
UCSF
UC San Francisco Previously Published Works

Title
Establishing PAX6 as a Biomarker to Detect Early Loss of Ocular Phenotype in Human 
Patients With Sjögren's SyndromePAX6 as a Biomarker in Sjögren's Syndrome

Permalink
https://escholarship.org/uc/item/0pr8w3q3

Journal
Investigative Ophthalmology & Visual Science, 55(11)

ISSN
0146-0404

Authors
McNamara, Nancy A
Gallup, Marianne
Porco, Travis C

Publication Date
2014-11-07

DOI
10.1167/iovs.14-14828
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0pr8w3q3
https://escholarship.org
http://www.cdlib.org/


Cornea

Establishing PAX6 as a Biomarker to Detect Early Loss of
Ocular Phenotype in Human Patients With Sjögren’s
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PURPOSE. Sjögren’s syndrome (SS) is a common autoimmune disease that can cause aqueous-
deficient dry eye and the aberrant differentiation of ocular mucosal epithelial cells toward a
lineage that is pathologically keratinized and skin-like. PAX6 is the master regulator of corneal
lineage commitment. Recently, we showed a functional role for PAX6 in preventing ocular
surface damage induced by the proinflammatory cytokine, IL-1b, in a mouse model of SS.
Here, we examine PAX6’s potential as a clinical biomarker that predicts ocular surface disease
in SS patients.

METHODS. Impression cytology specimens isolated from the bulbar conjunctiva of control
(n ¼ 43) and SS patients (n ¼ 43) were used to evaluate the relative abundance of PAX6, IL-
1b, and pathologic keratinization marker, small proline-rich protein (SPRR1B) by TaqMan
qPCR. Transcript expression was examined relative to clinical data, including the ocular
staining score (OSS), tear breakup time (TBUT), Schirmer tear test, serum autoantibody
results, and the labial salivary gland focus score.

RESULTS. PAX6 expression was significantly reduced in SS patients (P ¼ 0.010, Wilcoxon rank
sum test), and highly correlated with OSS (Spearman q ¼ 0.239, 95% CI 0.02–0.43; P ¼
0.027). The extent to which PAX6 predicted SPRR1B was largely dependent on IL-1b
expression (R2 ¼ 0.28, P < 0.01) and elevated IL-1b predicted reduced TBUT (R2 ¼ 0.24, P ¼
0.035), low tear secretion (R2 ¼ 0.30, P ¼ 0.011), and focus score (R2 ¼ 0.21, P ¼ 0.002).

CONCLUSIONS. Downregulation of PAX6 in SS patients was highly associated with ocular surface
damage and largely dependent on the level of inflammation. Restoration of PAX6 may provide
a clinical approach to manage dry eye in SS patients.
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Sjögren’s syndrome (SS) is a systemic disorder characterized
by dryness that is attributed to lymphocytic infiltration of

the lacrimal and salivary glands. Despite powerful immunosup-
pressive and immunomodulatory therapy, autoimmune-mediat-
ed dry eye disease, known clinically as keratoconjunctivitis
sicca (KCS), is highly recalcitrant to treatment and there is no
cure. In addition to the lack of effective treatment for KCS,
another major obstacle is the lack of early diagnostic tools and
diagnostic criteria. A devastating, end-stage consequence of
many autoimmune diseases that cause aqueous-deficient dry
eye is squamous metaplasia (SQM). In diseases like Stevens-
Johnson syndrome, ocular cicatricial pemphigoid, and SS, the
moist, ocular muco-epithelium is gradually transformed to a dry,
keratinized, ‘‘skin-like’’ epithelium that can progress to corneal
opacification and vision loss in the most severe cases.1–4

Clinical diagnosis of SQM is limited to impression cytology,
introduced by Nelson and Wright in 1984,5 with diagnostic
criteria established by Tseng in 1985.4 These criteria are largely
based on cytological classification of goblet cells (GCs) and
non-GC conjunctival epithelial cells, without direct assessment

of vision-threatening keratinization. Previously, we established
keratin envelope protein, SPRR1B, as a biomarker of pathologic
keratinization that is characteristic of SQM development.
SPRR1B is upregulated in SS patients and a mouse model of
autoimmune KCS that predicts the presence of ocular epithelial
damage and local expression of proinflammatory mediator, IL-
1b. Yet, as part of the keratin envelope, SPRR1B is detected
only after keratinization has occurred. Thus, we seek to identify
novel biomarkers that play a functional role in SQM develop-
ment and are altered in the earliest stages of disease.

