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Immune - Goblet Cell Interaction in the Conjunctiva
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Abstract

The conjunctiva is a goblet cell rich mucosal tissue. Goblet cells are supported by tear growth
factors and IL-13 produced by resident immune cells. Goblet cell secretions are essential for
maintaining tear stability and ocular surface homeostasis. In addition to producing tear stabilizing
mucins, they also produce cytokines and retinoic acid that condition monocyte-derived phagocytic
cells in the conjunctiva. Aqueous tear deficiency from lacrimal gland disease and systemic
inflammatory conditions results in goblet cell loss that amplifies dry eye severity. Reduced goblet
cell density is correlated with more severe conjunctival disease, increased IFN-y expression and
antigen presenting cell maturation. Sterile Alpha Motif (SAM) pointed domain epithelial specific
transcription factor (Spdef) gene deficient mice that lack goblet cells have increased infiltration of
monocytes and dendritic cells with greater IL-12 expression in the conjunctiva. Similar findings
were observed in the conjunctiva of aged mice. Reduced retinoic acid receptor (RXRa) signaling
also increases conjunctival monocyte infiltration, IFN-y expression and goblet cell loss. Evidence
suggests that dry eye therapies that suppress IFN-y expression preserve conjunctival goblet cell
number and function and should be considered in aqueous deficiency.
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1. Introduction

Dry eye is one of the most prevalent eye conditions, affecting more than 16 million patients
in the US. It is a multifactorial disease characterized by a persistently unstable tear film that
causes discomfort and visual impairment, and is accompanied by varied degrees of ocular
surface epithelial disease and inflammation. Dry eye can be classified into aqueous deficient
(due to lacrimal hyposecretion) and aqueous sufficient conditions (due to Meibomian gland
disease or altered tear spread from conjunctivochalasis). Impression cytology studies have
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found that aqueous deficiency causes dysfunction and loss of conjunctival goblet cells, while
goblet cell number has been reported to remain in the normal range in Meibomian gland
disease.2 There are numerous causes for aqueous deficiency, including aging, anticholinergic
medications, systemic inflammatory/immune diseases (such as Sjégren syndrome) as well as
diseases that affect neural innervation or signaling.

2. Conjunctival Goblet Cell Physiology and Function

The conjunctiva is a goblet cell rich mucosal tissue. The growth factor EGF in tears and the
Th2 cytokine IL-13 produced by resident immune cells support the goblet cells by
stimulating protein synthesis and proliferation.3-> Cholinergic neurotransmitters stimulate
reflex mucin secretion by the goblet cells.2 The conjunctival goblet cells express the gel-
forming mucin genes MUC5AC, MUCS5B (in a subpopulation) and MUC2.5-9 Among these,
MUCSAC is the major goblet cell secretory mucin that is present in human tears.1911 Goblet
cell mucins function to maintain ocular surface hydration, tear stability and clearance of
pathogens and debris.1213 |t remains to be determined if goblet cell secreted mucin adheres
to the membrane tethered mucins (MUC1, MUC4, MUC16) produced by the surface
epithelium. It is increasingly recognized that in addition to producing mucins, the goblet
cells are essential components of the conjunctival mucosal immune system. The conjunctival
goblet cells serve as antigen passages from the ocular surface to mononuclear phagocytic
cells in the stromal?, and they produce immunoregulatory factors, such as TGF-B21° and
retinoic acid (RA)16 that condition these monocyte derived cells by suppressing cytokine
production and maturation.

The lacrimal gland takes up vitamin A from the blood and secretes it in the retinol form into
the tears.1”18 Studies reported by our group show that conjunctival goblet cells express
alcohol (ADH) and aldehyde (ALDH) dehydrogenase enzymes that metabolize retinol into
retinoic acid (RA), the biologically active form of vitamin A.16 Lacrimal gland dysfunction
can reduce goblet cell RA production because of decreased retinol secretion, altered corneal/
conjunctival epithelial differentiation with reduced ALDH expression and conjunctival
goblet cell loss.19:20 Evidence from our lab presented below suggests that reduced RA
production resulting from goblet cell loss worsens conjunctival inflammation and ocular
surface disease. Reduced retinoid signaling in systemic vitamin A deficiency also results in
conjunctival squamous metaplasia, goblet cell loss and blinding corneal opacification,
vascularization and ulceration.?1.22

