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Purrose. The current study evaluated the lid margin microbiome of keratinized lid
margins of patients with chronic Stevens-Johnson syndrome (SJS) and compared it
with healthy controls and historically reported lid margin microbiome of patients with
meibomian gland dysfunction (MGD).

MerHobs. Eyelid margin swabs of 20 asymptomatic adults (mean age = 29 + 12 years) and
10 patients with chronic SJS (mean age = 31.2 + 14 years) with lid margin keratinization
were sequenced using next generation of 16S rDNA V3 to V4 variable region. Within SJS,
the keratinized lid margin microbiome was compared with adjacent eyelid skin.

Resurrs. All patients had obstructive MGD, and mean Schirmer I value was
2.8 £ 1.9 mm. The phyla were similar in two groups, whereas at the genera level, an
increase in the relative abundance of Corynebacterium, Haemophilus, Azotobacter, and
Afipia and a decrease of Acinetobacter was noted in SJS compared to healthy lid margins.
SJS-associated microbiota displayed lesser diversity and more heterogeneity than healthy
controls. The Principal Components Analysis (PCA) plot revealed wide separation in the
SJS and the control groups. Correlational network analysis revealed Corynebacterium
and Sphingomonas forming a major hub of negative interactions with other bacterial
genera in the SJS group. Significant differences exist in the prevalent genera between
keratinized lid margins and historically reported meibum microbiome of patients with
MGD. In addition, the eyelid skin of patients with SJS had predominant Staphylococcus,
whereas Corynebacterium and Pseudomonas were more in the keratinized lid margins
compared to the eyelid skin microbiome.

Concrusions. Lid margin microbiome is significantly altered in the keratinized lid margins
of patients with SJS compared to the eyelid skin of patients with SJS, normal lid margins,
and patients with MGD.

Keywords: stevens-johnson syndrome (SJS), microbiome, corynebacteria, lid margin kera-
tinization (LMK)

id margin keratinization (LMK), a sequela of Stevens-

Johnson syndrome (SJS), causes ocular surface inflam-
mation and corneal epitheliopathy due to the lid wiper
effect.! In eyes with LMK, the transitional zone between
the eyelid skin and the conjunctival epithelium is replaced
by keratinized stratified squamous epithelium. However, its
pathophysiology is poorly understood. One of the proposed
theories suggests that the source of LMK could be the
hyperkeratinized epithelium arising from the meibomian
gland ductal orifices and altered lid microbiota.! Clinically,
the keratinization involves the meibomian gland’s orifices,
and these patients have a severe obstructive variety of
meibomian gland dysfunction (MGD) with no expressible
meibum.! Lid margin bacterial microbiota has been impli-
cated as one of the important causative factors for MGD
in general®* but its role in LMK has not been studied

yet.
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The changes in the ocular surface microbiome of the
conjunctival microbiota have been reported in dry eye
disease, contact lens wear, chronic ocular graft-versus-host
disease, and also in SJS.>7'2 The ocular surface microbiome
in patients with SJS is known to be altered with a predom-
inance of pathogenic bacteria. The ocular surface micro-
biome from the inferior conjunctival fornix of patients with
SJS has a higher proportion of pathogenic microorganisms,
including Pseudomonas spp., Staphylococcus spp., Strepto-
coccus spp., and Acinetobacter spp., assessed using conven-
tional culture techniques® It is important to note that the
ocular surface and lid margin microbiome show significant
differences in species diversity and are not interchangeable.
The lid margin microbiome studied from tissue obtained
from eyelid surgery has shown more of the Corynebac-
terium and Pseudomonas species and less of the Staphy-
lococcus and Streptococcus species.!! On the ocular surface,
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the meibum and conjunctival microbiome show similarities
in young, healthy adults but differences in elderly subjects.!?
However, these observations have not been looked at in
patients with SJS.

The role of lid microbiome in LMK remains largely
unexplored, with few studies on healthy or keratinized lid
margins using high throughput next-generation sequenc-
ing (NGS) methods that can generate large amounts
of data. The current study, therefore, evaluated the lid
margin microbiome in patients with LMK and compared
it with healthy controls as well as historically reported lid
margin/meibum microbiome of patients with MGD using
NGS.

