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Abstract: Dry eye syndrome is a complex and insidious pathology with a high level of prevalence
among the human population and with a consequently high impact on quality of life and
economic cost. Currently, its treatment is symptomatic, mainly based on the control of lubrication
and inflammation, with significant limitations. Therefore, the latest research is focused on the
development of new biological strategies, with the aim of regenerating affected tissues, or at least
restricting the progression of the disease, reducing scar tissue, and maintaining corneal transparency.
Therapies range from growth factors and cytokines to the use of different cell sources, in particular
mesenchymal stem cells, due to their multipotentiality, trophic, and immunomodulatory properties.
We will review the state of the art and the latest advances and results of these promising treatments
in this pathology.
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1. Introduction

Dry eye disease (DED) has been defined as a multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film, and is accompanied by ocular symptoms
in which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and
neurosensory abnormalities play etiological roles [1]. This pathology is also often secondary to a
multisystem autoimmune disease such as Sjogren’s Syndrome, rheumatoid arthritis, systemic lupus
erythematosus, etc., and is a source of frustration for professionals and patients [2-7].

One study found that the prevalence of DED ranged from approximately 5% to 50% [8], with
higher rates among women and the elderly [4,6,9]. Consequently, DED is an important public health
problem that leads to a sanitary high cost, hinders the performance of the activities of daily living, and
therefore decreases quality of life [2-7].

Recently, it was agreed by the Tear Film and Ocular Surface Society (TFOS) International Dry
Eye Workshop (DEWS) that tear hyperosmolarity and tear instability are the core drivers of DED.
This allowed two major subtypes to be defined: evaporative dry eye (EDE), where tear hyperosmolarity
is the result of an excessive evaporation of the tear film in the presence of normal lacrimal function; and
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aqueous-deficient dry eye (ADDE), where hyperosmolarity results from a reduced lacrimal secretion
in the presence of a normal rate of tear evaporation [10].

Although its pathophysiology is still unclear, the Committee for the International Dry Eye
Workshop highlighted the crucial roles of hyperosmolarity and inflammation in DED [1]. In certain
conditions, there is an increase in the osmolarity of the tear film, either due to poor tear function or to
excessive evaporation of the aqueous tear component, with normal lacrimal secretory function [1,2,5].
This triggers a hyperosmotic state of the ocular surface, which initiates an inflammatory response
involving both innate and adaptive immune systems [1,4,5,8].

Despite the multifactorial nature of DED, this disease can be chronically self-maintained through
a vicious cycle [10], where the epithelial damage secondary to the hyperosmolar state causes
exposure and chronic stimulation of corneal nerve endings. Reduction in corneal sensitivity promotes
neurogenic stress, contributing to the impairment of ocular surface homoeostasis and the release
of proinflammatory factors responsible for greater damage to the ocular surface and to the gland
itself [4,8,10].

An inflamed lacrimal gland may produce abnormal tears containing proinflammatory cytokines,
disrupting the ocular surface, activating angiogenesis and lymphangiogenesis, and exacerbating the
inflammatory response. This perpetuates a chronic inflammatory process responsible for the ocular
surface damage, visual impairment, and other associated symptoms [1,4,10].

Squamous metaplasia of the epithelial cells on the ocular surface occurs, with a gradual loss of
conjunctival goblet cells and an increase in inflammatory cells as well as an increase in the number of
apoptotic epithelial cells [4,8,10].

Currently, there is no cure for dry eye, and the treatments are directed towards improving the
symptoms in order to break the vicious circle of DED and to prevent chronicity and progression of the
disease [1,2,10].

The mainstay of conventional therapy is the application of artificial tears that increase
moisture on the ocular surface and provide additional lubrication [11]. Other pharmacological
approaches—anti-inflammatory and topical immunosuppressory—are used to improve the symptoms
of chronic inflammation [10]. Steroids are the most commonly prescribed short-term treatment
for managing DED-associated inflammation, but their long-term use is not recommended [1,10].
Cyclosporine A is an immunosuppressive peptide derived from fungal origin, and is used as an
anti-inflammatory topical drop for DED treatment. However, adverse ocular events have been
reported [2,10,12]. In recent years, new regenerative strategies have emerged that have made possible
a qualitative advance in the management of this pathology.

2. Hemoderivatives

The use of drops of different blood products in the DED treatment and other pathologies of the
ocular surface has resulted in a remarkable advance in the management of severe cases refractory to
conventional therapy [13-15]. Currently, the most common preparations are the use of autologous or
allogeneic serum drops, platelet-derived plasma products, and umbilical cord blood serum [16,17].

2.1. Autologous Serum (AS)

Serum is the liquid fraction of whole blood that is collected after the blood is allowed to clot.
The clot can be removed by centrifugation and the resulting supernatant—the serum—is prepared
for use as drops [15]. Autologous serum (AS) application was employed in 1975 to treat ocular alkali
injuries [18]. In 1984, its first successful use in patients with dry eye was described [19]. However,
from the works of Tsubota et al. [20,21] in 1999, AS application gained widespread acceptance as an
adjuvant therapy in different ocular surface disorders [3,15,22,23].

The therapeutic advantages of AS use as a substitute for tears are given by their similarity
in certain characteristics, such as pH, osmolality, and biomechanical characteristics. AS fulfills a
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lubricating function and performs anti-inflammatory, antimicrobial, and epitheliotrophic functions
through certain biomolecules of its composition similar to natural tears [13,23] (Table 1).

Table 1. Comparison of several components between natural tears and different hemoderivatives used
in corneal surface.

Component Tear AS PRP ucs
pH 7.4 7.4 6.61-7.26 7.4
Osmolarity 298-300 296 296 296
Water (%) 98 91 - -
Albumin (g/dL) 0.39 453 - -
Globulins (g/dL) 0.27 2.3 - -
EGF (ng/mL) 0.2-0.3 0.1-0.2 0.27-4.9 0.5
TGF-B (ng/mL) 2-10 6-33 6.4-67.3 57
NGF (pg/mL) 107.5-468 54-401 37.7 730
IGF-1 (ng/mL) 75.5-157 375 93.5 230
PDGF (ng/mL) 1.33 15-17 13-86 -
VEGF (pg/mL) - 34.7-160 60-124 -
Vitamin A (ng/mL) 16 372 - 231
Vitamin C (mg/mL) 0.117 0.02 - -
SP (pg/mL) 69.8-157 71-169 - 245
Lysozyme (mg/mL) 1.4 6 - 6
Surface IgA (ug/mL) 1190 2 - -
Fibronectin (pg/mL) 21 30-205 28.9-31.1 -
Lactoferrin (ng/mL) 1650 266 - -
Calcium (mmol/L) 0.3-2 2.5 - -
Potassium (mmol/L) 2642 45 - -
Sodium (mmol/L) 120-170 140 - -

AS: autologous serum; EGF: epidermal growth factor; IGF-1: insulin-like growth factor 1, NGF: nerve growth factor;
PDGE: platelet-derived growth factors; PRP: platelet-rich plasma; SP: substance P; TGF-f: transforming growth
factor 3; UCS: umbilical cord blood serum; VEGEF: vascular endothelial growth factor.

In AS, composition is emphasized; various substances are present which also exist in normal
tears, including growth factors such as transforming growth factor (TGF-§3), platelet-derived growth
factors (PDGF), epidermal growth factor (EGF), nerve growth factor, and insulin-like growth
factor 1; neurotrophic factors (substance P); cytokines; bacteriostatic factors (lactoferrin, lysozyme,
immunoglobulins); fibronectin and vitamin A and E [13,23,24] (Table 1). Some of them have an
increased concentration with respect to natural tears, such as vitamin A, lysozyme, TGF-3, and
fibronectin, and some components are present in lesser concentrations, such as immunoglobulin A,
epithelial EGF, and vitamin C [15,23,24].

TGE- is known to have dose-dependent antiproliferative properties, and its average levels are
usually five times higher in AS than in natural tears, so it is usually used at 20% dilution to prevent the
potentially harmful effect of avoiding possible retardation of epithelial wound healing. Nonetheless,
dilution may reduce the concentration of other beneficial factors—particularly EGF and fibronectin,
which are proven to support the proliferation and migration of corneal epithelial cells [3,15,23-25].

Despite many clinical studies demonstrating their efficacy, there is no standard protocol for
obtaining AS [16,17]. Individual particularities, patient health status, collection of whole blood,
production protocol, dilution, storage, and treatment regimens, have been described as factors that
affect the composition and efficacy of the product, leading to variability in the results [7,15,26-28].

