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Abstract

Mesenchymal stromal cells, commonly referred to as MSCs, have emerged as a promising cell-

based therapy for a range of autoimmune diseases thanks to several therapeutic advantages. Key 

among these are: 1) the ability to modulate innate and adaptive immune responses and to promote 

tissue regeneration, 2) the ease of their isolation from readily accessible tissues and expansion 

at scale in culture, 3) their low immunogenicity enabling use as an allogeneic “off-the-shelf” 

product, and 4) MSC therapy’s safety and feasibility in humans, as demonstrated in more than 

one thousand clinical trials. Evidence from preclinical studies and early clinical trials indicate the 

therapeutic potential of MSCs and their derivatives for efficacy in ocular autoimmune diseases 

such as autoimmune uveoretinitis and Sjögren’s syndromerelated dry eye disease. In this review, 

we provide an overview of the current understanding of the therapeutic mechanisms of MSCs, 

and summarize the results from preclinical and clinical studies that have used MSCs or their 

derivatives for the treatment of ocular autoimmune diseases. We also discuss the challenges to the 

successful clinical application of MSC therapy, and suggest strategies for overcoming them.
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1. Introduction

Mesenchymal stromal cells, commonly abbreviated as MSCs, are a heterogeneous 

population of the spindle-shaped, plastic-adherent cells isolated from various connective 

tissues including bone marrow (BM), adipose tissue (AT) and umbilical cord (UC). 

MSCs are further defined by their expression of several mesodermal markers, their lack 

of hematopoietic or endothelial markers, their capability to differentiate into the three 

mesodermal lineages (osteoblasts, chondrocytes and adipocytes) under in vitro conditions 

(Viswanathan et al., 2019). MSCs can also differentiate into other types of cells and 

be readily expanded in vitro. Therefore, MSCs were initially of interest as easily 

accessible autologous stem cells to replace damaged tissue-resident cells in diseases such 

as osteogenesis imperfecta (Horwitz et al., 1999) and cartilage defect (Noel et al., 2002). 

However, the prominent feature of MSCs that has prompted a large number of preclinical 

and clinical studies is their hitherto unexpected inhibition of T lymphocyte proliferation 

both in vitro (Di Nicola et al., 2002) and in vivo (Bartholomew et al., 2002). Subsequent to 

these observations, the immunosuppressive functions of MSCs were supported by seminal 

clinical trials in which BM-derived MSCs were shown to treat acute steroid-resistant graft-

versushost disease (GVHD) in patients (Le Blanc et al., 2004; Le Blanc et al., 2008).

The indication that MSCs suppress the immune response opened up the possibility of using 

them for the treatment of autoimmune diseases driven primarily by Th1 and Th17 cells. 

This possibility was first tested in mice with experimental autoimmune encephalomyelitis 

(EAE), a model of multiple sclerosis (MS). The results demonstrated that intravenous (IV) 

administration of human or syngeneic mouse MSCs significantly ameliorated the clinical 

course of EAE, reduced demyelination and leukocyte infiltration, induced T cell anergy, and 

stimulated oligodenrogenesis (Zappia et al., 2005; Zhang et al., 2005). The efficacy of MSCs 

in modulating immune response and enhancing tissue regeneration has since been examined 

in numerous preclinical models and clinical trials for a broad range of autoimmune diseases, 

such as inflammatory bowel disease, MS, type 1 diabetes, systemic lupus erythematosus, 

rheumatoid arthritis and systemic sclerosis. Currently, autoimmune diseases comprise one 

of the most frequent indications among 1199 MSC clinical trials registered internationally 

(https://celltrials.org/public-cells-data/msc-trials-20112018/65). At the time of the writing 

of this review, approximately 150 MSC-based clinical trials targeting autoimmune diseases 

have been registered in the official database of the US National Institutes of Health (NIH) 

(http://clinicaltrials.gov/); most of these trials are phase I/II, less than 5% being phase III 

trials.

With regard to ocular autoimmune diseases, multiple groups have explored the therapeutic 

potential and mechanism of action of MSCs mainly in animal models of experimental 

autoimmune uveoretinitis (EAU) and Sjögren’s syndrome (SS)-related dry eye disease 
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(DED). Evidence from preclinical studies have suggested that exogenous administration 

of MSCs attenuates the development and progression of autoimmune inflammation in 

the eye through repression of Th1 and Th17 cells and induction of immunoregulatory 

cells, leading to protection of ocular structure and function. Clinical trials with allogeneic 

MSCs or their extracellular vesicles (EVs) are underway for the treatment of DED in 

patients with chronic GVHD (NCT04213248) and SS (NCT03878628, NCT04615455). As 

the mainstay of treatment for ocular autoimmune inflammation is still limited to the use 

of corticosteroids and cytotoxic immunosuppressive drugs, novel MSC-based approaches 

aimed at both restoring immune homeostasis and fostering tissue regeneration would hold 

promise for the development of effective cell-derived therapeutics for ocular autoimmune 

diseases.

In this review, first, we present an overview of the therapeutic mechanisms of MSCs. 

Second, we review the results from preclinical and clinical studies with MSCs and their 

derivatives for the treatment of ocular autoimmune diseases. Third, we describe the risks 

and challenges that may impede successful clinical translation of MSCs. Finally, we discuss 

strategies for overcoming these hurdles and optimizing MSC-based therapies for clinical 

application.

2. Paradigm evolution in the therapeutic mechanism of MSCs

MSCs, given their potential to differentiate into other cell types in vitro, were originally 

expected to promote tissue repair by directly replacing damaged cells. Engraftment and 

differentiation of MSCs were indeed observed under certain conditions after their local 

administration in large numbers; one example is their injection into the knees of rabbits 

with surgically induced cartilage defects (Koga et al., 2008). However, most studies have 

demonstrated no evidence of robust engraftment and/or differentiation of MSCs in vivo 

after systemic administration. Moreover, administration of conditioned media derived from 

MSC cultures has been shown to reproduce many of the therapeutic effects of MSCs 

(Jabbehdari et al., 2020; Oh et al., 2008; Oh et al., 2014b; Rabiee et al., 2020), and 

furthermore, proteomic analysis has revealed that MSC secretome contains a wide array of 

trophic factors that are vital to tissue regeneration and immune regulation (for a review, 

see Lee et al., 2011). Based on these observations, the paradigm has evolved from the 

original presumption, that MSCs repair tissues through their transdifferentiation, to the 

current paradigm that MSCs exert their therapeutic effects through paracrine factors that 

they produce upon cross-talk with the microenvironment (Prockop and Oh, 2012a). Over the 

past decade, research thus has shifted towards identifying the therapeutic factors of MSCs 

and harnessing their paracrine activity to stimulate tissue repair and modulate excessive 

immune response.

Our group was one of the first to shape the current paradigm. We performed IV infusion 

of human BM-derived MSCs into immunodeficient NOD/scid mice after induction of 

myocardial infarction (MI), and observed that MSCs decreased inflammatory response and 

improved cardiac function despite transient and small engraftment of MSCs in the damaged 

heart (Lee et al., 2009a). To understand the kinetics of MSC survival, we quantitated the 

number of MSCs in the major organs of mice with time after IV injection by using a 
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real-time PCR assay for Alu sequence, a human genetic marker that is sensitive enough 

to detect hundreds of human cells in mouse tissues (Figure 1). The results showed that 

up to 85% of human MSCs were trapped in the lung within a few minutes post-infusion. 

Meanwhile, less than 1% of the infused MSCs briefly appeared in the heart after 24 to 48 

hours, and a mere 0.01% of MSCs were found after 96 hours in peripheral organs including 

the heart and spleen. Similar observations were reported with syngeneic mouse MSCs that 

had been infused intraperitoneally or intravenously into immunocompetent mice (Gao et al., 

2001; Leibacher and Henschler, 2016).

To investigate how MSCs trapped in the lung could act at distance to rescue the heart, we 

analyzed the transcriptome of the infused MSCs by microarrays and compared it with that of 

control MSCs before infusion (Lee et al., 2009a). Amongst the upregulated genes in MSCs 

after IV administration, TNFα-stimulated gene/protein-6 (TSG-6) was of particular interest, 

given its status as a multifunctional protein with anti-inflammatory and tissue-protective 

properties (Day and Milner, 2019). Remarkably, transient transduction of MSCs with 

TSG-6 siRNA abrogated the therapeutic benefits of MSCs in mice with MI, and infusion 

of recombinant human TSG-6 replicated the effects of MSCs. In a further mechanistic 

study, we found that TSG-6 secreted by MSCs inhibited pro-inflammatory activation 

of resident macrophages through downregulation of Toll-like receptor (TLR)-2/NF-κB 

signaling, thereby reducing the production of chemokines and recruitment of neutrophils 

(Choi et al., 2011). Consistent with these results, the role of TSG-6 in mediating the 

therapeutic action of MSCs has been confirmed by subsequent studies utilizing various 

animal models of human diseases of the pancreas (He et al., 2016; Kota et al., 2013; Li et 

al., 2018), intestines (An et al., 2020; Song et al., 2017; Song et al., 2018b; Yang et al., 

2019), skin (Liu et al., 2016; Qi et al., 2014), kidney (Chen et al., 2019), lung (Chaubey 

et al., 2018; Wang et al., 2018), liver (Wan et al., 2020), brain (Jha et al., 2019; Liu et 

al., 2019; Roura et al., 2020) and eye (Ko et al., 2016; Lee et al., 2014; Oh et al., 2012b; 

Roddy et al., 2011; Song et al., 2018a; Yun et al., 2017). Moreover, an elegant study by 

Romano et al. demonstrated that MSCs derived from BM of TSG-6−/− mice displayed 

severe perturbation in the expression of transcription factors, cytokines and genes related 

to key biological pathways (Romano et al., 2019). TSG-6−/− MSCs differed from wild-type 

MSCs in terms of morphology, reduced-size EVs, decreased cell-proliferative rate, loss 

of differentiation potential, and increased pro-inflammatory activity. Therefore, the results 

collectively indicate that TSG-6 does not only mediate the therapeutic effects of MSCs but 

also plays a crucial role in the maintenance of their biological properties.

Several factors, in addition to TSG-6, that have been reported to derive from activated 

MSCs also have been implicated in MSC-mediated immunomodulation (for reviews, see Lee 

et al., 2011; Prockop and Oh, 2012b; Spees et al., 2016). Among them, indoleamine-2,3-

dioxygenase (IDO), an enzyme that catabolizes l-tryptophan and blocks T cell proliferation 

(Lee et al., 2002), is one of the most widely investigated. It was shown that both human 

and murine MSCs upregulated the expression of functional IDO in response to the pro-

inflammatory cytokine IFN-γ, and that IDO activity was required for MSCs to suppress T 

cell proliferation and induce monocyte polarization into immunosuppressive macrophages 

(English et al., 2007; Francois et al., 2012; Meisel et al., 2004). Programmed death-ligand 

1 (PD-L1) and Fas ligand (FasL), the molecules regulating T cell activation and apoptosis, 
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also have been shown to be secreted by human and mouse MSCs and mediate the effects of 

MSCs on the suppression of T cell proliferation, induction of T cell apoptosis and expansion 

of regulatory T (Treg) cells (Akiyama et al., 2012; Davies et al., 2017; Gu et al., 2013). 

