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ARTICLE INFO ABSTRACT

Keywords: Purpose: Ocular Mucous Membrane Pemphigoid (OcMMP) is an orphan disease characterized by chronic
I‘}ﬂamfnation autoimmune-driven conjunctival inflammation leading to progressive scarring, debilitating symptoms, and
F1bro§1s blinding sequelae. This feasibility study aims to demonstrate conjunctival genetic transcriptomic analyses as a
IS\I:ixIZISrEing putative tool for interrogation of pathogenic signaling pathways in OcMMP.

ALDH1A3 Methods: Conjunctival RNA profiling using the NanoString nCounter Human Fibrosis panel was undertaken on

RNA extracted from conjunctival swabs obtained from 6 MMP patients (8 eyes; 4 M/2F; median age 78 [range
64-84] years); and 8 age-matched control participants (15 eyes; 3 M/5F; median age 69.5 [range 69-88] years).
Data from 770 genes were analyzed with ROSALIND HyperScale architecture and stratified according to the level
of clinically visible bulbar conjunctival inflammation. Normalization, fold-changes (>+1.5-fold or < —1.5-fold)
and p-values adjustment (<0.05) using the Benjamini-Hochberg method were calculated.

Results: 93 differentially expressed genes (DEGs) were observed between OcMMP versus controls of which 48
were upregulated, and 45 downregulated. The top 4 upregulated DEGs represented fibrosis (COL3A1, COL1Al,
FN1 and THBS1) while the key under-expressed genes (SCIN, HMGS2, XCL1/2) were indicative of ocular surface
failure (goblet cell loss, keratinization, vulnerability to secondary infections). Forty-four pathways had a global
significance score >2, the most significant being those related to extracellular matrix (ECM) remodeling, syn-
thesis, and degradation. These pathways were accentuated in eyes with visible inflammation.

Conclusions: NanoString methodology acquired via a simple conjunctival swab identifies profibrotic genes in
OcMMP group and differentiates inflamed eyes. Longitudinal sampling and following investigative intervention
will further mechanistic insight and development of novel biomarkers to monitor disease progression.

1. Introduction

Mucous Membrane Pemphigoid is a group of hetereogenous auto-
immune subepidermal blistering multisystem disorders that affects the
skin and orificeal mucous membranes including the ocular (OcMMP),
oral, aero-digestive tract, anogenital and genitourinary mucosae.
OcMMP occurs in about 70% of cases and is typically characterized by a
chronic relapsing conjunctival inflammation associated with a pro-
gressive scarring process that is bilaterally blinding in up to 20%, if left

untreated [1,2]. While the prevalence of MMP is 1:40,000 [3], the
incidence of ocular involvement ranges from 0.8 to 2.5 per million
population [4,5]. The disease is more aggressive when it presents in
younger populations [6]; early recognition and diagnosis is essential to
reduce sight-threatening complications. Positive direct and/or indirect
immunofluorescence studies detailing immunoprecipitation along the
basement membrane zone (BMZ) are diagnostic of MMP with the
exception of ocular monosite MMP, that can have negative immuno-
fluorescence studies in 50% and more likely to have central corneal
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involvement and visual impairment [7-9].

The ocular features are characterized by chronic autoimmune-driven
conjunctival inflammation leading to progressive scarring, debilitating
symptoms and blinding sequelae. Systemic immunotherapy is the
mainstay and modifies inflammation but does not limit progression of
fibrosis either in inflamed eyes, or in 50% of clinically quiescent eyes.
Progression of fibrosis results in trichiasis, lid malposition, severe dry
eye, keratinization, ocular surface failure and recurrent infections
leading to irreversible blindness. Understanding the pathogenic mech-
anism underpinning progressive conjunctival fibrosis is essential to
facilitate development of novel anti-scarring therapies for which there is
a clear unmet clinical need. The pathogenesis includes loss of tolerance
to conjunctival mucosal epithelial BMZ proteins resulting in the devel-
opment of pathogenic autoreactive T cells that trigger antibody (IgG,
IgA) production from plasma cells to the BMZ. Antibody-BMZ interac-
tion activates the complement cascade, acute inflammation, accumula-
tion of inflammatory effector cells (neutrophils, dendritic cells, mast
cells, eosinophils, macrophages) and associated cytokines/growth fac-
tors (IL2, IL5, IL13, IFNy,TNFa) resulting in expansion of both Th1l and
Th2 cells in the chronic inflammatory-fibrotic phase of OcMMP.
Autoreactive T cells may mediate an antibody-independent pathway
with similar effects [10,11].