However, the presence of leucocytes during the AS preparation procedure increases the level of
pro-inflammatory cytokines (interleukin 6 (IL-6), IL-1f3, and tumor necrosis factor-o (TNF-«), etc.),
added to the presence of immunoglobulins and complement, may be deleterious for many patients
suffering from immunological alterations [29].

Although some growth factors (e.g., EGF, TGF-f3, and insulin-like growth factor 1 (IGF-1)) are
relatively stable, neurotrophic factors as substance P (SP) and calcitonin gene-related peptide (CGRP)
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significantly degraded at —15 °C in 6 weeks and at +4 °C in 24 h [15]. Thus, AS storage must be carried
out in freezer at —20 °C, and it must be thawed before use and kept in in the refrigerator at +4 °C if it
is to be stored for 24 h to a week. The serum eye drops must be used within three months of the date
of production [4,23,27]. It is important that vials containing AS be kept away from light to avoid the
degradation of vitamin A [15].

The AS tears regimen of daily application goes from hourly up to three times a day [13,15,26].
Preservatives are usually not added to AS, thus reducing the risk of preservative-induced toxicity.
However, a lack of preservatives theoretically increases the risk of ocular infections [14,23,26].

Few studies have directly compared clinical outcomes of different concentrations of AS [13,15,30].
Most published studies have reported the use of 20% AS eye drops for treating a number of ocular
surface conditions, mainly in dry eye, where AS suppresses apoptosis in the ocular surface epithelium
and increases goblet cell density in dry eye [23,30]. Nevertheless, its potential benefits have been
questioned by a recent meta-analysis [15].

Undiluted serum was more effective in epithelial cell migration and epithelial healing in
postoperative corneal epithelial defect following various ocular surgeries, probably because of the
higher concentration of fibronectin, shortening the healing time and decreasing the risk of chronic
epithelial defect and complications [14,28].

The TFOS DEWS Il Management and Therapy Report shows a table with results from 14 clinical
studies on the efficacy of autologous serum in DED. Among these studies there is substantial variation
for production parameters, endpoints, dose frequency, and treatment duration. Sixty to eighty percent
of patients showed positive responses [31].

2.2. Allogeneic Serum (ALS)

ALS from healthy blood donors was used when a patient’s own serum was unsuitable, unavailable,
or where repeated blood sampling was not possible, including patients with viral infection, septicemia,
severe anemia, and elderly patients with multiple systemic diseases [7,17,26].

ALS use offers an additional advantage in some immune-mediated pathologies with large
inflammatory and systemic component, where the direct transfer of AS containing elevated levels of
pro-inflammatory cytokines to the eye should be avoided [7,32].

On the other hand, ALS would allow the production of large quantities of tears, greatly improving
the logistics of the treatment and making it possible to standardize and screen the composition of
cytokines, anti-inflammatory, and epitheliotrophic components to improve their efficacy [7].

2.3. Platelet-Rich Plasma (PRP)

Under the generic term PRP is included a variety of products and denominations derived from the
patient’s own blood, which can be obtained by centrifugation to obtain a plasma fraction with a platelet
concentration higher than that in the circulating blood [33]. Platelets can be artificially activated and
release their contents housed in alpha granules, rich in a large pool of proteins and factors including
EGEFE, PDGF, TGF-§3, secrete vascular endothelial growth factor (VEGEF), IGF-1, hepatic growth factor
(HGF), nerve growth factor (NGF), and platelet factor 4 (PF-4) involved in the wound healing process
of the cornea and conjunctival surface [34,35] (Table 1).

Depending on their preparation, composition, and especially the concentration of platelets and the
presence or absence of leucocytes, different products are obtained: PDGF, plasma rich in growth factors
(PRGF), plasma rich in platelet and growth factors (PRPGF), platelet concentrate (PC), leukocyte-rich
platelet-rich plasma (LR-PRP), leukocyte-poor platelet-rich plasma (LP-PRP), among others [13,36,37].

Currently, there are more than 40 different preparation methods, which makes it difficult to
compare different scientific results in terms of both efficacy and safety [13,35,38]. Regarding the
industrialization of PRGF eye drops, there are studies of preservation and biological activity for 3
months in human use, with good outcomes in the care for patients with severe dry eye that do not



Int. ]. Mol. Sci. 2017, 18, 2264 5o0f 14

respond to conventional therapy [39], with special success in neutrophic cases [40]. Finally, PRGF
could be used to support the growth of limbal stem cells [41,42].

PRP cellular composition defines the concentrations of growth factor and catabolic cytokine.
The platelet concentration is positively correlated with all growth factors, increasing anabolic
signaling [36,37].

Leukocytes strongly influence the quality of PRPs. Leukocytes increased catabolic signaling
molecules like matrix metallopeptidase 9 (MMP-9) that are strongly correlated with the leukocyte
concentration. There is a direct correlation between leucocytes with PDGF and the VEGF concentration,
while it is negatively correlated with fibroblast growth factor (FGF) [37].

The role of non-platelet components of whole blood contributes to their biological activity—in
particular, red and white blood cells may be detrimental by participating in unwanted inflammatory
reactions. In spite of the possible negative pro-inflammatory effect caused by the presence of
leukocyte [29,38], other studies suggest that the non-platelet cellular components are important
for optimal platelet function, including thrombin generation leading to robust coagulation, growth
factor release, and the resulting capacity of the serum to stimulate cell proliferation [36].

Different investigations have evaluated the safety and efficacy of the use of different PRP
preparations in the treatment of dry eye, demonstrating an improvement in tear film quality and
the severity of symptoms, even in patients previously treated with AS [38,39]. PRP has certain
contraindications to its use, such as serious cardiac disease in the extraction phase, active bacterial
infections, and a history of certain viral infectious diseases (B hepatitis, HIV, etc.) [35].

Therefore, depending on the clinical application, modifying the PRP preparation method should
be considered based on their ability to concentrate platelets and leukocytes with sensitivity to
pathologic conditions essential to achieve better clinical results.

2.4. Umbilical Cord Blood Serum (UCS)

Like peripheral blood serum, UCS contains a high concentration of tear components. Compared
to blood serum, concentrations of EGF and TGF-f are three and two times higher, respectively. UCS
has higher NGF and SP and lower IGF-1 and vitamin A, but it is higher than the concentration in
normal tears [29,43]. UCS shows a bacteriostatic effect because it contains antibacterial agents such as
immunoglobulin G, lysozyme, and complement [39] (Table 1).

UCS eye drops are recommended to use at 20% concentration, and are usually instilled four
to six times per day. They must be stored at —20 °C for 3 to 6 months [29,43]. They have been
used to treat various ocular surface diseases, including severe dry eye with or without Sjogren’s
syndrome, ocular complications in graft-versus-host disease, persistent epithelial defects, neurotrophic
keratopathy, recurrent corneal erosions, ocular chemical burn, and surface problems after corneal
refractive surgery [13,43,44].

Compared with AS eye drops, UCS eye drops have been more effective in decreasing symptoms
and have epitheliotrophic effects, increasing goblet cell density in severe dry eye syndrome [29].

A large amount of sample can be drawn from the umbilical vein at the time of delivery, so that the
requirement for several patients can be met at the same time. The risk of allergies and the possibility of
transmitting parenteral diseases must be evaluated [44].

3. Stem Cell Therapy

In the last decade, there has been an emerging interest in stem cell therapy for different pathologies,
including ocular diseases [45-48]. Among all cell candidates to be employed, mesenchymal stem cells
or multipotent stromal cells (MSCs) have been the most interesting for researchers [46,49].
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3.1. MSCs (Auto/Allogeneic)

MSCs are currently proposed as cell therapy for many diseases, particularly those with an
inflammatory and immunomediated component. There are over 740 clinical trials now listed at
www.clinicaltrials.gov using MSCs. Autologous and allogenic cell therapies are now ongoing.

MSCs are a group of fibroblast-like self-renewing, non-hematopoietic, multipotent progenitor cells,
and are ontogenically derived from the embryonic layer of the mesoderm. The International Society
for Cellular Therapy has suggested minimal criteria to define the MSC: they are plastic-adherent, must
present a certain surface molecule profile and be able to differentiate to at least three mesenchymal
lineages (osteogenesis, adipogenesis, and chondrogenesis) [50]; in addition, they must maintain
their immunomodulatory potential [51]. Due to a lack of major histocompatibility complex II
(MHC-II) expression and co-stimulatory molecules (such as CD40, CD80, and CD86), they can be used
allogenetically since they escape the recognition and action of T cells and natural killer (NK) cells [52].

They fulfil a function as a reservoir of undifferentiated cells for the regeneration of the tissues
where they are located, having been isolated in diverse adult or extraembryonic tissues [53,54].
They present the migration and homing capacity to the site of the lesion in response to the cytokines,
chemokines, and growth factors released [55,56]. In addition, they do not raise ethical issues and have
very low tumorigenesis potential [57-60].

