or AT-MSCs. (The numbers represent means + SD of the
percentage of positive cells for each of the marker. Statistical significance: ***p < 0.001 and
** p < 0.01 when compared with macrophages without MSCs; ns: not significant differences,
p > 0.05. M¢s macrophages. PBMCs, peripheral blood mononuclear cells. HF-MSCs, hair
follicle-derived mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal
stromal cells.
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Supplementary Figure 7: Effect of HF-MSCs on the modulation of M0 and M1
macrophages gene expression. (A) CD14+ monocytes, obtained from blood samples of
healthy donors were cultured with M-CSF for 8 days. Obtained MO macrophages were kept in
M1 or M2 differentiation conditions for 48 hours. Once all the different types of macrophages
were ready, it was followed by the addition of HF-MSC to the culture of MO and M1 macrophages
in 1:1 ratio for another 48 hours. Flow cytometry was performed to assess the phenotypical
markers of M1 and M2 macrophages after MO and M1 macrophages were co-cultured with the
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(Supplementary Figure 7 continue) HF-MSCs. M1 and M2 macrophages cultured without
HF-MSCs were used as a control. (B) Bar-graphs showing either M1 related genes (CXCL11,
IDO, CXCL10, CCL19 and CCR7) or M2 related genes (FN-1, FGL2, MRC and CCL13)
expression when MO or M1 macrophages were cocultured with HF-MSCs. The numbers
represent means + SD of the percentage of positive cells for each of the marker. Statistical
significance: ***p < 0.001, ** p < 0.01 * p < 0.05 when compared with M1 control. ###p <
0.001, #p < 0.05 when compared with M2 control. PBMCs, peripheral blood mononuclear
cells. HF-MSCs, hair follicle-derived mesenchymal stromal cells. AT-MSCs, adipose tissue-
derived mesenchymal stromal cells.
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Crosstalk with Tissue-
Engineered Blood Vessels Alters
Macrophage Phenotype






Abstract

Engineered tissues could be a promising strategy to regenerate unfunctional
organs and tissues. However, the inability of the host tissue to vascularize its
corresponding engineered counterpart significantly diminishes the overall tissue
integration and function. Pre-vascularization of biomaterials could be a feasible
strategy to overcome this hurdle. Nevertheless, engineered tissues will interact with
the innate immune system upon implantation. Macrophages, the primary cells of
the innate immune system are known to be important regulators during the whole
process of wound healing. In early stages, pro-inflammatory —M1— macrophages
are predominant whereas in later stages regenerative — M2— macrophages.
However, how blood vessels, and engineered blood vessels, will interact with
macrophages upon implantation it has not been studied in detail yet. Therefore, the
goal of this study was to study the crosstalk between tissue-engineered blood vessels
and undifferentiated and pre-polarized macrophages. For a thorough analysis,
we used single cell analysis, specifically dimensionality reduction and clustering
algorithms. The addition of tissue-engineered blood vessels to the biomaterial
resulted in macrophages takin on a more regenerative, M2 phenotype. Furthermore,
each pre-polarization state also upregulated distinct M1 markers, suggesting that
the pre-polarization state does play a role in the crosstalk. To conclude, describing
the phenotypical switch of macrophages when co-cultured with tissue-engineered
blood vessels could help us in determining the exact implantation time of the tissue
engineering construct to prevent implant rejection.
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1. Introduction

In the past years, organ transplantation has accomplished major advances
regarding long-term survival and substantially decreasing graft rejection risk.
However, with every year, the gap between available donors and the number of
patients needing organ transplantation gradually increases. Data from the annual
report of the Organ Procurement and Transplantation Network/ Scientific Registry
of Transplants Recipients (OPTN/ SRTR) states that, in 2019, in the United States
alone, there were 19,267 donors, 39,718 transplants and 112,568 patients on the
waiting list. As a possible solution to this problem, investigators have attempt to
engineer in vitro every tissue and organ comprising the body by means of tissue
engineering [1]. The main objective of tissue engineering is to repair and regenerate
unfunctional organs and tissues by a combination of cells, tissue-inducing substances
such as cytokines or growth factors, placed on or within a biomaterial. This scaffold or
biomaterial serves as a support to guide tissue formation by creating an appropriate
microenvironment that helps in the regeneration process. Unfortunately, the inability
of the host tissue to quickly vascularize with the implanted engineered tissue or
organ, leads to lack of oxygen and nutrients, subsequently leading to cell death and
impaired tissue integration and function. As a first step towards this goal, Levenberg
et al. showed the effectiveness of growing blood vessels in vitro as this helped
accelerating anastomosis with surrounding vasculature and the following perfusion
towards implant in vivo [2, 3]. However, like all biomaterials, engineered tissues will
interact with the innate immune system upon implantation.

The primary cells of the innate immune response, macrophages, are known
to be key regulators of wound healing and angiogenesis — reviewed in [4] —. The
depletion of macrophages from wounds causes impaired angiogenesis, whereas
the addition of macrophages stimulates it [5, 6]. In the wound healing response, the
monocytes that first arrive to the wound site mostly differentiate into pro-inflammatory
—also called M1— macrophages. In the resolution phase of wound healing,
macrophages dramatically change their phenotype to a more pro-regenerative type
commonly referred to as M2. However, the M2 descriptor has been expanded to
include numerous different subtypes, and the extent of the diversity of this group
is not known. Notably, M2-type macrophages can be differentiated from arriving
monocytes, or they can be produced by a transition from the M1 macrophages
presented in the wound site. In vitro studies of M1-to-M2 switching has shown
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that M1-derived M2 macrophages —or M1-M2— display many similarities to M2
macrophages derived directly from inactivated (or M0O) macrophages —referred
as M2— at least on the gene level [7], although some key differences have been
observed [8, 9]. M1, M2, and M1-M2 phenotypes can be modeled in vitro through the
addition of Th1 or Th2 stimuli. While the addition of lipopolysaccharide (LPS) with or
without interferon gamma (IFNy) polarizes macrophages towards the M1 phenotype,
interleukin 4 (IL-4) with or without interleukin (IL-13) polarizes macrophages towards
the M2 phenotype. M1 macrophages can be further switched to M2, generating the
M1-M2 phenotype, through the addition of IL-4 and IL-13. Until relatively recently,
it was believed that M2 macrophages were the pro-angiogenic phenotype and
M1 macrophages were anti-angiogenic. However, in a recent study Graney et al.
determined how macrophages of different phenotypes influenced engineered blood
vessels in vitro [10]. Using the same tissue-engineered blood vessels that will be
used in this study it was found that while M1 macrophages caused endothelial
cells to upregulate genes associated with early stages of angiogenesis, M2
macrophages caused endothelial cells to upregulate genes associated with later
stages of angiogenesis. These results, in combination with other studies, suggest
that both M1 and M2 macrophage phenotypes act in a sequential manner to regulate
angiogenesis —reviewed in [11]—.

As discussed previously, it is important for a M1 to M2 transition to occur
for proper implant integration. For this, various researchers have tried to develop
different strategies to stimulate M2 activation — as has already been reviewed in
the introduction —. One approach could be the use of tissue engineering blood
vessels, with which, it will not only promote the M1 to M2 transition, but also help
with integration of tissue-engineered constructs by anastomosing with the host
vasculature. In concordance with the hypothesis that endothelial cells are able to
induce M2 phenotype, He et al. described that direct contact with endothelial cells in
vitro directed macrophage differentiation towards M2-like phenotype [12]. In a similar
trend Njock et al. showed that indirect co-culture of endothelial cells with human
monocytes drived an anti-inflammatory macrophage behavior [13]. Furthermore,
this interaction is considered to be affected by Notch signaling [14, 15] .

However, how blood vessels, and engineered blood vessels in particular,
regulate macrophage phenotype in return is not understood in detail yet. Therefore,
the goal of this study is to test the hypothesis that the crosstalk with blood vessels
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promote M2 polarization of macrophages. With that perspective, we formed a 3D
tri-culture model of in vitro tissue engineered blood vessel network by coculturing
human adipose microvascular endothelial cells (HAMECs), mesenchymal stromal
cells (MSCs) in a 3D porous collagen scaffold as previously described [10]. Once
immature blood vessels were formed, undifferentiated (M0O) and differentiated
macrophages (M1, M2 and M1M2) were seeded into the scaffold for 24 hours. The
phenotypical change exerted by tissue-engineered blood vessels was determined
using the general macrophage marker CD45 and common M1 (PD-L1, CD38, HLA-
DR, CD80 and CCR7) and M2 (CD163, CXCR4, CD206 and CD209) flow cytometry
macrophage markers and the results were processed by single cell analysis,
specifically using dimensionality reduction algorithm (TriMap) and clustering analysis
(FlowSOM).

2. Material and Methods
2.1. Cell culture

2.1.2. Primary human monocyte-derived macrophages

Freshly isolated primary human monocytes from healthy donors were
purchased from the University of Pennsylvania Human Immunology Core
(Philadelphia, PA). The monocytes were seeded in a concentration of 1x108 cells/
ml in non-cell treated 24 well plates (Falcon, Cat No: 351147) for 5 days in RPMI
1640 media (Thermo Scientific, Cat No: 11875119), supplemented with 10 % heat-
inactivated human serum (Sigma Aldrich, Cat No: H3667), 1 % penicillin/streptomycin
(Thermo Scientific, Cat No: 15140122), and 20 ng/mL macrophage colony stimulating
factor (M-CSF) (Peprotech, Cat No: 300-25). The media was replenished at day 3.

On day 5, macrophages were either kept undifferentiated (MO) or they were
further differentiated towards M1, M2 and M1M2 phenotypes. For M1 activation 100
ng/ml IFNy (Peprotech, Cat No: 300-02) and 100 ng/mL LPS (Sigma-Aldrich, Cat
No: L2654) were added; for M2 activation 40 ng/ml IL-4 (Peprotech, Cat No: 200-
04) and 20 ng/mL IL-13 (Peprotech, Cat No: 200-13) and for M1M2 activation cells
were treated for the first 24 hours with M1 activation media and for the next 24 hours
with M2 differentiation media. On day 7, all macrophages were washed to remove
polarizing stimuli. To confirm the polarization of the macrophages, n=3 biological
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replicates per donor for a total of five donors were scrapped and stained for the
flow cytometry panel as described in 2.3. All macrophages were maintained in a
humidified chamber at 37 °C and 5 % of CO, during culture.

2.1.3. Endothelial cells

HAMECs (ScienCell, Cat No: 7200) were cultured at 5000 cells/cm? in
endothelial cell medium (ScienCell, Cat No: 1001) supplemented with 5% of fetal
bovine serum (ScienCell, Cat No: 0025), 1 % of endothelial cell growth supplements
(ScienCell, Cat No: 1052) and 1 % of antibiotic solution (ScienCell, Cat No: 0503).
When cells reached 90 % of confluency, they were subcultured using TrypLE
Express (Gibco, Cat. No: 12604-021). All cells were maintained in a humidified
chamber at 37 °C and 5 % of CO, during culture. Endothelial cells were used within
six passages.

2.1.4. MSCs

Adipose tissue mesenchymal stromal cells (AT-MSCs) were purchased
from ATCC® (ATCC®, Cat. No: PCS-500-011). Cells were seeded in 175cm?
T-flasks (Corning Life Science, Cat No: 431080) and cultured in Mesenchymal
Stem Cell Basal Medium (ATCC®, Cat. No: PCS-500-030™), supplemented with
the Mesenchymal Stem Cell Growth kit (ATCC?®, Cat. No: PCS-500-040™) and 1 %
antibiotic/antimycotic solution (GIBCO, Cat No:15140-122). Cells were maintained
at 37 °C, 5 % CO,, passaged when reaching 90 % confluency using TrypLE Express
(Gibco, Cat. No: 12604-021) and neutralized with complete media. AT-MSCs were
used within six passages.

2.2. Development of tissue-engineered blood vessels

Size 100 cm? Surgifoam (Ethicon, Cat No: 1975) collagen scaffold was cut
using an 8 mm diameter biopsy punch (Fisher Scientific, Cat No: NC9324386), and
soaked in complete media for 1 hour. To create tissue-engineering blood vessels,
300,000 endothelial cells and 60,000 AT-MSCs were seeded directly into the
constructs in the complete media for endothelial cells as previously described [10].
To facilitate cell attachment into the scaffold, the cells were incubated for 45 minutes
in a humidified incubator at 37 °C and 5 % CO,. Subsequently, the scaffolds were
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immersed in media containing 50 % endothelial cell complete media and 50 % of AT-
MSCs complete media. On day 3, 240,000 of MO, M1, M2a or M1M2 primary human
macrophages were seeded directly onto the scaffolds — alone, with blood vessels,
with endothelial cells or with MSCs —. All samples were incubated for 45 minutes
to allow cell attachment and then the scaffolds were immersed in media containing
50 % of endothelial cell complete media and 50 % of AT-MSCs complete media.
This media supported macrophage variability after 1 day in vitro via live death flow
cytometry staining.

2.3. Scaffold digestion and flow cytometry

After 24 hours of seeding macrophages into the engineered blood vessels
constructs, vascularized scaffolds were washed in 1X DPBS containing Ca?* and Mg?
(Thermo Scientific, Cat No: 14040133) and placed into 24 well plates. Collagenase
IV (Worthington, Cat No: #L.S004188) was reconstituted with DPBS containing Ca?*
and Mg?* to a concentration of 5 mg/mL. 500 mL of Collagenase IV was added to
each scaffold and were incubated at 37 °C for 30 minutes on a Thermo Scientific
Tube Revolver/Rotator set to 12 rpm with oscillation.

After the scaffolds were digested, complete media was added to each sample
to reduce the enzymatic activity. In order to remove the undigested scaffold pieces,
each sample was filtered using 70 mm filter caps (Bel-Art, Cat No: H136800040).
After, the samples were centrifuged at 400 x g for 5 minutes the supernatant was
aspirated, and cells were re-suspended in PBSs without Ca?* and Mg?* to start flow
cytometry staining.