Macrophages, T cells, mast cells and eosinophils release profibrotic
mediators (PDGF, IL-13, TGFf and HSP47). In addition, dendritic cell
aldehyde dehydrogenase (ALDH1A3) catalyzes retinaldehyde to retinoic
acid which in turn activates conjunctival fibroblasts leading to extra-
cellular matrix deposition (e.g. Type 1 and 3 collagen, fibronectin,
thrombospondin). Fibroblasts release proinflammatory and profibrotic
factors (IL-1, IL-6, VEGF) perpetuating the chronic inflammatory
response [12-14]. Furthermore, pemphigoid fibroblasts remain profi-
brotic after clinical inflammation resolves, through an autocrine
ALDH-mediated retinoic acid effect driving conjunctival fibrosis [11,
15]. i.e. during both active inflammation and after resolution, the acti-
vated OcMMP fibroblasts continue to scar. The induction of the TGFf1
gene, and/or activation of latent TGFf1 seem to play an important role
[10]. TGFp driven critical changes in fibroblast metabolism in addition
with pro-inflammatory cytokines and growth factors lead to an activa-
tion to a myofibroblast phenotype, and extracellular matrix production
(ECM) formation and remodeling in fibrosis and NGF/p75"'} may have
a role to play in early fibrosis [16,17]. Ultimately, total ocular surface
failure results from extreme dry eye, often complicated by recurrent
infection, and leading to surface keratinization.

More objective biomarkers are required to identify fibrosis signaling
pathway and associated inflammatory cascade activity. As longitudinal
conjunctival tissue biopsy is not feasible and not considered acceptable
to patients, the main objective for this pilot study was to optimize a and
test the feasibility of a relatively non-invasive conjunctival swab sam-
pling technique used in combination with the NanoString platform to
phenotype the global conjunctival transcriptome comprising several
hundred genes in healthy subjects and OcMMP patients. Interrogation of
the differential gene expression of the conjunctival transcriptome may
provide insight into new targets for anti-fibrotic therapy, and guide
clinical decision-making for initiation, maintenance, and withdrawal of
immunosuppressive, and when available, anti-scarring therapies.

2. Methods
2.1. Ethics statement

Clinical data collection and patient sampling were undertaken after
informed written consent from each study participant following the
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tenets of the Declaration of Helsinki and approval by the Health
Research Authority Ethics Committee (Inflammation in Ocular Surface
Disease (IOSD); Reference: 08/H1206/165 UKCRN 7448).

2.2. Study subjects and clinical data

Fourteen participants were recruited from the ocular surface disease
and cataract clinics presenting to the Birmingham & Midland Eye
Centre, Birmingham, UK. Diagnosis of OcMMP was based on clinical
findings characteristic for the disease: progressive conjunctival cicatri-
zation in the absence of other causes of conjunctival scarring (n = 6 [8
eyes]; 4 M/2F; median age 78 [range 64-84; mean 76.4] years); with
five patients’ direct immunofluorescence positive of whom three were
also indirect immunofluorescence positive). Tissue biopsy immunoflu-
orescence status was defined as positive by the presence of a linear
deposition of IgG, IgA, or complement (C3) along the BMZ, and negative
if typical clinical characteristics were evident with a negative a immu-
nofluorescence status (because of the recognition of a subgroup of ocular
mono-site patients who have ocular features consistent with OcMMP but
have a negative biopsy) [8,9]. Indirect immunofluorescence positive
was defined as the presence of patient serum IgA or IgG binding to salt
split skin or monkey oesophagus substrates. Cross-sectional comparisons
were made with a group of healthy, age-matched control subjects (n = 8
[15 eyes]; 3 M/5F; median age 69.5 [range 69-88; mean 73.1] years)
defined as subjects with no history or clinical evidence of ocular, sys-
temic inflammatory, or autoimmune disease (including dry eye), contact
lens wear, previous ocular surgery, cataract surgery within three
months, or use of topical ophthalmic medication. These patients were
identified from new patients presenting to the nurse-led cataract clinics
(hypertensive, 3; osteoporosis, 1; and no ocular or systemic comorbid-
ities, 4).

All OcMMP patients underwent a detailed examination including the
Ocular Surface Disease Index (OSDI®; Allergan-Abbvie) self-adminis-
tered symptom questionnaire, the Cicatrising Conjunctivitis Assessment
Tool (CCAT®) a validated tool for measuring progressive conjunctival
fibrosis comprising three domains: inflammation (an indicator of disease
activity), scarring and morbidity (both indicators of disease damage)
[18] and the SICCA Ocular Staining Score (OSS) [19]. Healthy controls
were recruited from patients referred from community optometrists for
consideration of cataract surgery.