During embryogenesis, the ocular surface epithelium
develops from a highly specialized surface ectoderm, via a
constellation of induction and regulatory transcription factors.
Paired-box protein 6 (PAX6) is the master regulator of corneal
lineage commitment that instructs corneal progenitor cells to
differentiate into nonkeratinized epithelial cells characteristic
of the ocular mucosal surface. PAX6 is universally expressed
throughout the entire differentiated, stratified ocular surface
epithelium of the adult eye (i.e., from cornea, limbus to
conjunctiva).6 Although the postnatal function of PAX6 in
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ocular mucosal biology is not fully understood, the corneal
phenotype is affected in both overlapping and distinct ways
when the expression of PAX6 is increased or decreased.7–9 For
example, overexpression of PAX6 in the FVB/N genetic
background shared features with the PAXþ/� mouse, including
defective epithelial differentiation, neovascularization, and
immune cell invasion.10 In humans, a decline of ocular surface
PAX6 expression has been observed in a number of ocular
surface diseases, ranging from immune disorders like Stevens-
Johnson syndrome, to genetic defects, like aniridia.2

We hypothesized that altered ocular mucosal epithelial
differentiation, the hallmark of SQM in dry eye disease, may
result from the loss of the regulatory function provided by
PAX6. To explore the potential role of PAX6 loss in the
pathogenesis of autoimmune-mediated dry eye in vivo, we
characterized a novel murine model of SS-like KCS and
SQM.11–13 Mice deficient in the autoimmune regulator gene
(Aire KO) spontaneously developed a T cell–mediated exocrin-
opathy,14,15 which provoked aqueous tear deficiency and SQM
as early as postnatal week six. Interestingly, we noted loss of
PAX6 expression from mucosal epithelial cells lining the ocular
surface of Aire KO mice and a similar decrease was also noted
in a small number of human patients with chronic KCS. By
performing adoptive transfer studies, we determined that loss
of PAX6 in Aire KO mice occurred as a direct consequence of
autoreactive CD4þ T cell infiltration and the subsequent
activation of IL-1R1 on resident cells of the ocular surface.
Using adenovirus to force PAX6 expression, we restored the
ocular mucosal phenotype in Aire KO mice, thus defining a
functional role for PAX6 dysregulation in SQM development.
Whether the functional significance of PAX6 loss could predict
SQM development in human patients with autoimmune-
mediated KCS has yet to be determined.

Here, we examined the hypothesis that PAX6 downregula-
tion represented an early event leading to dysregulation of
corneal differentiation in human patients with SS. Using
impression cytology and quantitative PCR (qPCR), we quanti-
fied ocular surface expression of PAX6 in patients with SS, and
found reduced levels were highly associated with ocular
surface damage and SQM development. Moreover, in agree-
ment with mechanistic studies in Aire KO mice, the extent to
which PAX6 predicted SQM development was largely depen-
dent on the level of local inflammation. These studies
extended the use of impression cytology as a diagnostic tool
and suggested significant clinical implications of maintaining or
restoring ocular mucosal PAX6 to prevent the consequences of
SQM that accompany chronic, autoimmune-mediated dry eye.

METHODS

Human Subject Recruitment and Sample
Collection

All aspects of the human subject studies presented in this
manuscript were approved by the University of California San
Francisco Committee for Human Research. Clinical data and
impression cytology specimens were obtained from patients
with SS (n ¼ 43) and age-matched controls (n ¼ 43) randomly
selected from the Sjögren’s International Collaborative Clinical
Alliance (SICCA) Registry and Biorepository. Briefly, criteria for
enrollment in the SICCA Registry cohort required all partici-
pants to have at least one of the following: symptoms of dry eyes
or dry mouth, previous suspicion or diagnosis of SS, elevated
serum anti-nuclear autoantibody (ANA), positive rheumatoid
factor (RF), or anti-SSA/B, enlarged salivary glands, a recent
increase in dental caries, or a possible diagnosis of secondary SS.
Informed consent was obtained in writing from all subjects