Different mesenchymal stem-like cell populations have been identified in the eye: basal limbus,
corneal stroma, trabecular meshwork, choroids, and periorbital fat [47,61,62]. MSCs can differentiate
both towards mesenchymal lineages and other germ lines [58,59], among them different cell types
present in the corneal surface such as epithelial, stromal, and endothelial [55,60,63].

Actually, it is well established that the ability to modulate the immune system plays a fundamental
role in almost all the therapeutic effects attributed to these cells, rather than their capacity of
differentiation in different cell lineages [54,60,64,65]. This property is carried out through the release
of a large variety of bioactive substances with autocrine and paracrine effects, encompassed under the
concept of the secretome [56,66]. There are included a huge variety of molecules, including proteins,
growth factors, antioxidants, proteasomes, microvesicles, and exosomes, which target a multitude
of biological targets (pleiotropic effect) [67,68], and are responsible for different effects: production
of extracellular matrix, antiapoptotic, antifibrotic, chemoattractive, neuroprotective, morphogenic,
angiogenic, antimicrobial, immunomodulatory, etc. [56,69,70]. The composition of the secretome and
its immunomodulatory capacity varies with the species, source method of manufacture, medication,
and microenvironment where the MSCs are homeing [49,54,71].

The immunomodulatory effect of MSCs is exerted on both the innate and adaptive immune
response, through different mechanisms such as direct cell-to-cell contact and the secretion of different
soluble substances in their secretome [65]. In particular, the indolamine 2,3-dioxygenase (IDO),
prostaglandin E2 (PGE2), TGF-3, HGF, nitric oxide (NO), IL-1, IL-6, and interleukin 1 receptor
antagonist, among others [64,65,72]. However, their immunomodulatory mechanism is not restricted
to soluble factors. Recently, it has been shown that the exosomes excreted by MSCs modulate the
inflammatory response, in addition to other functions via direct action on resident cell targets [67,72,73].

Regarding innate immunity, MSCs have demonstrated the ability to modulate different types
of cells that constitute this first line of defense, such as macrophages, neutrophils, dendritic cells,
and NK [54,65,72,74]. Regarding adaptive immunity, they demonstrate a very interesting aspect of
immunomodulation, due to their broad action capacity on Th1, Th2, and Th17 responses [54,65,75,76].

It is considered that one of the major MSCs” immunomodulation mechanisms is the regulation
of T cells—both CD4+ and CD8+—by cell-to-cell contact and inhibitory molecules of their
secretome [54,67,76]. They are also able to act on B cells by modifying their activation, proliferation,
chemotactic response, and differentiation to becoming antibody-secreting plasma cells [54,65,75,76].

The immunomodulatory capacity of MSCs is also complemented by their important potential to
promote the generation and maintenance of the activity of different types of regulatory T cells [54,67,75].
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Regulatory T cells are cell mediators of peripheral immunological tolerance, and their absence results
in excessive multisystem autoimmunity [77,78].

MSCs implantation by different routes has raised very interesting expectations in the treatment of dry
eye and regeneration of the ocular surface, thanks to their capacities of immunomodulation and regenerative
potential [78,79]. MSC therapy in experimental DES syndrome models improved tear volume and tear
film stability, increasing epithelial recovery and the number of goblet cells and decreasing the number of
meibomian gland injuries in the conjunctiva [77,80]. Decreasing CD4+ T cells and proinflammatory factors
(IL-2, interferon-gamma (IFN-y), IL-17, and MMP-2) and increasing anti-inflammatory T cell responses
augments the regulatory T cells, preventing the progression of the process [80].

Somewhat more than half of human patients with refractory dry eye secondary to chronic
graft-versus-host disease (GVHD) treated with MSCs showed reduced symptoms with improved dry
eye scores, which suggests that MSCs regulate the balance between Th1 and Th2 [81].

Our group was the first to demonstrate the clinical efficacy of periglandular implanted allogeneic
MSCs in a canine model. Canines are a superior preclinical animal model, suffering the disease in
a natural way similar to humans, avoiding the use of other induced animal models, far from the
immune-mediated component of this pathology [82] (Figure 1).

Figure 1. Results of periglandular MSCs (mesenchymal stem cells or multipotent stromal cells)
implantation in severe and refractory canine keratoconjunctivitis sicca. (a) Before implantation; (b) After
9 months of treatment.

We demonstrated that the MSCs periglandular implantation of the lacrimal glands was an easy
and effective system in the functional restoration, with therapeutic response for at least one year,
increasing tear secretion and restoring the inherent clinical signs of the disease in dogs refractory to
conventional treatment [82]. Similar results have subsequently been reported [83] (Figure 2).

TN S
/" Immunomodulatory Ve .
Regenerative effects |

Proinflammatory cytokines

(IL-2, IFN-y, IL-17, MMP-2) v Meibomian glands

Antiinflammatory cytokines v Goblet cells
(IL-6, IL-10 ,TGF-B) v Aqueous tear volume
1 Regulatory T cell v Tear film stability
Balance Th1/Th2 ; v’ Corneal healing
\ ) \_ -
~..

gg

i

- ~

3 Transdifferentiation
TSPl

VEGF
e %KMSCs

Figure 2. Main mechanisms of action of MSCs implantation in dry eye and ocular surface. IFN-y:

1 Antiangiogenesis A

v’ Epithelial corneal cells
v Corneal stromal cells
o S

interferon-gamma; IL-2: interleukin 2; MM-2: matrix metalloproteinase-2.



Int. ]. Mol. Sci. 2017, 18, 2264 8 of 14

Another interesting aspect was to use allogeneic cells as a therapeutic element. There is increasing
evidence that factors such as the age or concomitant diseases affect the efficacy of MSCs [84-86].
DED is a pathology that fundamentally affects aged patients and is often accompanied by other
immunomediated processes, where the allogeneic therapy presents a great advantage [35-37].
This allows the use of perfectly characterized cells in the laboratory from healthy controlled donors
and simplifies the logistics for delivery and transplantation [82]. In severe DED, there is damage of the
corneal surface [4,9,10]. The damage of the corneal epithelial cell layer and the deeper stromal layer
involves a healing process mediated by the activation of progenitor cells that are found in the limbal
region of the cornea: the limbal epithelial stem cells (LESCs) [62,78]. Extensive loss of LESCs leads to a
persistent corneal epithelial defect and corneal conjunctivalization [79,87].

The importance of the limbal niche in the regeneration of the corneal surface has been perfectly
described, where in addition to the existence of a population of limbal epithelial stem/progenitor cells
responsible for corneal differentiation, there is a population of MSCs located underneath them with an
important role in the regeneration of the corneal surface [62].

Currently LESCs transplantation is the only European Medicines Agency (EMA) authorized
cellular therapy for the repair of lesions of the corneal surface. This is possible in unilateral disease,
when the contralateral cornea is healthy or less damaged. However, there is a risk of limbal stem cell
deficiency development in the donor eye. Allogeneic limbal transplantation has been conducted by a
number of ophthalmologists; however, results were not satisfactory, and treatment requires prolonged
immunosuppressive therapy [60]. Additionally, the use of MSCs in different models and routes of
administration has aroused great expectation in corneal wound healing, decreased conjunctivalization,
corneal opacity, inflammation and the area of neovascularization [60,80].

The transplanted MSCs enhanced corneal wound healing by trophic factor production and immune
regulatory effect, rather than by direct transdifferentiation into corneal cells [49,62,87]. Corneal scarring
is the main complication of corneal wound healing. Corneal fibroblasts (activated stromal keratocytes)
migration and their response are modulated by various cytokines and growth factors, which are
significantly inhibited by MSCs. The antiscarring capacity of MSCs has been widely reported [49,87].

MSCs have been shown to be good activators of angiogenesis and secrete VEGF [88,89]. However,
MSCs seemed to have an opposite effect on corneal angiogenesis, upregulated the expression of
thrombospondin-1 (TSP-1, a powerful antiangiogenic factor), and significantly downregulated MMP-2,
an inflammation-related proangiogenic factor [90].

In conclusion, based on the multiple effects such as anti-inflammatory, immunomodulatory,
antiangiogenic, tear production, and corneal wound healing (reduce neutrophil and macrophage
infiltration, help epithelial recovery, decreased number of meibomian gland injuries in the
conjunctiva, and increasing number of goblet cells), MSCs are a promising source to treat dry eye
syndrome [63,82,90] (Figure 1).