METHODS

This prospective study included 20 healthy asymptomatic
young adults and 14 consecutive patients with SJS with
LMK who were due to undergo mucous membrane graft-
ing (MMG) surgery. All clinical procedures were done by
one of the authors (S.S). The Institutional Ethics Committee
approved the study and adhered to the tenets of the Declara-
tions of Helsinki. The severity of ocular surface changes was
graded according to the Sotozono’s grade scoring system.!?
Patients who had undergone MMG or any other eyelid inter-
vention in the past, as well as those with active ocular infec-
tion or hordeolum, were excluded. None of the patients had
a history of recent use of topical or systemic antibiotics in
the past 4 weeks. Healthy subjects were matched to the SJS
group for age and gender and recruited from among the
hospital staff volunteers who had no ocular complaints or
ocular signs of allergy, inflammation, or any other ocular
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surface diseases. None of the subjects were contact lens
users.

Sample Collection

After obtaining informed consent, the individuals (healthy
subjects and patients with SJS) were asked to lie on the
operating table under an operating microscope. A drop of
proparacaine (0.5%) was instilled into the conjunctival sac
for better patient cooperation and reduced blinking while
touching the lid margin to avoid contamination with tears.
The upper eyelid was gently everted with sterile gloved
hands. The keratinized lid margin area (the shaded area in
Fig. 1E) was swabbed with sterile flocked dry swabs (HiMe-
dia Laboratories, Mumbai, India). The keratinized lid margin
area denotes the lid wiper region that comes in contact with
the globe and extends from the meibomian gland open-
ings to the subtarsal fold. Swabs were rubbed with pres-
sure across the keratinized lid margin (see Fig. 1) from the
medial to the lateral end and then from the lateral to the
medial end. The samples were collected in the operation
theater that are maintained sterile with positive pressure
air outflow. Care was taken to avoid any contact with the
adjacent eyelid skin or bulbar conjunctiva. Separate swabs
collected eyelid skin microbiome from both upper and lower
eyelids (see Fig. 1). The sterile dry swabs (HiMedia Labo-
ratories, Mumbai, India) were rubbed over the eyelid skin
20 to 30 times in the pre-tarsal area and the skin near the
lid margin. The swabs were immediately placed in sterile
PBS-filled tubes and transported to the laboratory in an ice
box to be stored at —20 degrees until further processing.
All samples were collected by one investigator (author S.S).

“swabbed Eyelid skin )
N\
/5777777777\\“\\

Swabbed lid
margin area

Palpebral
conjunctiva

Ficure 1. (A) The everted left upper eyelid shows lid margin keratinization with tarsal conjunctiva scarring and congestion. (B) The cornea
shows diffuse punctate keratitis with superficial vascularization and limbal stem cell deficiency. (C) Technique of collecting a sample from
a keratinized segment of lid margin using a sterile cotton swab. (D, E) Schematics showing the site of sample collection eyelid skin away
from the lashes (D, highlighted area of closed upper eyelid) and keratinized lid margin (E, highlighted 1id margin area of the everted upper

eyelid).
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Samples were collected randomly from the patients with SJS
and the control group for over 6 months. The same batch of
swabs and DNA extraction kits were used.

16S rDNA Sequencing and Microbiome
Generation

DNA extraction was performed using the “QIAmp DNA
Mini Kit” from Qiagen (Cat No: 51304; Supplementary File
S1). Concentration of DNA samples were measured with
Nanodrop ND-100 Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA) and Qubit 4 Fluorometer
(Thermo Fisher Scientific, Indianapolis, IN, USA), whereas
DNA quality was assessed with Agarose Gel Electrophore-
sis using 1% Agarose Gel and observed on Syngene Gel
Documentation System G: Box. Illumina high-throughput
sequencing (MiSeq Illumina Sequencing Platform) was used
to sequence the 16S rDNA V3 to V4 hypervariable region
of all bacteria in lid margin swab samples. Paired-end
raw sequence reads (FASTQ; Supplementary File S2) were
assessed for base quality and contamination by sequencing
artifacts. Quality profiling and error estimation of sequence
reads was performed with R package DADA2. Trimming
of adapters and poor-quality sequences was performed for
paired sequence reads with Trim Galore. DADA2 workflow
was used to filter, merge, denoise, and filter chimeric ampli-
cons to obtain Amplicon Sequence Variant (ASV). DADA2
workflow was used to perform the taxonomic classifica-
tion of ASV by using Silva version 138 reference annotation.
Kraken2 and Bracken are used to align the filtered reads
to reference 16s rRNA annotation from Silva version 138.
An interactive hierarchical chart representing the taxonomic
classification was generated with the Krona tool. Abundance
plots for taxonomic classification were generated with R
packages phyloseq and ampvis2. For excluding the environ-
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mental and lab-related contaminants as the source of the
bacteria, we ran “blank” controls (i.e. a PCR performed with
the same Illumina-suggested primers but no DNA template).
The obtained data were subtracted using microsecond (a
read-subtraction tool) from the test and healthy control
samples.'*

