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within the cells. [22] Keratin 14 is a cytokeratin typically found in the cytoskeleton of
epidermal cells that is expressed by basal cells between the secondary epidermal and dermal
lamellae (Fig. 2). As the names imply, soft keratins are typically the largest component of
relatively soft cornified epithelia, while hard keratins are the major population in hard
cornified tissue like the hoof wall.

The type and number of keratins within a tissue tend to change with age and pathology. [23,
24] Accordingly, there are distinct differences in keratins within the stratum lamellatum of
unaffected versus inflamed hooves. In endocrinopathic laminitis, laminar tissue is partially
replaced with aberrant keratin, and keratinization of primary epidermal lamellae is markedly
increased compared to normal. In addition, keratinocyte hyperproliferation is documented in
hooves affected by insulin-induced laminitis. [25, 26] Abundant keratohyalin in the normal
hoof stratum externum and cytokeratins in epidermal basal cells are not evident in inflamed
hoof tissue. [27] Cytokeratin 14 clusters around the nucleus in hooves with carbohydrate
overload induced laminitis compared to the normal cytoplasmic location. [28] Based on this
information, changes in keratin content and location provide a unigue mechanism to

determine cell phenotype, maturity level, and pathology within equine hoof tissue.

Figure 2. Fluorescent photomicrographs showing fluorescent labeling of keratin 14 (arrow,
green), in basal cells between secondary epidermal (SEL) and dermal (SDL) lamellae within
the stratum internum of equine hoof tissue. Nuclei are stained blue.

The hoof wall of a normal adult horse grows at a rate of approximately 0.24-0.4 inches (6-10

millimeters) per month. [29] Stratum medium growth occurs by division of epidermal basal



cells on papillae within the coronary corium. [9] As the basal cells (Fig. 3) divide, they drive
older cells toward the ground surface to create the tubular and intertubular horns of the hoof
wall. [6] There are several reports surrounding tissue growth in the stratum internum that is
thought to occur, in part, by proliferation of basal cells on the proximal lamellae. Theories
exist about the process by which the strong attachment with the stratum medium is
maintained while it grows downward. [8] It is generally agreed that tissue homeostasis
includes balanced synthesis and enzymatic degradation of extracellular matrix by resident
cells. Proteins like tissue inhibitors of metalloproteinases (MMPs) are crucial to the process.
[30] Disruption of tissue homeostasis by upregulation of neutrophil MMP (e.g., MMP2 and
MMP9) production of proinflammatory cytokines such as interleukin (IL) 1 and 8 are
thought to contribute to destruction of the epidermal-dermal interface in inflamed tissue. [31,
32] Within the basement membrane, laminin stabilization of the epidermal-dermal tissue
attachment is targeted by MMPs during laminitis. [33] While it is clear that coordination of
tissue production and degradation is disrupted by inflammatory mediators, the exact

contributions of and consequences to resident progenitor cells have yet to be determined. [34]

Figure 3. Transmission electrophotomicrograph of a desmosome like structure (arrow)
between passage 3 cultured cells from equine hoof stratum lamellatum.



1.3. Inflammatory mediators and inducible laminitis models

There are four recognized stages of laminitis, developmental, acute, subacute and chronic.
[35] The developmental phase occurs between the first insult and the appearance of initial
clinical signs. The acute phase is from first clinical signs to displacement of the third phalanx,
thought to result from a combination of tension from the deep digital flexor tendon, weight
bearing forces, and breakdown of the dermal-epidermal junction. Subacute condition is
classified as no displacement of third phalanx within 72 hours. Subsequent laminar tissue
failure with progressive third phalanx displacement is regarded as chronic laminitis (Fig. 4).
[35, 36]

Laminar tissue inflammation can occur secondary to any number of systemic or local insults.
Inflammatory mediators, circulatory compromise, and compression injury may all contribute
to tissue damage. [37, 38] Predisposing conditions for laminitis are numerous, range from
equine metabolic syndrome to pituitary pars intermedia dysfunction, and most are associated
with some level of systemic inflammation mediated by cytokines and hormone imbalance.
[39] Obesity is thought to increase predisposition to laminitis by disrupting hoof homeostasis,
in part, by adipose tissue production of inflammatory cytokines like tumor necrosis factor
(TNF)-a, IL-6, and IL-1p, all of which decrease insulin receptor signaling and insulin
sensitivity. [40] Obesity is also associated with elevated cortisol levels from overexpression
of 11B-hydroxysteroid dehydrogenase-1 in human patients and horses with insulin resistance,
type 2 diabetes, and hyperlipidemia. [41] Besides the inciting cause, hoof inflammation can
seriously damage the crucial epidermal-dermal bond that maintains structural integrity of the
hoof soft tissues. Potentially due to differences in the root cause of the inflammation as well

as individual characteristics, disease severity and progression vary widely.



