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Purpose: Corneal confocal microscopy (CCM) is an ophthalmic imaging technique that
has been used to identify increased corneal immune cells in patients with immune-
mediated peripheral neuropathy. Given that multiple sclerosis has an immune-mediated
etiology, we have compared corneal immune cell (IC) density and near-nerve distance
in different subtypes of patients with multiple sclerosis (MS) to controls.

Methods: This is a blinded, cross-sectional study conducted at a tertiary hospital.
Patients with clinically isolated syndrome (CIS) (n = 9), relapsing-remitting multiple
sclerosis (RRMS) (n = 43), secondary progressive multiple sclerosis (SPMS) (n = 22), and
control subjects (n = 20) underwent CCM. The total, mature, and immature corneal IC
density and their nearest nerve distance were quantified.

Results: The total IC density was higher in patients with MS (P = 0.02), RRMS (P = 0.01),
and SPMS (P = 0.04) but not CIS (P = 0.99) compared to controls. Immature IC density
was higher in patients with MS (P = 0.03) and RRMS (P = 0.02) but not SPMS (P =
0.10) or CIS (P = 0.99) compared to controls. Mature IC density (P = 0.15) did not differ
between patients with MS and controls. Theimmature IC near-nerve distance was signif-
icantly greater in patients with MS (P = 0.001), RRMS (P = 0.007), and SPMS (P = 0.002)
compared to controls. Immature IC density correlated with the Symbol Digit Modalities
Test (r=-0.281, P =0.02) and near-nerve distance correlated with the Expanded Disabil-
ity Status Scale (r = 0.289, P = 0.005).

Conclusions: In vivo CCM demonstrates an increase in immature IC density and the
near-nerve distance in patients with MS. These observations merit further studies to
assess the utility of CCM in assessing neuroimmune alterations in MS.

Translational Relevance: Multiple sclerosis is an immune-mediated neurodegenera-
tive disease. Dendritic cells mediate communication between the innate and adaptive
immune systems. We have used in vivo CCM to show increased corneal ICs and suggest
it may act as an imaging biomarker for disease status in patients with MS.

and magnetic resonance imaging of the brain to

Introduction

Multiple sclerosis (MS) is a progressive immune-
mediated inflammatory and progressive neurode-
generative disease.! Disease severity and progres-
sion can be assessed from neurologic disability
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identify inflammation and brain atrophy.’> In vivo
imaging of immune cells could provide insight into
the role of immune activation in disease relapse
and progression and to evaluate the effect of thera-
pies targeting immune activation in clinical trials
of MS.
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Corneal Immune Cells in Multiple Sclerosis

Corneal immune cells (ICs) are a subtype of bone
marrow—derived antigen-presenting cells and a key
component of the corneal immune defense system.>#
They appear as white reflective structures using in vivo
corneal confocal microscopy as confirmed by ex vivo
tissue studies.””’ Most ICs located at the center of the
cornea are immature cells without dendritic structures
while those located in the periphery are mature cells
with dendritic structures® and reside primarily in the
basal epithelium or subbasal layer.’

In vivo corneal confocal microscopy (CCM) has
been used to quantify ICs in normal and pathologic
human corneas.>” ! Increased IC density correlates
with increased proinflammatory tear cytokines and
reduced subbasal nerve density.!> IC density has also
been used as an endpoint in clinical trials of anti-
inflammatory drugs for inflammatory ocular surface
disease.!> We and others have shown an increase in
IC density in a number of immune-mediated condi-
tions, including Behcet disease,'* chronic inflammatory
demyelinating polyneuropathy,’> diabetic neuropa-
thy,'® Fabry disease!” and fibromyalgia.!! Of relevance
to the current study, we and others have also demon-
strated subbasal corneal nerve loss with normal'®!? or
increased”” corneal ICs in small cohorts of patients
with relapsing remitting MS.

This study quantified corneal IC density and distri-
bution relative to corneal nerves in different subtypes
of patients with MS.

Patients and Methods

Seventy-four patients (MS, n = 65 and clinically
isolated syndrome [CIS], n = 9) attending the neurol-
ogy outpatient clinic at Hamad General Hospital in
Doha, Qatar, and 20 healthy age- and gender-matched
controls were studied. Patients with MS were classi-
fied as having relapsing-remitting MS (RRMS, n = 43)
and secondary progressive MS (SPMS, n = 22), fulfill-
ing the 2010 revised McDonald criteria.”! This study
adhered to the tenets of the Declaration of Helsinki
and was approved by the Institutional Review Board
of Weill Cornell Medicine-Qatar (approval no. 15-
00064). Informed, written consent was obtained from
all participants before participation in the study.

Patients with MS and healthy controls who wore
contact lenses or were diagnosed with dry eyes,
glaucoma, vitreoretinal or corneal disorders; had
active optic neuritis; or had undergone refractive
surgery within 1 year of their participation were
excluded. Patients with other metabolic, ophthalmo-
logic, rheumatologic, or neurologic disorders that may
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cause neuropathy were excluded from participation in
the study based on HbA ., antinuclear antibody, serum
Bi,/folate, and immunoglobulins and medical history.