Differential Abundance and Statistical Analyses.
Differential network analysis was performed for compar-
isons between the two groups. The Principal Components
Analysis (PCA) and bar-plot figures were generated using
R (version R-3.6). The heatmap figures were generated
using pheatmap and ComplexHeatmap packages. Bacteria-
bacteria interactions among the bacterial genera of the
healthy control group and the SJS group were assessed by
CoNet network analysis.!”

REsuLrs
Normal Lid Margin

The mean age of 20 healthy individuals (13 men) was 29
+ 12 years and matched the SJS group. None of them
had any ocular complaints and had normal slit lamp ocular
surface evaluation (no signs of blepharitis). The five major
phyla identified across the normal lid margins include
Proteobacteria, Bacteroidota, Actinobacteriota, Firmicutes,
and Verrucomicrobiota (Fig. 2), constituting more than 95%
of lid margin microbiota. The prevalent genera include
Pseudomonas, Acinetobacter, Staphylococcus, Sediminibac-
terium, Bacillus, and Caulobacter (Fig. 3).

SJS Lid Margin

Clinical Details. Ten patients with chronic SJS with a
mean age of 31.2 + 14 years (range = 18-48 years, 7 men)
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Ficure 2. (A, B) Relative abundance and box plot of phyla distribution in all the samples of both groups (group 1 = healthy lid margins

and group 2 = §JS lid margins).
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Figure 3. (A) Shannon and Simpson diversity indices show more diverse flora in SJS lid margins than healthy lid margins. (B, C) Relative
abundance of genera in both groups’ samples (group 1 = healthy lid margins and group 2 = SJS lid margins).
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Ficure 4. (A) Heatmap showing percentage relative reads abundance between the two groups. The percentage relative abundance is
indicated by the gradient of red to blue. (B) Significantly differential abundance of the top 15 bacterial genera (Log 2 fold change) in SJS
versus healthy lid margins. (C) PCoA plot showing dissimilarity between the two group clusters separated by a huge gap.

TABLE.

Healthy Lid Margins

Keratinized Lid Margins

Meibum From MGD"

Prevalent genera

Pseudomonas, Acinetobacter,
Staphylococcus, Sediminibacterium

Caulobacter

Corynebacterium, Sphingomonas,
Pseudomonas, Acinetobacter,
Streptococcus

Pseudomonas, Cutibacterium,
Campylobacter, Corynebacterium,
Rubrobacter

* Predominant genera as per the data from Reference no. 4, Zhao et al. 2020.
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Ficure 5. Correlational network analysis of group 1 (A) versus group 2 (B). The green edges indicate the positive interactions of these
bacteria, and the negative interactions are indicated by the red edges (group 1 = healthy lid margins and group 2 = SJS lid margins).
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Ficure 6. Comparison of eyelid skin (labeled as group 1) with lid margin microbiome (labeled as group 2) of patients with SJS. (A) Shannon
and Simpson diversity indices show more diverse flora in the lid margins than in the eyelid skin. (B, D) Relative abundance of phyla and
genera in both groups’ samples. (C) Heatmap showing percentage relative reads abundance between the two groups. (E) PCo, plot showing
distinct clusters of the two groups separated by a small gap.

