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Abstract

Thrombospondin 1 (TSP-1) is an extracellular matrix protein that interacts with a wide array of 

ligands including cell receptors, growth factors, cytokines and proteases to regulate various 

physiological and pathological processes. Constitutively expressed by certain ocular surface 

tissues (e.g. corneal and conjunctival epithelium), TSP-1 expression is modulated during ocular 

surface inflammation. TSP-1 is an important activator of latent TGF-β, serving to promote the 

immunomodulatory and wound healing functions of TGF-β. Mounting research has deepened our 

understanding of how TSP-1 expression (and lack thereof) contributes to ocular surface 

homeostasis and disease. Here, we review current knowledge of the function of TSP-1 in dry eye 

disease, ocular allergy, angiogenesis/lymphangiogenesis, corneal transplantation, corneal wound 

healing and infectious keratitis.

I. Introduction

The extracellular matrix is an intricate three-dimensional network of proteins that plays a 

critical role in the determination, differentiation, proliferation, polarity, migration and 

survival of cells [1]. Thrombospondins are a family of extracellular matrix proteins 

consisting of five members (TSP-1 to TSP-5) that interact with a variety of cell surface 

receptors, growth factors, cytokines and proteases to influence numerous in vivo phenomena 

including wound healing, angiogenesis and inflammation [2].

TSP-1 is a 450 kDa glycoprotein that was first identified as being released by platelets 

following thrombin treatment [3]. TSP-1 is expressed by an array of tissues including the 

cornea, lens, retinal pigment epithelium (RPE), activated endothelium, healing skin wounds 

and the spinal cord [2]. The contribution of TSP-1 to ocular immune, angiogenic and 
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lymphangiogenic privilege has been an area of active investigation for the past 25 years [4]. 

This article reviews the progress that has been made in elucidating the contributions of this 

matricellular protein to ocular surface homeostasis and disease. The scope of this review is 

limited to the functions of TSP-1, and will not discuss the other thrombospondins TSP-2, 

−3, −4 and −5. While the majority of published reports have investigated the role of TSP-1, 

there is evidence that TSP-2 also influences numerous cellular and molecular phenomena in 

the eye [5–8]. First, an overview of the functions of TSP-1 is provided, as well as a 

description of TSP-1 expression by ocular tissues. We then address the role of TSP-1 in a 

variety of ophthalmic conditions; including dry eye disease (DED), ocular allergy, 

angiogenesis/lymphangiogenesis, wound healing, corneal transplantation and infectious 

keratitis.

II. Structure of TSP-1

TSP-1 has a homotrimeric structure, with each monomer comprised of N- and C-terminal 

globular domains flanking a thin connecting strand consisting of a procollagen homology 

domain and three central repeats (Fig. 1) [9]. The N-terminal binds integrins that play an 

important role in chemotaxis and adhesion [10]. The procollagen homology domain 

promotes assembly of the trimer [11]. The three central repeats are defined as Type 1 (also 

known as thrombospondin structural homology repeats [TSRs]), Type 2 and Type 3 [12]. 

Type 1 repeats bind to CD36 and TGFβ, and Type 3 repeats interact with various integrins 

[2,13]. TSP-1 signaling through integrin-associated protein (CD47) occurs via the carboxy-

terminal [14]. It is via these interactions that TSP-1 mediates its various immunoregulatory, 

anti-angiogenic and wound healing functions.

III. Function of TSP-1

TSP-1 modulates cellular functions by interacting with multiple cellular receptors, each of 

which is expressed at various levels by different cell types [15]. TSP-1 is known to interact 

with integrins (including α3β1, αvβ3, and αIIbβ3), CD47, cellular glycosaminoglycans, 

CD36 and LDL receptor-related protein. Over recent years, much progress has been made in 

delineating key mechanisms by which TSP-1 contributes toward immune regulation, inhibits 

angiogenesis and promotes wound healing.

A. Immune regulation

The importance of the immunoregulatory role of TSP-1 has been highlighted by studies of 

TSP-1-null mice, which develop spontaneous pneumonia by 4 weeks of age with pulmonary 

lesions characterized by large numbers of neutrophils and macrophages [16]. TSP-1 is 

recognized as a major activator of the cytokine transforming growth factor-β 1 (TGF-β1) in 

vivo [17]. TGF-β1 is a multifunctional cytokine that modulates the immune response via 

numerous mechanisms (as shown in Fig. 2), in addition to regulating cellular proliferation, 

wound healing and extracellular matrix synthesis [18–20]. The histological abnormalities 

observed in multiple organ systems are very similar but relatively less intense in TSP-1-null 

mice as compared to TGF-β1-null mice, and treatment of TSP-1-null mice with a peptide 

derived from TSP-1 has been shown to increase levels of activated TGF-β1 and restore the 

phenotype to wild type (WT) [17]. The survival of TSP-1-null mice and their relatively 
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lower intensity of overall inflammation as compared to that seen in TGF-β1-null mice 

supports the presence of TSP-1-independent mechanisms of TGF-β1 activation. 

Interestingly, while TSP-1 has been shown to be the primary activator of TGF-β1 in renal 

and lung fibrosis [21,22], there is evidence that TGF-β1 is not the major activator of TSP-1 

in other compartments [23,24], leading to speculation that TGF-β1 may be regulated in a 

tissue-specific manner.