3. Goblet Cell Loss in Dry Eye Worsens Ocular Surface Disease/

Inflammation

Goblet cell loss develops in aqueous deficient dry eye due to hyposecretory lacrimal gland
disease/dysfunction and is associated with systemic/ocular surface inflammatory diseases,
such as Sjogren syndrome, Stevens-Johnson syndrome and graft vs. host disease (GVHD).
23-26 A number of studies have found conjunctival goblet cell loss is correlated with clinical
severity and level of ocular surface inflammation in aqueous tear deficiency. Eye irritation
severity measured with the OSDI questionnaire was found to be inversely correlated with
goblet cell density.2” A significant inverse correlation was found between categorical
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severity of Sjogren syndrome associated dry eye using the Dry Eye Workshop scale and
goblet cell density in the temporal and superior bulbar conjunctiva.28 Goblet cell density in
the temporal bulbar conjunctiva was found to inversely correlate with Rose Bengal staining
score at that site and with the staining score of the entire exposure zone.2> Goblet cell
density was also noted to be inversely correlated with expression of the cytokine interferon
gamma (IFN-v) in the bulbar conjunctiva2® and with the percentage of HLA-DR positive
cells obtained in impression cytology.28 Dry eyes due to Stevens-Johnson syndrome and
Sjogren syndrome that have significant goblet cell loss are at risk for developing sight-
threatening corneal ulceration and opacification that in some cases can occur bilaterally,30-32

The cytokine IFN-+y, produced by T helper 1 (Th1), natural killer (NK) and monocyte-
derived cells, is well recognized to cause secretory dysfunction, induction of an unfolded
protein response and death of the conjunctival goblet cells.33-3% Expression of IFN-y and
chemokines it induces, such as CXCL-10 have been found to increase in the conjunctiva in
aqueous tear deficiency, particularly Sjogren syndrome?®:36, and increased tear
concentrations of IFN-y signature cytokines/chemokines have been reported in dry eye, with
the highest concentrations in aqueous tear deficiency (Table 1). Increased IFN-y expression
is associated with worse clinical disease and goblet cell loss.2? Experimental murine models
have also shown that adoptively transferred IFN-y producing CXCR3+CD4+ T cells from
desiccating stress primed donors cause extensive goblet cell loss in naive immunodeficient
recipients.3” In summary, these studies report increased tear concentrations of I1L-12, a
cytokine produced by antigen presenting cells that stimulates production of IFN-y by T cells
and monocyte derived cells, IFN-y and chemokines that are induced by IFN-y (i.e. CXCL9,
CXCL10, CXCL11), and they indicate that increased IFN-y and goblet cell loss in the
conjunctiva create a self-amplifying immune cycle of dry eye 38. On the other end of the
immune response spectrum, increased expression of the Th2 cytokine IL-13 in conditions
such as atopic keratoconjunctivitis (AKC) can cause goblet cell hyperplasia.39:40

Consistent with the finding that IFN-y promotes conjunctival goblet cell loss, preclinical
studies in mouse dry eye models have shown that increased IFN-y expression is associated
with conjunctival goblet cell loss and that therapies capable of suppressing dry eye inducing
immune mediators, such as IFN-vy, can increase goblet cell density (Table 2).

An increase in goblet cell density has also been noted in human clinical trials. In tertiary
studies performed for the FDA Phase 3 clinical trials of cyclosporine A (CsA) emulsion for
dry eye, a significant increase in goblet cell density was observed in eyes with aqueous
deficiency treated with CsA for 6 months (increases of 198% in SS and 234% in non SS
ATD) vs. vehicle that had a mean decrease of 95%.41 A Cochrane review of 30 randomized
controlled clinical trials of topical CsA therapy of dry eye concluded the effect of CsA on
eye discomfort and clinical markers of dry eye, such as tear break-up time, Schirmer test and
corneal fluorescein staining was not statistically different from vehicle or artificial tears;
however, evidence indicates that CsA may be superior to control in increasing the number of
conjunctival goblet cells.*2 Trials of a corticosteroid (fluorometholone) or vitamin A (retinal
palmitate), both ligands of nuclear receptors that regulate transcription of inflammatory
genes were also reported to increase conjunctival goblet cell density.4344 The LFA-1
antagonist, Lifitigrast was found to significantly increase conjunctival goblet cell density
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compared to vehicle in a mouse desiccating stress model.> There are no reported studies
evaluating its effects on goblet cells in humans. These findings highlight the suppressive
effects of IFN-y on conjunctival goblet cell number and function.