were included. Of 14 enrolled patients with SJS, 4 lid margin and 8 + 5.6 for eyelid, conjunctival, and corneal complica-
swabs did not show enough nucleic acid material of good tions, respectively. All patients had obstructive meibomian
quality and, hence, were not processed further. The etiology gland disease with posterior migration of the mucocuta-
of SJS (n = 10) was drug-induced in four, post-viral fever neous junction. The mean Schirmer I value was 2.8 + 1.9 mm
in two, and unknown in the other four patients. The mean at 5 minutes. None of the patients were using any contact
SJS duration from the acute attack was 14.2 &+ 10.3 years (6 lenses. Three patients had undergone ocular surgeries - elec-

27 years). All patients had eyelid margin keratinization with troepilation (nz = 2), and amniotic membrane graft (z = 1) 1
a mean Sotozono’s scoring system of 9.7 £ 1.8, 1.2 £ 1.1, year before the lid margin MMG. All of them were on lubri-
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cants, and 3 used low-potency steroid drops for 3 weeks.
These 3 patients were asked to discontinue drops 1 week
prior to the procedure. The lid margin showed keratiniza-
tion in all margins extending onto the lid wiper conjunc-
tiva. Meibomian glands were obstructed in all with no
expressibility.

Lid Margin Microbiome.

Alpha and Beta Diversity. Shannon and Simpson indices
revealed more case-to-case variability in SJS than healthy lid
margins (see Fig. 3). Beta diversity as measured by Principal
coordinates (PCoA) analysis revealed significant dissimilar-
ity between SJS and control samples as there was a huge
separation of two clusters on PCoA plots (Fig. 4C).

The 5 major phyla identified across the SJS lid margins
include Proteobacteria, Verrucomicrobiota, Actinobacteriota,
Firmicutes, and Bacteroidota (see Fig. 2), which constituted
more than 95% of lid margin microbiota. The prevalent
genera in both groups include Corynebacterium, Sphin-
gomonas, Pseudomonas, Acinetobacter, and Streptococcus
(see Fig. 3). The heat maps at the phylum (see Fig. 2A)
level show the relative abundance of the respective organ-
isms for each individually tested lid margin sample of
control subjects and patients with SJS. Thirty-six taxa were
significantly different in SJS lid margins compared to the
control group (Supplementary File S3). The abundance of
Corynebacterium, Azotobacter, Haemopbhilus, and Afipia
was significantly higher in SJS lid margins compared to
controls, as shown in the Log, fold change comparison of
the two groups (Fig. 4B). Pseudomonas, Acinetobacter, Sedi-
minibacterium, Bacillus, and Staphylococcus significantly
decreased in keratinized lid margins (see Fig. 4B). A compar-
ison of the prevalent bacterial genera between keratinized
lid margins and meibum microbiome reported in the litera-
ture was tabulated (Table).

Network  Analysis. Correlational network analysis
depicted the positive and negative interactions among
the bacterial genera.'® In both groups, the predominant
bacterial genera formed negative interactions with other
bacterial genera, indicating competition for nutrition and
other resources (Fig. 5). In the healthy group, the negatively
interacting bacteria and positively interacting genera formed
separate clusters without any interception. Conversely, in
the SJS group, the genera Corynebacterium and Sphin-
gomonas formed a major hub of negative interactions with
other bacterial genera that were interacting positively with
each other.

Eyelid Skin Microbiome. Of 14 enrolled patients
with SJS, only 7 lid margin swabs showed enough nucleic
acid material of good quality; hence, the remaining 7
were not processed further. Eyelid skin of patients with
SJS showed differences in microbiota from the lid margin
microbiome. Firmicutes were the predominant phyla in the
lid margin, whereas Proteobacteria, Bacteroidota, and Acti-
nobacteria were found in the lid margin and eyelid skin.
Differential expression revealed increased Corynebacterium
and Pseudomonas in the lid margin, whereas Staphylococ-
cus was predominant in the eyelid skin of patients with SJS

(Fig. 6).