2.3. Sample collection and RNA extraction

Conjunctival swabs were obtained from the lower conjunctival fornix
from 6 patients (8 eyes) with a diagnosis of OcMMP and from 8 healthy
age-matched patients (15 eyes) with cataract. The swab procedure
involved anesthesia using proxymetacaine 0.5% eye drops instilled in
both eyes. After 30 s, a Puritan™ sterile standard foam tipped applicator
was used to sweep the inferior fornix six times and placed directly into a
1.5 ml microcentrifuge tube containing 1 ml TriReagent, a component
from the RiboPure™ RNA purification kit (Thermo Scientific, Waltham
MA, USA). The redundant swab stick was cut with sterile scissors, the
microfuge tube closed and vortexed at maximum speed for 1 min. After a
5-min incubation at room temperature, the homogenized sample was
transferred to a —80 °C freezer until further analysis. Total RNA was
isolated following the RiboPure™ RNA purification and elution manu-
facturer’s protocol (Thermo Scientific, Waltham MA, USA) giving a total
volume of 30 pL. RNA concentration, integrity and purity were quanti-
fied with spectrophotometery (NanoDrop 2000™), Qubit™ 2.0. Fluo-
rometer (Thermo Scientific, Waltham MA, USA) and the Agilent
Bioanalyzer (Agilent, Santa Clara CA, USA).
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2.4. NanoString and data analysis

The NanoString nCounter® multiplexed target platform using the
Human Fibrosis panel (https://nanostring.com/) quantified 770 genes.
nCounts of mRNA transcripts were normalized using the geometric
means of 10 housekeeping genes (ACAD9, ARMH3, CNOT10, GUSB,
MTMR14, NOL7, NUBP1, PGK1, PPIA and RPLPO). Data were analyzed
using ROSALIND (https://rosalind.bio/), with a HyperScale architecture
developed by ROSALIND, Inc. (San Diego, CA). Read Distribution per-
centages, violin plots, identity heatmaps, and sample MDS plots were
generated as part of the quality control step. Normalization, fold
changes and p-values were calculated using criteria provided by Nano-
String. ROSALIND follows the nCounter Advanced Analysis protocol of
dividing counts within a lane by the geometric mean of the normalizer
probes from the same lane. Housekeeping probes to be used for
normalization are selected based on the geNorm algorithm as imple-
mented in the NormgPCR R library?®°. The abundance of various cell
populations was calculated on ROSALIND using the NanoString Cell
Type Profiling Module. ROSALIND performs a filtering of Cell Type
Profiling to include results that have scores with a p-value >0.05. Fold
changes and p-values were calculated using the fast method as described
in the nCounter Advanced Analysis 2.0 User Manual. The Gene Set
Analysis (GSA) module from NanoString is incorporated into ROSALIND
to summarize the global significance score and the directed global sig-
nificance score. GSA summarizes the change in regulation within each
defined gene set relative to the baseline, as described in the manufac-
turer’s manual. The values calculated are the global significance score
which measure the overall differential expression of the selected gene
set relative to selected patient populations, ignoring whether each gene
is up- or down-regulated.

P-value adjustment is performed using the Benjamini-Hochberg
method of estimating false discovery rates (FDR). Clustering of genes
for the final heatmap of differentially expressed genes was performed
using the PAM (Partitioning Around Medoids) method using the fpc R
library 2!! that takes into consideration the direction and type of all
signals on a pathway, the position, role and type of every gene. Hy-
pergeometric distribution was used to analyze the enrichment of path-
ways, gene ontology, domain structure, and other ontologies. The topGO
R library was used to determine local similarities and dependencies
between GO terms in order to perform Elim pruning correction. Several
database sources were referenced for enrichment analysis, including
Interpro [20], NCBI [21], MSigDB [22,23], REACTOME [24], Wiki-
Pathways [25]. Enrichment was calculated relative to a set of back-
ground genes relevant for the experiment. Data and graphs analyzed in
ROSALIND were downloaded including Volcano plots of differential
expression data (plotted using the —loglO (p-value) and log2 fold
change and heat maps.

Comparisons of OcMMP patients with OSDI®, CCAT©® and OSS
scores were performed using the Spearman rank test using GraphPad
Prism version 9.0 (San Diego, CA, USA).

3. Results
3.1. Patient characteristics

OcMMP patient characteristics are summarized in Table 1. Three
eyes (3 patients) showed minimal inflammation defined as a score of 0-1
(Max) 20 using the inflammation domain of the cicatrising conjunctivitis
assessment tool (CCAT®©), and inflamed eyes with a score of 4-20 (max
20).
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3.2. Differentially expressed genes in OcMMP patients versus controls

Out of the 760 genes (excluding housekeeping genes) included in the
NanoString Fibrosis Panel, there were a total of 93 differentially
expressed genes (DEGs) with 48 upregulated genes and 45 down-
regulated genes. These are displayed in the volcano plot shown in
Fig. 1A with a fold change of 1.5 used to compare the different subject
groups [26] with a -log10 adjusted p-value of 0.05 with specific upre-
gulated and downregulated DEGs displayed in Supplementary Tables S1
and S2, respectively (Quantity and quality of RNA is detailed in Sup-
plementary Table S4 and The Full 770 gene codeset with up and down
regulated genes can be found Supplementary S5.).