3.2. MSCs Secretome

As discussed above, many of the MSCs’ action mechanisms are carried out through the release
of a wide variety of bioactive substances encompassed under the concept of the secretome [56,66,70].
The secretome is composed of soluble factors and extracellular vesicles, as microvesicles or
exosomes [55,69]. It is thought to be encoded by approximately 10% of the human genome [91,92].
The secretome plays a crucial role as mediators in cell-to-cell interactions and with the surrounding
tissues, in functions such as proliferation, differentiation, communication, and migration [56,68].

In recent years, a large number of studies have focused on characterization of the stem cell secretome
and have shown great potential in a variety of clinical applications as a cell-free option for regenerative
medicine therapies. Ocular surface pathologies are an excellent objective for such a therapy [70,91-94].

The experimental topical instillation of the secretome in ocular diseases has shown significant
improvement in corneal wound healing, attenuating corneal inflammation by inhibition of the
proinflammatory cytokines and infiltration of inflammatory cells [94,95]. In allergic conjunctivitis,



Int. ]. Mol. Sci. 2017, 18, 2264 9of 14

anti-allergic effects were shown with a reduction of inflammatory cell conjunctival infiltration,
inhibition of B cells, mast cells, and histamine functions, through a COX-2-dependent mechanism [96].

The future advantages of the use of the secretome in superficial ocular diseases is to prevent some of
the undesirable effects associated with the traditional use of stem cells in regenerative medicine therapy,
including reduced concerns for oncogenic potential, lack of immunogenic reaction enabling allogeneic use,
and the transmission of infections [68,70]. From the logistic point of view, it could be prepared in advance
in large quantities, allowing its long-term storage and immediate delivery for treatment. Stem cells
could be considered as tunable pharmacological storehouses useful for combinatorial drug manufacture,
delivery, and could be adjusted for different clinical applications [92,96].

4. Conclusions

Despite the large number of therapeutic strategies in the management of DED, in recent years new
regenerative therapies have consolidated a new perspective in the management of this complex disease,
such that it is necessary to have standardization and comparison of their results. This represents
an important gateway of hope in the treatment of these pathologies, and an opportunity for further
development of pharmacological and cell therapy interventions.
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Abbreviations

DED Dry eye disease

AS Autologous serum

TGEF-p Transforming growth factor-beta
PDGF Platelet-derived growth factor

EGF Epidermal growth factor

NGF Nerve growth factor

IGF-1 Insulin-like growth factor 1

VEGF Vascular endothelial growth factor
SpP Substance P

PRP Platelet-rich plasma

UCs Umbilical cord blood serum

IL Interleukin

TNF-a Tumor necrosis factor-o

CGRP Calcitonin gene-related peptide
ALS Allogeneic serum

HGF Hepatocyte growth factor

PF-4 Platelet factor-4

PRGF Plasma rich in growth factors
PRPGF Plasma rich in platelet and growth factors
PC Platelet concentrate

LR-PRP Leukocyte-rich platelet-rich plasma
LP-PRP Leukocyte-poor platelet-rich plasma
MMP-9 Matrix metallopeptidase 9

MSCs Mesenchymal stem cells or multipotent stromal cells
MHC-II Major histocompatibility complex II
NK Natural killer cells

IDO Indolamine 2,3-dioxygenase

PGE2 prostaglandin E2
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NO Nitric oxide

IFN-y Interferon-gamma

LESCs Limbal epithelial stem cells
TSP-1 Thrombospondin-1
References

1. Craig, ].P; Nichols, K.K.; Akpek, E.K.; Caffery, B.; Dua, H.S.; Joo, C.K,; Liu, Z.; Nelson, J.D.; Nichols, J.J.;
Tsubota, K.; et al. TFOS DEWS II definition and classification report. Ocul. Surf. 2017, 15, 276-283. [CrossRef]
[PubMed]

2. Milner, M.S.; Beckman, K.A.; Luchs, J.I; Allen, Q.B.; Awdeh, R.M.; Berdahl, J.; Boland, T.S.; Buznego, C.;
Gira, ].P; et al. Dysfunctional tear syndrome: Dry eye disease and associated tear film disorders—New
strategies for diagnosis and treatment. Curr. Opin. Ophthalmol. 2017, 27, 3—47. [CrossRef] [PubMed]

3. Foulks, G.N.; Forstot, S.L.; Donshik, P.C.; Forstot, ].Z.; Goldstein, M.H.; Lemp, M.A.; Nelson, ].D.;
Nichols, K.K.; Pflugfelder, S.C.; Tanzer, ].M.; et al. Clinical guidelines for management of dry eye associated
with Sjogren disease. Ocul. Surf. 2015, 13, 118-132. [CrossRef] [PubMed]

4.  Stevenson, W.; Chauhan, S.K.; Dana, R. Dry eye disease: An immune-mediated ocular surface disorder.
Arch. Ophthalmol. 2012, 130, 90-100. [CrossRef] [PubMed]

5. Messmer, E.M. The pathophysiology, diagnosis, and treatment of dry eye disease. Dtsch Arztebl Int. 2015,
112, 71-81. [PubMed]

6.  Smith, J.A. The epidemiology of dry eye disease: Report of the Epidemiology Subcommittee of the
International Dry Eye WorkShop (2007). Ocul. Surf. 2007, 5, 93-107. [CrossRef]

7.  Stenwall, P-A.; Bergstrom, M.; Seiron, P.; Sellberg, F.; Olsson, T.; Knutson, E; Berglund, D. Improving
the anti-inflammatory effect of serum eye drops using allogeneic serum permissive for regulatory T cell
induction. Acta Ophthalmol. 2015, 93, 654-657. [CrossRef] [PubMed]

8.  Stapleton, F; Alves, M.; Bunya, V.Y,; Jalbert, I.; Lekhanont, K.; Malet, F.; Na, K.S.; Schaumberg, D.; Uchino, M.;
Vehof, ].; et al. TFOS DEWS II epidemiology report. Ocul. Surf. 2017, 15, 334-365. [CrossRef] [PubMed]

9. Steven, P.; Braun, T.; Krosser, S.; Gehlsen, U. Influence of aging on severity and anti-inflammatory treatment
of experimental dry eye disease. Klin. Monbl. Augenheilkd. 2017, 234, 662-669. [PubMed]

10. Bron, A].; de Paiva, C.S.; Chauhan, S.K.; Bonini, S.; Gabison, E.E.; Jain, S.; Knop, E.; Markoulli, M.; Ogawa, Y.;
Perez, V.; et al. TFOS DEWS II pathophysiology report. Ocul. Surf. 2017, 15, 438-510. [CrossRef] [PubMed]

11. Song, ] K.; Lee, K.; Park, H.Y,; Hyon, J.Y.,; Oh, S.-W.; Bae, WK.; Han, J.-S,; Jung, S.Y.; Um, Y].;
Lee, G.-H.; et al. Efficacy of carboxymethylcellulose and hyaluronate in dry eye disease: A systematic
review and meta-analysis. Korean J. Fam. Med. 2017, 38, 2-7. [CrossRef] [PubMed]

12. Zhou, X.Q.; Wei, R.L. Topical cyclosporine A in the treatment of dry eye: A systematic review and
meta-analysis. Cornea 2014, 33, 760-767. [CrossRef] [PubMed]

13.  Soni, N.G.; Jeng, B.H. Blood-derived topical therapy for ocular surface diseases. Br. |. Ophthalmol. 2016, 100,
22-27. [CrossRef] [PubMed]

14. Lekhanont, K.; Jongkhajornpong, P.; Anothaisintawee, T.; Chuckpaiwong, V. Undiluted serum eye drops for
the treatment of persistent corneal epithelial defects. Sci. Rep. 2016, 6, 38143. [CrossRef] [PubMed]

15. Pan, Q.; Angelina, A.; Marrone, M.; Stark, W.J.; Akpek, E.K. Autologous serum eye drops for dry eye.
Cochrane Database Syst. Rev. 2017, 2, CD009327. [CrossRef] [PubMed]

16. Marks, D.C.; van der Meer, P.F. Biomedical Excellence for Safer Transfusion (BEST) Collaborative Serum eye
drops: A survey of international production methods. Vox Sang. 2017, 112, 310-317. [CrossRef] [PubMed]

17.  Van der Meer, PE; Seghatchian, J.; Marks, D.C. Quality standards, safety and efficacy of blood-derived
serum eye drops: A review. Transfus. Apher. Sci. 2016, 54, 164-167. [CrossRef] [PubMed]

18. Ralph, R.A.; Doane, M.G.; Dohlman, C.H. Clinical experience with a mobile ocular perfusion pump.
Arch. Ophthalmol. 1975, 93, 1039-1043. [CrossRef] [PubMed]

19. Fox, R.I.; Chan, R.; Michelson, ].B.; Belmont, J.B.; Michelson, P.E. Beneficial effect of artificial tears made
with autologous serum in patients with keratoconjunctivitis sicca. Arthritis Rheumatol. 1984, 27, 459-461.
[CrossRef]