4. Aging and Conjunctival Goblet cells

Chronological aging has repeatedly been reported as a risk factor for dry eye 46-57  although
the mechanisms by which aging predisposes to dry eye have not been fully elucidated. Two
large epidemiological studies noted that dry eye prevalence increases in women and men
after the age of 50, with higher prevalence in women, compared to men.50:55

Changes in tear meniscus height, lid laxity, increased inflammatory mediators in tears and
decreased corneal nerve density are all alterations found in the aging eye. 5863 Aging is
accompanied by an increase in inflammatory markers, including IL-6, TNF-a and IFN-y in
multiple organ systems.®4="1 This chronic pro-inflammatory stage has been termed i nflamm-
aging.”? Among these cytokines, IFN-v is particularly relevant because it induces apoptosis
of the corneal, conjunctival (including goblet cells), and lacrimal gland acinar epithelium.
35,73-75 |EN-vy also promotes maturation of APCs that can prime autoreactive T cells.”®
Increased frequency of IFN-y-producing cells has also been noted in aged mice and humans.
71,78 There is an increase in CD4* cells, as well as a decrease in the number of conjunctival
goblet cells in the aging mouse conjunctiva (Figure 1).67.79.80 Evidence from animals studies
has shown that desiccation-induced goblet cell loss is prevented with topically applied IFN-
v neutralizing antibody and age associated goblet cell loss is significantly lower in IFN-y
deficient mice.”>80 Other factors contributing to the inflammatory microenvironment of the
aged conjunctiva include decreased frequency of ALDH* RA-producing cells9, and
increased APC priming of pathogenic Th1 cells that cause greater goblet cell loss when
adoptively transferred to naive immunodeficient recipients.2® These findings suggest that
immune-mediated conjunctival goblet cell loss is a component of age induced dry eye.

5. Ocular Surface inflammation develops with loss of goblet cells in
SPDEF Knockout

Goblet cell loss is associated with higher expression of the cytokine IFN-y in human dry eye
and in mouse dry eye models suggesting that goblet cell secretory products have an
immunomodulatory function.20.75 Transcription factor Sterile Alpha Motif (SAM) pointed
domain epithelial specific transcription factor (SPDEF) is essential for goblet cell
differentiation in the lungs8?, intestine82 and conjunctiva.83 Induced expression of SPDEF in
the lung or intestinal epithelium promotes goblet cells differentiation and increased mucus
production.82:84 Although, exogenous administration of the Th2 cytokine IL-13 increases
conjunctival goblet cell number, IL-137/~ mice demonstrate only a 15% reduction in goblet
cell number, as compared to total loss in SPDEF~ strain, which confirms the essential role
of SPDEF in goblet cell differentiation and homeostasis.83:8% SPDEF acts as an
immunomodulatory factor on the airway epithelium by regulating goblet cell differentiation
and mucus production.8% SPDEF overexpression in chronic lung disorders, such asthma or
experimental over-expression in the airway epithelium of neonatal mice stimulates a Th2-
mediated inflammatory response.8” SPDEF~~ mice lack conjunctival goblet cells and
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develop cornea epithelial disease with increased uptake of fluorescein dye as an indicator of
epithelial barrier disruption.83 SPDEF~/~ mice manifest a significantly increased number of
CD45+ inflammatory cells in the conjunctiva, as well as APCs consisting of CD11c* in the
superficial conjunctiva and CD11b* cells in the deep conjunctival epithelium and stroma.
83.88 pro-inflammatory cytokines, including IL-1a., IL-1B and TNF-a were upregulated,
while epithelial cell differentiation markers, such as Muc5ac, Foxa3, and Tff1 were down
regulated in the conjunctiva of SPDEF~~.83