3.3. Differentially expressed pathways

The DEGs identified were used to assess 51 specific pathways that
may be involved using the NanoString and ROSALIND software. Dif-
ferential expression analysis is calculated using a t-statistic for each gene
against each covariate in the model. The top 20 pathways are high-
lighted in Fig. 1B. For each pathway, the number of unaffected and
modulated are highlighted. The top twelve genes (COL3A1 and COL1A1,
FN1, THBS1, TPSAB1/B2, SERPINE1, SPP1, COL5A1, OASL, IL1B,
ANGPTL4, LAMA3) represented upregulation of extracellular matrix
remodeling and synthesis, (4.807), collagen biosynthesis and modifi-
cation (4.343) and extracellular matrix degradation (3.768). The main
under-expressed genes that have relevance to mucosal health secondary
to fibrosis including SCIN (fundamental goblet cell mucin secretion),
HMGS2 (mitochondrial metabolic enzyme), and XCL1/2 (antimicrobial
actions). Heat maps showing DEGs within these and other pathways are
shown in Fig. 2. Importantly, OcMMP inflamed eyes (n = 5) showed a
greater expression of not only COL1A1, COL3A1, but also other genes
including FN1, SPP1, COL5A1, LAMA3, LAMC1 and NID1 when
compared to OcMMP eyes with minimal or no inflammation. In addi-
tion, neural cell adhesion molecule (NCAM1, CD56) integrin subunit
alpha 1 (ITGA1, CD49d) and KLKB1 (prekallikrein) were all down-
regulated in patients with OcMMP (Fig. 2A) regardless of the inflam-
mation status of individual eyes. This would suggest a decrease in neural
trafficking within ocular tissue in these eyes. In the cytokine panel
(Fig. 2B), genes encoding proteins associated with the IL-1 pathway, IL-
1B, IL-18, IL-33 and IL1RAP, a ligand for IL-33, were upregulated in
OcMMP eyes associated with inflammation. By comparison, genes
associated with the adaptive immune response CXCR3, CXCR6, LTA,
LTB and IL12RB were all upregulated in healthy eyes (i.e., down-
regulated in OcMMP eyes). Type 1 interferon panel showed a strong
increase in genes associated with interferon and anti-viral function such
as 2,5 oligodenylate synthase (OASL, OAS1), and interferon inducible
proteins (IF16, IFI27) in OcMMP non-inflamed eyes, whereas inflamed
eyes had reduced expression compared to healthy eyes.

In the PDGF signaling panel (Fig. 2C), genes encoding proteins
relating to cell proliferation and increased extracellular matrix deposi-
tion (COL3A1, COL5A1 and THBS1) were upregulated in OcMMP eyes
associated with inflammation. Interestingly, CTSW (Fig. 2C — Platelet
degranulation panel), a gene that has specific function in regulating
cytotoxic activity of both cytotoxic T-cells and NK cells, was found to be
downregulated in OcMMP eyes (and upregulated in healthy controls).

The cholesterol panel showed an overall upregulation of genes
associated with lipid metabolism in OcMMP. Of note, angiopoietin like 4
(ANGPTL4), a gene known to also encode for an apoptosis survival
factor, is also upregulated in OcMMP.

Fig. 2D highlights other upregulated genetic pathways, namely:
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Table 1
OcMMP patient characteristics
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Eyes with Active Inflammation

Eyes with Inactive Inflammation

Patient Demographics Patient Number 1 2 3 4 5 6
Age (Years) 78 81 64 78 84 74
Gender (M/F) M F M M F M
Eye Laterality (R/L) R L R L R L L L
Visual Acuity LogMAR 0.8 0.3 0.5 0.2 0.1 0.2 0.4 0.2
Biopsy DIF Positive Positive Positive Positive Positive Positive Positive Negative
IIF Negative Positive Negative Positive Positive Negative
Overall biopsy status Positive Positive Positive Positive Positive Negative
0OSDI Total Score (0-100) 75 50 0 15.9 0 6.25
SICCA 0SS Total Score (0-12) 5 9 1 1 2 1 2 6
Conjunctival Inflammation Bulbar Conjunctival Hyperaemia (0-16) 4 4 8 6 5 0 0 1
Limbitis Score (0-4) 0 1 4 4 0 0 0 0
Total Inflammation Score (0-20) 4 5 12 10 5 0 0 1
Conjunctival Scarring Subconjunctival Fibrosis Yes Yes Yes Yes Yes Yes Yes Yes
Lower Fornix Symblepharon (Score) <50% <50% >50% >50% <50% <50% <50% >50%
Upper Fornix Symblepharon (Score) Absent Absent <50% <50% <50% Absent Absent >50%
Total Fornix Symblepharon Score (0-4) 1 1 3 3 2 1 1 4
Morbidity Distichiasis Presence No No Yes Yes Yes No No No
Keratinization No No Yes Yes No No No Yes
Corneal Vascularization Score (0-5) 0 1 2 0 0 0 0 0
Corneal Scarring Score (0-9) 5 1 0 0 0 0 0 0
Total Morbidity Score (0-14) 5 2 2 0 0 0 0 0