Figure 4. Radiographs of an unaffected (A) and laminitic hoof (B). The third phalanx (P3) is
rotated and displaced distally in the radiograph of the hoof with laminitis.

To study the chronology and pathophysiology of hoof inflammation, toxicants and high doses
of naturally occurring proteins have been used historically to repeatably induce the condition
in horses for sequential evaluations from the onset. Pathologic changes vary with toxin and
dose. [42-44] Use of endotoxin to cause laminitis was abandoned since it created systemic
and local signs of laminitis, but it did not cause tissue changes characteristic of the condition.
[45, 46] Carbohydrate overload (CHO) with corn starch and wood cellulose flour or black
walnut extract (BWE) cause microstructural changes in the hoof that resemble those of
naturally occurring laminitis. [42, 47] Oligofructose derived from chicory root and
hyperinsulinemia are also used to create inflammatory conditions in the hoof. [43, 48] Years
of research have resulted in a diverse set of mechanisms to induce hoof inflammation for
purposes of study.

As previously indicated, the lamellae appear to be the most vulnerable to the consequences of
laminitis. Given the role of resident cells to tissue homeostasis and repair, careful
consideration of changes in both cells and tissue is necessary to compare the models of acute
laminitis to the naturally occurring condition (Table 1). In models and naturally occurring
laminitis (Fig. 5), innate and adaptive immune cells accumulate around microvasculature and
the stratum lamellatum epidermal-dermal interface (Table 1). [49, 50] Calprotectin, an

inflammatory protein, is expressed by extravasated white blood cells on the epidermal side of



the basement membrane in natural and induced laminitis. [51, 52] Microstructural damage
and cell loss on and around the basement membrane is comparable among models and
laminitis; however, changes in naturally occurring laminitis can be subtler than
experimentally induced laminitis. Basal cell cytoskeleton collapse is associated with glucose
deprivation and metalloproteinase activation in the oligofructose model. [32]
Hemidesmosomes between basal cells are lost in the oligofructose, CHO, and insulin models.
[53-55] In the CHO model, there is basement membrane necrosis and loss of epithelial cells
between the secondary epidermal and dermal lamellae. [56] With high-dose insulin, laminar
epithelial cells are abnormally elongated and subject to dyskeratosis and apoptosis. [25, 57]

Gene and protein expression between natural and induced laminitis are somewhat comparable.
In natural laminitis, p63, a regulator of epidermal stem cells decreases, while proteins
involved with vascular inflammatory reactions like gamma-histoneH2A and endothelin-1
expression increase. [26, 58, 59] Inflammatory interleukins like IL-8, IL and IL6 are typically
increased and anti-inflammatory interleukins alike 1L-10 decreased in the BWE and
oligofructose models. [60] Cell signaling is disrupted in the oligofructose and CHO models.
Of particular note is that suppression of the Wnt signaling mechanism necessary for
mesenchymal to epithelial transition of basal epithelial cells in the CHO model potentially
interferes with commitment to the epithelial lineage necessary for organized epithelial tissue
formation. [61] Basal cell gene expression of factors associated with both cell connections
and communication like -catenin and integrins in the CHO model and insulin growth factor
receptor expression in the insulin model are reduced. [62, 63] Induction of laminitis in
otherwise normal hooves is one mechanism to study the acute pathogenic mechanisms of the
condition for potential therapeutic targeting. Unfortunately, the models do not exactly
replicate the natural course of the disease that often includes persistent abnormalities in hoof

tissue production and maturation. Focus on viable, immature cells that contribute to tissue



formation and repair is likely to reveal a new avenue of discovery in the quest to counteract

the life-changing effects of laminitis.

Table 1: Comparison of Microstructural Tissue Changes from Induced and Natural Laminitis.
BWE: black walnut; CHO: carbohydrate overload; OF, oligofructose.

Model BWE CHO OF Insulin Natural Occurring
Laminitis (chronic)
Leukocyte Yes[50] Yes[49] Yes[64] Yes[56] Yes[65]
Accumulation
Disrupted Cell Increased Whnt pathway Increased IL6, Decreased Decreased P63
Signaling CD163 and suppression; Cyclooxygena insulin like expression
signal Reduced B-catenin | se 2 (COX2), growth factor Increased
transducing and integrin p4 Chemokine receptor 1 (IGF- | gamma-H2AX
activator of expression[61, 67] | (C-X-C motif) 1R) and endothelin-1
transcription 3 ligand expression[69] expression[26,
(STAT3) (CXCL), 59, 60]
expression[62, membrane
66] cofactor
protein (MCP)
expression[60,
68]
Epithelial Yes[52] Yes[54, 56] Yes[53, 70] | Yes[25, 55] Yes[32]
Basal Cell
Damage and
Loss
Calprotectin Yes[52] Yes[49] Yes[51] Yes[51] Yes[65]
Positive Cells

Figure 5. Fluorescent photomicrographs of the stratum internum from an unaffected (a) and
laminitic (b) hoof with nucleii stained blue (DAPI). The lamellae are misshapen in the

laminitic hoof.