Moreover, TGF-β, hepatocyte growth factor (HGF), prostaglandin E2 (PGE2) and nitric 

oxide (NO) have been implicated as MSC-derived suppressors of T cell response (Aggarwal 

and Pittenger, 2005; Di Nicola et al., 2002; Ren et al., 2008; Sato et al., 2007). Of note, NO 

has been shown to mediate only the function of murine MSCs, whereas IDO mediates the 

immunosuppressive action of human or monkey MSCs (Ren et al., 2009).

Although many studies have identified different factors as effectors of the 

immunomodulatory effects of MSCs, it is a common finding that MSCs are activated 

to secrete therapeutic factors in response to inflammatory stimuli in the injury 

microenvironment. For instance, the expression of IDO, PD-L1, FasL and TSG-6 in 

cells is transcriptionally induced by activation of NF-κB and interferon regulatory factors 

(Antonangeli et al., 2020; Gowrishankar et al., 2015; Hsu et al., 1999; Robinson et al., 

2005), and these transcription factors are activated by inflammatory cytokines and TLRs. 

Therefore, it can be postulated that MSCs in an inflammatory microenvironment release 

various therapeutic factors, and that the intricate interactions among these factors as well as 

the actions of individual factors contribute in concert to the beneficial effects of MSCs. In 

support for this notion, a recent study by Wang et al. discovered a direct link between IDO 

and TSG-6 in MSCs, and demonstrated that kynurenic acid, an IDO metabolite, controlled 

the anti-inflammatory effects of human UC-derived MSCs through binding to the TSG-6 

promoter and upregulation of TSG-6 expression (Wang et al., 2018).

3. MSCs for the treatment of autoimmune DED

3.1. Lessons from sterile corneal injury models

3.1.1. Anti-inflammatory effects of MSCs—We have long observed that exogenous 

application of MSCs or MSC-derived factors promotes corneal epithelial regeneration and 

preserves corneal transparency after sterile injury to the cornea. To examine the effect of 

MSCs on the cornea, we employed a rodent model of corneal chemical injury whereby the 

corneal and limbal epithelia were mechanically removed after 30 sec exposure to ethanol. As 

in sterile injuries to other organs (Shen et al., 2013), serial waves of neutrophil infiltration 

into the cornea ensue after chemical injury, and cellular triggers of this sterile neutrophilic 

inflammation involve cornea-resident macrophages (Oh et al., 2012a). In both rat and mouse 

models, corneal inflammation was suppressed and corneal epithelial healing was facilitated 

by intraperitoneal (IP) or IV injection of human BM MSCs (Roddy et al., 2011), by IV 

injection of human induced pluripotent stem cell (iPSC)-derived MSCs (Yun et al., 2017), 

and by topical application of allogeneic rat MSCs (Oh et al., 2008) (Figure 2). Moreover, 

some of the beneficial effects on the cornea were reproduced by topical application of MSC-

conditioned medium (Oh et al., 2008), thus supporting the role for MSC-secreted paracrine 

factors. Consistent with our observation in MI mice (Lee et al., 2009a), knockdown of 

TSG-6 largely abrogated the effects of human BM or iPSC-derived MSCs on the cornea 

following chemical injury (Roddy et al., 2011; Yun et al., 2017), whereas overexpression 

of TSG-6 in human MSCs augmented them (Lee et al., 2014). Also, in the same model, 
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the effects of MSCs were essentially replicated by IV infusion (Roddy et al., 2011), topical 

instillation (Roddy et al., 2011) and intracameral injection of recombinant human TSG-6 

(Oh et al., 2010).

3.1.2. Anti-apoptotic and pro-proliferative effects of MSCs—Furthermore, we 

found that the therapeutic effects of MSCs are attributable not only to the anti-inflammatory 

action on the cornea but also to the anti-apoptotic and pro-proliferative effects on corneal 

epithelial progenitor cells. By using an in vitro culture system of corneal epithelial cells and 

an ex vivo tissue culture system of the whole cornea, we demonstrated that the conditioned 

medium derived from human BM MSCs, but not from human dermal fibroblasts, stimulated 

the proliferation of human corneal epithelial progenitor cells in culture following ethanol 

injury, while inhibiting apoptosis (Oh et al., 2014b). In addition, the MSC-conditioned 

medium accelerated the wound healing of the corneal epithelium in tissue cultures of 

rabbit corneas after ethanol and mechanical injuries to the epithelium. The protective effect 

of an MSC-conditioned medium on the corneal epithelium was partly accounted for by 

reference to stanniocalcin-1 (STC-1), an anti-apoptotic protein secreted by MSCs (Block et 

al., 2009). In separate studies, we additionally found that STC-1 was effective in protecting 

photoreceptors and retinal ganglion cells against oxidative damage and apoptotic death in 

rat models of inherited retinal degeneration (Roddy et al., 2012) and optic nerve transection 

(Kim et al., 2013).

3.1.3. Anti-angiogenic effects of MSCs—One of the concerns regarding the use 

of MSCs in corneal disease is that they produce pro-angiogenic factors that might cause 

in-growth of new blood vessels in the cornea, thereby threatening corneal transparency. In 

fact, we observed in vitro that MSCs secreted an increased level of vascular endothelial 

growth factors after coculturing with ethanol-injured corneal epithelial cells (Oh et al., 

2009). However, we also found in vivo that systemic infusion or topical application of 

MSCs rather inhibited corneal angiogenesis in animal models of suture-induced corneal 

neovascularization (Song et al., 2018a) and corneal chemical injury (Oh et al., 2008). 

The anti-angiogenic effect of MSCs on the cornea observed in vivo was largely due to 

the suppression of pro-angiogenic monocytes/macrophages by MSCs in a TSG-6dependent 

manner (Figure 3) (Song et al., 2018a).

In agreement with our findings, many other groups have reported the effectiveness of BM-, 

AT- or corneal stroma-derived MSCs in the promotion of corneal regeneration in a variety of 

sterile injury models in mice, rats and rabbits (for a review, see Sahu et al., 2019). Hence, the 

demonstration that MSCs protect corneal epithelial cells both through immune modulation 

and stimulation of corneal epithelial regeneration makes MSCs and MSC-derived factors 

promising candidates for a novel therapy of SS-related DED, an autoimmune disease 

characterized by progressive lymphocyte infiltration into the lacrimal gland (LG) and ocular 

surface, leading to aqueous deficiency dry eye (ADDE) and ocular surface epithelial defects.

3.2. Effects of MSCs in preclinical models of SS-related DED

Early research on MSCs and SS focused on the effects of MSCs on salivary gland 

dysfunction and xerostomia. It was reported that IV administration of allogeneic BM MSCs, 
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despite transient or no engraftment, restored salivary secretion and reduced T and B cell 

infiltration into the salivary gland while increasing FoxP3+ Treg cells in NOD mice, an 

animal model of secondary SS (Khalili et al., 2012; Xu et al., 2012). Similarly, IV infusion 

of UC MSCs was effective in treating SS patients, without adverse effects, by increasing the 

salivary flow rate, ameliorating refractory hemolytic anemia, and alleviating autoimmune 

hepatitis (Xu et al., 2012). As with the effects on the salivary gland and xerostomia, 

therapeutic effects of systemic administration of MSCs on the LG and DED have been 

demonstrated in several models of SS-related DED.

In 13-week-old NOD mice, Aluri et al. performed a single IP injection of mouse BM 

MSCs (1 × 106 cells derived from C57BL/6 mice), and found a sustained improvement 

in aqueous tear production over 4 weeks and a decrease in the size of lymphocytic foci 

in the LG without any change in the number of FoxP3+ Treg cells (Aluri et al., 2017). 

Abughanam et al. carried out, in 8-week-old NOD mice, IV injections of either mouse BM 

MSCs (2 × 106 cells derived from C57BL/6 mice) or MSC-extracts (prepared by repetitive 

freezing-thawing of the same number of MSCs) once weekly for 4 consecutive weeks, and 

observed that both MSCs and MSC-extracts preserved the lacrimal flow rate and maintained 

corneal epithelial thickness during 16 weeks of follow-up (Abughanam et al., 2019). The 

size of lymphocytic foci and the infiltration of B220+ or BAFF+ B cells into the LG were 

reduced in MSC-treated mice at 16 weeks, while FoxP3+ Treg cells were increased. The 

expression of a proliferation marker in the LG was upregulated in MSC-treated mice, while 

an apoptosis marker was downregulated, indicating LG regeneration. Also, the serum levels 

of anti-SSA/Ro autoantibodies were significantly lowered by MSC treatment. Therefore, 

both studies in the NOD mouse model demonstrate that systemic administration of MSCs 

has long-lasting effects on the LG by suppressing inflammation and enhancing regeneration.

The immunomodulatory effects of MSCs have been elucidated in more detail in rabbits 

where autoimmune dacryoadenitis was induced by IV transfer of activated peripheral blood 

lymphocytes autoreactive to LG epithelial cells. This model elicits severe lymphocytic 

infiltration into the LG, leading to chronic DED that persists until 6 months after adoptive 

transfer of activated lymphocytes and closely mimics human SS. In the first set of 

experiments, Li et al. intravenously injected allogeneic AT MSCs (1 × 107 cells) into 

rabbits at days 1, 3, 5, 7 and 9 after adoptive transfer of autoreactive lymphocytes (Li et 

al., 2016). Since DED develops 3 to 5 days after the transfer, this MSC treatment protocol 

was designed to evaluate the preventive effects of MSCs on autoimmune DED. IV MSCs 

markedly reduced immune cell infiltrates and pro-inflammatory cytokine levels in the LG. 

Specifically, Th1/Th17 cell responses in the LG and the spleen were downregulated by 

MSCs, while the proportion and function of CD4+FoxP3+ Treg cells were upregulated. 

As a consequence, the secretory function of the LG was preserved and clinical signs of 

DED on the ocular surface were alleviated in MSC-treated animals, as evaluated clinically 

by increases in aqueous tear volume and tear break-up time (TBUT) and by a decrease 

in fluorescein ocular staining scores. In a second series of experiments, the same group 

intravenously administered either human UC MSCs or rabbit AT MSCs (1 × 107 cells) into 

rabbits for 5 consecutive days, starting either at the time of autoreactive lymphocyte transfer 

(preventive protocol) or at 2 weeks after transfer (therapeutic protocol) (Lu et al., 2020). 

Human UC MSCs were as effective as allogeneic AT MSCs in preventing the development 
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of autoimmune dacryoadenitis when administered prior to disease manifestation. Moreover, 

IV MSCs administered after disease onset reduced the severity of dacryoadenitis and 

DED, as examined clinically and histologically. The number of lymphocytic foci in the 

conjunctiva and the LG was decreased by MSCs. Likewise, the mRNA levels of pro-

inflammatory molecules (TNF-α, IL-1β, IL-6, matrix metalloproteinases-2 and −9) in 

the LG were downregulated by MSCs, whereas the transcript levels of anti-inflammatory 

cytokines (IL-10, TGF-β) were upregulated. Another notable finding is that the markers 

for classically activated M1 macrophages, inducible nitric oxide synthase (iNOS) and 

monocyte chemoattractant protein-1 (MCP-1), were decreased in the MSC-treated LGs, 

while the markers for alternatively activated M2 macrophages, arginase 1 (Arg1) and 

CD206, were increased, reflecting the conversion of proinflammatory M1 macrophages to 

anti-inflammatory M2 macrophages by MSC treatment. Further mechanistic studies revealed 

that MSCs activated the P13K/AKT pathway in macrophages to elicit M2 macrophage 

polarization. Therefore, these data suggest that MSCs, by suppressing excessive immune 

responses and inducing regulatory immune cells, have both preventive and therapeutic 

effects on autoimmune dacryoadenitis and DED.