before participation. Subjects were presented with a written
document describing the study objectives and sample collection
procedures. Clinical examination included a quantitative assess-
ment of KCS severity using fluorescein and lissamine green dyes
to determine the ocular staining score (OSS).16 The OSS ranged
from 0 to 12. A score of ‘‘0’’ indicated no corneal or conjunctival
staining with fluorescein or lissamine green dye, respectively. A
score of 12 indicated severe staining of the cornea and
conjunctiva with confluent and central fluorescein staining,
the presence of corneal filaments, and confluent areas of
lissamine green of the bulbar conjunctiva of greater than or
equal to 4 mm2. An OSS greater than or equal to 3 was
considered positive for KCS. Consistent with established
American College of Rheumatology criteria, participants were
defined as SS if they tested positive for at least two of the
following three primary outcome variables: (1) an OSS of 3 or
greater (as defined in Whitcher et al.16), (2) a labial salivary
gland (LSG) biopsy exhibiting focal lymphocytic sialadenitis
with a focus score greater than or equal to 1 focus/4 mm2 (as
defined by Daniels et al.17,18), and (3) serology positive for
autoantibody anti-SSB/La or anti-SSA/Ro or both ANA titer
(‡1:320) and positive RF.19 Control subjects were defined as
those with no history of ocular surface disease or surgery in
either eye; an OSS lower than 3; unanesthetized Schirmer
greater than 5; LSG focus score lower than 1; and serology
negative for SSA, SSB, ANA, and RF. Exclusion criteria included
known diagnosis of hepatitis C virus, HIV, sarcoidosis, amyloid-
osis, active tuberculosis, graft-versus-host disease, past head and
neck radiation treatment, current treatment with daily eye drops
for glaucoma, corneal surgery in the past 5 years to correct
vision, cosmetic eyelid surgery in the past 5 years, or physical or
mental condition interfering with successful participation in the
study. For the purposes of our investigation, we excluded all
participants with a confirmed diagnosis of another autoimmune
connective tissue disease that may confound findings associated
with SS. Contact lens wearers were asked to discontinue wear
for 7 days before the SICCA examination.

Transcriptional Profiling of PAX6, IL-1b, and
SPRR1B Using Taqman PCR

Impression cytology specimens were isolated from filters using
Qiagen RNeasy Plus Micro Kit (Qiagen, Inc., Valencia, CA, USA)
according to the manufacturer’s instructions with the following
modification. In brief, impression cytology filters, previously
frozen in RNAlater (Thermo Fisher Scientific, Waltham, MA,
USA) and stored at �808C were transferred into 350 lL Buffer
RLT (Qiagen, Inc.) with 1% beta mercaptoethanol (BME). After
vortexing for 30 seconds, filters were crushed using a microfuge
tube pestle. The lysate and filter were then transferred to a
QIAshredder column (Qiagen, Inc.), and centrifuged for 5
minutes at 12,000g with the flow-through collected into a 2-mL
tube. Total RNA was then extracted using the Qiagen RNeasy
Plus Micro Kit protocol. RNA was eluted from mini columns
with 14 lL RNase-free water. RNA concentrations were
determined by NanoDrop (Wilmington, DE, USA). For cDNA
synthesis, we used a SuperScript VILO cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s
instructions starting with 20 ng total RNA. cDNA was stored at
�208C until use.

To compare the relative abundance of PAX6, IL-1b, and
SPRR1B transcripts, we used TaqMan Gene Expression Assays
(Life Technologies, Carlsbad, CA, USA) (gene assay ID:
Hs00240871_m1, Hs99999029_m1, Hs00234164_m1, respec-
tively) which consist of a pair of unlabeled PCR primers and a
TaqMan probe with a fluorogenic label on the 50 end and minor
groove binder and nonfluorescent quencher on the 30 end.
One microliter of cDNA was used in a 20-lL reaction mix per
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well. Real-time PCR was performed using thermal cycling
conditions at 958C for 10 minutes, followed by 40 cycles of 15
seconds at 958C and 1 minute at 608C using an ABI Prism 7500
Real Time PCR System (Applied Biosystems, Fort City, CA,
USA). All assays were performed and compared in three
technical replicates with a housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (gene assay ID:
Hs99999905_m1). GAPDH was chosen as the reference gene
based on published work demonstrating that its expression is
consistently maintained in inflamed corneal tissues20,21 as well
as in our own studies of Aire KO mice following various
interventions.11,13,22 Threshold cycle (Ct) values were derived
from triplicate measures of all cDNA specimens. The amplifi-
cation efficiency of primers was obtained by constructing a
standard curve for each primer. The relative quantity of gene
expression was calculated using analysis software provided by
Applied Biosystems.