Cells were stained with the Live/Death fixable Aqua (Invitrogen, Cat No:
L34957) according to the kit instruction and incubated for 20 minutes in room
temperature. Afterwards the cells were washed with running buffer —PBS, 0.5 %
BSA (Sigma-Aldrich, Cat No: A2153) and 2 mM ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich, Cat No: E9884) — and centrifuged at 400 x g for 5 minutes.
Subsequently, cells were blocked with FcR of blocking reagent (BD, Cat No: 564219)
at a 0.02 mg/mL concentration for 5 min at room temperature. Finally, cells were
stained with anti-CD45-APCVio770 (Miltenyi Biotech, Cat No: 130-110-635), anti-
CD206-VioBlue (Miltenyi Biotech, Cat No: 130-100-034), anti-CD209-PEVio770
(Miltenyi Biotech, Cat No: 130-109-591), anti-CD163-APC (Miltenyi Biotech, Cat
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No: 130-112-129), anti-CXCR4-PEVio615 (Miltenyi Biotech, Cat No: 130-109-
848), anti-CCR7-BB515 (BD, Cat No: BDB565869), anti-CD80-PE (Biolegend, Cat
No: 305208), anti-HLADR-PerCPVio700 (Miltenyi Biotech, Cat No: 130-111-793),
CD38-BrillantViolet605 (Biolegend, Cat No: 303532), anti-PDL1-BrillantViolet711
(Biolegend, Cat N0:329722) and incubated for 45 minutes at 4 °C. Then cells
were washed and re-suspended in running buffer. Cells were analyzed using a BD
Fortessa Flow Cytometer (BD Bioscience, Franklin Lakes, NJ) in the Flow Cytometry
Facility at Sidney Kimmel Cancer Center at Jefferson (Philadelphia, PA).

2.4. Flow citometry analysis

Data was acquired using BD FACSDiva™ software and analyzed using
FlowJo™ flow cytometry data analysis software. The main goal of this study was
to identify what macrophage phenotypic population were induced upon co-cultured
with tissue-engineered blood vessels. For that aim, a combination of manually gating
population and clustering algorithm was used to differentiate new macrophage
populations and study how differently the macrophages behaved when co-cultured
with blood vessels

For manual gating, each of the target clean population (Singlets / live / CD45*
cells, aka macrophages) the median fluorescent intensity (MFI) of the M1-related
markers (CCR7, CD80, HLA-DR, CD38, PDL1) and M2-related markers (CD206,
CD209, CD163, CXCR4) was analyzed.

Single cell analysis was conducted by a combination of large-scale
dimensionality reduction using triplets (TriMap) and Flow Cytometry self-organizing
map (FlowSOM) algorithms. TriMap is an algorithm which produces 2 parameters
(Y, X) and redistributes all the events in a two-dimensional (2D) space taking into
account the multidimensional relationship between all the events. In order to compare
different data sheet, all the data was concatenate into a single file. To do that, firstly,
the target population — Singlets / live / CD45" cells, aka macrophages — was
downsampled, to equalize the number of events. Then, all down sampled population
was concatenated into a single file and the dimensionality reduction algorithm
(TriMap) was ran. TriMap was used as it gives an idea about global structure of the
data, which is not obtained in the case of the most commonly known t-distribution
stochastic neighborhood embedding (tSNE) and Uniform Manifold Approximation
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and Projection (UMAP) algorithm, while keeping the complexity of the data, which is
lost in the case of the principal component analysis (PCA) [16].

Subsequently, clustering analysis was conducted to group cells into that
have similar intensity for each of the markers analyzed. FlowSOM was chosen
because it tends to group similar cell groups into large meta-clusters and because
of its high precision, coherence and stability [17]. Then, those clusters were gated
based in the different experimental conditions to determinate the percentage and
que number of macrophages of each experimental group that composed each of
the clusters. Finally, to evaluate the similarity between different clusters, Euclid
algorithm was used to get the Taylor Index. Taylor index gives the information about
the distance from one cluster to another in the dimensional space [18]. How well the
cluster are differentiated from one to another — the higher the index value the higher
the distance between two clusters and the less likely two clusters are related to each
other.

3. Results
3.1. Validation of the flow cytometry panel

Throughout this manuscript, general macrophage marker (CD45), different
M1 (HLA-DR, CD80, CCR7, CD38 and PD-L1) and M2 (CD206, CD209, CD163
and CXCR4) common markers were used to illustrate how blood vessels affected
macrophage phenotype by flow cytometry. Towards that end, it was necessary
to validate all the markers presented in this study. Therefore, primary human
peripheral blood monocytes were isolated from five human donors, differentiated
into macrophages (M0) and further polarized into M1, M2 or M1M2 phenotypes for
48 hours (Figure 1A).

Traditional flow cytometry analysis demonstrated that CD45 general
macrophage marker exhibited no significant differences (p > 0.05) between the
distinct phenotypes and also showed a high intensity in all of them. Furthermore,
CD45 was only expressed in macrophages not in blood vessels, MSC or endothelial
cells and this provided us the opportunity to analyze only the macrophages while not
considering the blood vessels, endothelial cells and MSCs (Figure 1B). Regarding
M2 markers, both CD206 and CD209 markers were upregulated in M2 macrophages
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(p < 0.001) compared with other macrophages phenotypes (Figure 1C). With respect
to CXCR4, M1M2 macrophages demonstrated a significant upregulation compared
with M2 macrophages (p < 0.01). However, CD163 was upregulated in M1 and
M1M2 macrophages compared to M2 macrophages (p < 0.05) although the intensity
of the marker was not high in none in none of them. This could be due to CD163 is
a common marker for another subpopulation of M2 macrophages, known as M2c,
which is obtained by the stimulation of MO with IL-10 [19] (Supplementary Figure 1).

With respect of M1 markers, both M1 and M1M2 macrophages showed a
significant upregulation (p <0.001) of PD-L1, CD80, CD38 and HLA-DR compared to
M2 and MO (Figure 1D). However, an upregulation in any of the different phenotypes
in CCR7 marker was not observed (p > 0.05). This also occurred when Spiller et
al. measured the CCRY7 expression in MO, M1 and M2 macrophages and the flow
cytometry histogram did not show a strong difference between phenotypes [8].
Also, it is worth mentioning that in this study, CCR7 antibody was attached to APC
fluorophore which has a brightness index of 5, whereas in our case, it was used
along with FITC which has a brightness index of 1.

Dimensionality reduction analysis (TriMAP) was performed to further
analyze the expression of the markers within the different macrophage phenotypes
(Figure 1E). In dimensionality reduction visualization graph, it could be noticed that
M1 and M1M2 macrophages were located in similar places within the graph (up on
the left), suggesting similar expression profiles, whereas MO and M2 macrophages
were located down on the right. Subsequently, FlowSOM clustering analysis was
conducted. Clustering analysis grouped cells that had similar marker expression
(Figure 1F). As expected, M1 macrophages tended to be in clusters enriched in M1
markers, whereas M2 macrophages were in clusters enriched in M2 markers (Figure
1G).

144



E

A Validation of m phage phenotype flow cytometry panel
IFNy, LPS .. M1
— TNGEY o
. Macrophages
l M-CSF
\ = x - IL4, IL13 M2
\ ) ° Macrophages
uf Monocytes MO
Macrophages
Human Blood phag x PNy, LPS .. L .. M1M2
" = Macrophages
5 Days 1 Day 1 Day
General Marker M2 Markers
CD45 CD163 CD206 CD209 CXCR4
KKk *kK i
* x kK K *
40000 30000 K 20000 il 6000 X 20000
o
e 15000 060 2 15000{ ©
30000 00
20000 3 4000 B S 10000
= I o I I T
£ 20000 = £ 10000 < E ey
=
10000 rS el ¢ 2000 3 5000 3
10000 % % 5000 ﬁ é N 0
o
° o LB LEALL, o L5 ﬁ T o L L L 5000l — 77—
D MO M1 M2 MiM2 MO M1 M2 MiM2 MO M1 M2 MiM2 MO M1 M2 MiM2 MO M1 M2 MiM2
M1 Markers
PD-L1 CCR7 CD80 CD38 HLA-DR
i . il Fokk
kK
*kk — kK
100000 150000 Fokk *kk 60000 il il 100000  ¥k* *kk
80000 % . e 80000+ 0® .
_ 60000 100000 @ 40000 ° 60000
T o T T |
= 40000 5 £ 40000
50000 20000 200004 |
20000 od
MO M1 M2 M1M2 MO M1 M2 MiM2 MO M1 M2 MIM2 MO M1 M2 MiM2 MO M1 M2 MIM2
@Donor1  (QDonor2 (@ Donor3 @ Donor4 @ Donor5

% of each experimental

M1 MACROPHAGES M1M2 MACROPHAGES F S
condition in each cluster

e RS
> e > 1
< < 80 2 Clusters enriched
E- = in M0 macrophages
3
> T T 60 g
g TriMap X TriMap X 9 0 Clusters enriched
= M0 MACROPHAGES M2 MACROPHAGES S|e in M2 macrophages
IS . Olz
> % Clusters enriched
o
g Mg 20 4 in M1 and M1M2
5 IS 5 macrophages
. 0
T TriMap X TriMap X = = = £
TriMap X - M1 - MO =
-M2 -M1M2 phag
G MO macrophages M2 macrophages M1 and M1M2 macrophages
Cluster 1 Cluster 2 Cluster 3 Cluster 0 Cluster 6 Cluster 4 Cluster 5
CCR? P CXCR4 cD163 CD20! cD8o PD-L-
D80 D38 €D206: CCR7 CD20¢ CD38 cp3
cD163 CD209 cD163. CD206: CXCR: PD-L1 CD8!
D206 PDL1 cD80 HLA-DR: HLA-D HLA-DR CXCR
D38 CXCR4. cp3s €D209 CD16: cD163 HLA-DI
cD209 HLADR. €D209. PD-L1 CCRT- CCR7 CD20!
PD-L1 CD206: PD-L1 cD8o PD-L1. CXCR4 CD16:
HLA-DR ©D163 HLA-DR cD38 CD80- CD209 CCR!
CXCR4. CCR? CCR7 CXCR4: cD38 CD206 CD20
——— 1= = = = =
241012 24012 21012 241012 24012 2401 2 241012

mm M2 related markers mm M1 related markers



Figure 1: Validation of the human macrophage phenotype flow cytometry Panel. (A)
Primary human peripheral blood monocytes were isolated from 5 human donors, differentiated
into macrophages (M0) and further polarized into M1, M2 or M1M2. (B) Median fluorescent
intensity (MFI) of the general macrophage marker CD45. (C) MFI of associated M1 markers
(HLA-DR, CD80, CCR?7, CD38 and PD-L1) (D) MFI associated M2 markers (CD206, CD209,
CD163, CXCR4). Data in (B), (C) and (D) represents mean + SD with n=3 technical replicates
from five human donors. (E) Localization of MO (dark green), M1 (pink), M2 (light green),
M1M2 (dark blue) macrophages in TriMap plots. Phenotype groups shown collectively (left)
and individually (right) (F) Heat map showing the percentage of cells within a given phenotype
group in each cluster.(G) Z-scores showing the relative expression of each marker in clusters
composed mainly of MO (clusters 1,2 and 3), M2 (clusters 0 and 6), M1 and M1M2 (clusters
4 and 5) macrophages. One way ANOVA with Tukey post hoc analysis. *** p < 0.001 ** p <
0.01, * p < 0.05.

3.2. M0 macrophages show high plasticity and upregulate M2
markers when co-cultured with blood vessels

To determine how MO macrophage phenotype was altered when co-cultured
with blood vessels, primary human monocytes were isolated from human blood and
differentiated towards MO macrophage (Figure 2B). Endothelial cells and MSCs,
which acted as support cells to facilitate the formation of stable blood vessels, were
co-cultured together on 8 mm compressed Surgifoam sponges to start blood vessel
formation. Previous studies from our group using the same methodology have
shown that after 3 days, immature vessel formation could be already be noticed
[10]. After 3 days of co-culture, human derived MO macrophages were seeded in the
scaffold, and changes in macrophage phenotype were assessed after one day via
flow cytometry. To determine if these differences were solely due to blood vessels,
macrophages were seeded in 3D scaffold alone, or with just MSCs or endothelial
cells to use as controls. Using these controls and clustering analysis, it was possible
to let aside the macrophages that did not change from the baseline, macrophages
that only switched due to the co-culture in the 3D scaffold or due to endothelial cells
or mesenchymal stromal cells.

Traditional flow cytometry analysis demonstrated that macrophages
upregulated CD163 (p < 0.001), CD38 (p < 0.001), HLA-DR (p < 0.05), CD80
(p < 0.05), CCR7 (p < 0.001) and downregulated CD209 (p < 0.01) and PDLA1
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(p < 0.001) markers when compared to the baseline (Figure 2B, Supplementary
Figure 2). Furthermore, co-culture with blood vessels caused an upregulation of
most M2 markers and downregulation of M1 markers, respectively, compared with
macrophages co-cultured alone in the scaffold. Specifically, macrophages co-cultured
with blood vessels upregulated CD163 (p < 0.01 and p < 0.001, when compared to
macrophages co-cultured in the scaffold alone or with endothelial cells, respectively).
CXCR4 (p <0.001) and CD206 (p < 0.001) were also upregulated compared to when
co-cultured alone in the 3D scaffold. In regards of M2-associated marker expression,
CD209 was downregulated when compared to co-culturing macrophages alone in
the 3D scaffold (p < 0.01), or with endothelial cells (p < 0.001) or MSCs (p < 0.01).
Regarding M1-associated markers, compared to macrophages co-cultured alone
in the scaffold and with endothelial cells, there was a downregulation of the PDL1
marker (p > 0.001). Likewise, there was an upregulation of the CD38 (p > 0.001)
marker when compared with macrophages co-cultured with MSCs.

The previous traditional flow cytometry analyses took into account all the
macrophages within the scaffold. To make sure only the macrophages that are
affected particularly by the blood vessels were analyzed, and the influence of seeding
them on the 3D system or with MSCs and endothelial cells were negated, the data
was processed by single cell analysis using clustering analysis and visualization
of the data was done by dimensionality reduction (TriMap). The clustering analysis
allowed to group cells that showed similar marker expression into the same cluster.
Therefore, FlowSOM was used and all the data were clustered in 20 different clusters.
Clusters 12, 14 and 17 were enriched in macrophages in baseline, clusters 0, 1, 2,
3 and 7 were enriched in macrophages seeded in the 3D scaffold and clusters 4, 5,
6, 8,9, 10, 11, 13, 15, 16, 18 and 19 were enriched in macrophages co-cultured with
cells, either endothelial or MSCs, or with the blood vessels (Figure 2C). It is to be
noted that being “enriched” indicated twice the number of macrophages in a specific
experimental condition than in the other clusters.

Subsequently, the distance between every 2 clusters — known as Taylor
index — were measured. If two clusters were very close together, the similarity was
high and the color is darker in the heatmap, whereas if the cluster were farther,
they were less similar and correspondingly brighter in the heatmap (Supplementary
Figure 3). In this part, the focus was solely on the comparison between cluster 2, 10
and 19, that was where most macrophages were located when cultured alone in the
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scaffold (cluster 2) or when co-cultured with blood vessels and MSCs (cluster 10)
or endothelial cells (cluster 19) (Figure 2D). Even the distance value between the
3 clusters was not very high; cluster 10 and 2 were the less similar ones, whereas
cluster 10 and 19 were the most similar ones (Figure 2E), which could also be
noticed in the TriMap. Macrophages in cluster 10 and 19 were closer to each other
than cluster 2, in the TriMAP (Figure 2F).