We adopted a more direct approach to investigate the effect of MSCs on LG inflammation 

(Lee et al., 2015c). We injected concanavalin A (ConA), a T cell mitogen, directly into 

the intraorbital LG in BALB/c mice, which induced infiltration of Th1 cells into the LG 

and the upregulation of T cell-derived cytokines (IL-2 and IFN-γ) in the gland and on 

the ocular surface. This Th1-mediated immune response in the LG subsequently led to a 

reduction in aqueous tear production and an increase in punctate corneal epithelial erosions, 

i.e. the generation of LG inflammation-related DED. Immediately after ConA injection, 

we administered either human BM MSCs, syngeneic mouse BM MSCs or human dermal 

fibroblasts into the periorbital space around the intraorbital gland (1 × 103 cells or 1 × 

105 cells). Both human and mouse MSCs, but not fibroblasts, reduced the number of Th1 

cells and the levels of Th1 cytokines in the LG and on the ocular surface without affecting 

FoxP3+ Treg cells. In addition, tear production and conjunctival goblet cell counts were 

increased, and corneal epithelial erosions were decreased in MSC-treated mice relative to 

the vehicle- or fibroblast-treated controls (Figure 4). No significant numbers of MSCs were 

detected in the intraorbital LG one or 7 days after periorbital injection. Therefore, our data 

suggest that MSCs, regardless of little engraftment, exert durable effects on the suppression 

of LG inflammation, thereby alleviating DED.

Dietrich et al. further elucidated the effect of exogenous MSCs on LG regeneration in 

a duct ligation model whereby the secretory duct of the extraorbital LG was ligated in 

C57BL/6J mice (Dietrich et al., 2019). Although a duct ligation model is not directly 

related to autoimmune diseases, duct ligation generates severe inflammatory reaction in 

the LG, leading to profound loss of functional LG tissue and reduction of tear secretion, 

similarly to the findings observed in autoimmune SS-related DED. In the study by Dietrich 

et al., duct ligation was released after 3 days, and MSCs, which had been isolated from 

murine extraorbital LGs, were injected directly into the extraorbital LG (2.5 × 105 cells). 

MSCs repressed immune response in the LG as demonstrated by decreases in macrophage 

infiltration and TNF-α expression. Notably, the amount of vital acinar structures in the gland 

was significantly increased, and the number of apoptotic cells was decreased in MSC-treated 
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mice relative to the vehicle-treated controls, an indication that local injection of LG-derived 

MSCs promoted LG regeneration and suppressed LG inflammation. Unlike our observation, 

however, the presence of MSCs was observed in the LG until 21 days after the intragland 

injection of the cells. This dissimilarity might have arisen from the differences in the tissue 

source and species origin of MSCs or in the injection route of the cells.

Collectively, the data presented above demonstrate that MSCs attenuate LG inflammation, 

facilitate LG regeneration, and thereby treat DED.

3.3. Effects of MSCs on spontaneous keratoconjunctivitis sicca in dogs

Therapeutic benefits of MSCs in autoimmune DED have been successfully demonstrated in 

dogs. Keratoconjunctivitis sicca (KCS) spontaneously develops in up to 35% of dogs in a 

way similar to autoimmune DED in human SS patients (Barabino and Dana, 2004; Kaswan 

et al., 1998; Williams, 2008). Canine KCS is characterized by lymphocyte infiltration into 

the LG, increased apoptosis in lacrimal acinar and conjunctival epithelial cells, multiple 

autoantibodies against lacrimal antigens, and more severe clinical profiles of DED than 

those described in human KCS (Barabino and Dana, 2004; Williams, 2008).

The safety and feasibility of transconjunctival injection of MSCs into normal dogs were 

first demonstrated in a study by Park et al. (Park et al., 2013). The injections of allogeneic 

AT MSCs into the main LG and the accessory LG of the third eyelid (2 × 106 cells per 

gland) were repeated 6 times at one-week intervals. During 9 weeks of clinical observation, 

there were no adverse effects except transient conjunctival congestion and chemosis. No 

significant histologic lesions were noted on pathologic examination of various systemic 

organs and ocular tissues when evaluated 9 weeks after MSC injection. In another study 

by Villatoro et al., the therapeutic effects of allogeneic AT MSCs were investigated in dogs 

with naturally occurring KCS refractory to conventional treatments with corticosteroids, 

tacrolimus, cyclosporine and artificial tears (Villatoro et al., 2015). MSCs were injected once 

into the main LG (5 × 106 cells) and into the third eyelid LG (3 × 106 cells) of KCS dogs. 

The effects of a single MSC injection were long-lasting: tear secretion persistently improved 

over the course of 9 months of follow-up, and the DED scores, as assigned by clinical 

signs such as ocular discharge, hyperemia and corneal changes, showed a sustained decrease 

without systemic or ocular complications. Bittencourt et al. obtained similar results with a 

lower number of allogeneic AT MSCs (1 × 106 MSCs) (Bittencourt et al., 2016). A single 

injection of lower-dose MSCs significantly increased tear production and alleviated clinical 

signs in KCS dogs, and the beneficial effects were maintained during the 12-month follow-

up (Figure 5). There were no adverse effects immediately after injection or over the course 

of short- and long-term follow-ups. In a recent study by Sgrignoli et al., anti-inflammatory 

effects of MSCs on the ocular surface were further identified in KCS dogs (Sgrignoli et al., 

2019). Allogeneic AT MSCs were topically applied in the conjunctival sac (1 × 106 cells 

in 50 μL of one drop) every 7 days for one month (in total, 4 applications), and the dogs 

were followed up for 6 months. Significant improvement was observed in clinical signs as 

reflected by decreases in conjunctival discharge, corneal opacity, corneal neovascularization 

and corneal pigmentation. Both tear production and tear quality, as measured by Schirmer 

test and TBUT, were increased. No clinical signs of rejection or ocular discomfort were 
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detected. Remarkably, the density of neutrophils in the palpebral conjunctiva was reduced 

compared with their state prior to MSC treatment, and additionally, the expression of 

pro-inflammatory markers (CD4, IL-1, IL-6, TNF-α) in the palpebral conjunctiva and third 

eyelid gland was reduced, while the goblet cell density in the conjunctiva was increased. As 

in previous studies, the effects of MSC treatment for the first one month persisted until the 

end of the study (i.e. 6 months) in most animals.

Although the studies noted above followed different therapeutic regimens (treatment 

frequency, cell dose and injection site), the results all point to the conclusion that the 

immunomodulatory and therapeutic effects of MSCs are long-lasting.

3.4. Clinical trials with MSCs in DED related to GVHD and SS

The therapeutic efficacy of MSCs in the treatment of DED was first reported from a clinical 

study involving chronic GVHD patients. After IV transplantation of allogeneic BM MSCs, 

the symptoms and signs of DED improved in 12 of 22 patients with refractory DED 

secondary to chronic GVHD, as assessed by dry eye scores based on the NIH consensus 

criteria, ocular surface disease index scores (OSDI) and Schirmer test (Weng et al., 2012).

Recently, the results of the first clinical trial of MSCs for the treatment of SS-associated 

DED were published. Møller-Hansen and colleagues performed one transconjunctival 

injection of allogeneic AT MSCs into the LG (2.2 × 107 cells/mL, the injection volume 

being 50% of the LG volume corresponding to 0.1 to 0.2 mL) in 7 patients with 

severe ADDE due to primary or secondary SS, and followed the patients for 16 weeks 

(Moller-Hansen et al., 2020). The treatment was well-tolerated, and no adverse events 

were observed. The most notable finding was a rapid, dramatic, persistent improvement 

in dry eye symptoms as measured by OSDI scores. A significant improvement was also 

observed in clinical signs of DED: tear osmolarity was decreased, TBUT was lengthened, 

tear production (Schirmer results) was increased, and corneal staining showed a decreasing 

trend following MSC treatment. Importantly, these beneficial effects were sustained for 

up to 16 weeks after a single injection of MSCs. Two patients had donor-specific HLA 

class II antibodies before treatment, and two developed de novo donor-specific HLA class 

I antibodies after treatment. However, no patients showed symptoms or signs indicative of 

immunization. Moreover, the development of donor-specific antibodies had no influence on 

the therapeutic effects of MSCs, which has also been seen in other MSC studies (Kot et al., 

2019). Hence, the results of an intra-gland injection of allogeneic HLA-unmatched MSCs in 

SS-related DED patients, alongside preclinical data, demonstrate a therapeutic potential for 

the use of allogeneic MSCs in DED treatment.

4. MSCs for the treatment of autoimmune uveoretinitis

The ability of MSCs to control ocular autoimmune inflammation has also been established 

by extensive experiments with animal models of EAU, a prototypic T cell-mediated 

autoimmune disease in the retina that represents autoimmune uveitis in humans (for a 

review, see Diedrichs-Mohring et al., 2018). EAU can be reproducibly induced in rodents 

by active immunization with a retinal antigen such as interphotoreceptor retinoid-binding 

protein (IRBP) or by adoptive transfer of antigen-primed T cells or antigen-pulsed dendritic 
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cells (Agarwal and Caspi, 2004; Agarwal et al., 2012; Caspi et al., 2008; Diedrichs-Mohring 

et al., 2018). The typical histological appearance of EAU closely resembles that of human 

uveitis. Moreover, the disease course has been well-characterized in each EAU model 

(Agarwal and Caspi, 2004; Caspi et al., 2008; Diedrichs-Mohring et al., 2018). Hence, the 

EAU model is wellsuited and has thus been widely used to study the role of MSCs in the 

treatment of ocular autoimmune diseases.

4.1. Effects of MSCs on EAU

Several studies have demonstrated that systemic (IP or IV) administration of MSCs produces 

beneficial effects in various EAU models with different clinical courses (acute or chronic, 

monophasic or relapsing-remitting).

In 2011, Zhang et al. first reported the therapeutic potential of MSCs in autoimmune uveitis 

(Zhang et al., 2011). They demonstrated that IV injections of BM-derived MSCs for 3 

consecutive days (5 × 106 cells per day) delayed the disease onset and attenuated the severity 

of EAU as assessed by clinical and histological scores in Lewis rats where EAU had been 

induced by immunization with IRBP peptide R14. MSC treatment inhibited the proliferation 

of T cells isolated from EAU rats and reduced the secretion of Th1 and Th17 cytokines 

while increasing IL-10 production. The beneficial effects were similar between syngeneic 

(Lewis rat-derived) and allogeneic (Wistar rat-derived) MSCs. Additionally, the optimal 

time window for MSC treatment was determined. MSCs were effective in preventing and 

treating EAU when administered before disease onset (simultaneously with immunization), 

during the early phase of disease manifestation, or at the peak of disease. However, MSC 

administration during the chronic phase after disease stabilization did not ameliorate EAU, 

an indication that the immunologic mechanism MSCs affect is not active in the chronic 

phase of disease.