TGF-β1 exists in its inactive form as a complex, with Latency Associated Peptide (LAP) and 

Latent TGF-β-Binding Protein (LTBP) [25]. In vivo, the mechanisms by which TGF-β1 is 

liberated from LAP and LTBP are not fully defined, but have been proposed to include 

activation via the integrin αvβ6 on epithelial cells, proteolytic activation by 

transglutaminase, as well as conformational change of LAP via physical interaction with 

TSP-1 [17,26–28]. Following activation, TGF-β1 promotes the generation of regulatory T 

cells (Tregs) by inducing Foxp3 expression [29]. Immunosuppressive cytokines such as 

TGF-β1 and Tregs are known to play a critical role in maintaining peripheral tolerance, 

preventing the initiation of deleterious immune responses to self or innocuous antigens, such 

as those in commensal bacteria [25]. In addition, and via a range of discrete mechanisms, 

TGF-β1 inhibits the pro-inflammatory immune response by limiting the clonal expansion 

and the functions of T helper 1 (Th1) and T helper 2 (Th2) effector cells, as well as B 

lymphocytes and natural killer cells [29,30]. By promoting the activation of TGF-β1, TSP-1 

upregulates these various immunosuppressive mechanisms (as shown in Fig. 2) [31].

Interestingly, although predominantly understood as an immunoregulatory cytokine, TGF-β1 

has additionally been shown to promote inflammation under certain conditions [29]. For 

example, TGF-β1 (in combination with IL-6) promotes the differentiation of IL-17-

producing T-helper 17 (Th17) cells in an inflammatory microenvironment [32]. Th17 cells 

are known to play an important role in the pathogenesis of many autoimmune diseases; 

including rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease, psoriasis and 

asthma [33]. In addition to regulating the differentiation and activity of lymphocytes, TGF-

β1 controls the development and function of macrophages, dendritic cells and granulocytes 

[30]. Thus, solely through its activation of TGF-β1, TSP-1 has the potential to influence 

both pro-inflammatory and immunoregulatory responses. Notably, TSP-1 has also been 

reported to have immunosuppressive activity via other TGF-β isoforms. For example, TSP-1 

has been demonstrated to activate the TGF-β2 isoform expressed by ocular antigen 

presenting cells (APCs), thereby promoting the induction of Tregs [34]. TSP-1 also has 

immunomodulatory effects that are independent of TGF-β. Indeed, TSP-1 has been shown to 

promote the extrathymic generation of Tregs directly via ligation of CD47, to suppress 

dendritic cell activation and to induce apoptosis of T cell effectors [35–37].

B. Angiogenesis

TSP-1 inhibits the growth of new blood vessels in a number of ways; including VEGF 

antagonism, induction of vascular endothelial cell apoptosis, and modulation of endothelial 

cell proliferation and migration [38]. Notably, TSP-1 was the first endogenous protein 

inhibitor of neovascularization to be recognized, having been identified by Good and 

colleagues in experiments employing a rat model of corneal angiogenesis [39]. TSP-1 
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antagonizes vascular endothelial growth factor (VEGF) function by multiple mechanisms. 

Firstly, TSP-1 limits the release of VEGF from the extracellular matrix, by inhibiting the 

activity of matrix metalloproteinases [40,41]. TSP-1 has also been demonstrated to directly 

bind VEGF, thereby promoting its clearance [42,43]. In addition, there is evidence that 

TSP-1 interrupts VEGF signal transduction, with inhibition of VEGF receptor 2 

phosphorylation and reduced activation of the Akt pathway [44,45]. TSP-1 is also known to 

bind and sequester the angiogenic factor fibroblast growth factor-2, thereby suppressing its 

bioavailability and activity [46].

TSP-1 has been shown to limit neovascularization by inducing receptor-mediated apoptosis 

in vascular endothelial cells, a phenomenon that was shown to be dependent on the 

activation of CD36, caspase-3-like proteases and p38 mitogen-activated protein kinases 

[13,47]. TSP-1 has also been reported to inhibit the growth of new blood vessels in a CD36-

independent manner by suppressing endothelial cell cycle progression through the Akt/

MAPK pathway [48]. Another reported mechanism of TSP-1 antiangiogenic activity is via 

ligation of CD47; thereby acting to inhibit nitric oxide-stimulated vascular cell responses, 

including cell migration and proliferation [49]. Interaction of TSP-1 with CD47 has been 

shown to inhibit VEGFR2 phosphorylation, thereby impeding VEFR2 signaling [50]. 

Through this diverse array of mechanisms (detailed in Fig. 3), TSP-1 functions as a potent 

inhibitor of angiogenesis.

C. Wound healing

As noted above, TSP-1 upregulates TGF-β1 activity, which in addition to its 

immunoregulatory activity plays a critical role in wound repair and tissue regeneration [19]. 

The granulation tissue in TSP-1-null mice following wounding has been reported to be 

disorganized and less dense relative to wild-type control animals [51]. TSP-1-null mice 

exhibit delayed healing with persistent inflammation and late scab loss [51]. Further 

evidence for the importance of TSP-1 in wound healing is provided by the observation that 

TSP-1 induces fibroblast migration to a comparable degree to TGF-β1; indeed, in vivo 
implantation of collagen sponges soaked with TSP-1 into incisions in Wistar rats has been 

shown to result in levels of fibroblast infiltration comparable to sponges soaked in TGF-β1 

[52]. Moreover, in vitro studies of wound healing using a collagen gel contraction model 

have shown that contraction is promoted by addition of TSP-1 (with a concomitant increase 

in TGF-β1) and inhibited by addition of anti-human TSP-1 antibody [52]. TSP-1 is also 

known to promote fibroblast development by stabilizing platelet-derived growth factor [53]. 

The contribution of TSP-1 to optimum wound healing is corroborated by studies employing 

antisense TSP-1 oligomers to treat wounds, in which treatment with antisense TSP-1 

oligomers is observed to decrease macrophage expression of TSP-1 and delay both re-

epithelialization and dermal reorganization [54].