Furthermore, it was pertinent to analyze the composition of the main clusters
already mentioned. Cluster 2, which CD209 was highly expressed, became enriched
with macrophages co-cultured in the 3D collagen scaffold. Macrophages co-cultured
with either blood vessels or MSCs were predominantly found in cluster 10, which
was mostly upregulated in M2 markers CD163, CD206 and CD209. Finally, cluster
19 was enriched in macrophages co-cultured with endothelial cells in which also M2
markers were upregulated but to a lesser extent than in cluster 10 (Figure 2G).

3.3. M1 macrophages showed reduced plasticity and
downregulation of most of the M1 common markers

To determine how pro-inflammatory M1 macrophage phenotype changed
when co-cultured with blood vessels, primary human monocytes were isolated
from human blood and differentiated towards MO macrophages via administration
of M-CSF for 5 days. MO macrophages were further differentiated towards M1 by
addition of LPS and IFNy for 48 hours. To assess whether these differences were
just because of the blood vessels, macrophages were seeded in 3D scaffold alone,
or with just MSCs or endothelial cells to use as controls (Figure 3A).

148



A

FLOW CYTOMETRY
@ Formation of Blood Vessels 3%:%2::;:{,2;? Vessels  controls
Scaffold
Endothelial cells (EC) Macrophages %
MSC @00
g msc | [M1-related markers
- 7 " o HLA-DR
Immature CD80 g':j
L—3D scaffold Blood Vessel EC LY
G ew M2-related markers
=y €D206 CD163
_ | |cp209 CXCR4
72 HOURS 24 HOURS
B .
Baseline 3D scaffold BVs ECs MSCs
M1 Markers M1 Markers M1 Markers M1 Markers M1 Markers
cR3s HLADR cn38 HLA-DR cR3g HLA cn3s WLA-DR cR3e A -
o
M2 Markers M2 Markers M2 Markers M2 Markers M2 Markers

c

% of each experimental
condition in each cluster

100 Clusters enriched

D

MO + Scaffold MO + Endothelial cells

12
14 I__ _> in baseline
16’ macrophages
80 3 Clusters enriched in Cluster 2 Cluster 19
[ ] macrophages alone
sl I in the scaffold
60 | 5
] 4
El
40 © ig Clusters enriched in + MO + MSCs
8 macrophages cocultured Mo BIOOd Vessels
20 1% with blood vessels,
1 endothelial cells or MSCs
n Cluster 10 Cluster 10
16
0 k]
g2 3 _¢2
T £8% Buy
e ® 8w TIQ
d ams W=
E Taylor Index F  Allclusters Cluster 2 Cluster 10 Cluster 19
- 020
. )
> 0.15
= > > > >
(1] a a a a
z| om0 b . - S ~ - g - g e
P = = = [
0.05
+ TriMapX TriMapX TriMapX TriMapX
0.00
INEUI
22 2
L2
Cluster 2 Cluster 10 Cluster 19
Fokok
Ak Hokk Ak
Fohok
Hekok
€D209 6000 KRR ek CD1634 | 6000 ©D209
6000 Aok CD80 CD206 = CD206
- PD-L1 Qa1 p CD163
5 CD163 € € 4000 CD80
§ 4000 CD38 H 0 PD-L1 2 PD-L1
= o CCR7 o
= CCR7 s paivd ° CCR7
© 2000 CD206 3 2000 HLADR G 2000 CD38
CXCR4: CXCR4
HLA-DR: CXCRa HLADR
o Y T T "o 133 0 A0 1 2 3 o > 1.0 1 2 3
S o & i s F& o &
6"'3\ ¢ N mm M2 related markers ,b(\°\ Q;‘ él “E)o mm M2 related markers 6"4{\ AR A mm M2 related markers

= M1 related markers ~ %°

== M1 related markers == M1 related markers

149



Figure 2: Crosstalk between undifferentiated (M0) macrophages and tissue-engineered
blood vessels. (A) In vitro tissue-engineered human blood vessels were generated by co-
culture of endothelial cells and MSCs on 3D collagen scaffolds. Changes in macrophage
phenotype were observed one day after macrophage seeding. (B) A comparison of the Z-score
value of M1 (CD38, PD-L1, CCR7, CD80, HLA-DR) and M2 (CD206, CD209, CXCR4, CD163)
phenotype markers in each experimental condition. (C) Heat map showing the percentage of
macrophages from each experimental condition that are within each cluster. (D) Pie charts
showing how macrophages in the different experimental conditions are located in clusters
enriched in baseline macrophages (orange), macrophages alone in the 3D scaffold (light
green), or macrophages co-cultured with cells and blood vessels (light blue). The attached pie
chart shows the exact cluster location of macrophages in the different experimental conditions.
(E) Taylor index representing the similarity between the different clusters. (F) Localization
of all clusters, cluster 2, 10, and 19 in the TriMap plots. (G) Bar graphs showing the exact
composition of the main clusters and Z-scores representing the relative expression of each
marker in each of these clusters. Data in (H) represents mean + SD with n = 3 biological
replicates. BV, blood vessels. ECs, endothelial cells. MSCs, mesenchymal stromal cells.
Statistical significance: One way ANOVA with Tukey post hoc analysis *** p < 0.001.

The traditional flow cytometry analysis demonstrated that macrophages
upregulated CD163 (p < 0.001), CD206 (p < 0.01) and CD209 (p < 0.01) M2-related
markers and CCR7 (p < 0.01) M1-related marker in comparison to the baseline.
Furthermore, they downregulated most of the M1-related markers PDL1 (p < 0.001),
CD38 (p < 0.01) and HLA-DR (p < 0.001) when compared to the baseline. Co-
culturing with blood vessels mostly upregulated M2 markers and downregulated M1
markers when compared with the 3D controls — macrophages in the 3D scaffold
alone, macrophages co-cultured with either MSCs or endothelial cells—. Specifically,
macrophages co-cultured with blood vessels upregulated CD163 (p < 0.01 and p
< 0.05) when compared to macrophages co-cultured in the scaffold alone or with
endothelial cells, respectively. Macrophages upregulated CD209 marker expression
(p < 0.05) when compared to macrophages co-cultured in the scaffold alone or with
endothelial cells. Regarding M1-associated markers, compared to macrophages co-
cultured alone in the scaffold and with endothelial cells, there was a downregulation
of the CD38 and HLA-DR markers. Likewise, there was a downregulation of the CD38
(p > 0.001) marker when compared with macrophages co-cultured in the scaffold
alone. Interestingly, no differences are observed in any of the markers (p > 0.05)
when macrophages were co-cultured with either blood vessels or mesenchymal
stromal cells (Figure 3B, Supplementary Figure 4).
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Regarding single cell analysis, we found that clusters 2, 15, 16 were enriched
in macrophages in baseline, clusters 7, 9 and 12 were enriched in macrophages
seeded in the 3D scaffold and clusters 1, 3, 4, 5, 6, 8, 10, 11, 13, 14, 17, 18 and 19
were enriched in macrophages co-cultured with cells, either endothelial or MSCs,
or with the blood vessels (Figure 3C). It was noticed that in clusters enriched with
macrophages in the baseline or in clusters enriched in macrophages in the 3D
scaffold, the macrophages that were co-culture with cells or blood vessels were also
found, indicating the low plasticity of M1 macrophages (Figure 3D). This is, however,
not the case for MO and M2 macrophages, where plasticity seemed to be higher
(Figure 2D and Figure 4D, respectively).

Subsequently, the distance between every 2 clusters were measured, which
is the Taylor Index (Supplementary Figure 5). We only focused on cluster 0, 3 and
14, that were where most macrophages tend to migrate when cultured alone in the
3D scaffold or co-cultured with blood vessels, MSCs or endothelial cells (Figure
3D). Regarding the similarity between the clusters, cluster 0 and cluster 14, and
cluster 0 and 13 were the ones that were more distant to each other indicating more
differences than cluster 3 and 14 (Figure 3E), which can also be noticed in the
TriMap. Macrophages in cluster 13 and 14 were located closer in the TriMap than
cluster 0, which located in the far left of the graph (Figure 3F).

Thereafter, it was necessary to analyze how macrophages in the different
conditions —co-cultured alone in the scaffold, with MSCs and endothelial cells or
blood vessels— were organized within the clusters. Macrophages co-cultured in the
3D collagen scaffold were mostly located in cluster 0 which is upregulated in HLA-
DR, CD163 and CD38 markers. Macrophages co-cultured with either blood vessels,
endothelial cells and MSCs were mainly located in cluster 14 in which a mixture of
both M1 (CD80 and CCR7) and M2 markers (CD206 and CXCR4) were expressed.
Finally, macrophages co-cultured with endothelial cells and MSCs were also located
in cluster 3 in which CXCR4, CCRY7 and to a lesser extent CD209 were expressed
(Figure 3G).

151



3.4. M2 macrophages showed high plasticity and upregulation of
M1 and M2 markers

To determine how pro-regenerative M2 macrophages changed when co-
cultured with blood vessels, primary human monocytes were isolated from a human
donor and differentiated towards MO macrophages via administration of M-CSF for
5 days. MO macrophages were further differentiated towards M2 by addition of IL-4
and IL-13 for 48 hours. To assess whether these differences were just because
of the blood vessels, macrophages were seeded in 3D scaffold alone, or with just
MSCs or endothelial cells to use as controls (Figure 4A).

Traditional flow cytometry analysis demonstrated that macrophages co-
cultured with blood vessels upregulated CD163 (p <0.001), CD206 (p <0.001), CD38
(p < 0.001), HLA-DR (p < 0.001) and CCRY7 (p < 0.05) and downregulated CXCR4
(p < 0.001) and PD-L1 (p < 0.001) when compared to the baseline. Furthermore,
macrophages co-cultured with blood vessels upregulated CD163 (p <0.001, p <0.01
and p < 0.01) when compared to macrophages co-cultured in the scaffold alone, with
endothelial cells or MSCs, respectively. Macrophages downregulated CD209 marker
expression (p < 0.001) when compared to macrophages co-cultured in the scaffold
alone, with endothelial cells or with MSCs. Regarding M1-associated markers,
compared to macrophages co-cultured alone in the scaffold, with endothelial cells
and with MSCs, there was an upregulation of the CD38 and HLA-DR markers (p <
0.001) (Figure 4B, Supplementary Figure 6).

Regarding single cell analysis and clustering analysis, we found that
clusters 16 and 17 were enriched in macrophages in baseline. Clusters 0, 1 and 7
were enriched in macrophages seeded in the 3D scaffold and clusters 2, 3, 4, 5, 6,
8,9, 10, 11,12, 13, 14, 15, 18 and 19 were enriched in macrophages co-cultured
with endothelial, MSCs, or with blood vessels (Figure 4C). It was noticed that in
clusters enriched with macrophages in the baseline or also in macrophages in the
3D scaffold, macrophages that were co-culture with MSCs, endothelial cells or
blood vessels were not nearly discernible (Figure 4D). This also happened for MO
macrophages but not with M1 and M1M2. This could indicate that the plasticity of
MO and M2 macrophages was higher than that of the M1 and M1M2 macrophages
(Figure 2D, Figure 3F and Figure 5F).
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Figure 3: Crosstalk between pro-inflammatory M1 macrophages and tissue-engineered
blood vessels. (A) In vitro tissue-engineered human blood vessels were generated by co-
culture of endothelial cells and MSCs on 3D collagen scaffolds. After 3 days, M1 macrophages
were seeded. Changes in macrophage phenotype were observed one day after macrophage
seeding. (B) A comparison of the Z-score value of M1 (CD38, PD-L1, CCR7, CD80, HLA-DR)
and M2 (CD206, CD209, CXCR4, CD163) phenotype markers in each experimental condition.
(C) Heat map showing the percentage of macrophages from each experimental condition that
are within each cluster. (D) Pie charts showing how macrophages in the different experimental
conditions are located in clusters enriched in baseline macrophages (orange), macrophages
alone in the 3D scaffold (light green), or macrophages co-cultured with cells and blood vessels
(light blue). The attached pie chart shows the exact cluster location of macrophages in the
different experimental conditions. (E) Bar-graphs showing the similarity between clusters 0, 14
and 3, which are the clusters where most of the macrophages converge to. (F) Localization of
all clusters, cluster 0, 3 and 14 in TriMap plots. (G) Bar graphs showing the exact composition
of the main clusters and Z-scores showing the relative expression of each marker in each of
these clusters. Data in (G) represents mean + SD with n=3 bilogical replicates. BV, blood
vessels. ECs, endothelial cells. MSCs, mesenchymal stromal cells. One way ANOVA with
Tukey post hoc analysis Statistical significance: *** p < 0.001 ** p < 0.01, * p < 0.05.

Regarding the similarity between the clusters, cluster 0 and cluster 13,
cluster 0 and 9, and cluster 0 and 4 are the ones that were more distant indicating
that they demonstrated more differences than the other clusters (Figure 4E), which
could also be noticed in the TriMap. Macrophages in clusters 3,4, 9, 13 and 19 were
located closer in the TriMap than cluster 0, which was located in the far left of the
graph (Figure 4F, G).

Thereafter, we analyzed how macrophages in the different conditions, co-
cultured alone in the scaffold, with MSCs, endothelial cells or blood vessels were
organized. Cluster 0 was enriched in macrophages alone in the 3D scaffold, which
was upregulated in CD209, PD-L1 and CD80 markers (Figure 4G). Macrophages co-
cultured with either blood vessels and MSCs mostly were located in cluster 9 in which
a mixture of both M1 (CD80) and M2 markers (CD206 and CD163) were expressed.
Macrophages co-cultured with blood vessels specifically were found in cluster 3 that
was upregulated in CD38, CD206 and HLA-DR. Macrophages co-cultured with MSC
specifically also were mostly found in cluster 4 that was upregulated in CD80, CD209
and CXCRA4. Finally, Macrophages co-cultured with endothelial cells were found in
cluster 13 and 19 clusters enriched in M2 markers. CD209, CD206 and CD209 were
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upregulated in cluster 13 and CD209 and CXCR4 in cluster 19.

3.5. MIM2 macrophages showed little plasticity and
downregulation of M1 and upregulation of M2 markers

To determine how M1M2 macrophage phenotype changed when co-cultured
with blood vessels, primary human monocytes were isolated from human blood and
differentiated towards MO macrophages via administration of M-CSF for 5 days.
MO macrophages were further differentiated towards M1M2 by addition of IFNy and
LPS for 24 hours, followed by addition of IL-4 and IL-13 for 24 hours. To assess
whether these differences were just because of the blood vessels, macrophages
were seeded in 3D scaffold alone, or with just MSCs or endothelial cells to use as
controls (Figure 5A).