20. Tsubota, K.; Goto, E.; Fujita, H.; Ono, M.; Inoue, H.; Saito, I.; Shimmura, S. Treatment of dry eye by autologous
serum application in Sjogren’s syndrome. Br. J. Ophthalmol. 1999, 83, 390-395. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jtos.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28736335
http://dx.doi.org/10.1097/01.icu.0000512373.81749.b7
http://www.ncbi.nlm.nih.gov/pubmed/28099212
http://dx.doi.org/10.1016/j.jtos.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25881996
http://dx.doi.org/10.1001/archophthalmol.2011.364
http://www.ncbi.nlm.nih.gov/pubmed/22232476
http://www.ncbi.nlm.nih.gov/pubmed/25686388
http://dx.doi.org/10.1111/j.1600-0420.2007.01063_2858.x
http://dx.doi.org/10.1111/aos.12801
http://www.ncbi.nlm.nih.gov/pubmed/26178796
http://dx.doi.org/10.1016/j.jtos.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28736337
http://www.ncbi.nlm.nih.gov/pubmed/28505677
http://dx.doi.org/10.1016/j.jtos.2017.05.011
http://www.ncbi.nlm.nih.gov/pubmed/28736340
http://dx.doi.org/10.4082/kjfm.2017.38.1.2
http://www.ncbi.nlm.nih.gov/pubmed/28197326
http://dx.doi.org/10.1097/ICO.0000000000000123
http://www.ncbi.nlm.nih.gov/pubmed/24815112
http://dx.doi.org/10.1136/bjophthalmol-2015-306842
http://www.ncbi.nlm.nih.gov/pubmed/26178904
http://dx.doi.org/10.1038/srep38143
http://www.ncbi.nlm.nih.gov/pubmed/27909310
http://dx.doi.org/10.1002/14651858.CD009327.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28245347
http://dx.doi.org/10.1111/vox.12502
http://www.ncbi.nlm.nih.gov/pubmed/28332214
http://dx.doi.org/10.1016/j.transci.2016.01.022
http://www.ncbi.nlm.nih.gov/pubmed/26847866
http://dx.doi.org/10.1001/archopht.1975.01010020815015
http://www.ncbi.nlm.nih.gov/pubmed/1180750
http://dx.doi.org/10.1002/art.1780270415
http://dx.doi.org/10.1136/bjo.83.4.390
http://www.ncbi.nlm.nih.gov/pubmed/10434857

Int. ]. Mol. Sci. 2017, 18, 2264 11 0f 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Tsubota, K.; Goto, E.; Shimmura, S.; Shimazaki, J. Treatment of persistent corneal epithelial defect by
autologous serum application. Ophthalmology 1999, 106, 1984-1989. [CrossRef]

Geerling, G.; Maclennan, S.; Hartwig, D. Autologous serum eye drops for ocular surface disorders. Br. .
Ophthalmol. 2004, 88, 1467-1474. [CrossRef] [PubMed]

Lee, ].H.; Kim, M.].; Ha, SW.; Kim, H.K. Autologous platelet-rich plasma eye drops in the treatment of
recurrent corneal erosions. Korean J. Ophthalmol. 2016, 30, 101-107. [CrossRef] [PubMed]

Bradley, ].C.; Bradley, R.H.; McCartney, D.L.; Mannis, M.]J. Serum growth factor analysis in dry eye syndrome.
Clin. Exp. Ophthalmol. 2008, 36, 717-720. [CrossRef] [PubMed]

Yamada, C.; King, K.E.; Ness, PM. Autologous serum eyedrops: Literature review and implications for
transfusion medicine specialists. Transfusion 2008, 48, 1245-1255. [CrossRef] [PubMed]

Maclennan, S.; Hartwig, D.; Geerling, G. Experiences with a centralized national service for autologous
serum eyedrops in England. Ophthalmologe 2008, 105, 639-643. [CrossRef] [PubMed]

Partal, A.; Scott, E. Low-cost protocol for the production of autologous serum eye drops by blood collection
and processing centres for the treatment of ocular surface diseases. Transfus. Med. 2011, 21, 271-277.
[CrossRef] [PubMed]

Liu, L.; Hartwig, D.; Harloff, S.; Herminghaus, P.; Wedel, T.; Geerling, G. An optimised protocol for the
production of autologous serum eyedrops. Graefes Arch. Clin. Exp. Ophthalmol. 2005, 243, 706-714. [CrossRef]
[PubMed]

Yoon, K.-C.; Heo, H.; Im, S.-K,; You, I.-C.; Kim, Y.-H.; Park, Y.-G. Comparison of autologous serum and
umbilical cord serum eye drops for dry eye syndrome. Am. |. Ophthalmol. 2007, 144, 86-92. [CrossRef]
[PubMed]

Cho, YK.; Huang, W,; Kim, G.Y.; Lim, B.S. Comparison of autologous serum eye drops with different diluents.
Curr. Eye Res. 2013, 38, 9-17. [CrossRef] [PubMed]

Jones, L.; Downie, L.E.; Korb, D.; Benitez-Del-Castillo, ].M.; Dana, R.; Deng, S.X.; Dong, P.N.; Geerling, G.;
Hida, RY,; Liu, Y.; et al. TFOS DEWS II management and therapy report. Ocul. Surf. 2017, 15, 575-628.
[CrossRef] [PubMed]

Kunz, M.; Ibrahim, S.M. Cytokines and cytokine profiles in human autoimmune diseases and animal models
of autoimmunity. Mediat. Inflamm. 2009, 2009, 979258. [CrossRef] [PubMed]

Wang, H.-L.; Avila, G. Platelet rich plasma: Myth or reality? Eur. J. Dent. 2007, 1, 192-194. [PubMed]
Anitua, E.; Andia, I.; Ardanza, B.; Nurden, P.; Nurden, A.T. Autologous platelets as a source of proteins for
healing and tissue regeneration. Thromb. Haemost. 2004, 91, 4-15. [CrossRef] [PubMed]

Alio, J.L.; Rodriguez, A.E.; WrébelDudziriska, D. Eye platelet-rich plasma in the treatment of ocular surface
disorders. Curr. Opin. Ophthalmol. 2015, 26, 325-332. [CrossRef] [PubMed]

Parrish, W.R.; Roides, B.; Hwang, ]J.; Mafilios, M.; Story, B.; Bhattacharyya, S. Normal platelet function in
platelet concentrates requires non-platelet cells: A comparative in vitro evaluation of leucocyte-rich (type 1a)
and leucocyte-poor (type 3b) platelet concentrates. BMJ Open Sport Exerc. Med. 2016, 2, €000071. [CrossRef]
[PubMed]

Kobayashi, Y.; Saita, Y.; Nishio, H.; Ikeda, H.; Takazawa, Y.; Nagao, M.; Takaku, T.; Komatsu, N.; Kaneko, K.
Leukocyte concentration and composition in platelet-rich plasma (PRP) influences the growth factor and
protease concentrations. J. Orthop. Sci. 2016, 21, 683-689. [CrossRef] [PubMed]

Riestra, A.C.; Alonso-Herreros, ].M.; Merayo-Lloves, J. Platelet rich plasma in ocular surface. Arch. Soc. Esp.
Oftalmol. 2016, 91, 475-490. [CrossRef] [PubMed]

Merayo-Lloves, J.; Sanchez-Avila, R M.; Riestra, A.C.; Anitua, E.; Begofia, L.; Orive, G.; Fernandez-Vega, L.
Safety and efficacy of autologous plasma rich in growth factors eye drops for the treatment of evaporative
dry eye. Ophthalmic Res. 2016, 56, 68-73. [CrossRef] [PubMed]

Sanchez-Avila, R.M.; Merayo-Lloves, J.; Riestra, A.C.; Fernandez-Vega Cueto, L.; Anitua, E.; Begofia, L.;
Muruzabal, E; Orive, G. Treatment of patients with neurotrophic keratitis stages 2 and 3 with plasma rich in
growth factors (PRGF-Endoret) eye-drops. Int. Ophthalmol. 2017. [CrossRef] [PubMed]