Table 1: Summary of clinical data of OcMMP patients. Conjunctival inflammation, conjunctival scarring and morbidity form 3 domains from the cicatrising
conjunctivitis assessment tool (CCATO (i) inflammation = bulbar hyperaemia each quadrant graded on a 5-point (0-4) scale and limbitis, number of involved
quadrants (0-4); (ii) Scarring = subconjunctival fibrosis, yes/no; symblepharon, absent (0), <50% (1), >50% (2); central upper and lower forniceal depth if performed
with a fornix depth measurer; (iii) Morbidity = Distichiasis, yes/no; Keratinization, yes/no; corneal vascularization and opacity, each peripheral corneal quadrant
involved (scored 1), central cornea vessels (1), total vessels score = 5, central corneal opacity (5), total opacity score = (9) for involvement by vessels or opacity
separately). (Abbreviations: M, male; F, female; R, right; L, left; OSDI, ocular surface disease index score; SICCA OSS, SICCA ocular staining score).
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Fig. 1. (Panel A) Differential expression of genes
in the conjunctiva of OcMMP eyes. A volcano plot
shows -log10(p-value) and log 2-fold change in gene
expression in OcMMP compared to matched control
eyes (fold increase >1.5 or fold decrease <1.5 and p
adjusted value of 0.05). P-value thresholds were
adjusted using the Benjamini-Hochberg method of
estimating false discovery rates. The horizontal line
indicates p = 0.05, and the two vertical lines indicate
greater or lower than 1.5-fold. Genes highlighted in
orange are representative of profibrotic pathways
(note top two genes are Collagen Types I and 3) and
under-expressed genes (in purple) are representative
of ocular mucosal failure. (Panel B) Gene set analysis
pathway descriptors. Orange bars indicate modulated
genes (up or down), and blue bars show unaffected
genes. Numbers adjacent to the bars indicate the
number of unaffected genes (left) followed by the
affected genes (right).
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Fig. 2. Heatmaps of the fibrosis pathway expres-
sion with global significance scores in pemphi-
goid versus control eyes. (Panel A) The key
upregulated genes in OcMMP eyes that have clinically
graded active inflammation are related to extracel-
lular matrix (ECM) synthesis, collagen biosynthesis
and modification, and ECM degradation. While Panel
B shows upregulation of select inflammatory cytokine
and epithelial-mesenchymal transition profile in
OcMMP eyes independent of clinical grading of
inflammation. M1 activation and adaptive immune
response cytokines and chemokines were upregulated
in control eyes representative of an ‘active’ protection
role; whereas innate response cytokines were associ-
ated with diseased eyes. Differentiation between
OcMMP versus control eyes were also seen in other
pathways including PDGF signalling, platelet
degranulation, cholesterol metabolism, focal adhe-
sion kinase, PPAR signalling and PI3K-Akt signalling
pathways (Panels C and D). (Key: red box, OcMMP
upregulated genes; green box, OcMMP down-
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Focal adhesion kinase, PPAR signaling and PI3K-Akt pathways. Inter-
estingly, Toll like receptor 2 (TLR2), strongly involved in activation of
the innate immune system in response to pathogen recognition, was
upregulated in inflamed OcMMP eyes. Such upregulation in TLR activity
has previously been implicated in the pathogenesis of several autoim-
mune diseases. By contrast, Insulin-like growth factor (IGF-1) expression
involved in epithelial cell migration and healing, was strongly upregu-
lated in healthy eyes versus all OcMMP eyes.

3.4. Correlation of DEGs with clinical scoring systems

Correlation analysis between the normalized counts versus the
OSDI© symptom and the CCAT® conjunctival inflammation score was
performed to investigate whether DEGs were associated with clinical
outcome measures. Out of the 93 DEGs, 16 DEGs correlated with either
the OSDI® or CCAT® scores. No DEGs correlated with both scoring
systems.