Meanwhile, the therapeutic and preventive benefits of MSCs also were demonstrated in a 

recurrent EAU model. As autoimmune uveitis is usually a chronic and recurrent disease, 

adoptive transfer of T cells specific to IRBP peptides (R14 or R16) has been used to 

induce spontaneous, relapsing-remitting uveitis in rodents with unpredictable recurrences of 

intraocular inflammation (Agarwal et al., 2012; Diedrichs-Mohring et al., 2008; Diedrichs-

Mohring et al., 2018; Shao et al., 2005). Zhang et al. induced recurrent uveitis in Lewis 

rats by IV transfer of T cells that had been collected from R16-immunized rats and then 

incubated with antigen-presenting cells (APCs) with R16 stimulation (Zhang et al., 2014). 

Allogeneic BM MSCs from Wistar rats were injected for 3 consecutive days (5 × 106 cells 

per day), starting either at the time of transfer (before disease onset) or at the time of 

clinical disease manifestation. MSCs, administered in one course before or after disease 

onset, sufficed to inhibit the progression and relapse incidence of EAU. Moreover, a single 

course of MSC treatment around the time of disease onset was more effective in controlling 

inflammation, reducing recurrences, and protecting the retina than was long-term treatment 

with dexamethasone. In a subsequent study, MSCs were administered after the second attack 

of EAU in the same model (Zhao et al., 2016). Delayed treatment with MSCs during the 

recurrent phase significantly reduced the severity of EAU, preserved the retinal structure and 
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photoreceptors, and improved retinal function as assessed by electroretinography (ERG), 

suggesting that MSCs are also beneficial for advanced cases of recurrent uveitis.

4.2. Therapeutic mechanisms of MSCs

4.2.1. Th1/Th17 inhibition and Treg induction—To understand the mechanism 

underlying the beneficial effects of MSCs on EAU, Li et al. performed a time-course 

study and tracked the number of Th17 and Treg cells in the spleen and eye in an IRBP 

(R16)-induced EAU model in Lewis rats after IV administration of allogeneic MSCs for 

3 consecutive days (5 × 106 cells per day) (Li et al., 2013). MSCs, infused either before 

disease onset or at the disease peak, decreased the number of Th17 cells in both the spleen 

and the eye at all time-points while increasing the number of CD4+CD25+FoxP3+ Treg 

cells consistently during the entire disease course. Since Th17 cells cause whereas Treg 

cells inhibit autoimmune responses (Lee, 2018), these results suggest that MSCs regulate 

Th17/Treg balance, thereby leading to EAU alleviation.

Another study by Tasso et al. confirmed the effects of MSCs on Treg cell induction and 

EAU development in a C57BL/6 (H-2b) mouse model characterized by later onset and 

longer duration of predominantly posterior uveitis as compared with acute panuveitis in a 

rat model (Tasso et al., 2012). The results were dramatic. A single IP injection of syngeneic 

BM MSCs (5 × 106 cells) at the time of IRBP immunization prevented the development 

of EAU almost completely; only 2 of 14 MSC-treated mice developed EAU, whereas 14 

of 16 MSC-untreated mice developed the disease. MSC treatment significantly increased 

the frequency of CD4+CD25+FoxP3+ Treg cells in the spleen of the EAU mice. Treg cells 

isolated from MSC-treated EAU mice inhibited the proliferation of IRBP-primed T cells 

from EAU mice, while Treg cells isolated from MSC-untreated mice did not. Moreover, in a 

transwell coculture experiment, MSCs induced an expansion of antigen-specific, functional 

Treg cells in a paracrine fashion by secreting TGF-β.

We obtained similar results with human MSCs in the same murine EAU model. A single IP 

or IV injection of human or syngeneic mouse BM-derived MSCs immediately after IRBP 

immunization was sufficient to block EAU development in C57BL/6 (H-2b) mice (Figure 

6) (Lee et al., 2015a; Oh et al., 2014a). IP and IV administration were equally effective. 

Human and mouse MSCs achieved similar effects. We injected 1 × 106 cells, with which 

only 12.5% of immunized mice developed EAU, in contrast to 87.5% of mice that developed 

EAU without MSC treatment. This efficacy of 1 × 106 MSCs is comparable to that of 5 × 

106 MSCs observed in the study by Tasso et al (Tasso et al., 2012). Additionally, we made 

a serial analysis of cellular, molecular and histologic profiles in EAU mice with or without 

MSC treatment. The kinetics demonstrated a clear sequence in pathogenic events during 

EAU progression (Lee et al., 2015a; Oh et al., 2014a): 1) at days 1 and 7, Th1 and Th17 

cells were increased in draining lymph nodes (DLNs); 2) at day 14, Th1 and Th17 cells were 

infiltrated into the retina with as yet little damage to the retinal architecture; 3) at day 21, the 

retinal structure was destroyed histologically (and in fact, histological changes in the retina 

have been found to correlate with clinical changes of the fundus in EAU mice (Copland 

et al., 2008)). Of note, systemic MSC administration reduced the frequencies of Th1 and 

T17 cells, pathogenic effectors of autoimmune uveitis, in DLNs during the early phase of 
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disease (at days 1 and 7), consequently leading to decreased retinal infiltration of T cells and 

protection of the retinal structure (Lee et al., 2015a; Oh et al., 2014a). Contrary to previous 

reports (Li et al., 2013; Tasso et al., 2012; Zhang et al., 2011), MSCs did not increase the 

number of CD4+CD25+FoxP3+ Treg cells in DLNs, peripheral blood or spleen (Lee et al., 

2015a; Oh et al., 2014a).

The effects and mechanisms of MSCs have also been tested in an EAU model in B10.RIII 

(H-2r) mice, a strain that is more conducive to EAU induction and develops more severe 

disease than the C57BL/6 (H-2b) strain after IRBP immunization (Cortes et al., 2008). 

Similarly to that seen in C57BL/6 (H-2b) mice (Lee et al., 2015a; Oh et al., 2014a; Tasso 

et al., 2012), Kimbrel et al. demonstrated that a single IP injection of human embryonic 

stem cell-derived MSCs (5 × 106 cells) at the time of immunization (day 0) suppressed 

the development of EAU in B10.RIII (H-2r) mice (Kimbrel et al., 2014). The same group 

subsequently showed that the secretion of Th17-associated cytokines (IL-17, IL-22, IL-6) 

was lower in splenocytes collected at the peak of disease (day 14) from MSC-treated EAU 

mice than in those obtained from MSC-untreated EAU mice (Qin et al., 2018), an indication 

that the Th17 response in mice at day 14 was repressed by MSCs that had been injected at 

day 0. However, they did not find any increase in CD4+FoxP3+ Treg cells in the spleen or 

DLNs in the MSC-treated group, which is consistent with our findings (Lee et al., 2015a; Oh 

et al., 2014a).

In a study by Chen et al., CD73 on mouse AT MSCs was shown to contribute to T cell 

inhibition in EAU by cooperating with CD39 and CD73 on activated T cells to produce 

adenosine, a molecule having T cell-suppressive effects (Chen et al., 2016).

4.2.2. Monocytes/macrophages as intermediary cells for MSC action—From 

the experiments discussed above, it is apparent that in EAU models, MSCs alleviate 

disease severity and prevent recurrence by suppressing Th1 and T17 cells, and that 

the immunosuppressive effects of MSCs are long-lasting. However, several paradoxical 

observations made with regard to MSCs render explanation of their therapeutic mechanisms 

difficult.

One such observation is that MSCs had a short metabolic half-life after systemic 

administration in experimental animals, but had long-term effects on immune responses 

such as inhibition of Th1/Th17 cells and induction of Treg cells. In a C57BL/6 mouse model 

of EAU, we found that only 1.8% of MSCs were present in ocular DLNs 24 hours after 

IV administration of human MSCs (Lee et al., 2015a). Although the numbers of MSCs 

detected in tissues beyond the lung were small and the engraftment was temporary, MSCs 

acted at a distance and exerted durable effects on EAU. Another observation is that almost 

identical results were obtained in EAU models when human (Kimbrel et al., 2014; Lee et 

al., 2015a; Oh et al., 2014a; Qin et al., 2018), allogeneic (Li et al., 2013; Zhang et al., 

2011; Zhang et al., 2014; Zhao et al., 2016) or syngeneic MSCs (Lee et al., 2015a; Tasso et 

al., 2012; Zhang et al., 2011) were utilized. These findings had originally been interpreted 

under the assumption that MSCs were immune-privileged, but subsequent investigations 

supported the notion that exogenously administered MSCs are recognized by the recipient’s 

immune system and can be rejected under mismatched conditions (Ankrum et al., 2014). 
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To reconcile the observations that MSCs have a short window of therapeutic activity but 

suppress adaptive immune responses that can take weeks to develop, we have investigated 

whether the immunosuppressive effects of MSCs might be transmitted by longer-lived innate 

immune cells that act as intermediaries to control the activation of the adaptive immune 

system.

Among innate immune cells, monocytes and macrophages are good candidates for mediation 

of the therapeutic action of MSCs, due specifically to their distinct characteristics as 

important regulators of immune response. One of these characteristics is their presence in all 

tissues. Monocytes, arising from myeloid progenitors in BM, comprise 10% of circulating 

leukocytes in the peripheral blood and promptly migrate from the blood to the tissue of 

injury where they subsequently differentiate into macrophages. Macrophages reside in all 

tissues, either as tissueresident cells, which are mostly derived from the yolk sac and take up 

residence during embryogenesis, or as monocyte-derived cells, which are differentiated from 

monocytes infiltrating into tissues upon injury (for a review, see Ginhoux and Guilliams, 

2016). Another distinct characteristics of monocytes and macrophages is their functional 

diversity and plasticity. After injury, monocytes and macrophages change their phenotypes 

and functions with chameleon-like ease and play critical roles in the initiation, maintenance 

and resolution of inflammation and tissue repair (for reviews, see Locati et al., 2020; Wynn 

and Vannella, 2016). In recent years, a more active role of monocytes and macrophages 

in the regulation of the adaptive immune system, in addition to their role as sentinel and 

effector cells, has emerged as one of the immunoregulatory mechanisms by which an 

organism induces tolerance and restores homeostasis after injury.

In research over the past decade, we have identified cells from the monocyte/macrophage 

lineage as intermediaries in the therapeutic action of MSCs.