Riestra, A.C.; Vazquez, N.; Chacon, M.; Berisa, S.; Sanchez-Avila, R.M.; Orive, G.; Anitua, E.; Meana, A.;
Merayo-Lloves, ]. Autologous method for ex vivo expansion of human limbal epithelial progenitor cells
based on plasma rich in growth factors technology. Ocul. Surf. 2017, 15, 248-256. [CrossRef] [PubMed]
Lopez-Plandolit, S.; Morales, M.-C.; Freire, V.; Etxebarria, J.; Duran, J.A. Plasma rich in growth factors as a
therapeutic agent for persistent corneal epithelial defects. Cornea 2010, 29, 843-848. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0161-6420(99)90412-8
http://dx.doi.org/10.1136/bjo.2004.044347
http://www.ncbi.nlm.nih.gov/pubmed/15489495
http://dx.doi.org/10.3341/kjo.2016.30.2.101
http://www.ncbi.nlm.nih.gov/pubmed/27051257
http://dx.doi.org/10.1111/j.1442-9071.2008.01895.x
http://www.ncbi.nlm.nih.gov/pubmed/19128374
http://dx.doi.org/10.1111/j.1537-2995.2008.01665.x
http://www.ncbi.nlm.nih.gov/pubmed/18410252
http://dx.doi.org/10.1007/s00347-008-1753-8
http://www.ncbi.nlm.nih.gov/pubmed/18592251
http://dx.doi.org/10.1111/j.1365-3148.2011.01072.x
http://www.ncbi.nlm.nih.gov/pubmed/21371142
http://dx.doi.org/10.1007/s00417-004-1106-5
http://www.ncbi.nlm.nih.gov/pubmed/15756576
http://dx.doi.org/10.1016/j.ajo.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/17493572
http://dx.doi.org/10.3109/02713683.2012.720340
http://www.ncbi.nlm.nih.gov/pubmed/22928476
http://dx.doi.org/10.1016/j.jtos.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28736343
http://dx.doi.org/10.1155/2009/979258
http://www.ncbi.nlm.nih.gov/pubmed/19884985
http://www.ncbi.nlm.nih.gov/pubmed/19212466
http://dx.doi.org/10.1160/TH03-07-0440
http://www.ncbi.nlm.nih.gov/pubmed/14691563
http://dx.doi.org/10.1097/ICU.0000000000000169
http://www.ncbi.nlm.nih.gov/pubmed/26058033
http://dx.doi.org/10.1136/bmjsem-2015-000071
http://www.ncbi.nlm.nih.gov/pubmed/27900155
http://dx.doi.org/10.1016/j.jos.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27503185
http://dx.doi.org/10.1016/j.oftal.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27062018
http://dx.doi.org/10.1159/000444496
http://www.ncbi.nlm.nih.gov/pubmed/27229893
http://dx.doi.org/10.1007/s10792-017-0582-7
http://www.ncbi.nlm.nih.gov/pubmed/28620707
http://dx.doi.org/10.1016/j.jtos.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28115245
http://dx.doi.org/10.1097/ICO.0b013e3181a81820
http://www.ncbi.nlm.nih.gov/pubmed/20508516

Int. ]. Mol. Sci. 2017, 18, 2264 12 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Yoon, K.C. Use of umbilical cord serum in ophthalmology. Chonnam Med. ]. 2014, 50, 82-85. [CrossRef]
[PubMed]

Sharma, N.; Goel, M.; Velpandian, T.; Titiyal, ].S.; Tandon, R.; Vajpayee, R.B. Evaluation of umbilical cord
serum therapy in acute ocular chemical burns. Invest. Ophthalmol. Vis. Sci. 2011, 52, 1087-1092. [CrossRef]
[PubMed]

Joe, A.W,; Gregory-Evans, K. Mesenchymal stem cells and potential applications in treating ocular disease.
Curr. Eye Res. 2010, 35, 941-952. [CrossRef] [PubMed]

Zhang, L.; Coulson-Thomas, V.].; Ferreira, T.G.; Kao, WW.Y. Mesenchymal stem cells for treating ocular
surface diseases. BMC Ophthalmol. 2015, 15, 155. [CrossRef] [PubMed]

Dhamodaran, K.; Subramani, M.; Ponnalagu, M.; Shetty, R.; Das, D. Ocular stem cells: A status update! Stem
Cell Res. Ther. 2014, 5, 56. [CrossRef] [PubMed]

Sivan, PP; Syed, S.; Mok, P-L.; Higuchi, A.; Murugan, K.; Alarfaj, A.A.; Munusamy, M.A.; Awang
Hamat, R.; Umezawa, A.; Kumar, S. Stem cell therapy for treatment of ocular disorders. Stem Cells Int. 2016,
2016, 8304879. [CrossRef] [PubMed]

Yao, L.; Bai, H. Review: Mesenchymal stem cells and corneal reconstruction. Mol. Vis. 2013, 19, 2237-2243.
[PubMed]

Dominici, M.; Le Blanc, K.; Mueller, I; Slaper-Cortenbach, I.; Marini, F; Krause, D.; Deans, R.; Keating, A.;
Prockop, D.; Horwitz, E. Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 2006, 8, 315-317. [CrossRef]
[PubMed]

Galipeau, J.; Krampera, M.; Barrett, J.; Dazzi, F.; Deans, R.J.; DeBruijn, J.; Dominici, M.; Fibbe, W.E.; Gee, A.P;
Gimble, ].M.; et al. International Society for Cellular Therapy perspective on immune functional assays for
mesenchymal stromal cells as potency release criterion for advanced phase clinical trials. Cytotherapy 2016,
18, 151-159. [CrossRef] [PubMed]

Ankrum, J.A.; Ong, J.F; Karp, ]. M. Mesenchymal stem cells: Immune evasive, not immune privileged.
Nat. Biotechnol. 2014, 32, 252-260. [CrossRef] [PubMed]

Wang, Q.; Yang, Q.; Wang, Z.; Tong, H.; Ma, L.; Zhang, Y.; Shan, E; Meng, Y.; Yuan, Z. Comparative analysis
of human mesenchymal stem cells from fetal-bone marrow, adipose tissue, and Warton's jelly as sources of
cell immunomodulatory therapy. Hum. Vaccin. Immunother. 2016, 12, 85-96. [CrossRef] [PubMed]

Mattar, P.; Bieback, K. Comparing the Inmunomodulatory Properties of Bone Marrow, Adipose Tissue, and
Birth-Associated Tissue Mesenchymal Stromal Cells. Front. Immunol. 2015, 6, 560. [CrossRef] [PubMed]
Sanchez-Abarca, L.I; Hernandez-Galilea, E.; Lorenzo, R.; Herrero, C.; Velasco, A.; Carrancio, S.;
Caballero-Velazquez, T.; Rodriguez-Barbosa, ].I.; Parrilla, M.; Del Caiiizo, C.; et al. Human bone marrow
stromal cells differentiate into corneal tissue and prevent ocular graft-versus-host disease in mice. Cell Transpl.
2015, 24, 2423-2433. [CrossRef] [PubMed]

Konala, V.B.R.;; Mamidi, M.K.; Bhonde, R.; Das, A K.; Pochampally, R.; Pal, R. The current landscape of the
mesenchymal stromal cell secretome: A new paradigm for cell-free regeneration. Cytotherapy 2016, 18, 13-24.
[CrossRef] [PubMed]

Murphy, M.B.; Moncivais, K.; Caplan, A.I. Mesenchymal stem cells: Environmentally responsive therapeutics
for regenerative medicine. Exp. Mol. Med. 2013, 45, e54. [CrossRef] [PubMed]

Hsiao, S.T.-F; Asgari, A.; Lokmic, Z; Sinclair, R.; Dusting, G.J.; Lim, S.Y.; Dilley, R.J. Comparative analysis of
paracrine factor expression in human adult mesenchymal stem cells derived from bone marrow, adipose,
and dermal tissue. Stem Cells Dev. 2012, 21, 2189-2203. [CrossRef] [PubMed]

Li, C; Wu, X;; Tong, J.; Yang, X.; Zhao, J.; Zheng, Q.; Zhao, G.; Ma, Z. Comparative analysis of human
mesenchymal stem cells from bone marrow and adipose tissue under xeno-free conditions for cell therapy.
Stem Cell Res. Ther. 2015, 6, 55. [CrossRef] [PubMed]

Ghazaryan, E.; Zhang, Y.; He, Y,; Liu, X;; Li, Y;; Xie, ]J.; Su, G. Mesenchymal stem cells in corneal
neovascularization: Comparison of different application routes. Mol. Med. Rep. 2016, 14, 3104-3112.
[CrossRef] [PubMed]