1.4. Multipotent progenitor cells and ectodermal progenitor cells

Adult MSCs are routinely isolated from numerous tissues in the horse. [71, 72] Tissue stroma
is derived from mesoderm, and undifferentiated cells in the space retain the capacity to alter
their morphology and function to address the tissue repair and maintenance needs. [73] By
definition, adult MSCs exhibit specific characteristics in vivo like the ability to adhere to
polystyrene and the capacity to differentiate into distinct cell types from the same embryonic
layer under specific induction conditions (Fig. 6). [74, 75] Additional criteria set by the
International Society of Cell Therapy are the expression of some or all of a panel of surface
antigens including CD105, CD44, CD29, CD73, CD90 and no expression of CD45, CD34,
CD14, CD11b, CD19 as well as lineage-specific protein and gene expression following
chemically-induced differentiation. [76, 77] Other stem cell markers often applied to identify
MSCs include markers associated with embryonic development like octamer-binding
transcription factor 4 (Oct-4), stage-specific embryonic antigen-3 (SSEA-3), stage-specific
embryonic antigen-4 (SSEA-4) and podocalyxin (TRA-1-60). [78, 79] However, MSCs
typically possess some capacity for self-renewal, though not immortality like totipotent cells,
and they have variable immune-privilege. [80]

Primary cell isolates are usually heterogenous collections of cells with multiple
immunophenotypes that reflect different plasticity and maturity. [81] Despite this, the cells
have characteristic microstructure and ultrastructure. [82] Current knowledge supports that
progenitor cells can differentiate into distinct cells from similar origins as well from other
embryonic layers, a process commonly referred to as transdifferentiation. [83] They also
maintain the capacity to “regress” to an earlier stage of development both by natural and
synthetic means. [84] Additionally, exogenous MSCs can both guide and be guided by

endogenous cells. Despite similar behaviors and morphologies, undifferentiated cells vary
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among species and tissues. [85] This requires individual characterization to elucidate the
distinct properties and potential of cells from each parent tissue and species. [76, 77]

The ability to culture and manipulate progenitor cells in vitro creates a plethora of
opportunities to study normal and abnormal tissue regeneration to direct progressive
therapeutic discovery and translation of cellular therapies. [86] Autologous and autogenous
MSCs appear to promote tissue healing, including hoof, in horses and other species. [87]
Despite this, epigenetic factors are thought to influence the plasticity of progenitor cells, with
cells from a given tissue having the best potential to help repair that tissue. [88] Reports are
mixed surrounding of the efficacy of non-tissue specific MSC therapies in the hoof and other
tissues like the tendon, potentially due to the consequences of epigenetic programming that is
not overcome by limited in vitro manipulation. [89-91] This evidence strongly supports the
need to isolate and characterize progenitor cells from the hoof to understand the effects of
inflammation on them as the potential of exogenous cells or neotissues to reverse or prevent
the disease process.

Flow cytometry and fluorescence activated cell sorting (FACS) are universal tools to quantify
distinct cell characteristics within a heterogeneous progenitor cell isolate. Flow cytometry is
used to differentiate cells based on size, volume and intensity of fluorescence from labeled
antibodies that bind to antigens of interest on or within the cells. [92] The system is typically
composed of a “flow” mechanism by which cells pass through a detection apparatus
composed of a laser activator and light detectors. The light scatter is used to evaluate size and
fluorescence detectors quantify light intensity within specific wavelength ranges. [93] FACS
is a more complex form of flow cytometry that relies on most of the same concepts but has
the added feature of sorting the cells based on size and fluorescence. To accomplish this an
electrostatic charge is applied to fluid droplets containing individual cells. Based on the

presence or absence of a charge, the cells are collected into distinct reservoirs. [94, 95] The
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process of cell sorting is performed with live cells to allow culture following separation. The
level of complexity varies among flow cytometry and FACS systems and can include
relatively few to many detection channels to permit separation of cells expressing a wide

assortment of proteins.
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Figure 6. Photomicrographs of laminar progenitor cells following culture in adipogenic (a),
osteogenic (b) or neurogenic (c) induction medium as well as stromal medium (d, e, f).
Adipose droplets(red), calcium deposits (red) and microtubule-associated protein 2 (Map2)
protein expression (green) were stained with oil red O (a, d), alizarin red (b, €) and anti-map2
with anti-mouse 1gG (c, f), respectively. Nuclei were stained with DAPI (c, f, blue).