4.2.2.1. Effects of MSCs on myeloid-derived suppressor cells: In the first series of 

experiments (Lee et al., 2015a), we infused human or syngeneic mouse BM-derived MSCs 

via the tail vein into C57BL/6 mice immediately after IRBP immunization (day 0). By 

serially monitoring Th1 and Th17 cells, we found an initial expansion of Th1 and Th17 

cells in DLNs during days 1 to 7, followed by an increase of Th1 and Th17 cells in 

the blood at day 7, and by a later infiltration of the cells into the retina, with a peak 

at day 14. As expected, MSC treatment repressed Th1 and Th17 immune responses in 

all tissues during the entire disease course, leading to the near-complete protection of 

the eye against EAU. Next, we explored DLNs at day 1, an initial site of Th1 and 

Th17 cell activation. About 1.8% of MSCs were detected in DLNs 24 hours after IV 

administration. Simultaneously, there was a marked increase of IL-10-expressing, monocytic 

MHC class II−CD11b+Ly6C+Ly6Glo cells in DLNs of MSC-treated EAU mice, along 

with the upregulation of iNOS and Arg1 (Figure 7). In culture, these CD11b+Ly6C+ 

cells suppressed the proliferation of CD4+ T cells and differentiation into Th1 and Th17 

cells, while inducing CD4+ cell apoptosis. In mice, adoptive transfer of the MSC-induced 

CD11b+Ly6C+ cells ameliorated EAU, whereas depletion of CD11b+Ly6C+ cells abrogated 

the effects of MSCs. We defined the MSC-induced CD11b+Ly6C+ cells as myeloid-derived 

suppressor cells (MDSCs) on the basis of recommendations for MDSC nomenclature: an 

expression of both CD11b and Gr-1 (Ly6C or Ly6G) markers and the activity to inhibit T 
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cells (Bronte et al., 2016). Additional experiments revealed that the mobilization of MDSCs 

to DLNs of EAU mice was dependent on MCP-1/CCL2 (chemokine (C-C motif) ligand 2) 

expressed by MSCs (Lee et al., 2015a). Together, the results suggest that MSCs induce the 

recruitment of monocytic MDSCs to DLNs, the sites of immune reaction, in a paracrine 

manner.

The role of MDSCs in autoimmune uveitis has been identified in several studies. We showed 

that MDSCs were implicated in the resolution of inflammation in EAU mice and in human 

patients with autoimmune posterior uveitis (Jeong et al., 2018; Kerr et al., 2008). Tu et al. 

demonstrated that retinal pigment epithelial cells induced the differentiation of MDSCs from 

BM progenitors in C57BL/6 mice and thus controlled immune reactions in the retina in EAU 

mice (Tu et al., 2012).

In a subsequent series of experiments (Lee et al., 2020), we explored whether MSCs might 

affect monocytic MDSC differentiation as well as recruitment. Since BM is the primary 

site of MDSC expansion, we examined BM cells for CD11b, Ly6C and Ly6G markers 

in C57BL/6 mice at days 1 and 7 after IRBP immunization and concurrent IV MSC 

treatment. A critical observation was that a distinct subset of CD11bmidLy6CmidLy6Glo cells 

was induced in BM by MSC treatment, whereas most of the Ly6Glo cells differentiated 

into CD11bhiLy6ChiLy6Glo cells in EAU mice without MSC treatment (Figure 8A). 

However, MSCs did not affect BM cell differentiation in naïve mice without EAU. 

These findings were recapitulated in vitro. Both direct and transwell cocultures of BM 

cells with MSCs induced a prominent subset of CD11bmidLy6CmidLy6Glo cells under 

granulocyte-macrophage colony-stimulating factor (GM-CSF) stimulation, while most BM 

cells differentiated toward CD11bhiLy6ChiLy6Glo cells under GM-CSF without MSCs 

(Figure 8B). The MSC-induced CD11bmidLy6CmidLy6Glo cells had a transcriptome profile 

distinct from CD11bhiLy6ChiLy6Glo cells, as analyzed by bulk RNA sequencing. Surface 

marker and molecular analysis revealed that the CD11bmidLy6CmidLy6Glo cells differed 

from CD11bhiLy6ChiLy6Glo cells by low expression of MHC class II and costimulatory 

molecules (CD40, CD80, CD86) and high production of immunoregulatory molecules 

(IL-10, Arg1, NO, TGF-β). Functionally, the MSC-induced CD11bmidLy6CmidLy6Glo cells 

were not responsive to lipopolysaccharides (LPS) in contrast to CD11bhiLy6ChiLy6Glo cells 

that underwent marked pro-inflammatory activation in response to LPS. Furthermore, the 

MSC-induced CD11bmidLy6CmidLy6Glo cells inhibited T cell proliferation and activation in 

vitro, and adoptive transfer of the cells attenuated EAU development in mice. Therefore, 

CD11bmidLy6CmidLy6Glo cells induced in BM by MSCs can be defined as MDSCs. Further 

mechanistic studies demonstrated that the differentiation of CD11bmidLy6CmidLy6Glo 

MDSCs was partly dependent on PGE2 and HGF secretion from MSCs.

As in the EAU model, MDSCs have also been found to mediate therapeutic effects of 

MSCs in non-ocular disease models such as allogeneic heart transplantation (Obermajer et 

al., 2014), bleomycin-induced lung injury (Su et al., 2018), and acute GVHD (Yang et al., 

2020).

Altogether, the data indicate that MSCs induce the differentiation and recruitment 

of MDSCs under inflammatory conditions, and that MDSCs are key intermediaries 
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in mediating the immunosuppressive effects of MSCs. As MDSCs are inherently 

heterogeneous cell populations, we are currently analyzing MSC-induced MDSCs by means 

of single-cell RNA sequencing.

4.2.2.2. Modulatory effects of MSCs on macrophages: In another effort to explain how 

the therapeutic effects of MSCs extend beyond the persistence of the cells, we discovered 

that intravenously infused MSCs impacted monocytes/macrophages in the lung, which in 

turn exerted therapeutic activities in the long-term.

We observed that pretreatment of C57BL/6 mice with IV MSCs 7 and 3 days before 

IRBP immunization (days −7 and −3) significantly protected them from EAU (Ko et al., 

2016). Although there were no MSCs in the lung at the time of IRBP challenge (day 0), 

the effect of MSC pretreatment on EAU was dramatic: only 2 of 9 MSC-pretreated mice 

developed EAU (clinical score 1) at day 21, whereas all 9 vehicle-pretreated mice and all 

9 fibroblast-pretreated mice developed more severe EAU (clinical score 1 or higher) at day 

21. These results indicate the involvement of endogenous cells in mediating MSC effects. 

To search for a specific cell population affected by MSCs, we analyzed the lung, the site 

where most MSCs were trapped early after IV infusion (Lee et al., 2009a), at day 0 (the 

day of EAU induction or 3 days after the second MSC treatment). In the result, MHC class 

II+B220+CD11b+ cells, which also expressed IL-10, F4/80 and Ly6C, were found to be 

significantly increased in the MSC-pretreated lung (Figure 9). Time-course analysis showed 

that a significantly higher number of MHC class II+B220+CD11b+ cells was present in the 

peripheral blood and ocular DLNs as well as in the lung until day 4, suggesting that the cells 

persisted in mice until at least 7 days after IV MSC injection (Figure 9). The MSCinduced 

lung B220+CD11b+ cells were a morphologically homogenous population of monocytes, 

suppressed CD4+ T cell proliferation, and blocked Th1 and Th17 cell differentiation. 

Importantly, adoptive transfer of the MSC-induced B220+CD11b+ macrophages prevented 

EAU development in secondary recipient mice, and deletion of macrophages in the lung 

negated the effects of MSC pretreatment on EAU. Microarray and qPCR validation 

further identified TSG-6 as the most upregulated gene in the lung after MSC treatment. 

The induction of immunosuppressive MHC class II+B220+CD11b+ macrophages in the 

lung was dependent on TSG-6 expression by MSCs. Therefore, the data indicate that 

MSCs precondition lung monocytes/macrophages toward immunosuppressive phenotypes, 

thereby inducing immune tolerance. In a subsequent study, we determined whether the 

immunosuppressive MHC class II+B220+CD11b+ cells induced in the lung by MSCs 

originate from circulating Ly6C+ monocytes or lung resident macrophages (Ko et al., 2017). 

Depletion of circulating CD11b+Ly6C+ monocytes, but not CD11b+Ly6G+ granulocytes, 

reversed the effects of MSCs on the induction of MHC class II+B220+CD11b+ macrophages 

in the lung and on EAU prevention. These results suggest that CD11b+Ly6C+ monocytes are 

precursors to MSC-induced MHC class II+B220+CD11b+ immunosuppressive macrophages 

and thus are required for MSC-induced immune tolerance in EAU.

In line with our findings, several groups found the involvement of lung monocytes/

macrophages in the effects of MSC pretreatment in other disease models. Nemeth et al., 

in a sepsis model induced by cecal ligation and puncture, intravenously infused mouse BM 

MSCs 24 hours before sepsis induction (Nemeth et al., 2009). Similarly to our observation, 
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most of the MSCs were trapped in the lung immediately after IV infusion, and few were 

detectable in the lung 24 hours later. Nevertheless, MSC pretreatment significantly improved 

the survival and organ function in sepsis mice. To identify an endogenous cell population 

responsible for the therapeutic effects of MSCs, the same group further examined the 

effects of MSCs in Rag2−/− mice that lack mature T and B cells, in mice depleted of 

natural killer (NK) cells, and in mice depleted of monocytes/macrophages. MSCs were 

still effective in reducing mortality in the sepsis mice lacking T, B or NK cells, but were 

no longer effective in the mice depleted of monocytes/macrophages, an indication that 

lung monocytes/macrophages mediate the therapeutic action of MSCs. Further mechanistic 

investigation revealed that MSCs reprogrammed macrophages to produce IL-10 by releasing 

PGE2, and macrophage-derived IL-10 was key to the therapeutic effects of MSCs on 

sepsis. A similar observation was made with a corneal allotransplant model (Lohan et 

al., 2018). Lohan et al. administered rat BM MSCs intravenously into rats twice at 7 and 

1 days prior to corneal transplantation, and found that MSC pretreatment significantly 

prolonged the rejection-free graft survival from 0 to 63.6% in a high risk model of corneal 

transplantation. Consistent with our findings, higher proportions of CD45+CD11b+B220+ 

cells were observed in the lung 24 hours after the second MSC injection, and the MSC-

primed lung monocytes exhibited an immunosuppressive phenotype that suppressed CD4+ 

and CD8+ T cell proliferation. Hence, these results endorse the conclusion that monocytes/

macrophages are intermediary cells for tolerizing effects of MSCs.

In a recent study, we further identified the mechanism by which monocytes/macrophages 

modulated by MSCs exert therapeutic effects (Ko et al., 2020). In a coculture experiment, 

MSCs transferred MSC mitochondria-containing EVs to monocyte-derived macrophages, 

and consequently macrophages were activated to produce amphiregulin (AREG) in a 

phagocytosis-dependent manner. Notably, macrophage-derived AREG was essential in order 

for MSC-primed macrophages to suppress Th1 cells and induce Treg cells, both in vitro 

and in mice with EAU. Because AREG is a member of the epidermal growth factor 

family that is essential for corneal epithelial cell proliferation, we also evaluated the effects 

of MSC-primed macrophages and their AREG in a corneal epithelial injury model. As 

expected, AREG derived from MSC-primed macrophages effectively inhibited apoptosis 

and enhanced proliferation of corneal epithelial progenitor cells against hyperosmolar stress 

in vitro and in mice with corneal chemical injury. Hence, it was concluded that macrophages 

preconditioned by MSCs control immune responses and preserve tissue-resident stem cells 

through AREG, leading to the restoration of tissue homeostasis.

The immunomodulatory mechanisms of MSCs identified thus far are summarized in Figure 

10.