DISCUSSION

Although we found similar phyla in the two groups,
at the genera level, there was an increase in the rela-
tive abundance of opportunistic pathogens Haemophilus
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(phylum Proteobacteria), Azotobacter, and Corynebac-
terium (phylum Actinobacteria), and a decrease of Acine-
tobacter (phylum Proteobacteria) in SJS lid margins as
compared to healthy non-keratinized lid margins (see
Fig. 3C). The abundance of Corynebacterium in keratinized
lid margins is similar to psoriasis, where the hyperkera-
tinized skin shows an increase in Streptococcus, Staphylo-
coccus, and Corynebacterium.'>'® Altered microbiota was
postulated as one of the risk factors for LMK; however, it
is difficult to say if the difference in microbiota of kera-
tinized lid margins is an effect or a cause of keratinization.
All patients clinically had obstructive MGD with keratiniza-
tion, but the microbiota was different from that of patients
with non-SJS MGD, except for the increase in Corynebac-
terium.>* Corynebacterium is a Gram-positive aerobic bacil-
lus ubiquitously found on the skin and in the respiratory
and gastrointestinal tracts. The keratinized lid margin shares
a similar phenotype and cytokeratin expression as of the
adjacent eyelid skin; hence, it is likely that the increase
of Corynebacterium is due to epithelium phenotype rather
than a causative factor for keratinization.!” The keratinized
lid margin microbiota differs from adjacent eyelid skin in
patients with SJS, where Corynebacterium was more abun-
dant in the former and Staphylococcus was more abundant in
the latter. The other explanation is that an altered microen-
vironment could be conducive to the growth of Corynebac-
terium.

It is well-established that conjunctival and tear film
microbiome is altered in patients with SJS, but changes in
lid margin microbiota were not studied before.®'8 Inferior
conjunctival scrapings (avoiding the lid margin area) from
41 eyes of 22 patients with SJS showed Gram-positive cocci
(Streptococcus spp. and Staphylococcus aureus) in 35 eyes,
Gram-positive bacilli (Corynebacterium spp.) in 12 eyes, and
Gram-negative bacilli (Enterobacter spp., Serratia nonliq-
uefaciens, Escherichia coli, Morganella morganii, Proteus
mirabilis, and Haemophilus spp.) in 16 eyes on routine
culture alone.” Ocular surface keratinization was reported in
four patients (4/22) in their series. The current study evalu-
ated microbiota (based on NGS) in keratinized lid margins,
wherein not Staphylococcus but Streptococcus were found
predominant in patients with SJS (using NGS). Acinetobac-
ter spp., Staphylococcus spp., Pseudomonas spp., and Strepto-
coccus spp. have been shown abundant in the conjunctiva of
individuals with SJS.5-1° Methicillin-resistant Staphylococcus
aureus was isolated in four patients with SJS.” As a major-
ity of these patients use contact lenses, Staphylococcus spp.
was the dominant bacteria in 80% of individuals. However,
there were no contact lens users in the current study. Low
alpha diversity in patients with SJS was postulated to indicate
these pathogenic organisms’ involvement in ocular surface
inflammation. Our study also showed low alpha diversity.
Although Lactobacillus spp., Prevotella spp., and Fusobac-
terium spp. have been reported in the SJS ocular surface,
we did not find any increased prevalence of these microor-
ganisms in the keratinized lid margins. A systematic review
of the skin microbiome in psoriasis (skin hyperkeratiniza-
tion) reported increased relative abundance of Firmicutes
and lower relative abundances of Actinobacteria.'>® At the
genera level, there was a trend for an increase in Streptococ-
cus, Staphylococcus, and Corynebacterium and a decrease
in Propionibacterium compared to healthy controls.'® We
observed a decrease in Propionibacterium in keratinized
lid margins and a higher relative abundance of Corynebac-
terium; an increase in Actinobacteria and Proteobacteria
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phyla was present, contrary to the increase of Firmicutes
only in psoriasis. The current study compared the adja-
cent eyelid skin with the lid margin microbiome and found
distinct differences. There was a decrease in Staphylococ-
cus and an increase in Corynebacterium prevalence in kera-
tinized lid margins compared to the eyelid skin. Although
the cytokeratin expression is similar in adjacent eyelid skin
and lid margin, the microbiota differs.