Epidermal progenitor cells, are, as the name implies, derived from the embryonic ectoderm.
[96] They inhabit the basal layer of the epidermis and participate in tissue repair and cyclic
renewal under the direction of growth factors like epidermal and fibroblast growth factors.
[97, 98] Like MSCs, they also possess the capability to differentiate in distinct cell lineages
from multiple embryonic layers. [99] Notably, MSCs are reportedly capable of assuming an
epidermal phenotype. Keratin composition changes with maturation stage well as specific
function(s) (Fig. 7). [19] As cells mature from basal cells to transient amplifying cells,

epidermal keratinocytes, and cornified epithelium, keratin expression changes. One example

is the maturation of human epithelial progenitor cells that change keratin expression from
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keratins 7,8,17,18, and 50 to keratins 6 and 16, followed by keratins 1 and 10, and finally
keratins 2 and 9. [24, 100] Keratins 5, 15, and 19 are typically expressed by immature cells.
[101] Human epidermal stem cells and transit-amplifying cells have been distinguished by
high integrin-1p and low rhodamine binding versus low to medium integrin-1p expression
and high rhodamine, respectively. As the progenitor cell knowledge base expands, so does
awareness of distinctions between unique cell populations. [102] Continued diligence to
maintain nomenclature and standards will support consistency and repeatability in progenitor
cell research.

Skin progenitor cells from most species have comparable plasticity to progenitor cells from
other tissues and can mature into multiple lineages including bone, adipose tissue, nerve, and
liver. [97, 103] Several immunophenotypes have been identified among species like K15+,
CD34+ immature keratinocytes from canine hair-follicle tissue and CD29+, K19+ cells from
human, murine and porcine skin.[98, 99] The markers CD34 and K6 are also used to identify
and isolate keratinocytes. [104] Coexpression of keratins 15 and 19 by basal keratinocytes
decreases with age and indicates cell self-renewal and tissue production capabilities in human
skin. [101, 102] Fibroblast-like stem cells from human foreskin express CD90, CD105,
CD166, and CD73 which are also found on human bone marrow derived MSCs. [105, 106]
This information confirms a wide variety of epidermal progenitor cells within heterogeneous,
primary cell isolates, establishes plasticity of the cells, and highlights common surface
antigens with MSCs.

Failure of basal cell proliferation or keratinocyte maturation are associated with mild to
serious and potentially life-threatening skin pathology. [107] A study about human scalp hair
follicle progenitor cells in bald versus hairy scalp showed that there was no difference in the
number of K15+ progenitor cells, but that the number of CD200+, CD34+ cells was lower in

bald scalp, leading to the conclusion that a failure or difference in maturation was the primary
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distinction between the two conditions. [108] On the other end of the spectrum is
epidermolysis bullosa, an inherited skin disorder in humans and horses associated in which
depleted progenitor cells and disrupted homeostasis in the skin that as blistering or sloughing
epidermis. [109] The underlying pathology of the disease is failure of anchoring proteins like
laminin and collagen at the dermal-epidermal junction due to variable genetic mutations. [13,
110] Injection of mesodermal or epidermal progenitor cells injected into lesions has
reportedly promoted local healing of lesions. [111] This leads credibility to the potential for
exogenous progenitor cells or cell factors to restore healing potential to damaged or

compromised tissue.

Figure 7. Fluorescent photomicrographs of cultured equine hoof progenitor cells stained with
anti-K14 and anti-mouse 1gG-488 (green). Nuclei are stained with Hoechst dye (blue).

1.5. Hoof progenitor cells

The epidermal-dermal interface in the stratum lamellatum is unique to the hoof in horses and
the periodontal membrane and fingernail bed in humans. [112, 113] Isolation and culture of
hoof progenitor cells has only recently been described in contrast to isolation of progenitor
cells from the other interface tissues (Fig. 8). Current knowledge supports that primary
progenitor cell isolates from normal and inflamed equine hoof stratum lamellatum express

ectodermal (K14, K15, K19) and mesodermal (CD29, CD44, CD105) genes and proteins, and
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they have both ectodermal (neurogenic) and mesodermal (osteogenic, adipogenic)
differentiation abilities. [114] Further, equine hoof progenitor cells share some ultrastructural
features of both epidermal and mesodermal equine progenitor cells like intracellular vacuoles
and well-developed dilated rough endoplasmic reticulum cisternae (mesodermal) and cell
surface microvilli (ectodermal). [115, 116] Hoof progenitor cells also produce extracellular
matrix on scaffold carriers composed of either polyester or mineral material and on
decellularized lamellar matrix scaffold carriers in vivo, confirming the ability to form
neotissue on custom templates. This suggests that in vitro cell models of the equine stratum
internum may be an alternative This information suggests that in vivo induction of the
condition in otherwise normal hooves.