Goblet cells produce immunomodulatory factors, such as TGF-p2, RA and Muc2 which
suppress maturation and condition tolerogenic properties in stromal APCs.1415.89 Goplet
cell associated passages (GAPS) serve as conduits for passage of antigens bound to goblet
cell mucin into the stroma.14 In SPDEF~~ mice lacking goblet cells, topically applied OVA-
antigen was retained within the conjunctival epithelium.14 We found that resident phagocytic
CD11b+ cells in the conjunctival stroma sample OVA-antigen when applied topically on the
conjunctiva in WT C57BL/6 mice (Figure 2). Topically applied OVA antigen induces T cell
immune tolerance®%; however, tolerance to OVA-antigen is lost when antigen administration
is started after three days of systemic cholinergic blockade and exposure to desiccation
stress which inhibits goblet cell secretion, suggesting that the conjunctival goblet cells have
a tolerogenic effect on the resident APCs.%1 This is consistent with the presense of an
increased number of IL-12+ macrophages and dendritic cells in the conjunctiva of the
SPDEF~~.88 Antigen specific CD4+ T cells primed by APCs isolated from SPDEF~/~
cervical lymph nodes exhibit greater proliferation with a lower frequency of CD4+Foxp3+
regulatory T cells and increased frequency of CD4+IFN-y+ and CD4+IL-17+ cells.88
Topical application of conjunctiva conditioned media from wild type mice or RA inhibited
LPS stimulated IL-12 expression in the SPDEF™~ conjunctiva, suggesting that RA is an
important goblet cell-produced factor that suppresses APC activation in the conjunctiva.®8
Indeed, conjunctival goblet cells express aldehyde dehydrogenase ALDH1A3, show
aldehyde dehydrogenase activity and produce biologically active RA that was found to
significantly inhibit IL-12 production in LPS-treated cultured bone marrow monocyte
derived cells.16

6. Goblet cell products modulate antigen presenting cell function

Conjunctival goblet cells, located at the interface of external environment and stromal
immune cells, secrete tear mucins that coat the ocular surface and confer protection from
adverse environmental conditions, foreign bodies or pathogens.12-14 The goblet cells also
release immunomodulatory factors, such as Muc2, retinoic acid (RA), TGF-B1 and -p2 that
function in maintaining immunological tolerance on the ocular surface.16:1589 Muyc2 is the
major immune regulatory product of goblet cells in the small intestine; however, Muc2
expression also has been detected in human and mouse conjunctival goblet cells, albeit at a
lower level than MUCS5AC in the human conjunctiva.?7:89.92 MUC2 was reported to
increase production of the anti-inflammatory cytokine IL-10 and suppress production of
IL-12 and T cell costimulatory markers CD80 and CD86 in LPS stimulated myeloid
dendritic cells via NFxB inhibition.8 Compared to cultured corneal epithelium, conjunctival
goblet cell epithelium was also found to have greater expression of alcohol (AD4) and
aldehyde (ALdhlal, ALdhla3) dehydrogenases, key enzymes that are required to
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metabolize retinoic acid (RA) from the retinol form of vitamin A that is secreted by the
lacrimal gland in the tears.93 RA has been reported to inhibit LPS-stimulated 1L-12
production by mouse macrophages in a dose dependent manner.%* Similarly, our group
reported that RA in conjunctival goblet cell conditioned media suppressed expression of
IFN-y family cytokines IL-12 and IFN-y and CD86 in LPS-stimulated cultured myeloid
cells (monocytes and macrophages).18 Moreover, goblet cell factors suppressed NFxB p65
activation and expression of NFxB inducible genes, CCR7 and ICAM-1 in these cells.16
Goblet cell conditioned, OVA-loaded APCs suppressed production of IFN-y and increased
production of the Th2 cytokine IL-13 in an OTII co-culture system, an activity attributable to
their ability to synthesize RA.16