5. Challenges of MSC therapy

As above-summarized, MSCs have advantages over currently available immunosuppressive 

agents because a short course of MSC treatment induces long-term therapeutic effects by 

modulating innate immune cells. Moreover, unlike traditional immunosuppressants, MSCs 

do not impair the recipients’ antimicrobial immunity, and thus do not increase the risk 

of infection; they rather enhance host defense against infection and accelerate pathogen 
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clearance (Li et al., 2020; Mei et al., 2010; Mezey and Nemeth, 2015). In addition, MSCs 

play pro-regenerative and homeostatic roles by promoting tissue-resident stem cells and 

facilitating tissue repair as well as minimizing collateral tissue damage from excessive 

inflammation.

There is little controversy that IV administration of MSCs at clinically used doses (1 to 4 

× 106 cells/kg) is safe, transient and mild febrile reaction being the only side effect, and 

is well-tolerated even in patients with obstructive lung allotransplant rejection (Chambers 

et al., 2017; Galipeau and Sensebe, 2018; Keller et al., 2018). Concerns about spontaneous 

transformation and genetic instability observed with murine MSCs during culturing have 

been quelled by the use of human MSCs, because human MSCs cease proliferating after 

35–55 population doublings (PD), and translocation is rarely seen at low PD (Prockop and 

Keating, 2012; Prockop et al., 2017). Since exogenous MSCs disappear before an adaptive 

immune rejection develops, the immunological incompatibility between donor MSCs and 

recipient patients is unlikely to impair the therapeutic benefits of MSCs. The possibility 

and consequence of alloimmunization, however, should be considered under chronic disease 

conditions where repeated cell injections are necessary. Moreover, although it is commonly 

known that costimulatory molecules such as CD80, CD86 and CD40 are not expressed 

or induced in MSCs (Di Nicola et al., 2002; Ryan et al., 2005; Tse et al., 2003), several 

reports have demonstrated the induction of MHC molecules and costimulatory molecules 

in MSCs stimulated with inflammatory cytokines, raising a potential role of MSCs as 

non-professional APCs (Fuentes-Julián et al., 2015; Krampera et al., 2003; Menard et al., 

2013; Rafei et al., 2009). It was also reported that MSCs stimulated with a low dose of 

IFN-γ increased MHC class II expression and failed to suppress T cell proliferation, while 

stimulation of MSCs with a high dose of IFN-γ yielded the opposite results (Chan et al., 

2006). In a similar vein, dexamethasone reduced the inhibitory effect of MSCs on T cell 

proliferation, and concurrent administration with dexamethasone abrogated the therapeutic 

effects of MSCs in mice with liver cirrhosis (Chen et al., 2014). These findings might 

explain the negative outcome of MSC treatment observed in the chronic phases of EAU and 

EAE with low, persistent inflammatory stimuli (Zappia et al., 2005; Zhang et al., 2011). 

Hence, different responses of MSCs according to the levels of inflammation should be 

taken into account when using MSCs in the setting of inflammatory and immune-mediated 

disorders.

Currently, a major challenge to the clinical use of MSCs is their functional heterogeneity. 

Indeed, this is the main reason that the majority of MSC clinical trials in autoimmune 

disease remain in the early stages and only less than 5% are phase III trials.

In vitro-expanded MSCs are intrinsically heterogeneous cell populations, and there are no 

definitive markers that can be used to purify cells from the mesenchyme to homogeneity. 

Even single-cell-derived colonies vary in size, differentiation potential, clonogenicity, 

transcriptomes and proteins (Smith et al., 2004; Ylostalo et al., 2008). Moreover, as MSCs 

are highly sensitive and responsive to the microenvironment, they dramatically change 

their molecular characteristics and biological properties during expansion, according to 

culture conditions. For example, we demonstrated that MSCs, depending on the cell-seeding 

density, displayed marked changes in cell size, morphology, surface epitopes, differentiation 
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potential, proliferation rate and transcriptome profiles within just a few days (Larson et al., 

2008; Lee et al., 2009b). In addition, hypoxia has been reported to elicit different responses 

in MSC proliferation, differentiation and secretomes (for a review, see Ejtehadifar et al., 

2015).

MSCs also exhibit functional heterogeneities according to tissue sources even if the cells 

are prepared under the same culture condition. In a study by Sakaguchi et al., differentiation 

potential was compared among MSCs from 5 different tissue sources of healthy human 

donors (BM, AT, synovium, periosteum and skeletal muscle). BM- and synovium-derived 

MSCs showed the greatest ability for osteogenesis and chondrogenesis, whereas the 

frequency of lipid drops was highest in the AT- and synovium- derived MSCs (Sakaguchi et 

al., 2005). Likewise, numerous studies have demonstrated that MSCs from different tissue 

sources vary in their immunomodulatory properties as well as differentiation capacities (for 

a review, see Mattar and Bieback, 2015).

Donor-to-donor heterogeneity is another important issue that impacts the therapeutic 

efficacy of MSC batches. We demonstrated, in sterile inflammation models such as corneal 

chemical injury, peritonitis and bleomycin-induced lung injury, that BM MSCs, which 

had been obtained from different healthy individuals but expanded equally under the 

same conditions, showed large variations in their anti-inflammatory and therapeutic effects, 

despite the lack of any differences in cell surface markers commonly used to define MSCs 

(Lee et al., 2014).

These significant intra-population and donor-to-donor heterogeneities in the biological and 

functional properties of MSCs, not to mention different manufacturing conditions, can 

contribute to inconsistent clinical outcomes in human trials. As such, for the success of 

MSC-based therapies in ocular autoimmune diseases, it is important to standardize the 

manufacturing protocol so as to reproducibly generate clinically effective and functionally 

equivalent MSCs. In addition, MSC therapy should be optimized to improve clinical efficacy 

and minimize variability.

6. Strategies for the optimization of MSC therapy

6.1. MSC preconditioning

In vitro licensing of MSCs to produce a greater number of therapeutic factors can be used 

to improve the therapeutic potency of MSCs and to minimize their functional heterogeneity. 

There are several methods of MSC licensing. One is in vitro stimulation of MSCs with 

inflammatory cytokines such as IFN-γ or TNF-α. It is well-known that exposure to 

inflammatory cytokines, IFN-γ in particular, augments the functionality of MSCs by 

altering their cell morphology (Klinker et al., 2017) or upregulating their expression of 

immunosuppressive factors including IDO, PGE2, PD-L1 and TSG-6 (Choi et al., 2011; 

English et al., 2007; Krampera et al., 2013; Polchert et al., 2008). Another method is the 

genetic manipulation of MSCs to overexpress therapeutic factors using cDNA, CRISPR/

Cas9 technology or viruses, but such genetic engineering carries risks of insertional 

mutations, raising additional safety concerns. Alternatively, MSC expansion under three-

dimensional (3D) culture conditions can confer significant therapeutic benefits (Figure 11). 
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Compared with 2D monolayer culture, 3D culture of MSCs, as in a hanging-drop-based 

scaffold-free system, stirring microcarrier culture system (spin flask or rotating wall vessel), 

and cell aggregates formed on fabricated membranes, has been found to increase selfrenewal 

and multipotent differentiation of MSCs, facilitate the engraftment and homing of cells, and 

boost the production of paracrine factors, leading to the enhanced tissue repair in multiple 

animal models of human diseases (Bartosh et al., 2010; Goh et al., 2013; Lam et al., 

2017; Ylostalo et al., 2012; Zhou et al., 2017). Moreover, the conventional 2D monolayer 

culture of MSCs complicates the largescale, clinical-grade manufacturing of MSCs because 

it requires a large amount of media supplemented with human serum or platelet lysate, and 

thus is cost-intensive. In contrast, a 3D culture system with microcarriers requires a lesser 

volume of liquid media and is scalable in a closed system. Therefore, the 3D culture system 

not only improves the therapeutic efficacy of MSCs but also enables their large-scale and 

cost-effective production for clinical use.

6.2. Biopotency assay

In vitro potency assays to predict clinical efficacy of MSCs and validate the potency of 

different MSC batches can be used to fend off functional heterogeneities among the cells. 

Moreover, MSC potency assays as well as identity and purity assays are mandatory for 

advanced clinical trials and are required to acquire an FDA biologics license application for 

marketing in the United States (Mendicino et al., 2014).

Thus far, mixed lymphocyte reaction (MLR) assays with peripheral blood mononuclear cells 

(PBMCs) or T cells have been commonly used to test the immunosuppressive potency of 

MSCs. In the MLR assay, a large number of MSCs are required to inhibit proliferation 

of PBMCs or lymphocytes (a few MSC:T-cell or PBMC ratios). In reality, however, most 

MSCs after systemic administration disappear within no more than a few days, and only a 

small number of them can encounter lymphocytes. Therefore, it is difficult to assume that 

the suppressive activity of MSCs in the MLR will reflect their immunosuppressive action 

in vivo. Indeed, recent studies have found that although late-passage UC-MSCs were more 

suppressive on PBMC proliferation in the MLR than early-passage UC-MSCs (Zhuang et 

al., 2015), early-passage MSCs were more effective in prolonging the survival of GVHD 

patients than were later-passage MSCs (75% vs. 21%) (von Bahr et al., 2012). These results 

show that the immunosuppressive potency of MSCs as measured with recipient PBMCs in 

the MLR does not correlate with the actual clinical outcome.

Moreover, the conventional MSC identity assays evaluating clonogenicity, differentiation 

potential or surface markers did not predict MSCs’ therapeutic potency in our sterile 

inflammation models (Lee et al., 2014). Instead, we found that the transcript levels of TSG-6 

in unstimulated or TNF-α-stimulated MSCs had a positive correlation with the therapeutic 

potency of MSCs in mice with corneal chemical injury, bleomycin-induced lung injury and 

peritonitis (Figure 12) (Lee et al., 2014), a clear indication that MSCs’ therapeutic potency 

is related to their capacity to increase therapeutic factors in response to inflammatory stimuli 

rather than their proliferation and differentiation capacities.

As another potential MSC bioassay, Galleu et al. demonstrated that the ability of recipient-

derived cytotoxic cells to induce apoptosis of MSCs in vitro positively predicted clinical 
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response to MSC transfusion in patients with severe steroid-resistant GVHD (Galleu et al., 

2017). Also, Klinker et al. identified the morphologic features of MSCs predictive of in vitro 

immunosuppressive capacity by high-content imaging of MSCs following IFN-γ stimulation 

(Klinker et al., 2017); however, before determining whether such features can be used as 

a predictive biomarker of MSC clinical potency, their correlation with MSC therapeutic 

activity in vivo should be analyzed as well.

For identification of the specific biomarker(s) predictive of MSC potency in suppressing 

ocular autoimmune inflammation, future research is necessary. Elucidation of the exact 

mechanisms underlying MSC-mediated immunomodulation in ocular autoimmune diseases 

would be a key step in successful biopotency assay development.

6.3. Therapy with MSC-derived factors or EVs

It is well-established that MSCs ameliorate disease and maintain homeostasis via secretion 

of a large panel of bioactive factors and EVs in response to their microenvironment 

and injury signals. The use of MSC-derived factors as cell-free treatment has several 

advantages over cell therapy. First, there is no need to transfer cells that may possess 

mutated or damaged DNA. Second, proteins and EVs are small and readily circulates after 

IV administration, comparing favorably with MSCs, which are too large to pass through 

and circulate in lung capillaries. Third, it is easy to control the dose and delivery route 

for proteins and EVs. Moreover, proteins and EVs can be infused at higher doses and thus 

delivered to the injured tissue with greater, more efficacious impact. Therefore, efforts are 

being made to develop MSC-derived factors and EVs as therapeutics for ocular autoimmune 

diseases.