Veréb, Z.; Poliska, S.; Albert, R.; Olstad, O.K.; Boratko, A.; Csortos, C.; Moe, M.C.; Facsko, A.; Petrovski, G.
Role of human corneal stroma-derived mesenchymal-like stem cells in corneal immunity and wound healing.
Sci. Rep. 2016, 6, 26227. [CrossRef] [PubMed]


http://dx.doi.org/10.4068/cmj.2014.50.3.82
http://www.ncbi.nlm.nih.gov/pubmed/25568842
http://dx.doi.org/10.1167/iovs.09-4170
http://www.ncbi.nlm.nih.gov/pubmed/20538982
http://dx.doi.org/10.3109/02713683.2010.516466
http://www.ncbi.nlm.nih.gov/pubmed/20958182
http://dx.doi.org/10.1186/s12886-015-0138-4
http://www.ncbi.nlm.nih.gov/pubmed/26818606
http://dx.doi.org/10.1186/scrt445
http://www.ncbi.nlm.nih.gov/pubmed/25158127
http://dx.doi.org/10.1155/2016/8304879
http://www.ncbi.nlm.nih.gov/pubmed/27293447
http://www.ncbi.nlm.nih.gov/pubmed/24227919
http://dx.doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://dx.doi.org/10.1016/j.jcyt.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26724220
http://dx.doi.org/10.1038/nbt.2816
http://www.ncbi.nlm.nih.gov/pubmed/24561556
http://dx.doi.org/10.1080/21645515.2015.1030549
http://www.ncbi.nlm.nih.gov/pubmed/26186552
http://dx.doi.org/10.3389/fimmu.2015.00560
http://www.ncbi.nlm.nih.gov/pubmed/26579133
http://dx.doi.org/10.3727/096368915X687480
http://www.ncbi.nlm.nih.gov/pubmed/25695936
http://dx.doi.org/10.1016/j.jcyt.2015.10.008
http://www.ncbi.nlm.nih.gov/pubmed/26631828
http://dx.doi.org/10.1038/emm.2013.94
http://www.ncbi.nlm.nih.gov/pubmed/24232253
http://dx.doi.org/10.1089/scd.2011.0674
http://www.ncbi.nlm.nih.gov/pubmed/22188562
http://dx.doi.org/10.1186/s13287-015-0066-5
http://www.ncbi.nlm.nih.gov/pubmed/25884704
http://dx.doi.org/10.3892/mmr.2016.5621
http://www.ncbi.nlm.nih.gov/pubmed/27514011
http://dx.doi.org/10.1038/srep26227
http://www.ncbi.nlm.nih.gov/pubmed/27195722

Int. ]. Mol. Sci. 2017, 18, 2264 13 of 14

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Li, G.-G.; Zhu, Y.-T;; Xie, H.-T.; Chen, S.-Y.; Tseng, S.C.G. Mesenchymal stem cells derived from human
limbal niche cells. Invest. Ophthalmol. Vis. Sci. 2012, 53, 5686-5697. [CrossRef] [PubMed]

Li, F; Zhao, S.-Z. Control of cross talk between angiogenesis and inflammation by mesenchymal stem cells
for the treatment of ocular surface diseases. Stem Cells Int. 2016, 2016, 7961816. [CrossRef] [PubMed]

Ma, S.; Xie, N.; Li, W.; Yuan, B.; Shi, Y.; Wang, Y. Inmunobiology of mesenchymal stem cells. Cell Death Differ.
2014, 21, 216-225. [CrossRef] [PubMed]

Glenn, J.D.; Whartenby, K.A. Mesenchymal stem cells: Emerging mechanisms of immunomodulation and
therapy. World ]. Stem Cells 2014, 6, 526-539. [CrossRef] [PubMed]

Spees, ].L.; Lee, R.H.; Gregory, C.A. Mechanisms of mesenchymal stem/stromal cell function. Stem Cell Res.
Ther. 2016, 7, 125. [CrossRef] [PubMed]

Lavoie, J.R.;; Rosu-Myles, M. Uncovering the secretes of mesenchymal stem cells. Biochimie 2013, 95,
2212-2221. [CrossRef] [PubMed]

Makridakis, M.; Roubelakis, M.G.; Vlahou, A. Stem cells: Insights into the secretome. Biochim. Biophys. Acta
2013, 1834, 2380-2384. [CrossRef] [PubMed]

Kupcova Skalnikova, H. Proteomic techniques for characterisation of mesenchymal stem cell secretome.
Biochimie 2013, 95, 2196-2211. [CrossRef] [PubMed]

Phinney, D.G.; Pittenger, M.F. Concise Review: MSC-derived exosomes for cell-free therapy. Stem Cells 2017,
35, 851-858. [CrossRef] [PubMed]

Screven, R.; Kenyon, E.; Myers, M.].; Yancy, H.E,; Skasko, M.; Boxer, L.; Bigley, E.C.; Borjesson, D.L.; Zhu, M.
Immunophenotype and gene expression profile of mesenchymal stem cells derived from canine adipose
tissue and bone marrow. Vet. Immunol. Immunopathol. 2014, 161, 21-31. [CrossRef] [PubMed]
Coulson-Thomas, V.J.; Coulson-Thomas, Y.M.; Gesteira, T.F.; Kao, W.W.-Y. Extrinsic and intrinsic mechanisms
by which mesenchymal stem cells suppress the immune system. Ocul. Surf. 2016, 14, 121-134. [CrossRef]
[PubMed]

Lener, T.; Gimona, M.; Aigner, L.; Borger, V.; Buzas, E.; Camussi, G.; Chaput, N.; Chatterjee, D.; Court, FA;
Del Portillo, H.A.; et al. Applying extracellular vesicles based therapeutics in clinical trials—An ISEV
position paper. J. Extracell. Vesicles 2015, 4, 30087. [CrossRef] [PubMed]

Kim, J.; Hematti, P. Mesenchymal stem cell-educated macrophages: A novel type of alternatively activated
macrophages. Exp. Hematol. 2009, 37, 1445-1453. [CrossRef] [PubMed]

Cao, W.; Cao, K,; Cao, J.; Wang, Y.; Shi, Y. Mesenchymal stem cells and adaptive immune responses.
Immunol. Lett. 2015, 168, 147-153. [CrossRef] [PubMed]

Gazdic, M.; Volarevic, V.; Arsenijevic, N.; Stojkovic, M. Mesenchymal stem cells: A friend or foe in
immune-mediated diseases. Stem Cell Rev. 2015, 11, 280-287. [CrossRef] [PubMed]

Aluri, H.S.; Samizadeh, M.; Edman, M.C.; Hawley, D.R.; Armaos, H.L.; Janga, S.R.; Meng, Z.; Sendra, V.G.;
Hamrah, P.; Kublin, C.L.; et al. Delivery of bone marrow-derived mesenchymal stem cells improves tear
production in a mouse model of Sjogren’s syndrome. Stem Cells Int. 2017, 2017, 3134543. [CrossRef]
[PubMed]

Lee, M.].; Ko, A.Y.; Ko,].H.; Lee, H].; Kim, M.K.; Wee, WR.; Khwarg, S.I.; Oh, ].Y. Mesenchymal stem/stromal
cells protect the ocular surface by suppressing inflammation in an experimental dry eye. Mol. Ther. 2015, 23,
139-146. [CrossRef] [PubMed]

Ljubimov, A.V.; Saghizadeh, M. Progress in corneal wound healing. Prog. Retin. Eye Res. 2015, 49, 17-45.
[CrossRef] [PubMed]

Beyazyildiz, E.; Pinarli, FA.; Beyazyildiz, O.; Hekimoglu, E.R.; Acar, U.; Demir, M.N.; Albayrak, A.;
Kaymaz, F,; Sobaci, G.; Delibasi, T. Efficacy of topical mesenchymal stem cell therapy in the treatment
of experimental dry eye syndrome model. Stem Cells Int. 2014, 2014, 250230. [CrossRef] [PubMed]

Weng, J.; He, C,; Lai, P; Luo, C.; Guo, R.; Wu, S.; Geng, S.; Xiangpeng, A.; Liu, X.; Du, X. Mesenchymal
stromal cells treatment attenuates dry eye in patients with chronic graft-versus-host disease. Mol. Ther. 2012,
20, 2347-2354. [CrossRef] [PubMed]