Statistical Methods

Both linear and logistic regression and the Spearman rank
correlation were used to assess association between continu-
ous variables (with confidence intervals [CIs] derived using the
bootstrap method). Continuous outcomes were compared
between two groups using the Wilcoxon rank sum statistic. All
comparisons were two-sided and conducted with an a of 0.05.

RESULTS

Impression cytology specimens and clinical data were obtained
from 43 control patients and 43 patients with SS from the
SICCA Registry and Biorepository. Demographic data and
ocular characteristics of each group are summarized in Table
1. Using diagnostic criteria established by SICCA to define our
study group,19 we tested the hypothesis that reduced
expression of PAX6 would predict the severity of ocular
surface disease in patients with SS. Each participant with SS
tested positive for at least two of the three primary outcome
variables: (1) an OSS greater than or equal to 3,16 (2) a focus
score greater than or equal to 1 focus/4 mm2,17,18 and (3)

presence of autoantibody anti-SSB/La or anti-SSA/Ro or both
ANA titer (‡1:320) and RF. A Venn diagram summarizing the SS
cohort revealed that 49% had all three characteristics of SS;
19% had an abnormal OSS and an abnormal focus score; 26%
had an abnormal OSS and positive serology; and 1% had
positive serology, an abnormal focus score, and an OSS less
than 3 in the eye from which the impression cytology
specimen was obtained (Fig. 1). Additional outcome variables
included, ocular surface transcript levels of proinflammatory
cytokine IL-1b (a measure of local ocular inflammation),
cornified envelope protein, SPRR1B (a measure of pathologic
keratinization of the ocular surface), tear breakup time (TBUT;
a measure of tear film stability), and Schirmer tear testing (a
measure of tear secretion).

PAX-6 Transcript Levels Are Reduced in Patients
With SS

As the universal master control gene for eye development and
ocular mucosal epithelial cell differentiation, we hypothesized
that loss of PAX6 expression in the setting of chronic
inflammation would provoke a shift in the ocular mucosal
epithelium from a moist, mucus-secreting surface to one that is
pathologically keratinized and skin-like. Using impression
cytology specimens to collect epithelial cells from the ocular
surface, we found expression of PAX6 transcript was signifi-
cantly reduced in SS patients when compared with age- and
sex-matched controls (P ¼ 0.010, Wilcoxon rank sum test).
This difference persisted even after controlling for age (P ¼
0.014, logistic regression). Thus, PAX6 was significantly
reduced in patients with the diagnosis of SS (Table 2).

PAX6 Loss Predicts Ocular Surface Epithelial
Disease

We hypothesized that downregulation of PAX6 and loss of
corneal homeostasis may provoke ocular surface staining and

TABLE 1. Patient Characteristics

Control, n ¼ 43 SS, n ¼ 43

Age, mean 6 SD 53.7 6 4.4 53.8 6 13.4

Sex, n (%)

Male 8 (18.6) 8 (18.6)

Female 35 (81.4) 35 (81.4)

Schirmer, mean 6 SD 14.5 6 7.3 10.5 6 8.7

Tear film breakup time, mean 6 SD 8.7 6 2.9 4.9 6 3.7

OSS, total mean 6 SD 1.0 6 0.8 7.0 6 3.6

Nasal LG, mean 6 SD 0.21 6 0.4 2.1 6 1.2

Corneal, mean 6 SD 0.49 6 0.7 2.6 6 1.9

Temporal LG, mean 6 SD 0.30 6 0.5 2.3 6 1.0

LSG focus score, mean 6 SD 0.65 6 0.3 3.2 6 2.9

Serology, n (%)

SSA 0 29 (67)

SSB 0 19 (44)

ANA 0 33 (77)

RF 0 23 (53)

Meibomitis, n (%) 0 9 (21)

Blepharitis, n (%) 0 5 (12)

LG, lissamine green.