The OSDI® symptom score positively correlated with upregulation of
COL1A1 and LAMCI1 representative of increasing symptomatology with

< Healthy Controls <OcMMP >
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Inflamed  Non Inflamed

increasing fibrosis and extracellular matrix deposition (Table 2) [27,28].
Conversely, the presence of symptoms and a higher OSDI score was
negatively correlated with KLRB1, SH2D1A, KLRK1, CXCR6, CD3D and
PRKACB gene expression. These genes represent stimulation, activation,
signal transduction, development and regulation of T-cell populations,
indicative of attenuation of the adaptive immune response in patients
with a higher level of reported symptoms (Table 2) [29-34].

On analyzing DEG against the CCATO inflammation domain score,
upregulation of PSMC3, PANX1, NPC1 and OCLN together with the
downregulation of KIR2DL3, all negatively correlated with inflamma-
tion. Collectively the genes maintain an intact conjunctival mucosal
epithelial barrier, or normalization of anatomy after an inflammatory
response (Table 3) [35-39]. By contrast, increasing conjunctival
inflammation was positively correlated with downregulation of
RNF152, EEF2K, and TCF7L1: genes involved in the
inflammation-fibrosis signaling axis (Table 3) [40-42]. There was no
statistical significance in the gene readouts and ocular staining sicca
(OSS) scores (data not shown).
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Table 2
Correlation of DEGs with OSDI® patient-reported score.
Expression Change Gene Gene Gene Role 0OSDI
Name Correlation
Upregulated COL1A1 Collagen Type I Alpha 1 Chain ~ Encodes the pro-alphal chains of type I collagen, which is found in most connective tissues  0.7638*
Genes and is abundant in bone, cornea, dermis and tendon [27].
LAMC1 Laminin Subunit Gamma 1 Encodes a subunit protein for an extracellular matrix glycoprotein. It is implicated in an 0.7638*
array of biological processes including cell adhesion [28].
Downregulated KLRB1 Killer Cell Lectin Like Receptor ~ Encodes for a type Il membrane protein involved in regulation of NK cell function [29]. —0.9092%*
Genes Bl
SH2D1A  SH2 Domain Containing 1A Encodes a protein that plays a major role in the bidirectional stimulation of T and B cells —0.8486*
[30].
KLRK1 Killer Cell Lectin Like Receptor ~ Encodes for a transmembrane receptor protein (type Il membrane orientation - It bindstoa ~ —0.8244*
K1 diverse family of ligands that include MHC class I chain-related A and B proteins and UL-16
binding proteins, which may lead to activation of NK and T cells [31].
CXCR6 C-X-C Motif Chemokine Encodes a G protein-coupled chemokine receptor expressed in several T lymphocyte subsets ~ —0.9456*
Receptor 6 and bone marrow stromal cells. Binds chemokine ligand 16 (CCL16), regulates T lymphocyte
migration to peripheral tissues [32].
CD3D CD3 Delta Dubunit Of T-cell Encodes a membrane protein which is part of the T-cell receptor/CD3 complex (TCR/CD3 —0.8244*
Receptor Complex complex) and is involved in T-cell development and signal transduction [33].
PRKACB  Protein Kinase cAMP- Encodes a member of the serine/threonine protein kinase family. The encoded protein is a —0.7395*

Activated Catalytic Subunit
Beta

catalytic subunit of cAMP (cyclic AMP)-dependent protein kinase, which mediates signalling
though cAMP [34].

Table 2: DEGs significantly correlated with patient symptomatology scores (measured by the OSDI® symptom score; Spearman rank coefficient of correlation. *P <

0.05, **P < 0.01).

Table 3
Correlation of DEGs with the CCAT© inflammation domain.
Expression Change Gene Gene Gene Role CCAT
Name Correlation
Upregulated PSMC3 Proteasome 26S Subunit, ATPase 3 Encodes proteosome sub-units and degrades ubiquitin modified proteins. —0.9157%**
Genes Encodes proteosome sub-units and degrades ubiquitin modified proteins [35].
PANX1 Pannexin 1 Innexin family gap junction gene, protein of which abundantly expressed in —0.9157%**
central nerve system (CNS). Potential biomarker for immune infiltration (in
pancreatic cancer [36].
NPC1 NPC Intracellular Cholesterol Transporter 1 ~ Encodes large protein in limiting membrane of endosomes and lysosomes. —0.7952*
Mediates intracellular cholesterol trafficking - transports low-density
lipoproteins to late endosomal/lysosomal compartments where they are
hydrolysed and released as free cholesterol [37].
OCLN Occludin Encodes an integral membrane protein necessary for cytokine-induced —0.8675%*
regulation of the tight junction paracellular permeability barrier [38].
Downregulated KIR2DL3  Killer Cell Immunoglobulin Like Receptor, Encodes transmembrane glycoproteins expressed by NK cells and a subset of T-  —0.8193*
Genes Two Ig Domains and Long Cytoplasmic Tail  cells. Involved in transducing inhibitory signals upon ligand binding [39].
3
RNF152 Ring Finger Protein 152 Located in lysosomal membrane, the coded protein enables small GTPase 0.7711*
binding and ubiquitin protein ligase activity [40].
EEF2K Eukaryotic Elongation Factor 2 Kinase Encodes highly conserved protein kinase in the calmodulin-mediated signalling ~ 0.8434*
pathway [41].
TCF7L1 Transcription Factor 7 Like 1 Encodes a member of the T cell factor/lymphoid enhancer factor family of 0.8555*

transcription factors. activated by beta-catenin, mediate Wnt signalling, and
antagonized by TGF-B signalling pathways [42].