7. Suppression of monocyte activation in conjunctiva is RXRa mediated

RA exists /n vivo as two isomers, 9-cis RA and all-trans RA (ATRA). These isoforms have
affinity to heterodimeric nuclear retinoid receptors: 9-cis RA binds to the retinoid receptor X
(RXR) and ATRA binds to the retinoic acid receptor (RAR). Once activated, these nuclear
receptors regulate transcription of a wide range of genes, including inflammatory and
immune response genes. We have discovered that the RXRa nuclear receptors are
particularly relevant for suppressing production of dry eye inducing inflammatory mediators
by innate immune cells. The RXRa isoform is expressed in the majority of bone marrow
derived myeloid cells (Figure 3A) and by > 85% of MHCII+CD11b+ cells in the
conjunctiva, while only a quarter of these cells are RXRa positive in the draining cervical
lymph nodes (Figure 3B). Compared to wild type C57BL/6, we have found the Pinkie
mouse strain with a loss of function RXRa mutation® has a 39% decrease in conjunctival
goblet cell density (P=0.0007). This was accompanied by an increased percentage of IFN-y
positive CD11b+ monocytes which were the predominant IFN-y producing cell type in the
conjunctiva (Figure 4A), suggesting that IFN-vy from these cells contributes to the goblet cell
loss.%6 RXR dimerizes with a number of partner nuclear receptors (summarized in Figure 5),
including those with reported immunoregulatory activity on the ocular surface: vitamin D,
peroxisome proliferator-activated gamma (PPARY) and liver X (LXR) receptors.®’-100 RXR
heterodimers are classified as permissive when the complex can be activated by either an
RXR ligand [e.g. 9-cis RA or docosahexaenoic acid (DHA\) in fish oil] or a ligand of the
heterodimeric partner (e.g PPAR). Non permissive heterodimers are activated only by the
ligands that are specific for the partner nuclear receptors (e.g ATRA, vitamin D or thyroid
hormone), with RXR ligands acting as a silent partner.191 Treatment with the RXRa ligand
DHA [together with essential fatty acids eicopentaenoic acid (EPA) and gamma linoleic acid
(GLA)] was reported to improve dry eye symptoms and prevent an increase in CD11c+ cells
in the conjunctiva epithelium during the treatment period.192 PPAR-y expression has been
reported in the meibomian glands192 and we’ve found it is also expressed by the goblet and
non-goblet conjunctival epithelium (Figure 4B). Expression of RXRa. and the retinol
metabolizing enzyme ALdhlal were reported to be decreased 4- and 26-fold, respectively,
in the conjunctiva of patients with Stevens-Johnson syndrome, a disease characterized by
severe or total conjunctival goblet cell loss.104

Expression of TGF-B2, another immunomodulatory factor produced by goblet cells was
noted to increases in response to TLR4 mediated stimuli.1> Goblet cells activate TGF-B2 in
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a thrombospondin-1 dependent manner which can condition APCs towards a tolerogenic
phenotype by down regulating expression of MHC class 11 and costimulatory molecules
CD80 and CD86.1°

8. Conclusions

Goblet cells in the conjunctiva play an essential immunomodulatory role by producing
factors, such as TGF-B2 and retinoic acid that condition phagocytic cells in the conjunctival
stroma, suppressing their maturation and production of dry eye inducing cytokines, such as
IFN-y (Figure 6). Currently there are no widely available clinical tests to evaluate goblet cell
number and function, expression of retinoic acid metabolizing enzymes in the conjunctiva or
concentration of IFN-y in tears. Availability of these clinical biomarkers would improve
ability of identify patients who might benefit from topical retinoid receptor agonist therapy
to preserve or improve goblet cell number and function. These findings also suggest the need
for topical RXRa agonists to suppress production of IFN-y family cytokines by innate
immune cells in the conjunctiva.
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Mucb5ac / DNA

Figure 1.
Representative images of palpebral conjunctival cryosections stained for Muc5ac (green)

and propidium counterstaining (DNA, in red) of 8-week-old (8W) and 15-months-old (15M)
female C57BL/6 mice. Note that some Mucbac+ cells are buried in the aged conjunctival
epithelium (asterisks) and therefore unable to discharge to the ocular surface.
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DAPI/CD11b/OVA Peptides