In contrast with the studies described above, Streit and colleagues employed a transgenic 

mouse model with targeted overexpression of TSP-1 in the skin to demonstrate a marked 

delay in the healing of full-thickness skin wounds [55]. The investigators’ observed impaired 

fibroblast migration in vivo in the transgenic mice, an observation that was substantiated by 

in vitro data showing a TSP-1 dose-dependent decrease in dermal fibroblast migration 
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toward collagen type I and toward fibronectin [55]. When contrasting these findings with the 

previously discussed reports of TSP-1 promoting fibrosis, it is important to note that the 

levels and duration of TSP-1 expression in the transgenic mice employed in this study 

exceed levels observed in wild-type mice following injury [56]. Thus, it is possible that the 

effect of TSP-1 in modulating fibrosis may be contingent upon its expression levels.

IV. Distribution of TSP-1 in ocular surface tissues

In quiet non-inflamed eyes, TSP-1 is constitutively expressed by the epithelium, Bowman’s 

layer, the posterior Descemet’s membrane and endothelium but is not detectable in the 

stroma (Table 1) [57–59]. In an investigation of the distribution of TSP-1 in human ocular 

surface epithelium, Sekiyama and colleagues demonstrated that TSP-1 was expressed by the 

corneal and limbal epithelia, but not by the conjunctival epithelium [57]. Furthermore, the 

investigators observed that TSP-1 transcripts were synthesized predominantly by basal 

corneal and limbal epithelial cells, and that the TSP-1 protein was present in, and just 

inferior to, these cells [57]. These observations were consistent with the earlier work of 

Hiscott and colleagues, who using light- and electron-microscopic immunohistochemical 

techniques observed TSP-1 in the corneal epithelial basement membrane as well as the 

cytoplasm of basal corneal epithelial cells [58].

The expression of TSP-1 is regulated by ocular surface inflammation. For example, 

following corneal injury, TSP-1 expression is observed in the stroma (where it is usually 

undetectable) underlying the wounded epithelium at 24 hours post-injury, and reaches peak 

expression after approximately one week [59]. In experimental DED, exposure to a 

desiccating environment increases corneal epithelial expression of TSP-1 [62]. Interestingly, 

Soriano- Romani and colleagues have reported that the expression of TSP-1 by conjunctival 

fibroblasts is decreased after in vitro stimulation with IL-1β in serum-free culture 

conditions, although this effect was not observed in serum-supplemented cultures [63]. 

Further work is required to shed light on precisely how TSP-1 expression by different ocular 

surface tissues is modulated during inflammation.

V. Dry eye disease

DED is a multifactorial inflammatory disorder of the ocular surface affecting millions of 

individuals [64–66]. DED is characterized by tear film instability and hyperosmolarity, 

ocular surface inflammation and neurosensory abnormalities that result in symptoms of 

discomfort and visual disturbance [67]. While the pathogenesis of DED has not been fully 

deciphered, there is evidence that immune-mediated inflammation contributes to both 

disease initiation and exacerbation [68,69]. Indeed, it has previously been shown that 

adoptive transfer of CD4+ T cells derived from mice with experimental DED (after depletion 

of CD25+ T cells) to healthy nude mice results in recipient mice developing corneal 

epitheliopathy with inflammation of ocular surface and lacrimal gland tissues [70]. The 

current paradigm for understanding DED immunopathogenesis is that desiccating stress 

causes tear hyperosmolarity, which in turn promotes the activation of intracellular signaling 

pathways that trigger the production of proinflammatory cytokines (e.g. tumor necrosis 

factor α [TNFα], interleukin 1 [IL-1]) [68]. This inflammatory milieu induces APC 
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maturation [68]. Mature APCs migrate via afferent lymphatics across chemokine gradients 

to the draining lymph nodes, where they promote the differentiation of helper T cell 1 (Th1) 

and Th17 cells [68,71]. These effector T cells acquire chemokine receptors (e.g. CCR5 and 

CXCR3) that promote their migration via efferent blood vessels to ocular surface tissues 

[72], where they secrete proinflammatory cytokines including interferon γ (IFNγ) and 

IL-17, as well as matrix metalloproteinases, cell adhesion molecules and 

prolymphangiogenic factors [68]. These pro-inflammatory mechanisms are constrained by 

immunoregulatory cellular and molecular mediators, most notably CD4+CD25+Foxp3+ 

regulatory T cells (Tregs). Tregs suppress effector T cells by cytolysis, by the release of 

immunoregulatory cytokines (e.g. IL-10, IL-35 and TGF-β), by competing for IL-2 and by 

modulating dendritic cell function [73]. Despite their opposing functional properties, Th17 

cells and Tregs share a similar developmental pathway, with IL-6 inducing polarization 

toward a Th17 (rather than Treg) phenotype [74]. Moreover, both Th17 cells and Tregs 

exhibit a high grade of plasticity, and undergo functional adaptations according to signals 

from their microenvironment [33].