FIGURE 1. Venn diagram summarizing the diagnostic criteria met by
study participants, where a positive result for at least two of the three
characteristics was considered diagnostic for SS.
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altered corneal differentiation; both characteristic of SS-
associated dry eye. Examining the relationship(s) among
PAX6 loss, disruption of ocular surface integrity, and altered
differentiation, we found that the Spearman rank correlation
between the OSS (a measure of epithelial disease severity) and
PAX6 was 0.239 (95% CI 0.02–0.43, bootstrap method; P ¼
0.027). This association was strengthened when we controlled
for differences in the local expression of IL-1b. As previously
described, OSS is derived from measures of both fluorescein
and lissamine green staining, with each contributing 6 points
to disease severity on the 12-point scale.16 We hypothesized
that lissamine green staining of the bulbar conjunctiva would
be a better predictor of ocular surface disease in SS patients
than fluorescein staining of the cornea. Although fluorescein
staining of the cornea by itself had a weaker association than
lissamine green staining alone, further analysis provided no
evidence of a significant difference between lissamine green
and fluorescein in predicting PAX6 (95% CI for the difference
between the Spearman correlation of lissamine green and
PAX6 and the Spearman correlation of corneal staining and
PAX6: �0.08 to 0.29, bootstrap method; P > 0.05).

PAX6 Loss and Pathologic Keratinization Are
Dependent on Local Inflammation

Using SPRR1B gene expression as a readout for pathologic
keratinization, we confirmed its ocular surface expression was
significantly increased in SS patients compared with controls
(P ¼ 0.009, Wilcoxon rank sum test) (Table 2). Moreover,
increased levels of SPRR1B were highly correlated to elevated
expression of IL-1b on the ocular surface (Spearman rank
correlation: 0.48, P < 0.0001) and increased ocular staining
(Spearman rank correlation: 0.24, P¼ 0.026). The significance
of these associations was in agreement with previous human
studies13 and provided additional support for animal studies
where we demonstrated an essential functional role for IL-1b in
mediating ocular surface damage and SQM development in the
pathogenesis of SS-associated KCS.11,13

Next, we tested the hypothesis that loss of PAX6, an
indicator of altered ocular surface homeostasis, would predict
the development of pathologic keratinization in SQM. Control-
ling for differences in the local expression of IL-1b, we found
loss of master regulator, PAX6, was statistically associated with
increased expression of keratinization marker, SPRR1B (P ¼
0.02, linear regression, cases bootstrap). We examined the
linear regression of SPRR1B on PAX6 for observations below
the median level of IL-1b and above the median (Fig. 2). We
found no evidence of a relationship between PAX6 and SPRR1B
when IL-1b levels were low (P ¼ 0.88, linear regression,
represented by red points and associated regression line), but

for values of IL-1b above the median, we found a substantial
negative relationship between PAX6 and SPRR1B expression (P
¼ 0.004, linear regression, represented by blue points and
associated regression line). This suggested that the relationship
between SQM development (increased SPRR1B) and altered
corneal differentiation (loss of PAX6) was highly dependent on
the level of ocular surface inflammation (IL-1b).

Local Inflammation, But Not PAX6, Predicts Altered
Tear Film Quality and Quantity in SS

Using a similar strategy, we explored the relationship(s)
between PAX6 and routine clinical tests used in the assessment
of dry eye. Specifically, we quantified tear film stability and tear
secretion using the TBUT and unanesthetized Schirmer tear
test, respectively. Although PAX6 was not a good predictor of
the TBUT or Schirmer test (P¼0.83, Wilcoxon rank sum test; P

¼ 0.48; Spearman rank correlation, respectively), elevated
expression of IL-1b, when considered alone, was highly
predictive of TBUT (Spearman correlation 0.24, P ¼ 0.035)
and reduced tear secretion (Spearman correlation 0.30, P ¼
0.011). Thus, the local inflammatory response was a strong
predictor of altered tear stability and secretion, whereas the
altered state of epithelial differentiation was not.

Relationship Between PAX6 and Established
Diagnostic Criteria for SS

The criteria used to diagnose SS have evolved as our
understanding of the disease pathogenesis has progressed.
The LSG focus score and presence of SS-associated autoanti-
bodies in serum have remained key diagnostic criteria for SS.
For the purpose of our study, we used the focus score as a
surrogate biomarker to define the severity of exocrinopathy,
where an increased number of lymphocytic foci is indicative of
immune-mediated destruction of acinar cells. Although the
extent to which salivary and lacrimal glands are affected in SS
may differ, the two are clearly related and, thus, we
hypothesized that the inflammatory state of the gland may be

TABLE 2. qPCR Data

Control, n ¼ 43 SS, n ¼ 43

IL-1b, mean 6 SD

RQ 5.2 6 18.8 20.8 6 68.6

DCt 7.8 6 3.0 6.9 6 3.2

PAX6, mean 6 SD

RQ 1.1 6 0.5 0.93 6 0.5*

DCt 0.27 6 0.6 0.58 6 0.6*

SPRR1B, mean 6 SD

RQ 4.4 6 5.8 18.8 6 34.4*

DCt 4.4 6 2.4 3.0 6 2.6*

RQ, relative quantification.
* Control versus SS comparison, P < 0.05.