Figure 2.
Confocal microscopy of whole mount conjunctiva 2 hours after topical application of

fluorescent OVA peptide showing CD11b+ cells (red) beneath conjunctival epithelium that
have phagocytosed the OVA peptide (green). Conjunctival epithelium is labeled E and the
stroma S. Nuclei are stained blue with DAPI.
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Figure 3.
A. Flow cytometry was performed on cultured bone marrow derived cells (BMDCs) gated

on CD11c and CD11b and the percentage of cells positive for the retinoid X receptor alpha
(RXRa) was evaluated. Over 60% of CD11b+ and CD11b+CD11c+ cells were RXRa+; B.
The percentage of CD11b+RXRa+ MHCII positive and negative cells in the conjunctiva and
draining cervical lymph nodes was evaluated by flow cytometry. The percentage of RXRa+
cells was higher in the conjunctiva than the cervical nodes.
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(bottom) cell populations in conjunctival tissue obtained from C57BL/6 and Pinkie mouse
strains were evaluated by flow cytometry. Both cell populations were significantly higher in
the Pinkie strain (bar graphs, right side). B. Mouse conjunctival sections stained for RXRa

partner nuclear receptor peroxisome proliferator-activated receptor gamma (PPARYy).

Secondary antibody negative control (NC) on the left and PPARy antibody staining on the

right. Arrows indicate goblet cells.
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Figure 5.

Retinoid X receptors (RXRs) dimerize with other partner nuclear receptors. Active RXRs
regulate gene transcription by forming permissive heterodimers with fernesoid X receptor
(FXR), pregnan X receptor (PXR), peroxisome proliferator-activated receptor (PPARS),
Nurrl and Nurr7, and liver X receptors (LXRs) and non-permissive heterodimers with
thyroid receptors (TRs), retinoic acid receptor (RAR) and vitamin D receptor (VDR).
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Figure 6.

Immune - goblet cell interaction in the conjunctiva. During normal non-stressed conditions
(left side), the lacrimal gland secretes tears containing epidermal growth factor (EGF) and
vitamin A in the form of retinol. EGF supports goblet cell protein synthesis and proliferation
and retinol is taken up by the goblet cells and metabolized by alcohol (ADH) and aldehyde
(ALDH) dehyrogenases into the biologically active form retinoic acid (RA) that exists in
equilibrium between the all trans- and 9-cis isomers. RA and TGF-p2 condition
mononuclear phagocytic cells, including monocytes and macrophages in the conjunctiva.
RA signaling through nuclear receptors, including the nuclear receptor RXRa. in monocyte-
derived cells, suppresses differentiation to inflammatory phenotypes that have higher
expression levels of IFN-vy, IL-12 and antigen presenting cell maturation markers such as
CD86. When lacrimal gland secretory function is reduced and the ocular surface is exposed
to desiccation or other danger signals (right side), goblet cell number and function decreases
and there is reduced conditioning of resident and recruited monocyte-derived cells resulting
in increased expression of IFN-y and IL-12 and monocyte and Th1 chemokines, such as
CCL-2 and CXCL10, respectively, by the surface epithelium and monocytes. IFN-y
stimulates expression of cornifying genes, inhibits cholinergic signaling and induces an
unfolded protein response (UPR) and apoptosis in the conjunctival goblet cells, reducing the
secretory mucin layer (SML) and further amplifying ocular surface inflammation and
epithelial disease.
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Table 1.

IFN-+y Signature Cytokines/Chemokines in Dry Eye Tears

Author - Year

Study Group

Findings

Chen X et al. - 2019105

Sjogren syndrome

« Significantly increased IL-12p70, IFN-y, CXCL10 (IP-10) vs. non-SS ATD and

(SS) ATD normal control, correlated with conjunctival and corneal staining
Enriquez-de-Salamanca et al. - Evaporative dry eye | ¢« CXCL10 was significantly increased compared to normal control
2010106
Jackson et al. - 2016107 Dry eye * Tear IFN-y level > 3 fold higher in hyperosmolar group (P = 0.03). Tear IFN-y
was significantly correlated with tear osmolarity and total ocular surface dye
staining.
Shetty et al. - 2016108 Dry eye « Significantly higher levels of IFN-y was observed in the tears of patients with

compared with low serum vitamin D concentration vs. controls (P < 0.05)

Agrawal et al. - 2016109

HIV associated dry
eye

* CXCL10 increased compared to dry eye without HIV infection.