A. DED studies utilizing TSP-1-null mice

The contribution of TSP-1 to the generation of ocular surface Th17 immunity in 

experimental DED has been investigated using TSP-1-null mice [75]. To induce DED, 

Gandhi and colleagues exposed TSP-1-null mice and WT mice to desiccating stress, in 

combination with regular subcutaneous injections of scopolamine hydrobromide. The 

investigators observed decreased corneal epitheliopathy and reduced CD4+ T cell infiltration 

in the conjunctiva of TSP-1-null mice relative to WT [75]. In both the cornea and 

conjunctiva, and in contrast to WT, TSP-1-null mice did not demonstrate upregulated 

expression of IL-17A in response to desiccation. Furthermore, adoptive transfer of CD4+ T 

cells from TSP-1-null mice after exposure to desiccating stress into RAG-1-null mice 

(deficient in mature T and B cells) resulted in milder ocular surface disease relative to 

adoptive transfer of CD4+ T cells sourced from WT control [75]. These data suggest that 

TSP-1 is critical for the generation of pathogenic CD4+ T cells in DED. As discussed 

previously, TSP-1 is a major activator of TGF-β, a cytokine that is crucial in the 

developmental pathway of both Th17 and Treg cells. It is interesting to note that, using WT 

mice with local neutralization of TGF-β, Gandhi and colleagues were able to mimic the 

TSP-1-null DED phenotype, suggesting that the observed phenomena in TSP-1-null mice 

may largely be due to decreased TGF-β activation. The investigators did not report Treg 

frequencies and function in TSP-1-null mice, but other studies have demonstrated that TSP-1 

is also essential for Treg induction in ocular tissues [76,77].

In contrast to the pro-inflammatory role of TSP-1 described by Gandhi and colleagues, 

TSP-1 has been reported in multiple other studies of experimental DED to have an 

immunoregulatory function. Turpie and colleagues have reported that TSP-1-null mice 

spontaneously develop chronic ocular surface disease, characterized by lacrimal gland 

apoptosis and concomitant dysfunction, CD4+ T cell infiltration of the lacrimal gland, 

corneal epitheliopathy, corneal edema and reduced conjunctival goblet cell frequencies [77]. 

The investigators also describe increased Th17 frequencies in the lacrimal gland and 

periphery of TSP-1-null mice, and decreased Tregs in the periphery [77]. Real-time PCR on 
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RNA isolated from lacrimal gland tissue demonstrated higher IL-6 expression in TSP-1-null 

mice relative to WT, which may favor development of Th17 cells in TSP-1-deficient glands 

[77]. Increased expression of the Th17-associated cytokines IL-6 and IL-17A have also been 

reported in the conjunctiva and the draining lymph nodes of TSP-1-null mice, in addition to 

increased expression of the Th1-associated cytokines IFN-γ and TNF-α [78]. Moreover, the 

transcription factors related to these pro-inflammatory cell types, RORγt and Tbet 

respectively, have been reported to be upregulated in TSP-1-null mice in the conjunctiva and 

lymph nodes [78]. In contrast, Foxp3 expression was significantly decreased in the lymph 

nodes of TSP-1-null mice [78]. Thus there are some apparent contradictions in the published 

reports on the role of TSP-1 in DED; on the one hand TSP-1-null animals have been 

reported to be resistant to developing DED in response to desiccating stress with decreased 

generation of pathogenic CD4+ T cells [75], yet on the other TSP-1-null animals have been 

reported to develop a form of DED spontaneously with enhanced Th1 and Th17 cell 

immunity [77,78]. In attempting to reconcile these reports, it is important to note that 

Gandhi and colleagues used Oregon Green Dextran 488 (70,000 molecular weight) to assess 

corneal epitheliopathy, in comparison with the sodium fluorescein (376 molecular weight) 

employed by Turpie and colleagues [75,77,78]. It may be that the >180 fold difference in the 

molecular weight of the fluorescent dye used resulted in different test sensitivity for the 

detection of ocular surface damage. Furthermore, it is interesting to note that in Gandhi and 

colleagues’ report, prior to desiccating stress TSP-1-null mice were observed to have 

approximately 3-fold higher frequencies of CD4+ T cells in conjunctival epithelium relative 

to naïve, consistent with the reports of spontaneous ocular surface disease in these animals 

[75,77,78]. The relatively high frequencies of CD4+ T cells observed in the conjunctival 

epithelium of TSP-1-null mice may contribute to a ceiling effect, whereby further increases 

in CD4+ T cells after exposure to desiccating stress are not observed due to pre- existing 

high numbers [75].

B. Contribution of neuronal abnormalities to DED in TSP-1-null mice

Recent studies have investigated whether neuronal abnormalities in the lacrimal glands and 

ocular surface tissues of TSP-1-null mice may contribute to the spontaneous disruption of 

ocular surface homeostasis observed in these animals [79,80]. Under physiological 

conditions, afferent sensory nerves detect noxious stimuli at the ocular surface, and act via a 

neural reflex arc to trigger the release of neurotransmitters from efferent nerves [81]. 

Bhattacharya and colleagues report that, compared to WT mice, TSP-1-null mice exhibit 

decreased neural innervation and increased vascularity of the lacrimal glands [79]. The 

authors used a variety of evaluations of lacrimal gland function (high KCl-evoked secretion, 

α1D-adrenergic agonist-stimulated secretion and ATP and MeSATP-stimulated peak [Ca2+] 

responses) to demonstrate impaired glandular function in TSP-1-null mice [79]. Notably, 

these observations were made before spontaneous mononuclear infiltrates in these animals 

were apparent (i.e. at 24 weeks of age [77]). Disruption of cellular signaling pathways in 

TSP-1-null mice may interfere with the secretory function of the lacrimal gland, thereby 

disturbing ocular surface homeostasis and triggering the development of dry eye disease 

[79].
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Using the same animal model, Tatematsu and colleagues have evaluated spontaneous 

structural and functional changes to the corneal nerves in young (4 weeks of age) and older 

(12 weeks of age) TSP-1-null vs. age-matched WT mice [80]. In vivo confocal microscopy 

studies demonstrated decreased corneal nerve density in older TSP-1-null compared to older 