The description of equine hoof progenitor cell isolation is typical of collagenase tissue
digestion for progenitor cell isolation from adipose tissue and skin with various collagenases
(e.g., type I or type Ill), followed by separation of the cells from tissue remnants with
combinations of filtration, gravity separation, and centrifugation. [117, 118] Notably,
progenitor cells from cryopreserved, intact equine hoof stratum lamellatum have also been
isolated by collagenase digestion. [119] Unlike cells isolated from cryopreserved periodontal
ligament that were indistinguishable from fresh cell isolates, the cells from cryopreserved
hoof tissue show signs of senescence including an irregular cell membrane, electron-dense
cytoplasm, poorly organized rough endoplasmic reticulum, and aggregated chromatin (Fig. 9).
[120] Cryopreservation is reported to “age” fresh cell isolates, and in vivo behavior, plasticity,
growth rate and expansion potential are impacted accordingly. [121, 122] As such, most
reports caution against consideration of continuously cultured and revitalized cells as the
same. [120, 123] It is to distinguish between cryopreserved versus continuously cultured hoof
progenitor cells as well as those isolated from fresh versus cryopreserved tissue given

potential differences between them.
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Figure 8. Stratum lamellatum harvested from an equine hoof (a) and the resulting cell pellet
(b) after digestion, filtering and centrifugation.

Figure 9. Transmission electron photomicrographs of cultured progenitor cells from fresh (a)
and cryopreserved (b) equine stratum lamellatum. The cells from the cryopreserved tissue
show signs of senescence.

1.6. Transdifferentiation and regenerative medicine-scaffold

Transdifferentiation is a complex process by which immature cells assume a new lineage that
is distinct from their embryonic origin, parent tissue or current phenotype. [124] Numerous
distinct and overlapping cell signaling pathways have been associated with
transdifferentiation. Both mesodermal and epidermal progenitor cells possess
transdifferentiation abilities as alluded to above. In mice and humans bone marrow progenitor

cells can assume skin and neural phenotypes. [125, 126] Similarly, in horses, mesodermal

progenitor cells from horse bone marrow show neural crest-like cell morphology and
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expression of neural proteins after neural differentiation. A well-known transdifferentiation
process is epidermal to mesenchymal transition (EMT). Controlled EMT is a key process in
normal tissue healing, while uncontrolled EMT is characteristic of neoplasia. [127, 128] One
caveat raised by researchers is that transitional cells, or cells expressing proteins from
multiple lineages, must be thoroughly characterized to confirm their identity and avoid
confusion with cells that result from fusion of stem cells with somatic cells. [129-132]
Elucidation of the EMT process by hoof progenitor cells may provide novel insight to the
pathology of laminitis.

A natural interface between epidermis and dermis like that in human skin as well as equine
hoof stratum lamellatum would reasonably contain transitional progenitor cells that can
function in repair and maintenance of the complex tissue connection. [133] Recently, cells
that express epidermal, K15, or mesodermal, CD105, proteins were identified in the stratum
lamellatum. [119] Progenitor cell isolates that expressed both proteins were subsequently
isolated from heterogenous stratum lamellatum primary cell isolates and cultured through
multiple passages in vitro (Fig. 10). [116] The cells showed ectodermal and mesodermal
plasticity and transdifferentiation capabilities. The potential for EMT to contribute to
laminitis is suggested by the abundant mesodermal wedge of fibrous tissue typical of the
condition. This is especially notable given the presentation of transitional cells in the stratum
lamellatum. Inflammation has been shown to favor mesodermal tissue formation. [134] This
leads credibility to the potential for inflammatory cytokine driven EMT in inflamed hooves.
Given the potential for diverse neotissue formation, transitional progenitor cells may be a
meaningful therapeutic target to help avoid permanent tissue damage and restore normal

formation after an inflammatory insult in the equine hoof.
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Figure 10. Transmission electron photomicrographs of P3 progenitor cells from equine hoof
stratum lamellatum cultured on culture ware (a) and on decellularized lamellar tissue matrix
(b). Gold-labeled secondary antibody labels (arrow) against K15 (10 nm) and CD105 (20 nm)
localize in cell cytoplasm (a) and on the fibrous construct (b).

Decellularized tissue matrix scaffolds are frequently used for in vitro and in vivo neotissue
formation because they provide structural support and a favorable environment that contains
various amounts of native tissue proteins to facilitate cell attachment and help guide
differentiation. [135, 136] The matrices can be derived from virtually any tissue and are
typically decellularized and partially deproteinized via chemical and thermal means in a
variety of combinations. [137, 138] However, the tissue matrix does not necessarily have to
come from the recipient species or tissue. Decellularized matrices have been used to support
regeneration of tissues from relatively simple musculoskeletal structures to complex organs
like liver. [139, 140]

The complicated skin structure requires a matrix framework that recapitulates or facilitates
formation of the epidermal-dermal junction during healing. Maturation of keratinocytes to
form the protective, outer layers of skin relies on a healthy connection between the epidermis
and dermis. [141] Synthetic and natural tissue matrices alone and with progenitor cells have
been used to augment skin healing, and collagen-based matrices are widely popular. [134] A
report details the use of porcine small intestinal submucosa matrix to treat granulating

wounds on horse distal limbs. [142] MSCs from equine umbilical cord-blood embedded in an

autologous fibrin gel were also found to improve the histologic outcomes of distal limb skin
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wounds. [143] Dextran-based hydrogel scaffold improves neovascularization and skin
regeneration in porcine burn wounds by promoting angiogenic cell infiltration and
accelerating healing kinetics. [144] Porcine burn wounds treated with collagen-
glycosaminoglycan scaffold-MSC constructs had significantly better healing than with
scaffold or cells alone. [145] While the hoof capsule has many differences from most of the
epidermis, the work above establishes strong precedent for tissue matrix and tissue matrix-
cell based therapies to restore normal hoof growth and repair.