Table 3: DEGs significantly correlated with conjunctival inflammation scores (CCAT® inflammation domain; Spearman rank coefficient of correlation. *P < 0.05, **P

< 0.01).

4. Discussion

Using a simple conjunctival swabbing sampling technique from the
inferior fornix without the need of expensive consumables or incisional
tissue biopsy, we have been able to use the NanoString platform and the
fibrosis panel to identify 93 differentially expressed genes (DEGs) when
comparing OcMMP and healthy participant eyes. Of these, 48 DEGs
were upregulated, and 45 were downregulated. The top four upregu-
lated DEGs represented genes known to be involved in the OcMMP
conjunctival fibrosis pathway (COL3A1, COL1Al, FN1 and THBS1),
whereas the key under expressed genes (SCIN, HMGS2, XCL1/2) were
indicative of ocular surface failure (goblet cell loss, keratinization,
vulnerability to secondary infections). Moreover, changes in expression
of cytokine genes associated with innate or adaptive immunity
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correlated with clinical activity (patient symptomatology and clinically
graded inflammation) in OcMMP eyes.

Murine studies of dry eye disease have utilized NanoString technol-
ogy mouse immunology panel identifying specific RNA transcripts in
mice treated with tyrosine kinase agonist in a desiccating stress model
[43]. In a similar model, NanoString immune arrays were performed on
sorted MHCII™ and MHCII™ monocyte/macrophage cell populations.
The results showed an increase in transferred myeloid cells and decrease
in resident myeloid cells. Genes associated with antigen presentation,
cytokine/chemokine, M1 macrophage and NLRP3 inflammasome path-
ways were increased supporting an increase in innate immunity which
may be involved in lacrimal gland dysfunction [44]. A study to inves-
tigate specific signaling pathways in two experimental mouse dry eye
(EDE) models, kept animals in a controlled desiccative environment.
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Two groups, one treated with scopolamine and second subjected to extra
orbital lacrimal gland excision bilaterally identified in different altered
gene transcripts although functional annotation analysis revealed that
the same inflammatory pathways were involved in both models [45].
These murine studies supported an inflammatory response in dry eye
disease.

In human studies using the nCounter® Human inflammation v2
codeset that enables multiplexing for over 200 inflammation genes,
bulbar conjunctival superficial cells collected by impression cytology
using a 13 mm Supor200® PES Membrane Disc Filters (0.2 pM) from
patients with primary Sjogren’s syndrome (n = 30 eyes, control eyes =
15) supported the earlier mouse findings with 27 genes increased and 13
decreased expression in Sjogren’s eyes compared with controls. Several
altered genes (n = 14) correlated with OSDI® patient symptom score
and the corneal function score. IL1RN was the only gene that positively
correlated with a reduction in Schirmer test [46]. In a second study,
EyePrim™ impression cytology samples from the temporal conjunctiva
from Sjogren’s eyes (n = 7; versus 19 control eyes) were analyzed using
the Human Immunology V2 panel examining 594 genes showed 53
DEGs (49 increased and 4 decreased). Several DEGs showed a correla-
tion with clinical parameters such as the tear film break up time [26].
These human studies further support an inflammatory phenotype gene
expression in the conjunctiva in complex dry eye pathogenesis, that can
be detected by performing impression cytology (avoiding surgical inci-
sional biopsy).

In our study, using the NanoString Fibrosis Panel that profiles 770
genes across 51 annotated pathways, we have phenotyped autoimmune-
driven progressive conjunctival scarring in OcMMP patients (8 eyes)
versus aged-matched control eyes (n = 15) using a simple inferior
conjunctival fornix swab technique. We demonstrated the most impor-
tant pathways were related to ECM synthesis and degradation together
with collagen biosynthesis and modification. While we did not perform
qPCR, protein ELISA or tissue biopsy immunohistochemistry to validate
the NanoString readouts, our data confirmed overexpression of COL1A1
and COL3A1 genes. This was in keeping with previous published studies
that used immunohistochemical analyses of conjunctival mucosal tissue
and primary fibroblast culture derived from conjunctival biopsies [16,
47,48]. The overproduction of ECM by myofibroblasts results in an
unorganized deposition of type I and III collagen protein leading to
fibrosis and, eventually, scar formation.