Traditional flow cytometry analysis demonstrated that macrophages co-
cultured with blood vessels upregulated CD163 (p < 0.001), CD206 (p < 0.001), and
CCRY7 (p < 0.05) and downregulated CXCR4 (p < 0.001), CD209 (p < 0.01), PD-L1
(p < 0.001) and HLA-DR (p < 0.05) when compared to the baseline. Furthermore,
macrophages co-cultured with blood vessels upregulated CD163 (p < 0.05) and
CD206 (p < 0.01) when compared to macrophages co-cultured in the scaffold alone.
Macrophages downregulate CD209 (p < 0.001) and CXCR4 (p < 0.05, p < 0.01
and p < 0.01) marker expression when compared to macrophages co-cultured in
the scaffold alone, with endothelial cells or with MSCs, respectively. Regarding M1-
associated markers, compared to macrophages co-cultured alone in the scaffold
and with endothelial cells there was a downregulation of HLA-DR markers (p < 0.01
and p < 0.05, respectively). Compared macrophages co-cultured with MSCs there
was an upregulation of CD38 (p < 0.05) marker and a downregulation of CD80 (p <
0.01) marker (Figure 5B, Supplementary Figure 8).
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Figure 4: Crosstalk between regenerative M2 macrophages and tissue-engineered blood
vessels. (A) In vitro tissue-engineered human blood vessels were generated by co-culture of
endothelial cells and MSCs on 3D collagen scaffolds. Changes in macrophage phenotype
were observed one day after macrophage seeding. (B) A comparison of the Z-score value
of M1 (CD38, PD-L1, CCR7, CD80, HLA-DR) and M2 (CD206, CD209, CXCR4, CD163)
phenotype markers in each experimental condition. (C) Heat map showing the percentage of
macrophages from each experimental condition that are within each cluster. (D) Pie charts
showing how macrophages in different experimental conditions are located in clusters enriched
in baseline macrophages (orange), macrophages alone in the 3D scaffold (light green), or
macrophages co-cultured with cells and blood vessels (light blue). The attached pie charts
show the exact cluster location of macrophages in the different experimental conditions. (E)
Bar-graphs showing the similarity between clusters 0, 3, 9, 13 and 19 which are the clusters
where most of the macrophages converge to. (F) Localization of all clusters in the TriMap plot.
(G) Bar graphs showing the exact composition of the main clusters, Z-scores showing the
relative expression of each marker in each of these clusters and the location of each of the
clusters in the TriMap. Data in (G) represents mean + SD with n=3 biological replicates. BV,
blood vessels. ECs, endothelial cells. MSCs, mesenchymal stromal cells. One way ANOVA
with Tukey post hoc analysis Statistical significance: *** p < 0.001 ** p <0.01, * p <0.05.

Regarding single cell data analysis, we found that clusters 11, 12, 13, 14
and 16 were enriched in macrophages in baseline, clusters 2, 3, 4, 5, 6, 7, 17, 18
and 19 were enriched in macrophages seeded in the 3D scaffold and clusters 0,
1, 5, 8,9, 10 and 15 were enriched in macrophages co-cultured with endothelial
cells, MSCs, or with blood vessels (Figure 5C). We noticed that in clusters enriched
with macrophages in the baseline or also in macrophages in the 3D scaffold, the
macrophages that were co-culture with MSCs, endothelial cells or blood vessels
were also found (Figure 5F). The same trend occurred in M1 macrophages but did
not occur with MO and M2 macrophages. This may indicate that the plasticity of
MO and M2 macrophages was higher than that of the M1 and M1M2 macrophages
(Figure 2F, Figure 3F and Figure 4F).

Subsequently, the distance between the clusters was analyzed. Cluster 0
and cluster 15, cluster 0 and 3, cluster 3 and 5, cluster 5 and 15 were the ones that
were more distant meaning that were more different than the other clusters (Figure
5E), which could also be noticed in the TriMap. Macrophages in clusters 0 and 5 and
3 and 15 were located closer in the TriMap than cluster 0 and 15, 0 and 13, and 3
and 15 (Figure 5F and 5G).
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Thereafter, we analyzed how macrophages in the different conditions, co-
cultured alone in the scaffold, with MSCs, endothelial cells or blood vessels were
organized. Cluster 3 was enriched in macrophages co-cultured in the 3D collagen
scaffold, which was upregulated in all M2-related markers but CXCR4. Macrophages
co-cultured with either blood vessels, endothelial cells and MSCs were found in
cluster 0 in which a mixture of both M2 (CD163, CD206) and M1 markers (CD38)
were expressed. Macrophages co-cultured with blood vessels specifically were
also found in cluster 5, which was CD206 was upregulated. Finally, macrophages
co-cultured with endothelial cells or MSC were also found in cluster 15 that was
upregulated in CXCR4 and CD80 (Figure 5H).

3.6. Pre-polarization state of macrophages affected their crosstalk
with Blood Vessels.

From section 3.2 to 3.5 we described how each macrophage phenotype
(MO, M1, M2 and M1M2) changed when co-cultured with tissue engineered blood
vessels comparing it when seeded in the scaffold alone or when co-cultured with
endothelial cells or MSCs. In this section, we made a comparison between the
different pre-polarization states (MO, M1, M2, M1M2). Towards this, we performed
the same analysis as mentioned before, however, instead of adding the groups of
macrophages co-cultured alone in the scaffold, macrophages co-cultured with either
blood vessels, MSCs or endothelial cells, we run the single cell analysis with the
different macrophage pre-polarization states (M0, M1, M2, M1M2) co-cultured with
the blood vessels all together. This approach enabled us to compare the role of
the pre-polarization state of the macrophages towards their blood vessel response
(Figure 6A).

Traditional flow cytometry analysis showed that different pre-polarized
macrophages were affected alternatively when co-cultured with blood vessels.
However, there was a general upregulation of the CD163 (p < 0.001) and CD206
(p < 0.001) M2 markers and a downregulation of CD209 (p < 0.001 for MO, M2 and
M1M2 macrophages and p < 0.01 for M1 macrophages) compared to each baseline
state (Supplementary Figure 10). Interestingly, there were no differences between
the intensity of the CD163 marker for any of the macrophages co-cultured with blood
vessels. Also, irrespective of their pre-polarization state, all macrophages highly
upregulated CD163 expression (Figure 6B, Supplementary Figure 11).
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Figure 5: Crosstalk between M1M2 macrophages and tissue-engineered blood vessels.
(A) In vitro tissue-engineered human blood vessels were generated by co-culture of endothelial
cells and MSCs on 3D collagen scaffolds. After 3 days, M1M2 macrophages were seeded.
Changes in macrophage phenotype were observed one day after macrophage seeding. (B)
A comparison of the Z-score value of M1 (CD38, PD-L1, CCR7, CD80, HLA-DR) and M2
(CD206, CD209, CXCR4, CD163) phenotype markers in each experimental condition. (C)
Heat map showing the percentage of macrophages from each experimental condition that are
within each cluster. (D) Pie charts showing how macrophages in the different experimental
conditions are located in clusters enriched in baseline macrophages (orange), macrophages
alone in the 3D scaffold (light green), or macrophages co-cultured with cells and blood vessels
(light blue). (E) Bar-graphs showing the similarity between clusters 0, 3, 5 and 15 which are
the clusters where most of the macrophages converge to. (F) Localization of all clusters in
the TriMap plot (G) Localization of cluster 3, cluster 0, cluster 5 and cluster 15 in the TriMap
plot. (H) Bar graphs showing the exact composition of the main clusters (Cluster 0, Cluster 3,
Cluster 5 and Cluster 15), Z-scores showing the relative expression of each marker in each
of these clusters. Data in (H) represents mean + SD with n=3 biological conditions. BV, blood
vessels. ECs, endothelial cells. MSCs, mesenchymal stromal cells. One way ANOVA with
Tukey post hoc analysis Statistical significance: *** p < 0.001 ** p < 0.01, * p < 0.05

Regarding single cell analysis, we found that clusters 4, 17 and 18 were
enriched in macrophages in baseline, clusters 8, 11, 13, 15 and 19 were enriched
in macrophages seeded in the 3D scaffold and clusters 0, 1, 2, 5,6, 7, 9, 10, 12, 14
and 16 are enriched in macrophages co-cultured with the blood vessels (Figure 6C).
Regarding the similarity between the clusters, cluster 0 and 14, cluster 0 and 10, and
cluster 0 and 12, are the ones that were more distant indicating more differences
than between other clusters (Figure 6E), which can also be noticed in the TriMap.
Macrophages in clusters 0 and 5 are located further to the right compared to the
other clusters indicating their similarity to each other but difference with the other
clusters (Figure 6G, Supplementary Figure 11).

Furthermore, it was imperative to analyze how different macrophage
phenotypes co-cultured with blood vessels were organized. MO macrophages were
mostly located in cluster 10 and 14 which were characterized by a high expression
of CXCR4, CCR7, CD209, CD80 and CD209, CD80 (Figure 6H, I). M1 macrophages
mostly migrate to cluster 12 in which a mixture of both M2 (CD209, CD163) and
M1 markers (CD38, CD274, CD80) were expressed. M2 macrophages were mostly
located in cluster 5, which was upregulated in the M2 markers CD206 and CD163.
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Finally, M1M2 macrophages were also located in cluster 0, upregulated in CD38,
CD274 and HLA-DR, and cluster 12, upregulated in CD209, CD163, CD38, CD274
and CD80. Interestingly, it seems that M1M2 macrophages shared a common cluster,
cluster number 12, with the M1 macrophages while also were located in cluster 0.
Cluster 0 and cluster 5, which was the cluster where M2 macrophages were, was
very close to each other indicating similarity.

4. Discussion

Macrophages are key regulators in wound healing process. Their high
plasticity allows them to switch phenotypes depending on the environmental stimuli.
During normal wound healing process, macrophages switch from a pro-inflammatory
M1 phenotype towards a pro-regenerative M2 phenotype. Even though this
transition is crucial for the wound healing to be terminated, the precise mechanism
of this transition is yet unclear. During biomaterial implantation, this transition and
subsequently implant integration can be impaired —reviewed in [11] —. For this
reason, researchers have been trying to facilitate this step by promoting M1 to M2
shift within the host vasculature. One of the strategies is to add tissue-engineered
blood vessels to the biomaterial [3, 10]. The addition of tissue-engineered blood
vessels not only will help with the M2 polarization of macrophages, but it will also
anastomose with the host vasculature and, thereby promote implant integration.
It has been shown that endothelial cells skew macrophage phenotype towards an
M2 phenotype [12, 14, 15]. Furthermore, it has been studied that macrophages
reciprocally promote vascularization [10]. However, the impact of tissue-engineered
blood vessels on macrophage phenotype is not yet well studied. In this study we
showed that, regardless of the pre-polarization state of macrophages, all of them
exhibited an upregulation of M2 common markers. However, each different pre-
polarization state did show a different expression pattern of the other markers,
thereby demonstrating that pre-polarization state does have an influence in the
crosstalk with the tissue-engineered blood vessels. These results are important
because they could help in understanding not only the importance of pre-polarization
states of macrophages but also the importance of the timing on the vascularize
biomaterial implantation, to help in the overall implant outcome.
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Figure 6: Crosstalk between pre-polarized macrophages and tissue-engineered blood
vessels. (A) In vitro tissue-engineered human blood vessels were generated by co-culture of
endothelial cells and MSCs on 3D collagen scaffolds. After 3 days, macrophages (MO, M1,
M2 or M1M2) were added. Changes in macrophage phenotype were observed one day after
macrophage seeding. (B) A comparison of the Z-score value of M1 (CD38, PD-L1, CCR7,
CD80, HLA-DR) and M2 (CD206, CD209, CXCR4, CD163) phenotype markers in each
experimental condition. (C) Heat map showing the percentage of macrophages from each
experimental condition that are within each cluster. (D) Pie charts showing how macrophages in
the different experimental conditions are located in different clusters. (E) Taylor Index showing
the similarity between clusters 0, 5, 10, 12 and 14 which are the clusters where most of the
macrophages converge to. (F) Localization of all clusters in the TriMap plot. (G) Location of
each of the main clusters in the TriMap (cluster 0O, cluster 5, cluster 10, cluster 12 and cluster
14). (H) Bar graphs showing the exact composition of the main clusters. () Z-scores showing
the relative expression of each marker in each of these clusters. Data in (H) represents mean
+ SD with n=3. BV, blood vessels. ECs, endothelial cells. MSCs, mesenchymal stromal cells.
One way ANOVA with Tukey post hoc analysis. Statistical significance: *** p < 0.001 ** p <
0.01, * p < 0.05.

The upregulation of this two M2 markers have been seen to help in both
early and late stage of angiogenesis. This is in accordance with previous studies
that have shown that endothelial cells and blood vessels caused macrophages to
upregulate M2 markers. CD206, also known as mannose receptor C type 1 (MRC1)
is a cell-surface protein abundantly presented mostly in M2 macrophages. Its main
function is in endocytosis and phagocytosis and plays an important role in immune
homeostasis by scavenging unwanted mannoglycoproteins. CD206 has also be
linked with the vascular remodeling and pruning [20]. Furthermore, different studies
have demonstrated that CD206 positive macrophages are related to a higher micro
vessel count indicating that CD206 macrophages stimulate angiogenesis [21, 22].
CD163 is a member of the scavenger receptor super family class B. It is a receptor
of the hemoglobin and haptoglobin complex which is recognized for clearance
by receptor mediated endocytosis [23]. CD163 marker also has MMP-9, which is
associated with extracellular matrix remodeling, thus helping in the early steps of
capillary sprouting. Also, CD163 macrophages promotes intimal angiogenesis and
vascular permeability [24].

When MO macrophages were co-cultured with the tissue-engineered blood
vessels, we noticed that only M2 markers were upregulated (CD206, CD209 and
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CD163). However, recently, O’'Brien et al. reviewed the importance of the timing of
the macrophage transition [11]. It has been already described that early treatment
with M2 macrophages leads to impaired integration and fibrous capsule formation
[25]. For this reason, there is a need to tightly control the temporal activation of
the macrophage transition. Therefore, it is important to avoid early M2 macrophage
stimulation or addition. Taking this into account, adding the engineered tissue in the
early phase of the wound healing could mean a too early transition towards and M2
phenotype and resulting in capsule formation and subsequent impairment in implant
integration [26, 27]. Interestingly, when either M1, M2 and M1M2 macrophages
were co-cultured with the blood vessels not only M2 markers were upregulated but
different M1 markers, suggesting a possible mixed phenotype. Further experiments
could help in understanding which will be the best timing for the implantation of the
engineered tissue.