WT mice, with no difference between the young groups. However, when nerve density was 

assessed using in vitro immunofluorescence microscopy with staining for anti-Class β-

tubulin antibody, decreased nerve density was detected in both young and older TSP-1-null 

mice compared to age-matched controls [80]. The investigators conducted double-labeling 

immunofluorescence studies using anti-calcitonin gene-related peptide (CGRP) and anti-

Substance P antibodies with anti-Class III β-tubulin antibody, and demonstrated that CGRP-

containing corneal nerves, but not Substance P-containing nerves, were decreased with age 

in TSP-1-null mice [80]. This observation correlates TSP-1 deficiency, and the spontaneous 

ocular surface disease observed in TSP-1-null mice, with an age-related decrease in CGRP-

containing corneal nerves. In doing so, these data suggest that a deficiency of CGRP-

positive corneal nerves may be implicated in the pathogenesis of the spontaneous corneal 

epitheliopathy observed in TSP-1-null mice, and furthermore that TSP-1 may contribute 

toward either the development or repair of CGRP-positive corneal nerves. Interestingly, the 

differential regulation of CGRP- and Substance P-containing corneal nerves is consistent 

with reported data for tear neuropeptide levels following LASIK, in which tear CGRP 

concentrations (but not Substance P) were found to be elevated relative to healthy control 

participants [82]. However, more research is required to determine the mechanisms by which 

TSP-1 modulates corneal nerve growth, repair and function, and in turn how this may 

influence the neural reflex arc in the setting of DED.

C. DED studies employing topical treatment to block/augment TSP-1

Further evidence for the immunoregulatory role of thrombospondin-1 in dry eye disease is 

provided by Tan and colleagues, who demonstrate that topical application of recombinant 

TSP-1 eye drops to WT C57BL/6 mice reduces DC maturation, decreases local expression 

of inflammatory cytokines (including IL1β, IL-6, IL-23 and IL-17A), inhibits generation of 

Th17 cells in the draining lymph nodes and ameliorates DED severity relative to human 

serum albumin-treated controls [62]. This study suggests that topical application of 

recombinant TSP-1 may be a viable therapeutic approach to reducing DED 

immunopathology. In agreement with conjunctival data from a previous report [63], the 

investigators show that expression of TSP-1 by the corneal epithelium is increased in 

response to desiccating stress. Furthermore, the investigators demonstrate that corneal 

epithelial cells derived from mice exposed to desiccating stress have a greater capacity to 

suppress DC maturation relative to corneal epithelial cells from WT mice, an effect which is 

enhanced by recombinant TSP-1 and abrogated by TSP-1 blockade [62]. These data provide 

evidence for the role of corneal epithelium-derived TSP-1 in regulating the immune response 

to desiccating stress. It is interesting to note that the spontaneous ocular surface disease 

observed in TSP-1-null mice has been shown to be ameliorated by topical treatment with a 

TSP-derived CD47-binding peptide (4N1K) [83] as well as by a TGFβ-activating peptide 

(KRFK) [84]. Similar to the study by Tan and colleagues [62], the authors report that 

treatment with 4N1K or KRFK inhibits peripheral pathogenic Th17 generation and 
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decreases corneal epitheliopathy [83,84]. Moreover, the investigators show enhanced 

peripheral Treg frequencies and Foxp3 expression [83,84].

Other work has demonstrated the critical role played by TSP-1 expressed by conjunctival 

epithelial cells in converting their endogenously expressed latent TGFβ2 to its active form, 

via binding to cell surface receptor CD36, thereby supporting an immature phenotype of 

dendritic cells [85]. Reduced CD36 immunostaining in combination with increased detection 

of TSP-1 in the conjunctiva of mice exposed to desiccating stress further suggests the lack of 

biologically active TGFβ in peripheral tissue, thereby contributing to the disruption of 

mucosal homeostasis, similar to that observed in TSP-1-null mice [63]. Together these 

studies provide strong evidence for the role of TSP-1 in modulating the balance between 

pro-inflammatory Th17 cells and immunosuppressive Tregs, the dysregulation of which is a 

core feature of DED immunopathogenesis [62,68,69,83].

D. TSP-1 single-nucleotide polymorphisms in DED

Work by Contreras-Ruiz and colleagues in human patients with post-refractive surgery 

chronic keratoconjunctivitis also support the role of TSP-1 in modulating ocular surface 

immune homeostasis [86]. In a study of active US Army soldiers, the investigators 

demonstrated that patients with single-nucleotide polymorphisms (SNPs) in the encoding 

gene for TSP-1 (resulting in reduced TSP-1 expression at the ocular surface) exhibit higher 

susceptibility to chronic keratoconjunctivitis following refractive surgery [86].

VI. Ocular allergy

The immunoregulatory role of TSP-1 at the ocular surface is further supported by 

investigations employing a model of allergic eye disease [87]. Indeed, Smith and colleagues 

have demonstrated that a deficiency in DC expression of TSP-1 results in amplified 

secondary T cell responses and increased clinical disease [87]. In this model, mice are 

immunized with OVA and adjuvant, and then 14 days later are challenged with topical ocular 

OVA administration once/day for 7 days. Notably, the investigators used 8-week old mice 

TSP-1-null mice in their study, prior to the development of spontaneous ocular surface 

disease reported in these animals at 12-weeks of age [77,83]. Thus, Smith and colleagues 

conclude that their observations are independent of spontaneous autoimmune phenomena. It 

is interesting that only marginal differences in clinical allergic eye disease were observed in 