Among the therapeutic factors secreted by MSCs in an injury microenvironment, we have 

identified TSG-6 as a potential treatment of SS-related DED. In an NOD.B10.H2b mouse 

model of primary ocular SS, we found that topical application of recombinant human TSG-6 

protein recapitulated to a large extent the therapeutic effects of MSCs on DED (Kim et al., 

2016; Lee et al., 2015b). Moreover, TSG-6 dose-dependently promoted the migration of 

corneal epithelial cells in culture (Lee et al., 2015b). Beneficial therapeutic effects have also 

been observed with Link_TSG6, which is the recombinant Link module from human TSG-6 

protein (Oh, J.Y., Milner, C.M. and Day, A.J. unpublished data). Our data thus indicate that 

Link_TSG6 has the potential to treat the signs and symptoms of DED.

In recent years, MSC-derived EVs have come into the limelight as a novel alternative 

to MSC therapy. MSCs secrete EVs containing a large number of RNAs, proteins and 

mitochondria, which recapitulate a broad range of the therapeutic effects of parent MSCs 

(Figure 13) (for a review, see Phinney and Pittenger, 2017). In this regard, we demonstrated 

that MSC-EVs were as effective as their parent MSCs in alleviating immune responses and 

preventing disease development in animal models of autoimmune diseases (Hai et al., 2018; 

Shigemoto-Kuroda et al., 2017).

In an EAU model, we investigated the effect of human BM MSC-derived EVs isolated by 

column fractionation on IRBP-induced EAU in C57BL/6 mice (Shigemoto-Kuroda et al., 

2017). Either MSC-derived EVs (30 μg containing 15 × 109 EVs per mouse) or MSCs (1 × 
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106 cells per mouse, the same lot of MSCs from which EVs were produced) were injected 

once via the tail vein immediately after IRBP immunization (day 0). Examination at day 

21 revealed that the MSC-derived EVs suppressed Th1 and Th17 cells and prevented EAU 

development as effectively as their parent cells did. In culture, MSC-EVs directly inhibited T 

cell proliferation upon CD3/CD28 stimulation, but did not induce FoxP3+ Treg cells. Also, 

MSC-EVs downregulated the expression of MHC class II and costimulatory factors (CD40, 

CD80, CD86) on APCs and hindered APC activation. Similar findings were reported for 

a Lewis rat model of IRBP (R16)-induced EAU by Bai et al. (Bai et al., 2017). They had 

administered either human UC MSC-derived EVs (10 to 100 μg) prepared by sequential 

centrifugation or human dermal fibroblast-derived EVs via periocular injection on a daily 

basis for 7 consecutive days, starting on the day of disease manifestation (9 days after 

immunization). MSC-EVs, but not fibroblast-EVs, displayed significant therapeutic effects 

on the ongoing EAU as examined by clinical observation, retinal histology and ERG.

We also elucidated the effect and mechanism of human BM MSC-derived EVs in an 

NOD.B10.H2b mouse model exhibiting a phenotype of primary ocular SS (Figure 14) (Kim 

et al., 2020). In the study, we directly injected 5 × 108 EVs into the intraorbital LG of 

12-week-old NOD.B10.H2b mice. MSC-EVs reduced corneal epithelial defects, increased 

conjunctival goblet cell density, and suppressed the levels of proinflammatory cytokines 

on the ocular surface. Also, MSC-EVs improved aqueous tear production while reducing 

the number of CD3+ lymphocytic foci in the LG. Remarkably, a small dose of EVs 

(5 ×108 EV particles), injected locally into the LG, was sufficient to ameliorate ocular 

disease, whereas up to 1.5 × 1010 EV particles had been used for systemic IV infusion 

in EAU mice (Shigemoto-Kuroda et al., 2017). Further mechanistic investigation revealed 

that EVs derived from early-passage MSCs (15 PD) were more effective than those from 

late-passage cells (40 PD) in suppressing Th1 and Th17 cytokines in splenocyte cultures 

and ameliorating DED in NOD.B10.H2b mice (Kim et al., 2020). By comparing molecular 

profiles between early- and late-passage MSC-EVs, we found that EVs from early-passage 

MSCs contained higher levels of TGF-β1, pentraxin 3 (PTX3), let-7b and miR-21b. 

Silencing of these factors in MSCs abrogated the immunosuppressive effects of their EVs 

in in vitro splenocyte cultures and in NOD.B10.H2b mice, indicating that TGF-β1, PTX3, 

let-7b and miR-21b are key effectors responsible for EV-mediated immunomodulation. In 

a separate study, we additionally observed that topical or subconjunctival administration 

of MSC-EVs had direct effects on the promotion of corneal epithelial healing following 

epithelial debridement (Figure 15) (Oh, J.Y., unpublished data). Consistent with our results, 

other groups have demonstrated therapeutic effects of the topical application of human 

corneal stroma-derived, human placenta-derived, or human AT-derived MSC-EVs in murine 

models of corneal mechanical wounding (Shojaati et al., 2019), corneal alkali injury (Tao et 

al., 2019)nd DED (Yu et al., 2020).

Another advantage of MSC-EVs as a therapeutic is that they can be used as a drug 

delivery system. Currently, the most popular vehicles of drug delivery are liposomes and 

polymeric nanoparticles. However, whether liposomes can evade the host immune system 

with long-circulating stability and without toxicity remains elusive. Polymeric nanoparticles 

may have better stability than liposomal systems, but their biocompatibility and long-term 

safety are unresolved issues (for reviews, see Li et al., 2015; Raemdonck et al., 2014). 
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By contrast, EVs have many desirable features of an ideal drug delivery system including 

biocompatibility, the intrinsic ability to target tissues (Hoshino et al., 2015; Lai et al., 2014; 

Losche et al., 2004), stability in circulation without losing functional activity, and minimal 

or no inherent toxicities (Escudier et al., 2005; Maji et al., 2017). Moreover, EVs produced 

by MSCs have additional benefits for the treatment of disease, specifically by delivering 

MSCderived therapeutic mRNAs, microRNAs and proteins. Since MSC-EVs express several 

adhesion molecules (Kim et al., 2020; La Greca et al., 2018), systemically-infused MSC-

EVs tend to accumulate in injured tissue (Grange et al., 2014; Otero-Ortega et al., 2018). 

Furthermore, it is easy to manipulate the contents of MSC-EVs through genetic engineering 

of MSCs with cDNA, siRNA or virus (Kim et al., 2020; O’Brien et al., 2018), and thus EVs 

laden with therapeutic factors can be produced from engineered MSCs while avoiding safety 

concerns related to insertion mutations in genetically engineered cells.

7. Conclusions and future directions

Nearly three decades of research have demonstrated that MSCs have unique properties 

that can be harnessed for the development of novel therapeutics. In the field of ocular 

autoimmune disease, preclinical animal data have shown the therapeutic promise of MSCs, 

and clinical trials are underway to prove the safety and clinical effectiveness of MSCs in 

patients. The success of clinical trials with MSC-based therapies will eventually depend on 

a number of critical factors including selection of potent cellular products, establishment of 

a reproducible manufacturing process, and optimization of treatment protocols tailored to a 

disease and patient. This process will take much time and rigorous research, as exemplified 

by the 60-year history that had been required to develop the first successful stem cell 

therapy: hematopoietic stem cell transplantation. Importantly, since MSCs are a prominent 

cellular identity that interact with their microenvironment and neighboring cells to prov 

therapeutic effects, further elucidation of their mechanism of action will equip us with novel 

translational strategies, and thereby enable us to make better use of MSCs for prevention and 

treatment of ocular autoimmune diseases.
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AT adipose tissue

ADDE aqueous deficiency dry eye

APC antigen-presenting cell

Oh and Lee Page 23

Prog Retin Eye Res. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AREG amphiregulin

Arg1 arginase 1

BM bone marrow

CCL2 chemokine (C-C motif) ligand 2

ConA concanavalin A

DED dry eye disease

DLN draining lymph node

EAE experimental autoimmune encephalomyelitis

EAU experimental autoimmune uveoretinitis

ERG electroretinography

EV extracellular vesicle

FasL Fas ligand

GM-CSF granulocyte-macrophage colony-stimulating factor

GVHD graft-versus-host disease

IDO indoleamine-2,3-dioxygenase

iNOS inducible nitric oxide synthase IP: intraperitoneal

iPSC induced pluripotent stem cell

IRBP interphotoreceptor retinoid-binding protein

IV intravenous

KCS keratoconjunctivitis sicca

LG lacrimal gland

LPS lipopolysaccharides

MCP-1 monocyte chemoattractant protein-1

MDSC myeloid-derived suppressor cell

MHC major histocompatibility complex

MI myocardial infarction

MLR mixed lymphocyte reaction

MS multiple sclerosis

MSC mesenchymal stromal cell
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NK natural killer

NO nitric oxide

OSDI ocular surface disease index

PBMC peripheral blood mononuclear cell

PD population doublings

PD-L1 programmed death-ligand 1

PGE2 prostaglandin E2

PTX3 pentraxin 3

SS Sjögren’s syndrome

STC-1 stanniocalcin-1

TBUT tear break-up time

TLR Toll-like receptor

Treg regulatory T

TSG-6 TNFα-stimulated gene/protein-6

UC umbilical cord
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Highlights

Mesenchymal stromal cells (MSCs) ameliorate disease by modulating immune response 

and promoting tissue regeneration.

MSCs exert therapeutic effects on autoimmune uveoretinitis and dry eye disease through 

Th1 and Th17 inhibition.

MSCs’ long-lasting immunomodulatory effects are partly mediated by monocytes and 

macrophages.

MSC-derived extracellular vesicles have potential benefits as cell-free therapy for ocular 

autoimmune diseases.
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Figure 1. 
Kinetics of live MSCs in the lung and 7 other tissues after IV infusion of 2 × 106 human 

MSCs into mice.

The kinetics and redistribution of human BM-derived MSCs after IV administration into 

mice were evaluated by a real-time PCR assay for human Alu sequence and GAPDH. About 

85% of the human BM-derived MSCs were initially trapped in the lung within a few minutes 

after IV infusion and disappeared with a half-life of 24 hours. The cells did not appear in any 

significant numbers in other tissues, 0.04% of the infused MSCs having been recovered after 

48 hours and 0.01% after 96 hours.

Reprinted with permission from Cell Stem Cell. Lee et al., 2009. Intravenous hMSCs 

improve myocardial infarction in mice because cells embolized in lung are activated to 

secrete the anti-inflammatory protein TSG-6. Cell Stem Cell 5, 54–63. Copyright © 2009 

Elsevier Inc.
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Figure 2. 
Anti-inflammatory effects of MSCs on the cornea.

Human BM-derived MSCs or vehicle (Hank’s balanced salt solution, HBSS) were 

administered into mice via tail vein injection immediately after sterile injury to the cornea. 

Seven days later, the cornea was evaluated clinically for opacity and histologically for 

neutrophil infiltration. MSCs significantly reduced the development of corneal opacity and 

neutrophil infiltration.