Following severe inflammation, some changes in the basal membrane zone of the stratum
lamellatum include altered keratinocyte proliferation, loss or reduction of vital proteins like
laminin and collagen, and decreased cell hemidesmosome connections. Like other tissues,
there appears to be abundant progenitor cells in damaged tissue. However, lack of structural
and protein direction may prevent appropriate differentiation and, in fact, may misdirect
differentiation via EMT. It is possible that minimally invasive implantation of decellularized
stratum lamellatum (Fig. 11) or stratum lamellatum neotissue formed by progenitor cells
under controlled laboratory conditions may provide the necessary clues for restoration of

healthy hoof tissue. Continued in vitro research is necessary to advance and refine potential

administration of exogenous tissue or cell-tissue constructs.

Figure 11. Scanning electron micrograph of decellularized stratum lamellatum matrix
showing the typical lamellar structure (a, arrow) and the surface of the structure (b).
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1.7. The future of progenitor cell therapy

Progenitor cell therapy has gained substantial popularity over the last few decades. Potential
benefits of progenitor cells are abundant and include anti-inflammatory properties, direction
of endogenous cells, and acceleration of tissue healing or formation, among others. Current
Food and Drug Administration regulations, however, place strict regulations on preparation
and administration of primary cell isolates. Potential concerns about their use include lack of
a predictable half-life and route of elimination, the potential for undifferentiated cells to
assume pathologic phenotypes, and possible, dangerous immune reactions. Despite this,
promising results have been reported from primary cell administration. There are also
valuable options for cell use. Some include living tissue models that recapitulate normal and
abnormal embryonic tissue formation and generation of viable tissue grafts and organs for
implantation from autogenous or biocompatible autologous progenitor cells. It is conceivable
that neo-tissue models from hoof progenitor cells may provide a valuable resource for study
and treatment of equine laminitis. The ability to create live tissue models of the sensitive hoof
tissue will significantly advance its study. Culture conditions can be modified to replicate
normal, diseased, and inflamed tissues to evaluate and modify cell responses to withstand and
overcome tissue abnormalities from injury or systemic illness. In vitro neotissue models may
also result in viable tissue grafts and support development of custom therapeutic matrix for
local administration. Inherent to these futuristic, but theoretically attainable goal is the
continued need to isolate and fully characterize native progenitor cell populations. It is only
through focused, incremental advances that the infinite power of the cell can be harnessed to
restore normal function of an organ or system for the health and well-being of a whole

organism.
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CHAPTER 2. INVITRO CHARACTERISTICS OF HETEROGENEOUS
EQUINE PROGENITOR CELL ISOLATES*

2.1. Introduction

Damage to an ectodermal-mesodermal interface like that in the equine hoof and human
fingernail bed can permanently alter tissue structure and associated function. The purpose of
this study was to establish and validate in vitro culture of primary progenitor cell isolates
from the ectodermal-mesodermal tissue junction in equine hooves, the stratum internum, with
and without chronic inflammation known to contribute to lifelong tissue defects. The
following were evaluated in hoof stratum internum cell isolates up to 5 cell passages (P):
expansion capacity by cell doublings and doubling time; plasticity with multi-lineage
differentiation and colony-forming unit (CFU) frequency percentage; immunophenotype with
immunocytochemistry, and flow cytometry; gene expression with RT-PCR; and
ultrastructure with transmission electron microscopy. The presence of K15 and K19 as well
as cluster of differentiation (CD)44 and CD105 was determined in situ with
immunohistochemistry. To confirm in vivo extracellular matrix (ECM) formation, cell-
scaffold (polyethylene glycol/poly-L-lactic acid and tricalcium phosphate/hydroxyapatite)
constructs were evaluated with scanning electron microscopy nine weeks after implantation
in athymic mice. Cultured cells had characteristic progenitor cell morphology, expansion,
CFU frequency percentage and adipocytic, osteoblastic, and neurocytic differentiation
capacity. CD44, CD105, K15, and K19 proteins were present in native hoof stratum internum.
Cultured cells also expressed CD44, CD105, K14, K15 proteins in addition to CD29, K19,

and desmogleins 1 and 3. Gene expression of CD105, CD44, K14, K15, sex determining