OVA-immunized TSP-1 null mice compared to WT controls, and that much larger 

differences were observed when an adoptive transfer model of allergy induction was 

employed, in which T cells from OVA-sensitized WT mice are adoptively transferred into 

naive WT or TSP-1-null recipient mice [87]. By utilizing this model, the authors diminish 

the potential confounding effects of global TSP-1 deficiency on other immune cells. Similar 

to the experimental DED study referenced previously [83], the authors show that treatment 

with the CD47-binding TSP-1-derived peptide 4N1K ameliorates disease severity [87]. The 

findings of this study corroborate the importance of CD47-mediated negative regulation of 

DC and T cell functions by TSP-1 [88].
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VII. Angiogenesis/lymphangiogenesis

Corneal transparency is required for optimal vision. Thus, the normal cornea is free of both 

blood and lymphatic vessels [89]. However, inflammatory conditions at the ocular surface 

(such as infectious keratitis [90]) promote the ingrowth of both blood and lymphatic vessels, 

impairing the optical properties of the cornea. There are a host of anatomical, cellular and 

molecular factors that work in concert to inhibit angiogenesis and preserve corneal clarity 

[91]. TSP-1 is one of these potent endogenous antiangiogenic factors.

Cursiefen and colleagues have provided evidence for the inhibition of corneal angiogenesis 

by endogenous TSP-1 [7]. Using a model of suture-induced corneal angiogenesis, the 

investigators report that TSP-1-null mice exhibit significantly greater corneal angiogenesis at 

7 days post-suturing than WT control mice. Interestingly, while TSP-1-null mice did not 

develop spontaneous corneal angiogenesis, they developed significantly increased iris vessel 

density compared to WT controls [7]. Furthermore, although young TSP-1-null mice do not 

develop spontaneous corneal neovascularization, spontaneous corneal lymphangiogenesis 

has been reported in older TSP-1-null mice [92]. In this second paper by Cursiefen and 

colleagues, increased lymphangiogenesis was observed in TSP-1-null mice at 6 months of 

age relative to WT control mice. Moreover, corneal suture-induced inflammation resulted in 

significantly greater lymphangiogenesis in 8-week old TSP-1-null mice relative to age-

matched WT control animals, an observation that was abrogated by topical treatment with 

recombinant human TSP-1 [92]. The investigators demonstrate that TSP-1 binds CD36 on 

monocytic cells to regulate the expression of vascular endothelial growth factor C (VEGF-

C), thereby modulating lymphangiogenesis [92]. Note that VEGF-C is known to induce 

lymphangiogenesis by binding to its high-affinity receptor VEGFR3 on lymphatic 

endothelial cells [93]. Interestingly, treatment with TSP-1 fails to suppress basic fibroblast 

growth factor-induced corneal neovascularization in mice deficient in CD36 [94], offering 

further evidence for the importance of the TSP-1/CD36 axis in regulating the development 

of blood and lymphatic vessels. Although not demonstrated at the cornea, there are other 

critical signaling pathways by which TSP-1 exerts its antiangiogenic function [38]. For 

example, by binding CD47, TSP-1 blocks the interaction between CD47 and VEGFR2, 

thereby inhibiting VEGFR2 phosphorylation and its downstream signaling [95].

VIII. Corneal transplantation

Corneal allografts are the most common type of solid tissue transplantation, with over 

45,000 performed in the US each year [96,97]. Grafts placed in uninflamed and 

nonvascularized host beds (‘low risk’ transplantation) enjoy high rates of graft survival 

(>90%) without the need for systemic long-term immunosuppression or human leukocyte 

antigen tissue matching [96,98]. However, when the relatively immune quiescent 

environment of the cornea is disrupted by inflammation and neovascularization (‘high risk’ 

transplantation) then rejection rates exceed 50% despite maximal immunosuppression 

[96,99].

Corneal inflammation and neovascularization are known to upregulate both the afferent and 

efferent arms of the alloimmune response. A pro-inflammatory microenvironment promotes 
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maturation of both donor-derived APCs from the graft (direct pathway of allosensitization) 

and host-derived APCs from the peripheral cornea (indirect pathway) [98]. Interestingly, 

previously it was thought that the indirect pathway was the exclusive mechanism by which 

graft antigens were recognized by the host immune system [100], but subsequent work 

revealed the important contribution of donor-derived APCs [101,102]. APCs egress the 

cornea via lymphatic vessels to present alloantigens to naïve T cells, resulting in clonal 

expansion and differentiation into IFN-γ–secreting CD4+ Th1 cells [98]. Corneal 

neovascularization supports the migration of alloreactive Th1 cells across a chemokine 

gradient through blood vessels to the graft, where they induce tissue opacification and graft 

rejection. Given the capacity of TSP-1 to modulate both APC function and angiogenesis, 

studies have been conducted that employ a murine model of corneal transplantation to 

investigate the mechanisms by which TSP-1 influences graft outcome.

Increased transplant rejection has been reported in BALB/c recipients of grafts sourced from 

C57BL/6 TSP-1-null donors, relative to WT C57BL/6 donors [103]. These data imply that 

graft expression of TSP-1 is a critical determinant of transplant survival. In their report, 

Saban and colleagues demonstrate that direct allosensitization (i.e. resulting from donor-

derived APCs) is inhibited by graft-derived TSP-1, but not indirect allosensitization [103]. 

Moreover, the investigators show that APC-derived TSP-1 regulates the capacity of APCs to 

allosensitize T cells, demonstrating that TSP-1 renders APCs resistant to maturation [103]. 