Riemens et al. - 2012110 Ocular GVHD * Following allogenic bone marrow stem cell transplant, IFN-y increased in GVHD
vs. no GVHD. Tear IFN-y inversely correlated with tear break up time.
Meadows et al. - 2016111 4 subtypes of dry * IFN-7y high in all 4 subtypes of dry eye with highest concentration in ATD that
eye had most severe ocular surface dye staining.

Zywalewska-Gorna et al. - SS ATD * IFN-vy increased vs control and correlated with severity of symptoms and signs.
200712

Zhao H et al. - 2018113 ATD * IFN-vy higher and IL-12p70 significantly increased (P<0.05) in ATD vs control.
Yoon KC et al. - 2010114 SS ATD * CXCLY, -10, —11 concentrations significantly increased in tears of SS vs. non-SS

dry eye (P < 0.05). CXCL11 significantly correlated (P< 0.05) with
keratoepitheliopathy score (positive) and goblet cell density (negative).

ATD: aqueous tear deficiency; SS: Sjogren syndrome; C-X-C-L: motif chemokine ligand
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Table 2.

Immune mediated goblet cell loss/prevention in mouse dry eye models

Author/year Animal model Strain Principal Findings
« Topical cyclosporine A significantly inhibited DS induced conjunctival
115
Strong/2005 Bs C57BL/6 epithelial apoptosis and goblet cell loss
Niederkorn/2006116 DS C57BL/6 « CD25 depletion during DS worsens GC loss
* DS increases GC loss in wild type, but IFN-yKO are resistant to dry eye-
. 117 } induced GC loss
de Paiva/2007 Bs CS7BLB/IFN-YKO |, GC loss and expression of cornification marker SPRR2 were increased
by subconjunctival IFN- y injection during DS in wild type and IFN-yKO.
* Decreased GC density at 16 weeks of age compared to 4-week-old mice.
118 b
Yoon/2007 DS NOD.B10.H2 « Further decrease in GC density under DS
Spontaneous
Yeh/2009119 autoimmune dry C57BL/6/AIREKO | * AIREKO strain have decreased GC density compared to wild-type mice
eye
« Naive IL-13KO mice have decreased GC density compared to wild-type
.  Exogenous administration of 1L-13 during DS prevents GC loss
4 -
de Paiva/2010 DS C57BL/B/L-13KO |, Cyclosporine A administration during DS increases GC density, while
decreasing IFN-y
* CD25KO has increased concentration of IFN-y in tears compared to
de Paiva/2010120 Spontaneous wild type o )
de Paiva/201512L autoimmune dry CD25KO « Decreased GC density in CD25KO compared to wild-type
€ Falv: eye « CD25-1FN-y double KO have greater GC density compared to parental
CD25KO strain
Schaumburg/ DS/Adoptive C57BL/6 « Clodronate treatment to deplete APCs during DS improved GC density
2011122 transfer and decreased pathogenicity of transferred CD4+T cells.
Spontaneous . .
. h « Decreased GC density compared to wild-type
123 TGE-
de Paiva/2011 autmm:;gne dry DN-TGF-BRIL 1, ncreased IFN-y mRNA in conjunctiva
DS/Adoptive * IFN-vy neutralization in RAG1KO recipients decreased conjunctival
124
Zhang/2011 transfer C57BL/6 apoptosis after adoptive transfer
de Paiva/20121% DS C57BL/6 « Topical treatment with Resolvin E1 prevents DS-induced goblet cell loss.
. 126 « Topical anti-TNF-a during DS decreases frequency of CD4*CXCR3*
Li/2012 DS C57BL/6 cells in the conjunctiva and improves GC density.
* IFN-vy neutralization during DS improves GC density
Zhang/20131%7 DS C57BL/6 * Adoptive transfer recipients from anti IFN-v treated have attenuated dry
eye phenotype
* CXCR3KO mice are resistant to DS induced GC loss
c /2013128 DS/Adoptive C57BL/6/ » Decreased production of IFN-vy in the ocular surface
oursey transfer CXCR3KO * Adoptive transfer of CXCR3KO CD4+T cells primed during DS do not
induce GC loss in recipients
* Loss of GC starts around 9 months of age
« Adoptive transfer of aged CD4*T cells transfer dry eye phenotype,
McClellan/201457 Aging/Adoptive C57BL/6 inclusive of GC loss
Bian/201812° transfer » Aged APCs prime greater frequency of CD4*IFN-y* than young APCs
« Adoptive transfer of aged CD4*CXCR3*T cells induce greater GC loss
than young CD4*CXCR3* cells.
« Topical treatment with a4b1 integrin prevents DS-induced goblet cell
130
Krauss/2015 DS C57BL/6 loss
Spontaneous « Decreased GC density compared to wild-type
You/2015%31 autoimmune dry AEC * Increased IFN-y mRNA in conjunctiva and lacrimal gland
eye « Increased frequency of CD4+CXCR3+ cells in lacrimal gland
Coursey/20161% DS C57BL/6 « Subconjunctival anti-IFN-+y receptor antibody injection decreases