Profibrotic mediators such as PDGF [49], IL—13,14 TGFp [50], and
HSP47 [48] (heat shock protein) released by macrophages, T cells, mast
cells and eosinophils also have direct effects on fibroblasts. Further,
SPP1, a gene associated with a downstream upregulation of IFN-y and
IL-12, was also seen to be upregulated in samples taken from inflamed
OcMMP eyes. This suggests a mediated-enhancement of cytotoxic ac-
tivity of NK cells and CD8™ cytotoxic T-lymphocytes, and inhibition of
angiogenic activity, which may have otherwise been stimulated via
other upregulated genes in the PDGF signaling pathway. SPP1 specif-
ically, has also been shown to have prognostic value in mucosal
neoplasia and fibrogenic macrophage subset induced inflammation [51,
52].

Conjunctival inflammation was correlated with downregulation of
RNF152, EEF2K, and TCF7L1. *>#42-%RNF152 expression has been
described to potentiate TLR and IL-1R- via MyD88 activation. TCF7L1
encodes a member of the T cell factor/lymphoid enhancer factor family
of transcription factors, is antagonized by transforming growth factor
beta (TGF-B), a key regulator of inflammatory and fibrotic responses.
Upregulation of PSMC3, PANX1, NPC1 and OCLN negatively correlated
with inflammation [35-39]. The expression of PANX1 in OcMMP eyes
correlated with increased clinical inflammation score. PANX1 is asso-
ciated with upregulation of the non-inflammatory apoptotic pathway
yields in lower levels of visible conjunctival inflammation. OCLN, is an
integral membrane protein necessary for cytokine-induced regulation of
the tight junction paracellular permeability barrier and appears to
inhibit regulation of epithelial inflammation and hyperplasia. Both these
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genes may be indicative of epithelia repair following inflammation and
restoration of the conjunctival mucosal barrier. Furthermore,
Insulin-like growth factor (IGF-1, known to be involved in epithelial cell
migration) [53] was strongly downregulated in all OcMMP eyes versus
controls and may underpin delayed healing of conjunctival ulcers seen
in severe active OcMMP.

PSMC3 encodes a protein that processes ubiquitin-modified proteins
intracellularly [35]. NPC1 upregulation is associated with glycolysis and
lipogenesis, and prevents abnormal accumulation and intracellular
storage or cholesterol and lipid [37]. Our data also showed upregulation
of genes associated with lipid metabolism in OcMMP eyes. This included
angiopoietin like 4 (ANGPTL4), a gene known to also encode for an
apoptosis survival factor is upregulated in OcMMP eyes. This, along with
an upregulation of LDL receptor related protein 1 (LRP1), a protein re-
ceptor associated with clearance of apoptotic cells, may suggest the
presence of a biological response to counteract an increased apoptotic
drive present on the ocular surface of inflamed OcMMP eyes. Collec-
tively, these data indicate that analyses of pathways supporting
conjunctival homeostasis in health and cicatricial conjunctival disease is
complex.

Our data indicates that innate immune responses are key to the
pathogenesis of human disease. Detailed analyses of the cytokine
‘fingerprint’ data show a reduction in genes associated with the adaptive
immune response and an increase in innate markers regardless of
inflammation, and break down of mucosal epithelial barrier function.
Conversely, type 1 interferon genes are increased in samples from non-
inflamed eyes. Our previous analyses of conjunctival cellular profiles
[12,54,55] showed eyes with no visible inflammation and raised
conjunctival neutrophils were more likely to progress, and have a
greater degree of conjunctival shrinkage compared to those without
raised neutrophils. Links between Type 1 interferon and neutrophils
have been reported in conditions such as SLE and may be relevant here.

In summary, we have shown that Nanostring technology allows
global gene expression data to be obtained from a simple conjunctival
swab generating a transcriptome for OcMMP related to inflammation,
extracellular matrix production, scarring sequelae, and epithelial barrier
dysfunction. Gene associations with clinically scored patient symptom-
atology (OSDI®) and conjunctival inflammation (graded against a
validated scoring system (CCAT©)) show a complex pattern incorpo-
rating fibrosis, immune responses, epithelial barrier integrity and mo-
lecular homeostasis. While these data are a based on a single sampling
from patients and controls without confirmatory qPCR or protein ana-
lyses, the non-invasive sampling technique looks promising for use in
future longitudinal disease-course studies and early-phase clinical trials
of novel interventions. These studies will enable better understanding of
the mechanism of conjunctival fibrosis in OcMMP, response to therapy,
and provide new targets for anti-fibrotic agents, for which there is an
unmet clinical need.
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