In addition to TSP-1 negatively regulating APC maturation, TSP-1 was observed to inhibit 

CCR7 expression by APCs, thus impairing their capacity to migrate to lymph nodes via 

CCL19/21 gradients [103,104]. Interestingly, no difference in corneal angiogenesis 

following transplantation was observed between TSP-1-null allografts and WT allografts, 

suggesting that the predominant factor determining graft survival was immune modulation 

rather than inhibition of angiogenesis. The effect of TSP-1 on lymphangiogenesis was not 

evaluated. There is evidence that the presence of lymphatic vessels has a relatively greater 

influence on corneal graft survival as compared to blood vessels [105]. The crucial 

importance of the lymphatic system in determining allograft survival is further evidenced by 

the fact that cervical lymphadenectomy (surgical removal of the draining lymph nodes) 

results in 100% corneal transplant survival [106]. Corneal transplantation is known to induce 

lymphangiogenesis, the inhibition of which results in prolonged graft survival [107]. It is 

notable therefore that the effect of TSP-1 on the regulation of lymphangiogenesis in corneal 

transplantation has not been systematically investigated, and the capacity of TSP-1 to 

influence this aspect of the afferent alloimmune response remains unknown.

The importance of TSP-1 in determining the outcome of corneal transplantation is further 

evidenced by data demonstrating that SNPs of TSP-1 are associated with an increased risk of 

allograft rejection [108]. In a study of 378 corneal transplant recipients with risk factors for 

graft failure, it was shown that the TSP-1 SNP rs1478604 A was associated with increased 

corneal allograft rejection (odds ratio 1.58), with other SNPs also demonstrating a trend 

toward increased rejection [108]. Larger genetic studies are required to corroborate this 

work, yet it provides compelling evidence that TSP-1-mediated modulation of the 

alloimmune response and/or regulation of blood/lymphatic vessel growth critically 

influences the long-term survival of corneal transplants.
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IX. Corneal wound healing

As previously discussed, TSP-1 is a major activator of the cytokine TGF-β1, which in 

addition to its immunomodulatory properties plays a critical role in wound repair and 

scarring [17,109]. Irrespective of the degree to which TSP-1’s wound healing activities are 

mediated via TGF-β1, multiple studies provide evidence that TSP-1 is an important factor 

promoting corneal wound repair [59–61,110]. However, given the variable distribution of 

TSP-1 in the normal cornea (expressed by epithelium, Bowman’s layer, Descemet’s 

membrane and endothelium but not stroma [57–59]) and the array of injury models utilized 

by these studies, it is important to interpret their data in the context of the type of model 

employed.

Using a model of corneal epithelial debridement (i.e. leaving Descemet’s membrane and 

stroma intact), Uno and colleagues used immunohistochemical analyses to demonstrate 

TSP-1 expression at the surface of the wounded cornea from 30 minutes post-injury until re-

epithelialization was complete [60]. Data from organ culture experiments show that 

exogenous TSP-1 accelerates the re-epithelialization process, in contrast to anti-TSP-1 

antibody that inhibits re-epithelialization [60]. Subsequently, the same group reported that 

vitamin A-deficient mice fail to express TSP-1 on the wounded corneal surface following 

epithelial debridement, and noted that this correlates with delayed re-epithelialization [111]. 

Thus, the authors propose that upregulated TSP-1 expression may serve to promote 

epithelial migration and adhesion following corneal epithelial debridement. Although the 

mechanism for this phenomenon is not known, it is possible that it is partly TGF-β1-

mediated, given that TGF-β1 induces lamellar differentiation of corneal epithelial cells 

[112]. In addition to corneal injury, these data demonstrating the role of TSP-1 in corneal re-

epithelialization are highly relevant to epithelial defects in the setting of diabetes. Diabetic 

keratopathy results in epithelial fragility, recurrent erosions and impaired wound healing 

[113]. Reduced TSP-1 levels have been reported in aqueous and vitreous humor samples 

from diabetic humans and animals [114,115]. Given the importance of TSP-1 in the repair of 

corneal nerves ([80] see Section IV.B of review), and the central role of peripheral 

neuropathy in diabetic keratopathy pathogenesis [116,117], reduced levels of ocular TSP-1 

in diabetes may compound the epitheliopathy observed in this condition.

Matsuba and colleagues, using an epithelial debridement model, have reported increased 

TSP-1 expression in the basement membrane zone following injury but without penetration 

of TSP-1 expression into the stroma [59]. Interestingly, when these investigators employed a 

different keratectomy model of corneal injury, in which the corneal basement membrane and 

the anterior stroma were removed, TSP-1 expression was observed in the stroma subjacent 

to the wounded epithelium within 24 hours of injury [59]. Lagging approximately 3 days 

behind TSP-1 expression, increased α-smooth muscle actin (a marker of myofibroblasts) 

was observed in the same region of the stroma [59]. Based on the colocalization of TSP-1 

and α-smooth muscle actin expression, the authors propose that stromal TSP-1 expression 

may prompt the transformation of keratocytes into myofibroblasts [59]. Consistent with this 

hypothesis is the observation that corneal expression of α-smooth muscle actin and 

development of corneal haze are dramatically reduced in TSP-1-null mice using the same 

keratectomy model [5].
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Blanco-Mezquita and colleagues have conducted further studies employing TSP-1-null mice 

and a model of full-thickness penetrating corneal incisions to investigate the role of TSP-1 in 

wound healing when all corneal layers were damaged [61]. The investigators showed that 

corneal transparency was restored by 1 month in WT mice, with evidence of coalescence of 

both the endothelium and Descemet’s membrane. In contrast, deficient corneal wound 

healing with persistent gaping and edema over 30 days of follow-up was observed in TSP-1-

null mice [61]. Interestingly, the temporal pattern of TSP-1 expression was of initial 

expression by the corneal epithelium (at 24 hours post-injury), followed by gradual 

extension into the stroma (peaking at 14 days post-injury). The authors did not observe 

expression of intracellular TSP-1 by myofibroblasts or keratocytes, and suggest that corneal 

epithelium is the primary source of TSP-1 in this model. A noteworthy finding was the 

endothelial expression of TSP-1 following injury, coupled with the persistent corneal edema 

and non-healing disruption to the endothelial layer observed in TSP-1-null mice [61]. Taken 

together, these findings indicate that TSP-1 may play an important role in endothelial repair 

following injury. Such a conclusion is consistent with in vitro data showing impaired 

adhesive and migratory properties of corneal endothelial cells derived from TSP-1-null mice 

relative to WT mice [118]. Despite much progress in our understanding of the anatomical 

and temporal patterns of TSP-1 expression following corneal injury, and its association with 