Lid margin swabs cultured using conventional microbi-
ological culture techniques show similar bacteria in indi-
viduals with and without MGD.? Using NGS, meibum from
patients with severe MGD showed predominant Staphy-
lococcus aureus and coagulase-negative Staphylococcus,
Corynebacterium, and Lysinibacillus sp. Corynebacterium
macginleyi was only detected in the meibum of the
patients with severe MGD group with an isolation rate
of up to 26.3.> However, they sterilized the (group 1 =
healthy lid margins and group 2 = SJS lid margins) lid
margin with povidone-iodine and only collected the meibum
for microbiome study. Another study on MGD meibum
(no lid margin pre-sterilization) showed an abundance of
Pseudomonas, Cutibacterium, Campylobacter, Corynebac-
terium, and Rubrobacter genera that were also seen in eyelid
skin and conjunctival microbiome of patients with MGD
(Table). Other than Corynebacterium and Pseudomonas,
there was no similarity between LMK microbiome and MGD
meibum microbiome (Table). Interestingly, the network anal-
ysis in the LMK group predicted a major hub of nega-
tive interactions of the opportunistic pathogenic genera
Corynebacterium and Sphingomonas with other bacte-
rial genera (see Fig. 4). This indicates that opportunistic
pathogens would compete for resources with other bacte-
rial genera due to the prevailed imbalance in the micro-
biome, which was otherwise not possible in healthy condi-
tions. The top pathogens that were significantly more preva-
lent in MGD meibum were Campylobacter coli, Campy-
lobacter jejuni, and Enterococcus faecium.* LMK completely
covers the orifices of meibomian glands and does not let
any meibum out. Hence, the meibum pathogens of MGD are
unlikely to be seen in the LMK margins. The current study
did not analyze the meibum for obvious reasons of no gland
expressibility. This reiterates the possibility that lid margin
microbiome changes are secondary to the changed epithe-
lium phenotype rather than involved in LMK pathogenesis.

Normal conjunctival fornix has a diverse microbiota.!?:?°
Healthy conjunctival microbiota has 12 genera: Pseu-
domonas, Propionibacterium, Bradyrbizobium, Corynebac-
terium, Acinetobacter, Brevundimonas, Staphylococci,
Aquabacterium, Sphingomonas, Streptococcus, Strepto-
phyta, and Methylobacterium found in all specimens.?’
Conjunctival microbiota demonstrates differences in context
to the location within the ocular surface; Corynebacterium
was found more in the skin and lid margin compared
to the ocular surface (Acinetobacter and Aeribacillus).!!
Inferior forniceal conjunctival swabs from 20 patients
with SJS demonstrated a high proportion of pathogenic
bacteria compared to healthy controls. The identified
phyla were Proteobacteria (34.80%), Firmicutes (23.80%),
Bacteroidetes (13.10%), Tenericutes (11.9%), and Acti-
nobacteria (9.8%).° Abundance significance plot showed
Lactobacillus, Bacteroides, Pseudomonas, Staphylococcus,
Streptococcus, Bacillus, and Acinetobacter to be higher in
patients with SJS than healthy individuals.

There is an interplay of multiple factors on the ocular
surface in SJS, including inflammation, dryness, limbal stem
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cell deficiency, goblet cell loss, and surface keratinization.
The microbiota is expected to be altered, but its contribu-
tion to the LMK has never been studied. In addition, topi-
cal medications can alter the microbiota, as these patients
require multiple medications, however, none of the patients
were using steroid drops in the current study when sampled.
The current study did not include or compare it with conven-
tional culture techniques as the sampling site was small. The
sample amount obtained from the lid margin alone without
touching the adjacent structure is small, which explains the
four samples that failed the quality check. Another limita-
tion of this study is that the samples were not compared to
the SJS eyelids without LMK. This is because the majority of
patients with SJS at tertiary care have LMK, and, hence, it
was difficult to obtain patients with SJS without LMK at our
referral eye care center. The study’s strengths are molecular
amplification of 16S rDNA for identifying bacterial phyla and
genera, which is extremely sensitive and useful in under-
standing the overall bacterial diversity. Future studies can
look to see if there are any differences in microbiota based
on the SJS etiology, patients with SJS with and without LMK,
and the impact of eye drops.

In conclusion, this study’s findings showed that the lid
margin microbiome is significantly altered in the keratinized
lid margins of patients with SJS compared to healthy lid
margins, SJS eyelid skin microbiome, and patients with
MGD. These results challenge the hypothesis that obstruc-
tive MGD is the cause of LMK or that microbiome changes
associated with MGD have a causative role in LMK. Recent
studies on histopathological and cytokeratin analysis of the
lid margin epithelium in SJS eyes with LMK have strength-
ened the role of dermalization or inflammation-driven squa-
mous metaplasia as the possible cause.!'!”
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