MO and M2 macrophages phenotypes showed a high differentiation capacity
with more than 90 % of macrophages switching phenotypes whereas M1 or even
M1M2 macrophages were less plastic with only the 25 % and 15-50 % of macrophages
changed phenotypes when cultured either in the scaffold alone, with cells or blood
vessels. Interestingly, in the case of MO, M1 and M2 macrophages, the effect of the
blood vessels was mainly driven by the presence of MSCs while in the case of M1M2
macrophages their phenotypical change was independent to the one exerted by
endothelial cells and MSCs. This comes in concordance of several studies that have
described how MSCs are able to promote the polarization of macrophages towards
a M2 phenotype which is characterized by an increased production of IL-10 and high
expression of CD163 and/or CD206 markers [28-30] and reviewed in [31].

When the analysis of the different macrophage pre-polarization states, taken
together, were performed, we observed that M1 and M1M2 macrophages shared
cluster 12 location. Furthermore, M1M2 macrophages were also widely observed in
cluster 0. Moreover, M1M2 were also enriched in cluster 0 whose distance to cluster
5 was the shortest. Cluster 5 was mostly enriched with M2 macrophages. This
could mean that M1M2 macrophages share more similarities to M2 macrophages
than observed initially and that tissue engineered blood vessels would promote the
perfect timing in the M1-M2 transition. Clustering is essentially grouping cells in
discrete defined populations but does not provide any information about the temporal
relationships between different clusters. However, using pseudo time analysis it
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could be analyzed if those cluster are related to each other in continuous paths or
different maturation states [32].

There are some limitations to this study. Firstly, even though previous
studies have shown that donor-to-donor variability did not play a major role in
affecting macrophage phenotype when culturing in different biomaterials, it would
be important to show if there is donor-to-donor variability when co-cultured with
blood vessels [33]. Additionally, analyzing some proangiogenic growth factors
secreted by macrophages, such us vascular endothelial growth factor (VEGF),
tumor necrosis factor (TNF), fibroblast growth factor (FGF), transforming growth
factor beta (TGFf1), could help in learning the mechanism from which macrophages
develop their angiogenic capacity. [34]. As mentioned previously, macrophages
may also form the initial blood networks using their extracellular matrix remodeling
properties as MMP-9. Interestingly, there is a strong expression of MMP9 in M2
macrophages, but none so in MO or M1 macrophages [35]. Being able to analyze
the level of this protease in the different groups could also provide an insight of the
macrophage function in the angiogenesis process [36]. Besides to their paracrine
role in angiogenesis, macrophages can also physically interact with endothelial cells
and help in anastomosis of vascular sprouts [10, 37]. Imaging these interactions
could also help us to elucidate the physical crosstalk between macrophages and
blood vessels.

5. Conclusions

In summary, we have characterized four macrophage phenotypes (M0, M1,
M2, M1M2) in the context of crosstalk with tissue-engineered-blood vessels. We
found evidence that all phenotypes commonly upregulate CD206 and CD163 M2
markers to a similar extent while also upregulating different M1 markers to a different
extent depending on their pre-polarization state. Describing the phenotypical switch
of macrophages when co-cultured with tissue engineered blood vessels could help
us in deterining the exact implantation time of the tissue engineering construct to
prevent implant rejection.
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SUPPLEMENTARY FIGURES
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Supplementary Figure 1: Median Fluorescent Intensity (MFI) of the Associated M2c
Marker CD163. Data represents mean + SD with n=3. One way ANOVA with Tukey post hoc
analysis. *** p < 0.001 ** p < 0.01, * p < 0.05.
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Supplementary Figure 2: Crosstalk between Undifferentiated (M0) Macrophages and
3D Collagen Scaffold, Tissue-Engineered Blood Vessels, Endothelial Cells and MSCs
(A) Median fluorescent intensity (MFI) of associated M2 markers (CD163, CXCR4, CD206,
CD209). (B) MFI of associated M1 markers (PDL1, CD38, HLA-DR, CD80, CCRY7). Data in
(A, B) represents mean + SD with n=3 biological replicates. Statistical significance: One way
ANOVA with Tukey post hoc analysis *** p < 0.001 ** p < 0.01, * p < 0.05.
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Supplementary Figure 3: Taylor Index showing the distance between every 2 clusters.
If the distance between two cluster is low, they are similar to each other, and darker on the
heatmap. If the distance between two clusters is high, they are different from each other, and
lighter on theheatmap.
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Supplementary Figure 5: Taylor Index showing the distance between every 2 clusters.
If the distance between two cluster is low, they are similar to each other, and darker on the
heatmap. If the distance between two clusters is high, they are different from each other, and
lighter on theheatmap.
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Supplementary Figure 6: Crosstalk between regulatory M2 macrophages and tissue-
engineered blood vessels. (A) Median fluorescent intensity (MFI) of associated M2 markers
(CD163, CXCR4, CD206, CD209). (B) MFI of associated M1 markers (PDL1, CD38, HLA-DR,
CD80, CCRY7). Data in (A, B) represents mean + SD with n=3. Statistical significance: *** p <
0.001 *p <0.01, * p<0.05.
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Supplementary Figure 7: Taylor Index showing the distance between every 2 clusters.
If the distance between two cluster is low, they are similar to each other, and darker on the
heatmap. If the distance between two clusters is high, they are different from each other, and
lighter on theheatmap.
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Supplementary Figure 8: Crosstalk between regulatory M1M2 macrophages and tissue-
engineered blood vessels. (A) Median fluorescent intensity (MFI) of associated M2 markers
(CD163, CXCR4, CD206, CD209). (B) MFI of associated M1 markers (PDL1, CD38, HLA-DR,
CD80, CCRY7). Data in (A, B) represents mean + SD with n=3. Statistical significance: *** p <
0.001 *p <0.01, * p<0.05.
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Supplementary Figure 9: Taylor Index showing the distance between every 2 clusters.
If the distance between two cluster is low, they are similar to each other, and darker on the
heatmap. If the distance between two clusters is high, they are different from each other, and
lighter on theheatmap.
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Supplementary Figure 10: Crosstalk between Pre-Polarized Macrophages and Tissue-
Engineered Blood Vessels compared with the baseline. (A) Median fluorescent intensity
(MFI) of associated M2 markers (CD163, CXCR4, CD206, CD209). (B) MFI of associated M1
markers (PDL1, CD38, HLA-DR, CD80, CCRY7). Data in (A, B) represents mean + SD with
n=3. Statistical significance: *** p <0.001 ** p <0.01, * p <0.05.
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Supplementary Figure 11: Crosstalk between Pre-Polarized Macrophages and Tissue-
Engineered Blood Vessels. (A) Median fluorescent intensity (MFI) of associated M2 markers
(CD163, CXCR4, CD206, CD209). (B) MFI of associated M1 markers (PDL1, CD38, HLA-DR,
CD80, CCR?7). Data in (A, B) represents mean £ SD with n=3. Statistical significance: *** p <
0.001 ** p <0.01, * p < 0.05.
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Supplementary Figure 12: Taylor Index showing the distance between every 2 clusters.
If the distance between two cluster is low, they are similar to each other, and darker on the
heatmap. If the distance between two clusters is high, they are different from each other, and
lighter on theheatmap.
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5. General Discussion

Organ transplantation has made significant strides in last fifty years.
Improvements inimmunosuppression therapies and novel developments in transplant
procedures have markedly reduced the risk of implant rejection (1). However, there
is one main challenge that still needs to be addressed: the shortage of human
organs available for transplantation (2). Therefore, it is observed that the rate at
which transplants are performed cannot keep up with the organ demand. Data from
the annual report of the Organ Procurement and Transplantation Network/ Scientific
Registry of Transplant Recipients (OPTN/SRTR) states that demands for transplant
has continue to rise in the last years while the organ donations do not. For example,
in 2019, 39,718 transplants — from 19,267 donors — were performed, while 112,568
people were on the national transplant waiting (Figure 1). As a possible solution
to this problem, investigators have attempted to engineer every tissue and organ
comprising the body by means of tissue engineering (3)

Organ Donation Statistics
150,000

100,000

50,000

Number of people

Year
- Waiting list -@- Donors  -® Transplants

Figure 1: Organ donation statistics. The red, blue and green lines represent the individuals
on the waiting list, the number of transplants being performed and the number of donors,
respectively, for the corresponding years as labeled. Data obtained from the 2019 report
of the Organ Procurement and Transplantation Network/ Scientific Registry of Transplant
Recipients (OPTN/SRTR)
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Tissue-engineering is an interdisciplinary field that applies the principles of
engineering and the life science towards the development of biological scaffolds
that restore, maintain, or improve tissue function (3). The main objective of tissue
engineering is to repair and regenerate unfunctional organs and tissues by a
combination of autologous or allogeneic cells with tissue-inducing substances such
as cytokines or growth factors, placed on or within a scaffold, also named biomaterial
(3). This scaffold/biomaterial serves as a support to guide tissue formation, creating
an appropriate microenvironment that helps in the regeneration process.

For many years, inert biomaterials have been pursued with the main aim of
evading the immune response and graft rejection. However, the current school of
thought focuses on biomaterial design to facilitate immune-response modulation and
integration with the host tissue, pointing out a paradigm shift from using immune-
inert biomaterials (Figure 2).

Biomaterial Implantation  Strategies to Overcome Implant Rejection
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Figure 2: Biomaterial implantation and strategies to overcome implant rejection

Regardless of the fact that the biomaterial may be inert or less invasive,
all implantation results in a host injury followed by a foreign body reaction that
eventually causes implant rejection or integration. Host response following
biomaterial implantation can be summarized in four main events: coagulation and
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inflammation, proliferation and remodeling — with or without scar tissue formation —
(4). Conventionally, the inert biomaterials have been engineered to have as minimal
host response as possible. However, currently, there has been a paradigm shift and
biomaterials are being designed such that they interact with host to produce an
immune response which is helpful and constructive —reviewed in (5) and (6)—. In
order to design the right biomaterials, it is important to know the process that occurs
after the biomaterial implantation.

The first step of inflammation is protein adsorption, followed by platelet
adhesion, activation and initiation of the blood-clotting cascade leading to a
provisional fibrin matrix. Neutrophils are the firstimmune cells that arrive to the wound
side. After 1-3 days, monocytes are recruited to the site of injury and differentiate
into macrophages, which are crucial for coordinating both early and late events (4).
Neutrophils undergo apoptosis and are removed via phagocytosis by macrophages
— a process called efferocytosis — that serves to regulate macrophage behavior.
Macrophages play a significant role in the entire tissue repair process. It has been
observed that clearly discernible macrophage phenotypes develop in at least two
sequential phases, as the normal healing proceeds. In the initial inflammatory phase,
mostly pro-inflammatory M1 macrophages are present, whereas in the second stage
is characterized by macrophages with a distinct pro-regenerative M2 phenotype
(7, 8). Furthermore, the M2 population is considerably diverse, where different
physiologically relevant stimuli cause phenotypically discernible macrophages
(9, 10). Moreover, M2-type macrophages may derive from the infiltration of newly
arriving monocytes — MO to M2 macrophages — at later stages of wound healing,
or they may derive from M1 macrophage repolarization — M1 to M2 macrophages
— (11, 12).

Although both M1 and M2 macrophage phenotypes are needed for
proper biomaterial-tissue integration, their modulation and inflammatory response
development plays a major role in such process. The regulation of this early
inflammatory phase and subsequent transition into a reparative state is mandatory for
biomaterial integration and acceptance, since a chronic proinflammatory phase will
lead to foreign body reaction and rejection of the implant. With respect to biomaterial
implantation, an inability of macrophages to phagocytose the biomaterial induce
repeated inflammation. During this chronic inflammatory response, macrophages
agglutinate together to form multinucleated giant cells, which deposit a fibrous matrix
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around the implant isolating it from the rest of the body hindering implant integration
with host tissue (4). For this reason, it is important to try to overcome this chronic
inflammation by interacting with the immune response. This is necessary to promote
the aforementioned transition and to minimize the fibrous matrix development
surrounding the implant, as much as possible.

While the detailed mechanisms regulating macrophage functions during
tissue healing are still poorly understood, their critical roles in both the response
to biomaterials and in tissue repair mark macrophages as a primary target when
designing immunomodulatory strategies for biomaterial integration. Besides innate
immune cells, adaptive immune cells, in particular T cells, also have been targeted
to a lesser extent than macrophages (13).

To try to facilitate the M1-M2 transition in macrophages, multiple works
have tried to develop a comprehensive understanding of the interaction between
biomaterial properties and macrophage phenotype, concentrating on stimulating M2
activation by different means: (i) enhancing recruitment of M2-biased monocytes/
macrophages, (ii) stimulating M2 phenotypes, (iii) and/or sequentially promoting M1
phenotype followed by a transition towards M2 phenotype. These effects have been
achieved through different strategies, such as: manipulation of biomaterial properties,
the addition of bioactive proteins or drugs, or the inclusion of immunomodulatory cell
types, such as, mesenchymal stromal cells (MSCs) (Figure 3).

Wound healing response

Fibrotic response Implant integration

M1 to M2 transition is imperative for implant integration
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Figure 3: Design strategies for biomaterials that achieve implant integration
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In this thesis, we focused on the last abovementioned strategy which
is the inclusion of immunomodulatory cells to help with implant integration. We
hypothesized that the use of MSCs could represent a beneficial strategy to gain
control over implant integration by their immunomodulatory properties. However,
as the isolation procedures of the popularly used source of MSCs are painful and
invasive for the patients, we propose the use of a rather lesser-known source of
MSCs: the hair follicle.

Along with stimulating tissue regeneration by immunomodulation, the
current design strategies aim to develop a better understanding of the crosstalk
between components of the immune system, stem/progenitor cells and other cells
which play a role in the overall healing process — e.g. endothelial cells —. A critical
component of the wound healing process is the development of an adequate blood
supply, which not only provides cells with oxygen and nutrients but also removes the
waste products. Biomaterial implantation results in disruption of the host vasculature,
whose inability to quickly vascularize the implanted biomaterial may lead to lack
of oxygen and nutrients. This may subsequently lead to impaired integration and
function. As an initial step to overcome this problem, Levenberg et al. were the first
ones growing tissue-engineered blood vessels in vitro and proved their effectiveness
of anastomosing with the host vasculature in vivo (14, 15). However, like all implanted
biomaterials, engineered tissues will interact with the innate immune system upon
implantation.