α-smooth muscle actin expression, the precise mechanisms by which TSP-1 might promote 

the generation of myofibroblasts (i.e. predominantly directly or via TGF-β1) remain 

unknown.

X. Infectious keratitis

Herpes simplex virus (HSV) keratitis is the leading cause of infectious corneal blindness in 

developed countries, and the prevalence of ocular HSV infection in the US has been 

estimated to be 500,000 [119,120]. Due to recurrences of HSV keratitis causing stromal 

scarring with concomitant visual impairment, HSV keratitis is a common indication for 

corneal transplantation [121]. Yet the risk of graft failure is high in this setting, since 

inflammation and stromal neovascularization associated with HSV keratitis abolish the 

immune quiescence normally enjoyed by the cornea [90,122].

Choudhary and colleagues have investigated the effect of HSV1 infection on TSP-1 

expression by human keratocytes in vitro, hypothesizing that HSV1 inhibits the synthesis of 

TSP-1 by keratocytes, thus abrogating its anti-angiogenic properties and promoting stromal 

neovascularization [123]. The authors observed a 50% reduction in TSP-1 protein 

expression by keratocytes 8 hours after infection with HSV1, with no TSP-1 expression 

detected at 24 hours after infection. Given these findings, and considering the known 

immunomodulatory and anti-angiogenic properties of TSP-1, treatment with recombinant 

TSP-1 or TSP-1-derived peptides may be a viable approach to reduce HSV keratitis disease 

severity, limit stromal neovascularization and enhance the survival of subsequent corneal 

allografts. However, currently there is a shortage of in vivo data validating this approach.
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XI. Conclusion

There is substantial evidence that TSP-1 is critical for the preservation of ocular surface 

health as indicated, for example, by development of spontaneous dry eye disease, increased 

corneal angiogenesis and delayed corneal wound healing observed in TSP-1-null mice 

[61,77,83,92]. Furthermore, TSP-1 polymorphisms have been associated with increased risk 

of chronic ocular surface inflammation and corneal allograft rejection [86,108]. The diverse 

immunomodulatory and tissue reparative functions of TSP-1 underscore the translational 

potential of TSP-1-derived therapeutics. Despite considerable progress in our understanding 

of the activities of TSP-1, however, numerous questions remain unanswered. For example, 

there is a relative lack of mechanistic data detailing the ligands to which TSP-1 is binding to 

induce the phenomena observed at the ocular surface. Furthermore, the extent to which 

TSP-1 is mediating its effects via TGF-β1 activation or independently of TGF-β1 has not 

been comprehensively delineated in corneal inflammatory disease. Investigation of these 

questions will permit the development of more targeted approaches to realize the therapeutic 

potential of TSP-1 at the ocular surface.
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Figure 1. Structure of TSP-1.
TSP-1 is a 450 kDa homotrimeric molecule. Each monomer consists of a procollagen 

homology domain (P) and Type I, II, and III repeats flanked by globular amino (NH2) and 

carboxyl (COOH) terminals. CD36 and TGFβ bind to the Type 1 repeats. The binding sites 

for integrins are the N-terminal and the Type 3 repeats. CD47 binds the C-terminal domain.
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Figure 2. TSP-1 regulates TGF-β1-mediated modulation of the immune response.
TSP-1 promotes the activation of TGF-β1, which is required for the development of Foxp3+ 

Tregs, which suppress the pro-inflammatory response. TGFβ also limits the activity of NK 

cells, B cells, Th1 and Th2 cells thereby suppressing the immune response. However, in 

combination with IL-6, TGF-β1 supports the development of Th17 cells; pro-inflammatory 

cells that have been shown to play a critical role in the pathogenesis of various autoimmune 

inflammatory diseases.
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Figure 3. TSP-1 anti-angiogenic mechanisms.
TSP-1 binds CD36 to activate caspase-3 like proteases and p38 mitogen-activated protein 

kinases, resulting in vascular endothelial cell apoptosis. TSP-1 ligates CD47 to inhibit 

vascular endothelial cell migration and proliferation, via suppression of nitric oxide-

stimulated vascular cell responses. TSP-1 binds and sequesters the pro-angiogenic molecular 

fibroblast growth factor-2 (FGF2). By suppressing the activation of matrix 

metalloproteinases (MMPs), TSP-1 inhibits the release of vascular endothelial growth factor 

(VEGF) from the extracellular matrix.
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Table 1.

Constitutive expression of TSP-1 by non-inflamed ocular surface tissues.

Location Reports of TSP-1 expression

Corneal epithelium Sekiyama et al. [57], Hiscott et al. [58], Matsuba [59]

Bowman’s layer Sekiyama et al. [57]

Descemet’s membrane Hiscott et al. [58]

Corneal endothelium Hiscott et al. [58], Matsuba [59], Uno et al. [60], Blanco-Mezquita [61]

Limbal epithelium Sekiyama et al. [57]
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