Reprinted with permission from Cytotherapy. Yun et al., 2017. Comparison of the anti-

inflammatory effects of induced pluripotent stem cell-derived and bone marrow-derived 

mesenchymal stromal cells in a murine model of corneal injury. Cytotherapy 19, 28–35. 

Copyright © 2017 Elsevier Inc.
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Figure 3. 
Anti-angiogenic effects of MSCs on the cornea through TSG-6-mediated suppression of 

inflammation.

Corneal neovascularization was induced in mice by suture application, and human BM-

derived MSCs transfected with either TSG-6 siRNA (TSG-6 KD MSC) or control 

scrambled siRNA (control MSC) were intravenously administered (day 0). At day 1, corneal 

inflammation was evaluated by immunostaining of corneal whole-mounts for CD11b and 

Ly6G. At day 7, corneal new vessel growth was assessed by clinical observation and 

immunostaining for CD31 and LYVE-1. Both corneal inflammation and neovascularization 

were markedly suppressed by control MSCs, but not by TSG-6 KD MSCs or the vehicle 

(Hank’s balanced salt solution, HBSS).

Reprinted with permission from Molecular Therapy. Song et al., 2018. Mesenchymal 

Stromal Cells Inhibit Inflammatory Lymphangiogenesis in the Cornea by Suppressing 

Macrophage in a TSG-6-Dependent Manner. Mol. Ther. 26, 162–172. Copyright © 2017 

The American Society of Gene and Cell Therapy.
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Figure 4. 
Effects of MSCs on LG inflammation-induced DED.

LG inflammation was induced by an injection of ConA, the prototypic T cell mitogen, into 

the intraorbital gland in mice. Subsequently, syngeneic mouse BM-derived MSCs or vehicle 

(Hank’s balanced salt solution, HBSS) were administered into the periorbital space. ConA 

injection induced CD3 T cell infiltration into the LG, severe epithelial defects in the cornea, 

and a reduction in conjunctival goblet cells. Notably, MSCs suppressed LG inflammation. 

Consequent to that, MSCs significantly preserved the corneal epithelium and conjunctival 

goblet cells as assessed by corneal lissamine green dye staining and conjunctival periodic 

acid–Schiff (PAS) staining, respectively.

Reprinted with permission from Molecular Therapy. Lee et al., 2015. Mesenchymal stem/

stromal cells protect the ocular surface by suppressing inflammation in an experimental dry 

eye. Mol. Ther. 23, 139–146. Copyright © 2015 The American Society of Gene and Cell 

Therapy.
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Figure 5. 
Effects of MSCs on naturally-occurring canine KCS.

Allogeneic AT-derived MSCs were injected into the dorsal LG and the third eyelid LG 

in dogs with naturally occurring KCS. Prior to MSC transplantation, there was ocular 

discharge, conjunctival hyperemia, corneal opacity and vascularization, as well as Schirmer 

test results of 2 mm/min, all of which are clinical signs of KCS (A). MSCs dramatically 

reduced clinical signs of KCS both in the short term (28 days after MSC treatment, A’) and 

in the long term (12 months after MSC treatment, A”).

Reprinted with permission from Cell Medicine. Bittencourt et al., 2016. Allogeneic 

Mesenchymal Stem Cell Transplantation in Dogs With Keratoconjunctivitis Sicca. Cell Med. 

8, 63–77. Copyright © 2016 Cognizant, LLC.
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Figure 6. 
Effects of MSCs on EAU.

Human BM-derived MSCs or vehicle (Hank’s balanced salt solution, HBSS) were 

administered into C57BL/6 (H-2b) mice either intraperitoneally or intravenously 

immediately after EAU induction via IRBP immunization. Both IFN-γ+CD4+ Th1 cells 

and IL-17+CD4+ Th17 cells were significantly reduced in DLNs by MSC treatment. 

Accordingly, the transcript levels of IFN-γ and IL-17A in the eye were decreased by MSCs, 

and the retinal architecture was preserved with a smaller number of TUNEL+ apoptotic cells, 

all of which indicate the protection against EAU.

Reprinted with permission from The Journal of Immunology. Lee et al. 2015. Mesenchymal 

stem/stromal cells protect against autoimmunity via CCL2-dependent recruitment of 

myeloid-derived suppressor cells. J. Immunol. 194, 3634–3645.

Copyright © 2015 The American Association of Immunologists, Inc. and from Mediators of 

Inflammation. Oh et al., 2014. Intraperitoneal infusion of mesenchymal stem/stromal cells 

prevents experimental autoimmune uveitis in mice. Mediators Inflamm. 2014, 624640.
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Figure 7. 
MSCs increased monocytic MDSCs in DLNs and peripheral blood in mice with EAU.

One day after EAU induction and MSC IV administration, the increase of IL-10-expressing 

MHC IIloLy6G−Ly6ChiCD11b+ cells was noted in DLNs and peripheral blood in mice. Also, 

there were up to 80- and 400-fold increases in iNOS and Arg1, the molecules known to 

mediate the immunosuppressive functions of MDSCs, in DLNs of the MSC-treated mice.

Reprinted with permission from The Journal of Immunology. Lee et al. 2015. Mesenchymal 

stem/stromal cells protect against autoimmunity via CCL2-dependent recruitment of 

myeloid-derived suppressor cells. J. Immunol. 194, 3634–3645. Copyright © 2015 The 

American Association of Immunologists, Inc.
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Figure 8. 
MSCs induced differentiation of monocytic MDSCs in BM.

A. In C57BL/6 mice, human BM MSCs were injected via the tail vein after EAU induction 

via IRBP immunization. Examination at days 1 and 7 revealed that the MSCs increased 

a distinct subset of CD11bmidLy6CmidLy6Glo cells in BM while reducing the number of 

CD11bhiLy6ChiLy6Glo cells.

B. In culture, BM cells were extracted from C57BL/6 mice and cocultured with human 

BM MSCs in a direct coculture or transwell system under GM-CSF stimulation for 

5 days. Both direct and transwell cocultures with MSCs induced a distinct subset 

of CD11bmidLy6CmidLy6Glo cells, while most of Ly6Glo BM cells differentiated into 

CD11bhiLy6ChiLy6Glo cells without MSCs.

Reprinted with permission from JCI Insight. Lee et al., 2020. Mesenchymal stromal cells 

induce distinct myeloid-derived suppressor cells in inflammation. JCI Insight 5, e136059. 

Copyright © 2020 American Society for Clinical Investigation.
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Figure 9. 
MSCs increased a distinct population of MHC class II+B220+CD11b+ cells in the lung.

At days −7 and −3, human BM MSCs, dermal fibroblasts (Fibro) or vehicle (Hank’s 

balanced salt solution) were injected intravenously into naive BALB/c mice. The analysis 

at day 0 demonstrated higher percentages of MHC class II+B220+CD11b+ cells in the lung, 

peripheral blood, spleen and cervical lymph nodes (LN) of MSC-pretreated mice, compared 

with HBSS- or Fibro-pretreated mice. The MSC-induced MHC class II+B220+CD11b+ cells 

expressed high levels of IL-10, F4/80 and Ly6C and a moderate level of CD11c. Additional 

time-course analysis showed that the percentages of MHC class II+B220+CD11b+ cells in 

the lung, blood and LN remained elevated until day 4 (i.e., 7 days after MSC injection).

Originally published in Proceedings of the National Academy of Sciences of the United 

States of America. Ko et al., 2016. Mesenchymal stem/stromal cells precondition lung 

monocytes/macrophages to produce tolerance against allo- and autoimmunity in the eye. 

Proc. Natl. Acad. Sci. U. S. A. 113, 158–163.
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Figure 10. Mechanisms of immunomodulation by MSCs.
MSCs exert immunosuppressive effects on autoimmune inflammation through promotion 

of MDSC expansion and recruitment, induction of macrophage polarization into anti-

inflammatory or regulatory phenotypes, inhibition of Th1 and Th17 cells, and upregulation 

of Treg cells. These immunomodulatory actions of MSCs are mediated in large part by the 

major immunomodulatory factors that MSCs secrete in response to injury or perturbation of 

tissue homeostasis.
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Figure 11. 
Three-dimensional (3D) culture methods of MSCs.

A. Hanging drop culture for 3D spheroid formation. MSCs aggregate at the bottom tip of the 

drop and form a spheroid.

B. Spinner flask bioreactor with microcarriers. MSCs are attached to the surface of the 

microcarrier and grow as monolayers on the surface of a small sphere. Representative 

photograph of fluorescence (Dil)-labeled MSCs on microcarriers (Corning) at 4 hours after 

seeding.
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Figure 12. 
TSG-6 as a biomarker predictive of the in vivo anti-inflammatory potency of MSCs.

For identification of a biomarker that predicts the clinical efficacy of MSCs, the level 

of myeloperoxidase (MPO), a semi-quantitative measure of activated neutrophils, was 

measured in the cornea in BALB/c mice 3 days after infliction of sterile corneal injury and 

IV administration of human BM MSCs. Then, the correlation between the efficacy of MSCs 

in reducing MPO levels in the cornea and the expression by RT-PCR of genes previously 

linked to the therapeutic benefits of MSCs was evaluated.

Among the analyzed genes, there was a highly-significant correlation between TSG6 

transcript levels in MSCs (with and without TNF-α stimulation) and the efficacy of the 

cells in reducing corneal MPO levels.

Originally published in Proceedings of the National Academy of Sciences of the United 

States of America. Lee et al., 2014. TSG-6 as a biomarker to predict efficacy of human 

mesenchymal stem/progenitor cells (hMSCs) in modulating sterile inflammation in vivo. 

Proc. Natl. Acad. Sci. U. S. A. 111, 16766–16771.
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Figure 13. 
The potential of MSC-derived EVs as cell-free alternatives to MSCs for the treatment of 

disease.

MSCs produce EVs which contain a large number of therapeutic molecules including RNAs, 

proteins and mitochondria. MSC-EVs have been shown to exert therapeutic benefits in a 

wide range of animal models of human diseases.
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Figure 14. 
Effects of MSC-derived EVs on SS-related DED.

EVs derived from human BM MSCs were injected locally into the intraorbital LG in 

NOD.B10.H2b mice exhibiting a phenotype of primary ocular SS. The MSC-EVs were 

effective in reducing corneal epithelial defects, increasing conjunctival goblet cell density, 

and suppressing the levels of pro-inflammatory cytokines on the ocular surface. Also, 

the MSC-EVs improved aqueous tear production and decreased the number of CD3+ 

lymphocytic foci in the LG. Especially, EVs derived from early-passage MSCs (15 PD) 

alleviated DED more effectively than did those from late-passage cells (40 PD).

Reprinted with permission from Molecular Therapy. Kim et al., 2020. Comprehensive 

Molecular Profiles of Functionally Effective MSC-Derived Extracellular Vesicles in 

Immunomodulation. Mol. Ther. 28, 1628–1644. Copyright © 2020 The American Society of 

Gene and Cell Therapy.
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Figure 15. 
Effects of topically applied MSC-EVs on corneal epithelial regeneration.

Topical instillation of EVs derived from human MSCs markedly facilitated corneal epithelial 

healing in BALB/c mice following mechanical removal of corneal epithelium, as evaluated 

by fluorescein vital dye staining. The transcript levels of inflammatory cytokines (IL-1β and 

IL-6) in the cornea also were decreased by the MSC-EVs.
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