As it has already being mentioned, the primary cells of the innate immune
response, macrophages, are important for wound healing and biomaterial-tissue
interaction, in this case, also by tightly monitoring the angiogenesis process. In fact,
wound healing is considerably negatively influenced by the lack of macrophages
(16), whereas their exogenous addition boosts angiogenesis (9, 17). However,
the angiogenic effects mediated by the changes in macrophage phenotype that
normally occur over time are still poorly understood. Recently, Graney et al. — using
the same tissue-engineered model of human blood vessel formation used in this
doctoral thesis — studied macrophage-blood vessel crosstalk in vitro (9). Firstly,
they demonstrated that co-culture with pro-inflammatory M1 macrophages caused
the upregulation of genes related to early stages of angiogenesis, such as sprouting.
Also, M2 macrophages caused endothelial cells to upregulate genes associated with

187



later stages of angiogenesis, such as regulation of pericyte differentiation and vessel
maturation. These results, in combination with numerous other studies, suggest that
M1 and M2-type macrophages act sequentially to regulate angiogenesis — for review
see (18) — However, the way in which blood vessels — especially engineered blood
vessels — regulate macrophage phenotype is not yet totally understood.

With this perspective in mind, the goals of the doctoral thesis were:

» Firstly, to characterize a lesser-known MSCs from a more accessible
and less invasive mesenchymal niche: the Hair Follicle.

» Secondly, to study the immunomodulatory capacities of those hair
follicle-derived MSCs (HF-MSC) compared to the adipose MSCs (AT-
MSCs), which are known to have the strongest immunomodulatory
capacity.

* Thirdly, to analyze the implication of tissue-engineered blood
vessels in macrophage phenotype switch.

All these points taken together are shown in Figure 4

Biomaterial Implantation
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Strategies for biomaterial integration through immunomodulation:
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Figure 4: Schematic representation of the work performed in the doctoral thesis. FUE,
follicular unit extraction. HF-MSC, hair follicle derived mesenchymal stromal cells. PBMCs,
peripheral blood mononuclear cells. Treg, regulatory T lymphocyte
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MSCs are now being even more broadly used for their immunomodulatory
properties — for review, see (18) —. In particular, they exhibit low immunogenicity
even in allogeneic transplants, and they have the capacity to inhibit immune cell
proliferation. In addition, crosstalk with macrophages induces a unique macrophage
phenotype sometimes referred to as MSC-educated macrophages (19-21).
Consequently, macrophage phenotype and subsequently biomaterial integration
could be modulated by MSC-based therapies.

Unlike many other cells that are only found in specific tissues, MSCs can
be harvested from almost every tissue using their plastic-adherence properties.
Historically, bone marrow was the first source from which MSCs were obtained (BM-
MSCs) (22). Nevertheless, in the past decade, researchers have been able to isolate
MSCs from other tissue sources, such as umbilical cord, placenta, adipose tissue,
kidney, liver, lung and dental tissue (23, 24). Interestingly, MSCs which have different
sources of origin generally demonstrate diverse properties and differentiation
capacities (25). Recently, AT-MSCs have been utilized to almost the same extent as
BM-MSCs, as these MSCs — with respect to bone marrow — can be more easily
accessed in patients, are safer to harvest and provide a greater cell yield (26, 27).
However, it should be noted that harvesting these cells from both origins —AT-MSCs
and BM-MSCs— is relatively painful and invasive for the patient, not only during
the operation but also in the post-operative phase. Moreover, in the particular case
of AT-MSCs, a recent study has demonstrated that these cells are dysfunctional
and undergo early senescence when harvested from obese patients (28). This and
other similar conditions can also alter their “stemness” and secretome profiles, thus
hindering theirimmunomodulatory properties (29, 30). Therefore, with the mentioned
drawbacks in mind, in the present thesis we explored an alternative and relatively
less known niche of MSCs, the hair follicle.

To assess the possible use of these cells, we first did a thorough
characterization of the cells. The characterization consisted of a description of
the exact anatomical location, study of their freshly isolated phenotype, stemness
properties, immunoevasiveness and immunomodulatory responsiveness. In the
second part of the study, we assessed their immunomodulatory potential comparing
it to the most used AT-MSCs.
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The hair follicle is one the main appendages of the skin and the niche of two
different stem cells: epidermal-origin stem cells and dermal origin MSCs. To ensure
that the cells we are studying were from mesenchymal and not from epidermal origin,
an immunohistochemistry analysis was conducted. For that, we used a common
marker for MSCs, CD90. As expected, and in concordance of previous studies, most
of the CD90" stained section was in the lower part of the hair follicle, where the dermal
papilla/dermal cup is localized (Figure 5A) (31-33). One of the main characteristics
of HF-MSCs is their possible neural differentiation capacity which other MSCs from
different origins lack. This could be attributed to the hypothesis that these cells
have their origin in the neural crest. In order to prove this concept, we analyzed the
presence of three neural markers that are presented in cells with neural crest origin
— SOX-2, CD271 and CD56—. Our results indicated that at least 96 % of the CD90*
cells co-expressed at least one of the three neural markers (Figure 5B). Interestingly,
once the cells were cultured in vitro, CD271 expression decreased rapidly, whereas
CD56 and SOX-2 expression were gradually lost over subsequent cell passages. In
addition, significant variability amongst patients were observed. To try to overcome
this variability, and to maintain consistency and for a thorough comparison, cell pools
of no more than 5 different patients were used during the whole study.
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Figure 5: Isolation of HF-MSCs and neural origin characterization of freshly harvested
HF-MSCs. (A) Immunohistochemistry of the hair follicle showing the MSC marker CD90
in green and DAPI in blue. (B) expression of the MSC marker (CD90) and neural markers
(CD271, SOX2 and CD56) in freshly harvested hair follicle cells. Density plot representation of
the CD90 variation with respect to FSC-H for the three different patients and three-dimensional
representation of the intensity of neural markers, SOX2 (x-axis), CD56 (y-axis) and CD271
(z-axis) after the CD90 gaiting.
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In 2006, the International Society for Cellular Therapy (ISCT) proposed 3
minimal criteria to define human MSCs (Figure 6A). Our HF-MSCs satisfied the
necessary criteria to be termed as MSCs, in at least 10 passages (Figure 6B-J).
Firstly, the HF-MSCs were able to adhere to plastic and proliferate (Figure 6B, C).
Secondly, they were positive for the specific MSC markers — CD105, CD73 and
CD90 — and negative for the non-specific MSC-markers — CD45, CD34, CD14
and CD20 — (Figure 6D). Finally, they possessed the capacity to differentiate to
osteoblast, adipocytes and chondroblast, which was proven by tissue-specific
staining and expression of specific genes (Figure 6E-J).

The immunomodulatory capacity of MSCs have been associated with the
activity of indoleamine 2,3-dioxygenase (IDO), among many other compounds of their
secretome (34). A strong expression of IDO, resulting in further immunoproliferation
inhibition, has been noticed, when MSCs have been pretreated — licensed —
with interferon gamma (IFNy) (24, 35) (Figure 7A). Therefore, in order to study
the immunomodulatory performance of the HF-MSCs, these cells were licensed
with IFNy for 72 hours followed by subsequent quantitative reverse transcription
polymerase chain reaction (RT-gPCR) and Western Blot analysis (Figure 7B and
7C, respectively). HF-MSCs showed a good responsiveness to the pro-inflammatory
stimulus, expressing comparable levels of IDO at both passage 2 and passage 10,
thereby demonstrating their ability to retain the IDO responsiveness even when
cultured for prolonged time spans in vitro.

Another important characteristic of the MSCs is their immunoevasiveness,
meaning the incapacity of inducing an immune response. One of the principal
explanations has been related with their inability to express major histocompatibility
complex class Il molecule (MHC-II) — reviewed in (36) —. In inflammatory
environments, however, it has been reported that MSCs of various origins begin
to express MHC-II molecules, consequently resulting in a loss of their signature
evasiveness (37). Importantly, we observed that HF-MSCs, even though they started
expressing MHC-II molecule when licensed with IFNy, shower lower expression than
AT-MSCs. (Figure 8). This could be attributed to the hair being an immunoprivileged
organ, where the deviation of immune response is observed to favor tolerance.
Also, multiple physiological processes are consistently maintained by a variety of
processes that limit foreign antigen recognition (38). Thus, considering the limited
number of cells available for autologous use, HF-MSCs may be a suitable allogenic
alternative for MSC-based cell therapy.
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Figure 6: Characterization of minimal criteria to define MSCs. (A) A schematic
representation of the MSCs and their necessary properties. (B) Microscopic image
representing the capacity of the HF-MSCs to adhere to plastic (C) Graphical representation
of the proliferation potential of HF-MSCs at both passage 2 and passage 10. Each datapoint
represents the mean for 3 wells + SD. Statistical significance: *** p < 0.001 ** p < 0.01, * p
< 0.05. (D) Cells cultured at passage 2 and passage 10 were harvested and labelled with
antibodies against the following cell surface proteins CD90, CD105, CD73, CD14, CD20,
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(Figure 6 continue) CD34, CD45. Flow cytometry histograms of cells at P2 (teal) and P10
(dark blue) are shown. Gray histograms indicate isotype control for each antibody. Each
datapoint represents the mean for 3 wells + SD. (E-J) Trilineage differentiation of cells at both
passage 2 and passage 10. (E) Chondrogenic differentiation capacity of HF-MSC after 21
days with the differentiation medium. Blue color represents the secretion of cartilage specific
proteoglycans visualized with Alcian blue. (F) Chondrogenic differentiation was further
confirmed by COL10A and ACAN gene expression. (G) Osteogenic differentiation capacity of
HF-MSCs after 21 days with the differentiation medium. Deposition of calcified nodules was
visualized by Alizarin Red staining. (H) Osteogenic differentiation was further confirmed by
SPP1 gene expression. () Adipogenic differentiation capacity of HF-MSCs after 21 days with
the differentiation medium. Red color indicates the staining of lipid vesicle-forming adipocytes
by Oil Red staining. (J) Adipogenic differentiation was further confirmed by LPL and LEPTIN
gene expression. Each datapoint represents the mean for at least 3 biological replicates + SD.
Statistical significance: *** p <0.001 ** p <0.01, * p <0.05. MSC, mesenchymal stromal cells.
P2, passage 2. P10, passage 10. HF-MSC, hair follicle-derived mesenchymal stromal cell.
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Figure 7: Effect of IFNy licensing on HF-MSCs immunomodulatory responsiveness. (A)
In humans, IFNy induces expression of IDO in MSCs, which is a key molecule to drive their
immunomodulatory capacity. (B, C) Histogram representation of IFNy dependent relative IDO
gene expression levels in HF-MSCs, as characterized by RT-qPCR(B) Western Blot (C). Each
datapoint represents the mean for at least 3 biological replicates + SD. Statistical significance:
***p <0.001 ** p<0.01, * p<0.05, ns (p > 0.05) no significance. IFNy, interferon gamma.
IDO, indoleamine 2,3-dioxygenase.
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Figure 8: Effect of IFNy licensing on HF-MSCs immunoevasiveness compared to AT-

MSCs. (A) MSCs upregulate their MHC-II expression in pro-inflammatory environments. (B)
Flow cytometry histograms showing MSCs positively stained for MHC-II on unstimulated
and IFNy-licensed HF-MSCs (light blue unstimulated, dark blue stimulated with IFNy) and
AT-MSCs (light orange unstimulated, dark orange stimulated with IFNy). Bar graphs showing
the MFI of MHC-II in each group. Each datapoint represents the mean for at least 3 biological
replicates + SD. Statistical significance: *** p < 0.001. IFNy, interferon gamma. MHC-II, major
histocompatibility class Il molecule. HF-MSCs, hair follicle derived mesenchymal stromal
cells. AT-MSCs, adipose tissue derived mesenchymal stromal cell. MFI, median fluorescence
intensity.

Stemness, per the ISCT definition, and the immunomodulatory
responsiveness could be observed even in passage 10, even though the proliferation
rate had considerably reduced. This could play an important role in as MSCs have
been observed to lose their ability to differentiate and immunomodulate much earlier
than passage 10 (39). Using these properties, the necessary yield could be obtained
without MSCs losing their quality.

Once HF-MSCs were characterized and analyzed for their responsiveness
to IFNy and their immunoevasiveness, the next step was to assess their
immunomodulatory reach. Towards this end, AT-MSCs have been considered as
a reference, given that they are considered the most immunomodulatory MSCs
(29). First, by means of co-culture experiments, the influence of both MSCs on
the proliferation of Concanavalin A activated peripheral blood mononuclear cells
(PBMCs) was examined and compared (Figure 9).
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Figure 9: Immunomodulatory effects of HF-MSCs and AT-MSCs in concanavalin
A-stimulated PBMCs. (A) Flow cytometry histogram showing the proliferation profile of
PBMCs without MSCs after 5 days of co-culture. Undifferentiated cells are represented by
the vertical grey bars in the figure. (B) Flow cytometry histograms showing the proliferation
profiles of the PBMCs after 5 days of co-culture with different ratios (1:1, 1:2, 1:5, 1:10) of
either AT-MSC or HF-MSCs. (C) Percentages of PBMCs remaining undivided, undergoing 4
and 5 division and undergoing more than or 6 divisions. Statistical significance: *** p < 0.001
and ** p < 0,01 when compared against PBMCs without MSCs; ### p < 0.001 and ## p < 0.01
when compared HF-MSCs with AT-MSCs; ns: not significant differences, p>0.05. PBMCs,
peripheral blood mononuclear cells. MSC, mesenchymal stromal cells. HF-MSCs, hair follicle-
derived mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal stromal
cells.
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Figure 10: Immunomodulatory effects of HF-MSCs and AT-MSCs in concanavalin
A-stimulated PBMCs. (A) Flow cytometry dot plot depicting the populations of CD3*CD8* T
lymphocytes (B) and their relative percentages when PBMCs were cultured alone (no MSCs),
with HF-MSCs or with AT-MSCs. (C) Flow cytometry dot plot representing the populations of
CD19" B lymphocytes (D) and their relative percentages when PBMCs were cultured alone
(no MSCs), with HF-MSCs or with AT-MSCs. Each datapoint represents the mean for at least
3 biological replicates + SD. Statistical significance: *** p < 0.001 when compared with PBMCs
without MSCs; ns: not significant differences, p > 0.05. PBMCs, peripheral blood mononuclear
cells. MSC, mesenchymal stromal cell. HF-MSCs, hair follicle-derived mesenchymal stromal
cells. AT-MSCs, adipose tissue-derived mesenchymal stromal cells.

The results demonstrated a dose-dependent suppressive effect of both
MSCs. Interestingly, HF-MSCs exerted a more powerful inhibition than AT-MSCs
when co-cultured at lower MSC:PBMC ratios (Figure 9C).