*This chapter previously appeared as [Qinggiu Yang, Vanessa Marigo Rocha Pinto, Wei
Duan, Erica E. Paxton, Jenna H. Dessauer, William Ryan and Mandi J. Lopez. “In vitro
characteristics of heterogencous equine hoof progenitor isolates”. Frontiers in Bioengineering
and Biotechnology 7 (2019):155].
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region Y-box 2 (SOX2) and octamer-binding transcription factor 4 (OCT4) was confirmed in
vitro. Cultured cells had large, eccentric nuclei, elongated mitochondria, and intracellular
vacuoles. Scaffold implants with cells contained fibrous ECM nine weeks after implantation
compared to little or none on acellular scaffolds. In vitro expansion and plasticity and in vivo
ECM deposition of heterogeneous, immature cell isolates from the ectodermal-mesodermal
tissue interface of normal and chronically inflamed hooves are typical of primary cell isolates
from other adult tissues, and they appear to have both mesodermal and ectodermal qualities
in vitro. These results establish a unique cell culture model to target preventative and
restorative therapies for ectodermal-mesodermal tissue junctions.

The equine hoof is a complex anatomical structure that changed in size and shape as horses
evolved from a multiple to a single toe ungulate [146-148]. Within a keratinized hoof wall,
the last phalanx of the third digit is suspended by the stratum internum (lamellatum) [149], an
attachment that can be permanently and fatally disrupted by inflammation within the hoof
wall known as laminitis [110, 150-154]. Following damage, complex hoof architecture is
replaced with abundant, poorly organized tissue [155, 156], and current treatments to restore
normal tissue after disruption are largely unsuccessful [157].

Tissue formation in the stratum medium, the cornified tissue layer directly above the stratum
internum, results from basal cell proliferation in the coronary band [158] located at the
proximal aspect of the structure. The cells undergo maturation into partially, keratinocyte, or
fully, corneocyte, keratinized cells as they move downward from the basal layer. Cells on the
surface of the redundant, frond-like lamellae that constitute the ectodermal-mesodermal
tissues in the stratum internum are connected to each other to form tight cell junctions [53,
159]. As the ectodermal component of the tissue connected to the outer hoof wall grows
downward relative to the mesodermal component fixed to the boney third phalanx via

collagen fibrils, cells are thought to detach and reattach via controlled enzymatic activity,
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largely within the basement membrane between them [12, 158]. While cell growth and
maturation is well described for the cornified hoof tissue, the role of progenitor cells within
the stratum internum to production and maintenance of the deeper hoof tissues, those at the
ectodermal-mesodermal interface, are not well elucidated [29, 160].

Isolation and characterization of progenitor cells from the ectodermal-mesodermal tissue
niche of normal and inflamed, laminitic, hooves is necessary to advance understanding of cell
behavior and reparative capacity under normal and inflamed conditions. [161, 162]
Proliferating cells were identified in normal hoof lamellae with 5-bromo-2’-deoxyuridine
(BRdU) [158]. Additionally, epithelial progenitor cells in the lamellae were localized by K14
and transcription factor p63 expression [19, 34, 118, 163]. This information confirms that
progenitor cells exist within the normal stratum internum. Altered progenitor cell behavior
from disease and chronic inflammation disrupts tissue formation and healing in ectodermal-
dermal tissue interfaces like the periodontal membrane and fingernail bed [164-166]. A
mechanism to confidently isolate and culture hoof progenitor cells from the ectodermal-
mesodermal tissue niche of normal and chronically inflamed hooves will provide a useful
tool to evaluate mechanisms of cell damage and target therapies to prevent cell loss and
restore normal growth following injury, local disease or systemic pathology. The purpose of
this study was to establish and validate in vitro culture of progenitor cells from the stratum
internum of equine hooves with and without chronic inflammation.

2.2. Material and methods

2.2.1. Ethics statement

This work was funded in part by the Louisiana State University Equine Health Studies

Program (EHSP) and the United States Department of Agriculture (USDA).
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2.2.2. Study design

Forelimbs from twenty two horses belonging to the University research herd, 14 unaffected
(V) and 8 with laminitis (L), were disarticulated at the metacarpophalangeal joint following
humane euthanasia for reasons unrelated to this study. Cells were isolated from the stratum
internum and progenitor cells selected by plastic affinity. Outcome measures included cell
expansion rate for cell passages (P) 1-3 (n =5 U; n=6 L), P1 trilineage differentiation (n = 3
U; n=3L), PO, 2 and 5 colony forming unit frequency (CFU, n =4 U; n = 3 L) and cell
surface marker expression (n = 8 U; n = 7 L), hoof tissue immunohistochemistry (IHC) (n = 2
U; n =1 L), immunocytochemistry (ICC) of PLand 3 (n=2U; n=2L), PO, 2 and 5 gene
expression of CD44, CD105, K14, K15, octamer-binding transcription factor 4 (OCT4), and
sex determining region Y-box 2 (SOX2) (hn = 4 U; n = 5 L) and transmission electron
microscopy (TEM) of P1 cell ultrastructure (n =2 U; n = 2 L). Scanning electron microscopy
(SEM, n = 1 U) was used to assess extracellular matrix (ECM) deposition on polyethylene
glycol/poly-L-lactic acid (GA) and tricalcium phosphate/hydroxyapatite (HT) scaffolds
loaded with P3 cells 9 weeks after subcutaneous implantation in athymic mice (Table 1).
2.2.3. Radiographs