Villatoro, A.J.; Fernandez, V.; Claros, S.; Rico-Llanos, G.A.; Becerra, ].; Andrades, J.A. Use of adipose-derived
mesenchymal stem cells in keratoconjunctivitis sicca in a canine model. Biomed. Res. Int. 2015, 2015, 527926.
[CrossRef] [PubMed]


http://dx.doi.org/10.1167/iovs.12-10300
http://www.ncbi.nlm.nih.gov/pubmed/22836771
http://dx.doi.org/10.1155/2016/7961816
http://www.ncbi.nlm.nih.gov/pubmed/27110252
http://dx.doi.org/10.1038/cdd.2013.158
http://www.ncbi.nlm.nih.gov/pubmed/24185619
http://dx.doi.org/10.4252/wjsc.v6.i5.526
http://www.ncbi.nlm.nih.gov/pubmed/25426250
http://dx.doi.org/10.1186/s13287-016-0363-7
http://www.ncbi.nlm.nih.gov/pubmed/27581859
http://dx.doi.org/10.1016/j.biochi.2013.06.017
http://www.ncbi.nlm.nih.gov/pubmed/23810910
http://dx.doi.org/10.1016/j.bbapap.2013.01.032
http://www.ncbi.nlm.nih.gov/pubmed/23376432
http://dx.doi.org/10.1016/j.biochi.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23880644
http://dx.doi.org/10.1002/stem.2575
http://www.ncbi.nlm.nih.gov/pubmed/28294454
http://dx.doi.org/10.1016/j.vetimm.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/25026887
http://dx.doi.org/10.1016/j.jtos.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26804815
http://dx.doi.org/10.3402/jev.v4.30087
http://www.ncbi.nlm.nih.gov/pubmed/26725829
http://dx.doi.org/10.1016/j.exphem.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19772890
http://dx.doi.org/10.1016/j.imlet.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26073566
http://dx.doi.org/10.1007/s12015-014-9583-3
http://www.ncbi.nlm.nih.gov/pubmed/25592610
http://dx.doi.org/10.1155/2017/3134543
http://www.ncbi.nlm.nih.gov/pubmed/28348600
http://dx.doi.org/10.1038/mt.2014.159
http://www.ncbi.nlm.nih.gov/pubmed/25152016
http://dx.doi.org/10.1016/j.preteyeres.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26197361
http://dx.doi.org/10.1155/2014/250230
http://www.ncbi.nlm.nih.gov/pubmed/25136370
http://dx.doi.org/10.1038/mt.2012.208
http://www.ncbi.nlm.nih.gov/pubmed/23070118
http://dx.doi.org/10.1155/2015/527926
http://www.ncbi.nlm.nih.gov/pubmed/25802852

Int. ]. Mol. Sci. 2017, 18, 2264 14 of 14

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Bittencourt, M.K.W.; Barros, M.A.; Martins, J.EP; Vasconcellos, J].P.C.; Morais, B.P; Pompeia, C.;
Bittencourt, M.D.; Evangelho, K.D.S.; Kerkis, I.; Wenceslau, C.V. Allogeneic mesenchymal stem cell
transplantation in dogs with keratoconjunctivitis sicca. Cell Med. 2016, 8, 63-77. [CrossRef] [PubMed]
Kizilay Mancini, O.; Shum-Tim, D.; Stochaj, U.; Correa, J.A.; Colmegna, I. Age, atherosclerosis and type 2
diabetes reduce human mesenchymal stromal cell-mediated T-cell suppression. Stem Cell Res. Ther. 2015,
6, 140. [CrossRef] [PubMed]

Escacena, N.; Quesada-Hernandez, E.; Capilla-Gonzalez, V.; Soria, B.; Hmadcha, A. Bottlenecks in the
Efficient Use of Advanced Therapy Medicinal Products Based on Mesenchymal Stromal Cells. Stem Cells Int.
2015, 2015, 895714. [CrossRef] [PubMed]

Schimke, M.M.; Marozin, S.; Lepperdinger, G. Patient-Specific Age: The other side of the coin in advanced
mesenchymal stem cell therapy. Front. Physiol. 2015, 6, 362. [CrossRef] [PubMed]

Lin, K.-J.; Loi, M.-X,; Lien, G.-S.; Cheng, C.-E; Pao, H.-Y.,; Chang, Y.-C.; Ji, A.T.-Q.; Ho, ] H.-C. Topical
administration of orbital fat-derived stem cells promotes corneal tissue regeneration. Stem Cell Res. Ther.
2013, 4, 72. [CrossRef] [PubMed]

Lee, E.J.; Park, H.-W,; Jeon, H.-J.; Kim, H.-S.; Chang, M.-S. Potentiated therapeutic angiogenesis by primed
human mesenchymal stem cells in a mouse model of hindlimb ischemia. Regen. Med. 2013, 8, 283-293.
[CrossRef] [PubMed]

Anderson, ].D.; Johansson, H.].; Graham, C.S.; Vesterlund, M.; Pham, M.T.; Bramlett, C.S.; Montgomery, E.N.;
Mellema, M.S.; Bardini, R.L.; Contreras, Z.; et al. Comprehensive proteomic analysis of mesenchymal stem
cell exosomes reveals modulation of angiogenesis via nuclear factor-kappaB signaling. Stem Cells 2016, 34,
601-613. [CrossRef] [PubMed]

Oh, J.Y.; Kim, M.K,; Shin, M.S.; Wee, W.R.; Lee, ].H. Cytokine secretion by human mesenchymal stem cells
cocultured with damaged corneal epithelial cells. Cytokine 2009, 46, 100-103. [CrossRef] [PubMed]
Katsuda, T.; Kosaka, N.; Takeshita, F.; Ochiya, T. The therapeutic potential of mesenchymal stem cell-derived
extracellular vesicles. Proteomics 2013, 13, 1637-1653. [CrossRef] [PubMed]

Tran, C.; Damaser, M.S. Stem cells as drug delivery methods: Application of stem cell secretome for
regeneration. Adv. Drug Deliv. Rev. 2015, 82-83, 1-11. [CrossRef] [PubMed]

Baiula, M.; Spampinato, S. Mesenchymal stem cell secretome to control inflammation in allergic conjunctivitis.
Eye Sci. 2015, 30, 140-142. [CrossRef] [PubMed]

Bermudez, M.A.; Sendon-Lago, ]J.; Eiro, N.; Trevifio, M.; Gonzalez, F.; Yebra-Pimentel, E.; Giraldez, M.].;
Macia, M.; Lamelas, M.L.; Saa, J.; et al. Corneal epithelial wound healing and bactericidal effect of conditioned
medium from human uterine cervical stem cells. Invest. Ophthalmol. Vis. Sci. 2015, 56, 983-992. [CrossRef]
[PubMed]

Kim, T.-H.; Park, Y.-W.; Ahn, ].-S.; Ahn, J.-T.; Kim, S.-E.; Jeong, M.-B.; Seo, M.-S.; Kang, K.-S.; Seo, K.-M.
Effects of conditioned media from human amniotic epithelial cells on corneal alkali injuries in rabbits. J. Vet.
Sci. 2013, 14, 61-67. [CrossRef] [PubMed]

Su, W.; Wan, Q.; Huang, J.; Han, L.; Chen, X.; Chen, G.; Olsen, N.; Zheng, S.G.; Liang, D. Culture medium from
TNF-o-stimulated mesenchymal stem cells attenuates allergic conjunctivitis through multiple antiallergic
mechanisms. J. Allergy Clin. Immunol. 2015, 136, 423-432. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3727/215517916X693366
http://www.ncbi.nlm.nih.gov/pubmed/28003932
http://dx.doi.org/10.1186/s13287-015-0127-9
http://www.ncbi.nlm.nih.gov/pubmed/26253429
http://dx.doi.org/10.1155/2015/895714
http://www.ncbi.nlm.nih.gov/pubmed/26273307
http://dx.doi.org/10.3389/fphys.2015.00362
http://www.ncbi.nlm.nih.gov/pubmed/26696897
http://dx.doi.org/10.1186/scrt223
http://www.ncbi.nlm.nih.gov/pubmed/23769140
http://dx.doi.org/10.2217/rme.13.17
http://www.ncbi.nlm.nih.gov/pubmed/23627823
http://dx.doi.org/10.1002/stem.2298
http://www.ncbi.nlm.nih.gov/pubmed/26782178
http://dx.doi.org/10.1016/j.cyto.2008.12.011
http://www.ncbi.nlm.nih.gov/pubmed/19223198
http://dx.doi.org/10.1002/pmic.201200373
http://www.ncbi.nlm.nih.gov/pubmed/23335344
http://dx.doi.org/10.1016/j.addr.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25451858
http://dx.doi.org/10.21037/jes.2016.04.06
http://www.ncbi.nlm.nih.gov/pubmed/27215000
http://dx.doi.org/10.1167/iovs.14-15859
http://www.ncbi.nlm.nih.gov/pubmed/25613942
http://dx.doi.org/10.4142/jvs.2013.14.1.61
http://www.ncbi.nlm.nih.gov/pubmed/23388445
http://dx.doi.org/10.1016/j.jaci.2014.12.1926
http://www.ncbi.nlm.nih.gov/pubmed/25652765
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hemoderivatives 
	Autologous Serum (AS) 
	Allogeneic Serum (ALS) 
	Platelet-Rich Plasma (PRP) 
	Umbilical Cord Blood Serum (UCS) 

	Stem Cell Therapy 
	MSCs (Auto/Allogeneic) 
	MSCs Secretome 

	Conclusions 