On subsequent evaluation of the influence of these cells on specific lymphoid

populations, we noticed that there was a considerable lowering of CD3*CD8* T
lymphocytes and CD19* B cells’ percentages (Figure 10)
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Figure 11: Effect of HF-MSC and AT-MSCs on induction of CD4*CD25'FOXP3* T
regulatory lymphocyte from CD4* T lymphocytes. (A-F) Dot plots (A, C, E) and their bar-
graph representations (B, D, F) exhibiting the percentages of CD4*CD25*FOXP3" cells under
T regulatory induction conditions when cultured alone, with HF-MSCs or AT-MSCs during
(A, B) 60h, (C, D) 96h and (E, F) 132h. Each datapoint represents the mean for at least 3
wells + SD. Statistical significance: *** p < 0.001, ** p < 0.01 and *p < 0.05 when compared
against T lymphocytes without MSCs. PBMCs, peripheral blood mononuclear cells. MSC,
mesenchymal stromal cells. HF-MSCs, hair follicle-derived mesenchymal stromal cells. AT-

MSCs, adipose tissue-derived mesenchymal stromal cells.
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Furthermore, HF-MSCs induced the generation of CD4*CD25*FOXP3*
T regulatory lymphocytes for over a period of 132 h to the same extent as AT-
MSCs (Figure 11). CD4*CD25*FOXP3* T regulatory lymphocytes are a specialized
suppressor T lymphocyte subpopulation that play a critical role in self-tolerance and
immune homeostasis. Consequently, this tendency of the HF-MSCs to promote
T-cell regulatory differentiation and inhibit activated B and T cell response allows
them to be considered favorably for a variety of immune-mediated diseases. This
is especially important in the cases where adaptive immunity is influential, such as,
graft-versus-host disease (GvHD), inflammatory bowel disease (IBD) or multiple
sclerosis (MS) (40-42).

As for the innate immunity, MSCs have been reported to be able to influence
the formation of M2 macrophage phenotypes both in vivo and in vitro, which is an
important mechanism in anti-inflammation or the induction of immune tolerance (9,
51-53). Specifically, a recent study has shown that MSCs located in the outer root
sheath of the hair follicle have the ability to suppress the proinflammatory cytokines
TNFy and IL-12p40 while stimulating the production of anti-inflammatory cytokine
IL-10 and the expression of the CD163 marker in M1 macrophages (43).
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Figure 12: Effect of HF-MSCs and AT-MSCs on the modulation of undifferentiated (MO0)
macrophages phenotype. (A,B) Bar-graphs showing percentage of cells positive for either
(A) M1 related phenotypic markers CD86, MHC-Il and CD64 or (B) M2 related phenotypic
markers CD163, CD206 and CD209 expression when MO macrophages were co-cultured
with HF-MSCs (light blue) or AT-MSCs (orange). Each datapoint represents the mean + SD of
4 wells. Statistical significance: *** p < 0.001 and ** p < 0.01 and * p < 0.05 when compared
with macrophages without MSCs; ns: not significant differences, p > 0.05. PBMCs, peripheral
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(Figure 12 continued) blood mononuclear cells. M¢s macrophages. HF-MSCs, hair follicle-
derived mesenchymal stromal cells. AT-MSCs, adipose tissue-derived mesenchymal stromal
cells.

To observe if our cells demonstrated the same ability, we co-cultured the
HF-MSCs and AT-MSCs with undifferentiated primary human (MQ) macrophages.
Interestingly, our HF-MSCs were able to skew these macrophages towards a more
regulatory — M2 — phenotype, acquiring marker expression profiles resembling
those of the M2 baseline— low expression levels of M1 markers CD86, MHC-II and
CD64, and higher values of M2-like markers, mostly CD163 and CD206 —. This is
in accordance with the work published by Cutler et al. and Witte et al. who already
described that MSCs have the ability to induce the expression of the regulatory
markers CD163 and CD206 on monocytes (21, 44). Furthermore, when directly
compared to AT-MSCs, HF-MSCs demonstrated a superior performance, as they
were the only MSC type able to reduce significantly the CD64 M1 marker and
upregulating CD163 and CD206 M2 markers to the same levels shown by the M2
control group (Figure 12).

It was also desired to determine whether the polarization state have an
influence on the crosstalk between MSCs and macrophages. To understand that, we
co-cultured the HF-MSCs and AT-MSCs with pro-inflammatory (M1) macrophages. As
described in Figure 13, HF-MSCs, better than AT-MSCs, switched M1 macrophages
into more M2-like phenotype. Although both MSC types succeeded in downregulating
some M1-related markers, only HF-MSCs were able to downregulate CD64 marker
and upregulate both CD163 and CD206 markers. This has important consequences
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Figure 13: Effect of HF-MSCs and AT-MSCs on the modulation of M1 macrophage
phenotype. (A,B) Bar-graphs showing percentage of cells positive for either (A) M1 related
phenotypic markers CD86, MHC-Il and CD64 or (B) M2 related phenotypic markers CD163,
CD206 and CD209 expression when M1 macrophages were co-cultured with HF-MSCs or
AT-MSCs. Each datapoint represents the mean + SD of 4 wells. Statistical significance: ***p
< 0.001 and ** p < 0.01 and * p < 0.05 when compared with macrophages without MSCs;
ns: not significant differences, p > 0.05. PBMCs, peripheral blood mononuclear cells. M¢s,
macrophages. HF-MSCs, hair follicle-derived mesenchymal stromal cells. AT-MSCs, adipose
tissue-derived mesenchymal stromal cells.

when chronic inflammation occurs, because the transition to the regenerative
phenotype M2 from the pro-inflammatory M1 is absolutely essential for healing. If
this transition is not smooth, healing is impaired, especially, something that is seen
in the case of chronic wounds (45). Evidence has further reinforced the importance
of MSCs in modulating macrophage phenotype from MO and M1 to subsequently
M2 (20, 46, 47). This study also demonstrates the addition of HF-MSCs facilitates
a transition to a M2 phenotype. However, the expression of M1 markers can still
be noticed, indicating the presence of M1 macrophages or at least and hybrid M1/
M2 phenotype. The importance of the transition from an M1 to an M2 phenotype
was reviewed by O'Brien et al. (17). Furthermore, in a recent study Witherel et
al. determined that this hybrid M1/M2 macrophages encourage the production of
less fibrotic extracellular matrix compared to a more predominant M2 macrophage
phenotype (48). This could be helpful in our ultimate goal, as lowering the fibrotic
extracellular matrix is critically important in achieving implant integration.

In summary, the cells obtained from the lower dermal sheath/dermal papilla
of human hair follicles expressed specific neural markers such as CD56, CD271
and SOX-2 upon extraction. In addition, HF-MSCs maintained sufficient stemness
properties for at least 10 passages, including standard phenotypic markers, trilineage
differentiation and proliferative capacity. Moreover, these cells demonstrated a
responsiveness to the pro-inflammatory cytokine IFNy, while maintaining their
immuno-privileged status. Also, HF-MSCs demonstrate immunomodulatory ability
comparable with AT-MSCs. Besides, they also exhibit important advantages such
as ease of access, painless, non-invasive harvesting procedures and low infection
risk for donors. Therefore, it can be concluded that the use of HF-MSCs might be a
plausible strategy to promote implant integration by skewing immune cells — such
as T lymphocytes and macrophages — towards a regenerative phenotype.
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Considering this, the next strategy that we presented in this thesis was
the use of pre-vascularized biomaterials to help their integration by anastomosing
with the host vasculature and possibly switching macrophage phenotype towards
a more regenerative — M2— phenotype. As mentioned previously, it is well known
that macrophages are key regulators in orchestrating the success or failure of the
integration of tissue-engineered constructs. Also, it is understood that macrophages
are very plastic cells that are able to switch their phenotypes depending on their
milieu. For this reason, it was imperative to analyze the phenotype switch when
macrophages were co-cultured with tissue-engineered blood vessels (49-51).
Therefore, the goal of the next study was to test the hypothesis that the crosstalk
with blood vessels will skew macrophage phenotype towards a more regenerative
phenotype.

For that, common M1 (HLA-DR, CD80, CD38, PD-L1 and CCR7) and M2
(CD163, CXCR4, CD206 and CD209) markers were used to analyze how their
expression changed during the co-culture of different macrophage phenotypes —
MO, M1, M2 and M1M2 — with tissue-engineered blood vessels. Towards that end, it
was crucial to validate all the markers presented in this study (Figure 14). Therefore,
primary human peripheral blood monocytes were isolated from five human donors,
differentiated into macrophages (MO) and further polarized into, M1, M2 or M1M2
phenotypes (Figure 14A). Even though most of the M1 markers were upregulated in
M1 macrophages and M2 common markers were upregulated in M2 macrophages,
there were some exceptions. Regarding M2 markers, CXCR4 and CD163 did not
show an upregulation in M2 macrophages (Figure 14C). Concerning CXCR4, an
elevated expression was noticed in M1M2 macrophages, when compared with M2s.
CXCR4 is well known marker expressed in macrophages with potent angiogenic
behavior (52, 53). For this reason, we expect that co-culture with tissue-engineered
blood vessels could result in a higher expression of CXCR4. Furthermore, CD163
was upregulated in M1 and M1M2 macrophages as compared to standalone M2
macrophages.
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Figure 14: Validation of the human macrophage phenotype flow cytometry panel. (A)
Primary human peripheral blood monocytes were isolated from 5 human donors, differentiated
into macrophages and polarized into MO, M1, M2 or M1M2. (B) Median fluorescent intensity
(MFI) of the general macrophage marker CD45. (C) MFI of associated M2 markers (CD163,
CD206, CD209 and CXCR4) (D) MFI associated M1 markers (PD-L1, CCR7, CD80, CD38
and HLA-DR). Data in (B), (C) and (D) represents mean = SD with n=3 biological replicates

from five human donors. Statistical significance:
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It was also observed that none of the marker intensities were high in any of the
macrophages. CD163 is a common marker for another subpopulation of M2
macrophages, known as M2c, which is obtained by the stimulation of MO with the
IL-10 cytokine (10). M2c macrophages have been shown to have a high phagocytic
activity and also secrete high levels of matrix metalloproteinases-7, -8, and -9, which
have been related to vascularization by breaking down of the basement membrane
and extracellular matrix (11, 54, 55). The reason of adding this marker is because, it
has been described that crosstalk with endothelial and MSCs switch macrophages
towards an M2 phenotype mostly upregulating markers such as CD163. Even
though our baseline phenotype did not highly express CD163, our hypothesis was
that the crosstalk with tissue-engineered blood vessels will end up upregulating
its expression. On the other hand, regarding the CCR7 common M1 marker, a
noticeable difference was not observed between the groups, not in the traditional
flow cytometry analysis, nor in the clustering analysis in the 5 donors. This could be
due to the changes were so minimum that it could not be appreciated in the analysis
(Figure 14D). This also occurred when Spiller et al. measured the CCR7 expression
in MO, M1 and M2 macrophages and the flow cytometry histogram did not show
a strong difference between phenotypes (11). Also, it should be noted that in the
abovementioned study, CCR7 antibody was attached to APC fluorophore that has a
brightness index of 5, whereas in our case, it was used along with FITC which has a
brightness index of 1. However, at gene expression level, CCR7 has been shown to
be high in M1 compared to M2 (56).

After the validation of the common M1 and M2 markers, we analyzed how
undifferentiated, MO, macrophages changed when co-cultured with tissue-engineered
blood vessels (Figure 15). For that, primary human monocytes were isolated from
human blood and differentiated towards MO macrophages by addition of M-CSF
for 5 days. Endothelial cells and MSCs — which act as support cells to facilitate
the formation of blood vessels — were co-cultured together on 8mm compressed
porous collagen scaffolds to start blood vessel formation. Previous studies using
the same approach, have described that after 3 days of co-culture, immature blood
vessel formation could be already noticed in the construct (9). After 3 days of co-
culture, human derived MO macrophages were seeded within the scaffold, and
changes in macrophage phenotype were assessed after one day of the co-culture
via flow cytometry. To determine whether these differences were just because of
blood vessels, macrophages were seeded in 3D scaffold alone, or with just MSCs or
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endothelial cells to use as controls. Each of the variables were separately analyzed
to determine their contribution to the isolated phenotype, in comparison to the rest
of the variables considered together. Using these controls and clustering analysis,
it was possible to let aside the macrophages that did not change from the baseline,
macrophages that only switched due to the co-culture in the 3D scaffold or due to
endothelial cells or MSCs alone.

FLOW CYTOMETRY

@ Formation of Blood Vessels 3%—;%?;;:;?;2? Vessels Controls H
Scaffold

Endothelial cells (EC) Macrophages e
iy .
MSC q 000 = 20

4 —=
gy \ Msc {— | M1-related markers
- 7 % S LR c38
Immature o CD80 —
—3D scaffold Blood Vessel EC o
- M2-related markers
= D206 cD163
__| |cp209 CXCR4
72 HOURS 24 HOURS

Figure 15: Crosstalk between undifferentiated MO macrophages and tissue-engineered
blood vessels. In vitro tissue-engineered human blood vessels were generated by co-culture
of endothelial cells and MSCs within 3D collagen scaffolds. After 3 days, MO macrophages
were added to either the acellular 3D scaffold, the 3D scaffold with engineered blood vessels,
the 3D scaffold with the endothelial cells or the 3D scaffold with MSCs. Changes in macrophage
phenotype were observed one day after macrophage seeding.

The traditional flow cytometry analysis showed that when co-cultured with
the blood vessels both M1 and M2-related markers were upregulated (Figure 16).
This suggested that a hybrid macrophage phenotype was formed. In order to further
analyze this phenotype, we analyzed the data using single cell analysis, more
specifically clustering and dimensionality reduction analysis.