FIGURE 2. Scatterplot of SPRR1B (vertical axis) versus PAX6 DCT
(horizontal axis). Points below the median IL-1 DCT (high expression
of IL-1b) are represented in blue; points above the median (low
expression of IL-1b) in red. The regression line of SPRR1B versus PAX6
for each group is indicated by a blue or red line.
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associated with that of the ocular surface. Furthermore, we
used the presence of autoantibodies in the blood as a measure
of systemic disease, where the presence of SSA or SSB or both
ANA and RF was considered positive for SS. With the focus
score and serology results providing readouts for exocrine and
systemic disease, respectively, we examined their relationship
with PAX6. Interestingly, we found neither serology nor LSG
focus score to be a significant predictor of PAX6; however, the
focus score was highly correlated with ocular surface
expression of IL-1b (Spearman q ¼ 0.4, 95% bootstrap CI
0.12–0.60, P ¼ 0.005). Thus, inflammation of the exocrine
gland predicted increased expression of proinflammatory
cytokine, IL-1b, at the ocular surface. In contrast, there was
no evidence of a relationship between the presence of SS-
associated autoantibodies in serum and ocular surface expres-
sion of IL-1b (P¼ 0.71, Wilcoxon rank sum test), or any of the
other clinical readouts of dry eye.

Loss of PAX6 and SQM Development Are Not
Associated With Inflammatory Diseases of the Lid
Margin (e.g., Meibomitis and Blepharitis)

We found no evidence of a relationship between PAX6
expression and either meibomitis (P ¼ 0.15, Wilcoxon rank
sum) or blepharitis (P ¼ 0.39, Wilcoxon rank sum) in patients
with SS. Nor did we find relationships between IL-1b and
meibomitis (P ¼ 0.45, Wilcoxon rank sum) or IL-1b and
blepharitis (P¼ 0.37, Wilcoxon rank sum). Interestingly, we did
find modest evidence of a relationship between meibomitis and
the expression of SQM marker, SPRR1B (P ¼ 0.047, Wilcoxon
rank sum); however, this relationship was no longer statistically
significant when accounting for multiple comparisons.

DISCUSSION

The PAX6 has long been recognized as the universal master
control gene for eye morphogenesis.23,24 Correct PAX6 dosage
postnatally is imperative for developing a normal corneal
epithelial phenotype and for maintaining corneal homeostasis.
Overexpression of PAX6 in the mouse cornea produces an
abnormal phenotype,10 whereas downregulation has been
associated with abnormal epidermal differentiation in surgical-
ly removed corneoscleral tissues from patients with severe
ocular surface diseases, like Stevens-Johnson syndrome,
chemical burn, aniridia, and recurrent pterygium.2 Consistent
with these associations, we have used a mouse model of SS-
associated dry eye to demonstrate a functional role for PAX6
loss in mediating abnormal ocular mucosal epithelial cell
differentiation and the development of SQM in response to
chronic inflammation. In Aire KO mice, PAX6 loss occurred as
a direct consequence of autoreactive CD4þ T-cell infiltration
and local activation of IL-1/IL-1R1 signaling via resident cells of
the ocular mucosa.25 Thus, we showed for the first time that
universal master corneal control gene, PAX6, which maintains
corneal epithelial phenotype during homeostasis, is downreg-
ulated in response to IL-1–mediated inflammation in SS-
associated dry eye.

In the current study, we translate the results of our animal
studies to the clinical setting by demonstrating PAX6 loss in
superficial cells lining the ocular surface of patients with the
ocular component of SS. Although ocular surface damage and
the blinding consequences of SQM tend to be less severe in SS
patients compared with Aire KO mice, reduced expression of
ocular PAX6 in SS patients was significantly correlated with the
level of ocular surface staining. A similar relationship was
noted for keratinization biomarker SPRR1B, which was
significantly elevated in SS patients and strongly associated