Hooves were cleaned with soap and water and any shoes removed. Lateral digital radiographs
were performed immediately after limb collection with a portable radiography unit (70 kVp,
41 mAs, MiKasa X-ray Co, Japan) following placement of a radiopaque wire (length: 76.2 cm;
diameter: 0.05 cm) on the dorsal midline of each hoof. A scale bar was included in
radiographs to calibrate software tools used to make measures on digital images (Adobe
Photoshop, version 5.5, Adobe Systems Inc., Seattle, WA). Dorsal rotation was quantified by
subtracting the distance between the distal inner hoof wall and the third phalanx (P3) from
the distance between the proximal hoof wall and P3 (Fig. 1) [167]. Sinking was the distance

between the proximal portion of the coronary band and the extensor process of P3.
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Table 2. Horse Information and Study Assays |

Age (year) Condition Gender Breed Outcomes

CFU CD/DT ICC IHC PCR FC TEM

3 Unaffected Gelding  Thoroughbred X X

8 Unaffected Mare Thoroughbred X X

2 Unaffected Mare Thoroughbred X X

4 Unaffected Gelding Thoroughbred X X

13 Unaffected Mare Quarter Horse X X

3 Unaffected Gelding  Thoroughbred X X

14 Unaffected Mare Quarter Horse X

9 Unaffected Gelding Tennessee X X
Walker

7 Unaffected Mare Arabian X X X

7 Unaffected Gelding Paint Horse X X

22 Unaffected Gelding Palomino X

17 Unaffected Mare Paint Horse X X

10 Unaffected Mare Quarter Horse X X

15 Unaffected Gelding Quarter Horse x X

17 Laminitic Gelding ~ Quarter Horse X X X

4 Laminitic Gelding  Thoroughbred X X X X X

4 Laminitic Gelding  Thoroughbred X X X

19 Laminitic Gelding  Thoroughbred X X

13 Laminitic Mare Quarter Horse X X X X X

7 Laminitic Gelding Quarter Horse X X X X

17 Laminitic Mare Quarter Horse X X X

6 Laminitic Gelding American %
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2.2.4. Tissue harvest

Within 2 hours of harvest, hooves were cleansed with alternating washes of 10% sodium
hypochlorite, sterile water and 0.1% chlorhexidine. With each lateral hoof surface gripped in
a vice, two parallel cuts through hoof wall to bone were made 2 cm apart on the dorsal
surface from coronary band to toe using a reciprocating saw and sterile blades (DC385,
Dewalte, Towson, MD). The cornified stratum externum and stratum medium between the
cuts was elevated with a hoof nipper to expose the stratum internum. A square of
approximately 2x2 cm was extracted from the midpoint of the dorsal surface with a #20
scalpel blade. The tissue was rinsed with 0.01% chlorhexidine then soaked in phosphate
buffered saline (PBS, Hyclone, Logan, UT) containing 1% antibiotic solution (MP
Biomedical, Irvine, CA) for 15-30 minutes at room temperature.

2.2.5. Cell isolation and culture

In a sterile petri dish (Nunctm IVF petri dish, Thermo Fisher Scientific, Inc., Waltham, MA),
tissue was minced into 1x1 mm squares using a #10 scalpel blade and then transferred to 50
ml sterile tubes containing collagenase digest composed of 0.1% bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO) and 0.1% collagenase type-1 collagenase (Worthington
Biochemical Corporation, Lakewood, NJ) in Dulbecco’s modified Eagle’s medium with
Ham’s F12 nutrient mixture (DMEM-Ham’s F12, Hyclone). Samples in digest at a 1:2 tissue
to digest (v/v) ratio were incubated at 37°C for 2 hours with 3-dimensional agitation (5.5xg,
GyroTwister™ GX-1000, LabNet, Inc., Edison, NJ). Subsequently, the digest was passed
through a 100 um followed by a 70 um filter (Thermo Fisher Scientific) and then centrifuged
at 260xg for 5 minutes. The stromal vascular fraction (SVF) was resuspended in stromal
medium (DMEM-Ham’s F12, 1% antibiotic solution (MP Biomedical, Irvine, CA), 10%
characterized fetal bovine serum (VWR Life Science, Radnor, PA)) and cultured on 10 cm

culture plates (Corning Inc., Corning, NY). Medium was refreshed after 24 hours and then
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