Dimensionality reduction analysis, large-scale dimensionality reduction
was performed using triplets (TriMap). This algorithm gave us an idea about global
structure of the data, which is not obtained in the case of the most commonly known
t-distribution Stochastic Neighborhood Embedding (tSNE) and Uniform Manifold
Approximation and Projection (UMAP) algorithm, while keeping the complexity
of the data, which is lost in the case of the Principal Component Analysis (PCA)
(57). On the other hand, clustering enabled us to take into consideration only the
macrophages that were affected by the blood vessels. The clustering analysis allows
to group cells that show similar marker expression. For that, Flow Cytometry self-
organizing map (FlowSOM) was used and all the data were clustered in 20 different
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clusters (Figure 17A). Clusters 12, 14 and 17 were enriched in macrophages in
baseline, clusters 0, 1, 2, 3 and 7 were enriched in macrophages seeded in the 3D
scaffold and clusters 4, 5, 6, 8, 9, 10, 11, 13, 15, 16, 18 and 19 were enriched in
macrophages co-cultured with cells, either endothelial or MSCs, or with the blood
vessels. Particularly, macrophages seeded in the scaffold alone were found mostly
in cluster 2, macrophages co-cultured with either blood vessels or MSCs in cluster
10 and macrophages co-cultured with endothelial cells in cluster 19 (Figure 17B).
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Figure 16: Crosstalk between undifferentiated (M0) macrophages and 3D collagen
scaffold, tissue-engineered blood vessels, endothelial cells or MSCs (A) Median
fluorescent intensity (MFI) of associated M2 markers (CD163, CXCR4, CD206, CD209).
(B) MFI of associated M1 markers (PDL1, CD38, HLA-DR, CD80, CCR7). Data in (A, B)
represents mean = SD with n=3. Statistical significance: One way ANOVA with Tukey post
hoc analysis *** p < 0.001 ** p < 0.01, * p < 0.05. BVs, blood vessels. ECs, endothelial cells.
MSCs, mesenchymal stromal cells. MFI, median fluorescent intensity.
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Figure 17: Clustering analysis of macrophages in the baseline, seeded in the 3D collagen

Cells
MSsC

scaffold, or co-cultured with tissue-engineered blood vessels, endothelial cells or MSCs.
(A) Heat map showing the percentage of macrophages from each experimental condition that
are within each cluster. (B) Pie charts showing how macrophages in the different experimental
conditions are located in clusters enriched in baseline macrophages (orange), macrophages
alone in the 3D scaffold (light green), or macrophages co-cultured with cells and blood vessels
(light blue). The attached pie chart shows the exact cluster location for most macrophages in
the different experimental conditions. MSCs, mesenchymal stromal cells.

To evaluate the similarity between different clusters Euclid algorithm was
used to get the Taylor Index. Taylor index gives the information about the distance
from one cluster to another in the dimensional space (58). How well the cluster are
differentiated from one to another — the higher the Taylor index value —the higher
the distance between two clusters and the less likely two clusters are related to each
other (Figure 18A). Even the distance value between the 3 clusters is not very high;
cluster 10 and 2 are the less similar ones, whereas cluster 10 and 19 are the most
similar ones (Figure 18B), which can also be noticed in the dimensionality reduction
map. Macrophages in cluster 10 and 19 are more concentrated than cluster 2,
in the dimensionality reduction map (Figure 18C).As we have mentioned before,
macrophages co-cultured in the 3D collagen scaffold mostly were located in cluster
2, where CD209 was highly expressed. Macrophages co-cultured with either blood
vessels or MSCs were mostly located in cluster 10 which was upregulated in several
M2 markers — CD163, CD206 and CD209 —. Finally, macrophages co-cultured
with endothelial cells were located in cluster 19 in which also M2 markers were
upregulated but to a lesser extent than in cluster 10 (Figure 19).
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Figure 18: Taylor index and dimensionality reduction analysis (TriMAP) of MO0
macrophages in the baseline, seeded in the 3D collagen scaffold, or co-cultured with
tissue-engineered blood vessels, endothelial cells or MSCs. (A) Taylor index showing the
similarity between every 2 clusters. (B) Bar-graphs showing the similarity between clusters 2,
10 and 19, which are the clusters where most of the macrophages converge to. (C) Localization
of all clusters, cluster 2, 10, or 19 in TriMap plots.
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Figure 19: Composition of the main clusters when M0 macrophages were seeded in the
3D collagen scaffold, or co-cultured with tissue-engineered blood vessels, endothelial
cells or MSCs. Bar graphs showing the exact composition of the main clusters (cluster 2,
cluster 10 and cluster 19) and Z-scores showing the relative expression of each marker in
each of these clusters. Data represents mean = SD with n=3 biological replicates. BV, blood
vessels. EC, endothelial cells. MSC, mesenchymal stromal cells. Statistical significance: ***
p <0.001 **p <0.01, * p<0.05.
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To determinate if the pre-polarization state has an effect in the macrophage-
blood vessel crosstalk we followed the same approach with pre-polarized M1, M2
and M1M2 macrophages. Using this procedure, we observed that both MO and M2
macrophages phenotypes showed a high differentiation capacity with more than
95 % of macrophages changing phenotypes whereas M1 and M1M2 macrophages
were less plastic with only the 25 % and 50 % of macrophages switching phenotypes
when cultured in the presence of blood vessels, respectively (Figure 20).

Macrophages + Blood Vessels
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Clusters enriched in macrophages
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Clusters enriched Clusters enriched in macrophages
in baseline macrophages M aione in the scaffold

Figure 20: Pie charts showing how different pre-polarized macrophages (M0, M1, M2
and M1M2) tend to migrate to different clusters after the co-culture with blood vessels.

Interestingly, in the case of MO, M1 and M2 macrophages, the effect of the
blood vessels seems that was driven by the MSCs — cluster 10 for MO, cluster 14
for M1 and cluster 3 and 9 for M2 —, whereas in the case of M1M2 the effect was
independent to the one exerted by endothelial cells and MSCs — cluster 5 and 0
for M1TM2 — (Figure 21). This comes in concordance of several studies that have
described how MSCs are able to promote the polarization of macrophages towards
a M2 phenotype which is characterized by an increased production of IL-10 and high
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Figure 21: Composition of the main clusters when M0, M1, M2 or M1M2 macrophages
were co-cultured with tissue-engineered blood vessels. BVs, blood vessels. ECs,
endothelial cells. MSCs, mesenchymal stromal cells. Data represents mean + SD with n=3
biological replicates. Statistical significance: *** p <0.001 ** p <0.01, * p < 0.05.
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expression of CD163 and/or CD206 markers (59-61) and reviewed in (62).

When MO macrophages were co-cultured with the tissue-engineered blood
vessels, we noticed that only M2 markers were upregulated (CD206, CD209 and
CD163) (Figure 22). However, recently, O’Brien et al. reviewed the importance of
the timing of the macrophage transition (17). It has been already described that
early treatment with M2 macrophages leads to impaired integration and fibrous
capsule formation (55). For this reason, there is a need to tightly control the temporal
activation of the macrophage transition. Therefore, it is important to avoid early M2
macrophage stimulation or addition (63, 64). Interestingly, when either M1, M2 and
M1M2 macrophages were co-cultured with the blood vessels not only M2 markers
were upregulated but also different M1 markers, suggesting a possible mixed
phenotype. In the case of M1 and M1M2 macrophages the high expression of most
M1 markers expressed in the baseline was mostly lost, however, some residual M1
expression was still observed suggesting a transition from the pro-inflammatory
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Figure 22: Composition of the clusters enriched in macrophages co-cultured with
blood vessels. (A-D) Z-scores showing the relative expression of each marker in each of
these clusters that are enriched in MO, M1, M2, M1M2 macrophages co-cultured with the
blood vessels. Data represents mean + SD with n=3 biological replicates

phenotype towards a more regulatory one.

Until now, we have described how each macrophage phenotype (MO, M1,
M2 and M1M2) changed when co-cultured with tissue-engineered blood vessels,
by comparing it when they were seeded in the scaffold alone or when they were
co-cultured with endothelial cells or MSCs separately. In the following section,
we changed the approach such that the comparison between the different pre-
polarization states (M0, M1, M2, M1M2) co-cultured with the blood vessels together
in the same analysis (Figure 23). Towards this, we performed the same study as
mentioned before, however, instead of adding the groups of macrophages co-cultured
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Figure 23: Schematic of the study. /n vitro tissue-engineered human blood vessels were
generated by co-culture of endothelial cells and MSCs on 3D collagen scaffolds. Primary
human peripheral blood monocytes were differentiated into macrophages (M0) and polarized
into M1, M2 or M1M2. After 3 days, M0, M1, M2 or M1M2 macrophages were added to
either the acellular 3D scaffold or the 3D scaffold with engineered blood vessels. Changes in

macrophage phenotype were observed one day after macrophage seeding by flow cytometry
analysis.

alone in the scaffold, macrophages co-cultured with either blood vessels, MSCs or
endothelial cells, we run the single cell analysis with the different macrophage pre-
polarization states (MO, M1, M2, M1M2) co-cultured with blood vessels or within the
scaffold alone. This approach enabled us to compare how each pre-polarization
state responded to the crosstalk with blood vessels.

The analysis showed that, each of the different macrophages were found in
different clusters —MO to clusters 14 and 10, M1 to cluster 12, M2 to cluster 5 and
M1M2 to cluster 0 and 12— and each of these clusters expressed different M1 and
M2 markers (Figure 24).

Interestingly, M1 and M1M2 macrophages shared cluster location in cluster
12 (Figure 25A). Moreover, M1M2 are found also in cluster 0, which has the shortest
distance from the cluster 5 — an M2 cluster — of all the clusters analyzed (Figure
25B, C, D). This could mean that M1M2 macrophages share more similarities with
M2 macrophages than was initially observed. Clustering is essentially grouping cells
in discrete defined populations regarding their markers expression profiles, but does
not give information about the temporal relationships between clusters. However,
using pseudo-time analysis, it could be analyzed (65). This could mean that tissue
-engineered blood vessels would promote the perfect timing in the M1-M2 transition.
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Figure 24: Clustering and cluster composition analysis of M0, M1, M2 or M1M2
macrophages in the baseline, seeded in the 3D collagen scaffold, or co-cultured with
tissue-engineered blood vessels. (A) Heat map showing the percentage of macrophages
from each experimental condition that are within each cluster enriched in baseline macrophages
(orange), macrophages alone in the 3D scaffold (light green), or macrophages co-cultured
with cells and blood vessels (light blue). (B) Pie charts showing how macrophages in the
different experimental conditions are located in different clusters. (C) Z-scores showing the
relative expression of each marker in each of these clusters that are enriched in MO, M1, M2,
M1M2 macrophages co-cultured with the blood vessels. Data represents mean + SD with n=3
biological replicates.

In summary, we showed that macrophages with distinct phenotypes
all upregulated M2 markers (CD206 and CD163) when co-cultured with tissue
engineered blood vessels. However, they did also upregulate different markers
depending on their pre-polarization state. With this perspective, we are allowed to
state that pre-polarization state influenced the crosstalk outcome with blood vessels.
Interestingly, our data suggested that blood vessels influenced macrophages to take
on phenotypes that are beneficial for both early and late angiogenesis. Moreover,
the clustering and dimensionality reduction analysis showed that the phenotypical
change occurring in MO, M1 and M2 macrophages was exerted mostly by the MSCs
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presented in the blood vessels, whereas in the case of the M1M2 macrophages the
effect was independent. Lastly, analyzing all the macrophage phenotype together,
we found out that the M1M2 macrophage phenotype could be a temporal transition
between M1 and M2 phenotype. This finding could suggest that tissue-engineered
blood vessels would promote the perfect timing in the M1 to M2 transition. This
could help in macrophage transition towards a more regenerative phenotype and

A
Cluster 14 Cluster 5 Cluster 10 Cluster 12 Cluster 0
.
% e
« - m“
ESW Emm . 2000, X §1500 -
3400 31000 g e 3 1000
3 3 5 100 3
© 200 O 500 o 500 © 500
0
° MO M1 M2 M1M2 ° MO M1 M2 M1M2 MO M1 M2 M1M2 0 MO M1 M2 M1M2 MO M1 M2 M1M2
B
Cluster 14 Cluster 5 Cluster 10 Cluster 12 Cluster 0
4
z 2 2 ® - 2
E. E. E. E =
L. T‘nMapk L»TrlMapX ) L.TnMapX L.TrMapX L»TnMapX
C D
Taylor Index Taylor Index
+ Ovs5
14 vs 12
> 14 vs 10
. T 10 vs 12
K 10vs 5
o8 € 12vs 5
06 N 14vs 5
7]
04 0vs 12
- 0vs 10
oz 14vs 0
0 i
123456 78910111213141516171819 0.00.20.40.60.81.0

Figure 25: Cluster composition and similarity between the clusters. (A) Composition of
the main clusters. (B) Localization of cluster 14, 5, 10, 12 and 0 in TriMap plots. (C) Taylor
index showing the similarity between every 2 clusters. (D) Bar-graphs showing the similarity
between clusters 14, 5, 10, 12 and 0, which are the clusters where most of the macrophages
converge to. Data in (A) represents mean + SD with n=3 biological replicates. Statistical
significance: *** p <0.001 ** p <0.01, * p < 0.05.

eventually helping in the biomaterial integration.

Ultimately, in this doctoral thesis we have focused on the study of two
different strategies to try to improve implant integration through interacting with
the host immune system. Therefore, with our results, we can conclude that both
strategies can have an important developmental impact towards the implementation
of immunomodulatory techniques and could have important consequences for tissue
engineering.
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Conclusions

Experimental results prompt us to make the following conclusions from the doctoral
thesis:

1. The stromal cells obtained from the lower dermal sheath/ dermal papilla of
human hair follicles (HF-MSCs) expressed neural markers (CD56, SOX-2, CD271)
and maintained their stemness properties for at least 10 passages. This indicates
that HF-MSCs could be used for at least 10 passages without losing their stemness
capacity. Furthermore, HF-MSCs can be obtained via painless, less invasive, and
lower infection risk harvesting procedure comparing to the most studied sources of
MSCs — bone marrow and adipose tissue—.

2. HF-MSCs showed responsiveness to the pro-inflammatory cytokine
IFNy while retaining immune-privilege status better than adipose tissue-derived
mesenchymal stromal cells (AT-MSCs). This attribute could be very useful
considering the limited number of cells available for autologous use, HF-MSCs could
be a suitable allogeneic alternative for MSC-based cell therapy.

3. Importantly, HF-MSCs exhibited immunomodulatory properties at least
comparable to those of AT-MSCs, regarding the interaction with cells of both the
innate and adaptative immune systems. Considering all the advantages mentioned
above, we were able to conclude that HF-MSCs can be an important and feasible
alternative over AT-MSCs, thereby making it a highly probable and potential candidate
for implant integration.

4, The co-culture of macrophages with tissue-engineered blood vessels
demonstrated the complexity of macrophage phenotype that does not come in
concordance with the traditional and simplistic M1 and M2 classification; macrophages
co-cultured with blood vessels upregulated both M1 and M2-related markers.

5. With respect to MO, M1 and M2 macrophages, it was observed that the effect
of blood vessels was primarily driven by MSCs. This reinforces the immunomodulatory
role MSCs have in the innate immune response.

6. The addition of tissue-engineered blood vessels to the biomaterial resulted
in skewing undifferentiated (M0O) and macrophages from different pre-polarization
states (M1, M2 and M1M2) towards a more regenerative, M2 phenotype. Furthermore,
each pre-polarization state also upregulated distinct M1 markers. This finding could
suggest that tissue-engineered blood vessels could promote the perfect M1 to M2
transition and eventually helping with biomaterial integration.
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