with ocular surface damage. Thus, PAX6 loss and elevated
SPRR1B expression provided readouts for epithelial disease
severity and SQM development even in the absence of marked
opacification, vascularization, and/or clinically significant
keratinization. These findings support the consideration of
PAX6 reintroduction as a novel therapeutic to restore ocular
mucosal phenotype, maintain homeostasis, and prevent SQM
in the inflamed eye. Finally, it is important to note that, based
on criteria for enrollment in the SICCA Registry, all participants
in this study had at least one characteristic consistent with the
diagnosis of SS. Specifically, among the 43 participants
classified as controls, 6 (~14%) had a self-reported history of
rheumatoid arthritis or SS, 33 (~77%) were referred by a
clinician suspicious of SS, 38 (~88%) suffered from symptoms
of dry eye, 39 (~91%) suffered from symptoms of dry mouth,
10 (~23%) reported an enlarged salivary gland, and 18 (~42%)
reported frequent dental caries. Thus, all control patients had
at least one characteristic consistent with a diagnosis of SS,
suggesting the significance of the associations reported in this
study may be underestimated.

Histologically, PAX6 loss and SQM development are a
consequence of chronic inflammation and the altered immune
response has long been recognized as the critical driving force
in dry eye pathogenesis.26 Although multiple cellular and
soluble immune mediators are enhanced in the chronically
inflamed dry eye, our work has consistently shown a foremost
role for the proinflammatory cytokine, IL-1b.11,13,27,28 Inter-
leukin-1b released by resident cells of the ocular surface has
proven essential for SQM development by altering the
glycosylation of conjunctival goblet cells, as well as the
integrity, morphology, and differentiation of mucosal epithelial
cells. Accordingly, in patients with SS we found the expression
level of ocular surface IL-1b was a key factor in establishing the
link between PAX6 loss and increased expression of SQM
biomarker, SPRR1B. In fact, the strongest association between
PAX6 loss and elevated SPRR1B was noted when expression of
IL-1b was high. Increased expression of IL-1b was also a strong
predictor of routine clinical tests used to assess dry eye
patients. For example, high levels of IL-1b predicted ocular
surface staining, low TBUT, and reduced tear secretion.

Notably, there was also a strong association between labial
salivary gland focus score and ocular surface IL-1b. The focus
score is one of three important diagnostic criteria for SS that
specifically reflects the level of exocrinopathy. Unlike the
lacrimal gland, multiple labial salivary glands are easily
accessible along the inner surface of the lower lip and there
is minimal risk of scaring from the surgical procedure. Thus,
the focus score generated from LSG biopsy tissue has become
the mainstay of assessing whether inflammation is present in
SS patients and, if so, its type and severity. Although the extent
to which SS affects the salivary and lacrimal glands may differ,
for the purposes of this study, we chose to use the focus score
as a surrogate readout for exocrine gland damage. Its positive
association with ocular surface IL-1b supported the concept
that immune-mediated dysfunction of the exocrine gland in SS-
associated dry eye is strongly linked to chronic inflammation
and destruction of other organs targeted by autoreactive T cells
during the disease process. This association is consistent with
an existing paradigm in dry eye pathogenesis that suggests
desiccating and osmotic stress resulting from reduced tear
secretion sets off an ocular surface inflammatory response that
initiates the release of proinflammatory mediators from the
mucosal epithelial cells, including IL-1b.29 Collectively, our
animal and human studies suggest that chronic infiltration of
autoreactive CD4þ effector T cells and ongoing production of
IL-1b provokes the loss of PAX6, which plays an essential,
functional role in promoting defective cell growth and
differentiation characteristic of SS-associated SQM.
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The current study provides evidence to support animal
studies highlighting the essential role of PAX6 in maintaining
ocular mucosal homeostasis and, thus, preventing SQM
development in autoimmune-mediated dry eye. We have
revealed a direct, functional link between local inflammation,
PAX6 loss, and SQM development in dry eye pathogenesis in
mice, and, here, we extend these findings to the clinical
setting. The important parallel between human and animal
studies underscores the potential significance of forced PAX6
expression to restore homeostasis in the chronically inflamed
dry eye. Moreover, the foremost role of IL-1b as an essential
mediator of local inflammation in dry eye has proven to serve
as a robust predictor of ocular staining, tear instability, and
reduced tear secretion. Collectively, human and animal studies
support the therapeutic potential of PAX6 rescue25 combined
with local inhibition of IL-1/IL-1R1 signaling27,30,31 as a novel
approach to manage the recalcitrant ocular surface disease that
accompanies autoimmune-mediated dry eye.
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