expression of unfolded protein response genes
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Author/year Animal model Strain Principal Findings
Volpe/20168° Aging C57BL/6/IFN-yKO | « IFN-yKO mice are partially protected from age-induced GC loss
* Anti-oxidant topical therapy during DS decreased IFN-y protein levels in
Choi/2016 133 DS C57BL/6 CJ, improved GC density and decreased the frequency of CD4*CXCR3*
cells
» Aged mice develop GC loss
Aging/adoptive « Increased IFN-v in conjunctiva, lacrimal gland,serum and splenocytes
134 b
Coursey/2017 transfer NOD.B10.H2  Adoptive transfer of aged CD4+T cells transfer dry eye phenotype,
inclusive of GC loss
Portal/2017135 BAK C57BL/6 « Recombinant IL-13 prevents goblet cell density in BAK treated mice
Zhang/2017136 DS C57BL/6 « Topical application of Mizoribine improved GC density
« Topical adiponectin application during DS decreases IFN-y protein
Li/2017 137 DS C57BL/6 concentration in conjunctiva, improves GC density and decreases the
frequency of CD4*CXCR3* cells.
« Topical treatment with Lifitegrast improves GC density while decreasing
45
de Souza/2018 DS C57BL/6 IFN-y, CXCL9 and CXCL10 expression in conjunctiva.
* Spontaneous SS-like KCS, with significant GC loss compared to
conventional mice
138 -
Wang/2018 Germ-free C57BL/6 « Increased levels of IL-12* cells in conjunctiva and greater frequency of
CD4*IFN-y* cells in the lacrimal gland
« Early onset and worse dacryoadenitis in germ-free CD25KO mice and
Germ-free/ greater spontaneous frequency of CD4*IFN-y* cells
139
Zaheer/2018 Adoptive transfer CD25KO « IL-12 antibody depletion decreases CD4*IFN-y* infiltration in lacrimal
gland and improves dacryoadenitis
* SPDEF KO mice have no goblet cells
" C57BL/6/ » SPDEF KO APCs prime greater frequency of CD4*IFN-y* than wild-
88
Ko/2018 Naive SPDEFKO type
* Loss of mucosal tolerance
. i i 0, 0, i idi
Vou/2018 40 DS C57BL/6 deTr?sFi‘{;al treatment with 0.3% and 0.18% hyalorunic acid improved GC
* NOD2KO mice are resistant to DS-induced changes
Li/2019 141 DS B6/NOD2KO « Greater GC density and decreased tear IFN-y protein levels in NOD2KO

mice

Abbreviations: DS=desiccation stress; KO= gene knockout mouse strain; GC= goblet cell; APC= antigen-presenting cells; BAK= benzalkonium
chloride; DS= desiccating stress; GC= goblet cell; KO= knock-out; CXCR3: C-X-C motif chemokine receptor 3; SS= Sjogren syndrome; KCS=

keratoconjunctivitis sicca
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