Neurologic Evaluation

The duration of MS was calculated from the
date the patient was first diagnosed to the time of
assessment. The severity of neurologic disability was
evaluated using the Expanded Disability Status Scale
(EDSS),?> Timed 25-foot Walk Test (T25FWT) to
assess the gait speed, Nine-Hole Peg Test (9-HPT) to
assess upper extremity function, and the Symbol Digit
Modality Test (SDMT) to assess cognitive and motor
performance.”® The T25FWT requires an assessment
of the time taken for the patient to walk to and from
a marked point on a flat surface over a distance of 25
feet (7.62 m). The 9-HPT is a standardized test in which
the time taken for each participant to pick up nine
pegs from a shallow container one at a time and place
them in each of nine holes and then remove them one
at a time back into the shallow container is recorded.
Two consecutive trials with the dominant hand are
immediately followed by two consecutive trials with the
nondominant hand. For the SDMT, the participant is
presented with a page headed by a key that pairs the
single digits 1 to 9 with nine symbols. The participant’s
task is to write or orally report the correct pairing of
the number to the symbol, and the total score is the
number of correct responses within 90 seconds.?*

Corneal Confocal Microscopy

Corneal confocal microscopy (Heidelberg Retinal
Tomograph III Rostock Cornea Module; Heidelberg
Engineering GmbH, Heidelberg, Germany) was under-
taken by two experienced examiners and took approx-
imately 10 minutes for both eyes using our established
protocol.!” Image analysis was performed by a single
trained investigator masked to the participant’s clinical
status. Based on depth, contrast and focus, six images
(three from each eye) of the subbasal nerve plexus per
participant were selected and analyzed.

Immune Cell Density

Zhivov et al.’> described three types of ICs—
(1) individual cell bodies without processes, (2) cell-
bearing dendrites, and (3) cells arranged in a network
through long interdigitating dendrites—and proposed
that the absence or presence of dendrites could be used
to differentiate immature from mature ICs. This was
based on a suggestion by Hamrah et al.® that “cells
in the center of the cornea often lacked the dendrites,
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(A) CCM image of the subbasal nerve plexus from the center of the cornea with mature (yellow arrow) and immature (green arrow)

ICs. (B) Nearest nerve distance (yellow and green lines) between the IC body and subbasal nerve fiber.

most likely underlining their immature phenotype,”
and studies by Teunissen et al.>> in epidermal ICs that
had shown that maturation of ICs is associated with
an increase in size and the development of numer-
ous long dendrites. We have adopted the absence or
presence of dendrites as the primary criterion to differ-
entiate immature from mature cells, respectively,'® and
in addition, we introduced a cell length cutoff of 50
um as an additional objective measure to help differen-
tiate mature from immature cells.!® ICs with a length
<50 um without dendritic structures were consid-
ered immature, and those with a length >50 um and
dendritic structures were considered mature cells (Fig.
1A). The length of each cell was quantified using the
nerve fiber length feature and IC number was measured
using the nerve branch density feature of the CCMet-
rics software (University of Manchester, Manchester,
UK) and expressed as the density (n/mm?).

IC Near-Nerve Distance

The near-nerve distance (um) was the nearest
perpendicular distance between the IC cell body
and nearest nerve. The same images were used to
manually measure the near-nerve distance based on
the HRT III image resolution of 0.00104167 mm/pixel,
using ImagelJ software (National Institutes of Health,
Bethesda, MD, USA) (Fig. 1B). The IC near-nerve
distance measurement was undertaken to provide an
objective measure of the interaction between ICs and
corneal nerves. ICs can move closer to the nerves,
thereby reducing the near-nerve distance, but this can
also increase with the loss of nerves. Studies have
shown a reduction in corneal nerves in MS,?° which

will reduce the interaction between ICs and nerve fibers
and hence increase the near-nerve distance, irrespective
of a change in the IC density. To account for this, we
have also divided the IC near-nerve distance by corneal
nerve fiber length.

Statistical Analysis

All statistical analyses were performed using SPSS
(SPSS, Inc., Chicago, IL, USA), and graphic illustra-
tions were generated using Prism 6 (version 6.0g for
Windows; GraphPad Software, La Jolla, CA, USA).
The Kolmogorov—Smirnov test and visual inspection
of histogram and normal Q-Q plot were used to
assess for normality of the data. Data are expressed
as the mean + standard deviation. Statistical justifi-
cation for the number of participants was based on a
power analysis using the freeware program G*Power
(Heinrich Heine University, Dusseldorf, Germany)
version 3.0.10 for « (type I error) of 0.05 and power
(1 — type II error) of 0.80 using dendritic cell density
mean (17.3 and 27.7) and standard deviation (7.1 and
9.8) comparing healthy controls to patients with MS.?

To assess within- and between-group differences,
we used one-way analysis of variance (nonparamet-
ric, Kruskal-Wallis test) and Dunnett’s T3 for post hoc
test corrections. The x? test was used for demographic
variables and Fisher exact test for proportions. Student
t test and Mann—Whitney tests were used to compare
healthy controls to patients with MS. Spearman rank
test was used and expressed as a correlation coefficient
(r) to estimate the strength of the relationship between
clinical parameters and CCM measures. P < 0.05 was
significant.
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The clinical demographic and CCM results of
patients with MS and control participants are summa-
rized in Table 1. There was no significant difference in
age and gender between patients with MS and control
participants. Patients with MS had a disease duration
of 7.88 + 4.38 years with 1.89 4 2.09 relapses and an
EDSS of 2.00 + 2.38. Patients with MS were on a range
of treatments, including interferon-g8 (48/74; 64.9%),
dimethyl fumarate (16/74; 21.6%), fingolimod (15/74;
20.3%), teriflunomide (8/74; 10.8%), natalizumab (4/74;
5.4%), mycophenolate (2/74; 2.7%), azathioprine (2/74;
2.7%), alemtuzumab (1/74; 1.4%), and mitoxantrone
(1/74; 1.4%) (Table 2). Patients with MS had a signif-
icantly lower SDMT score (39.09 &+ 14.15 vs. 53.17 £+
10.27, P=0.002), longer T25FWT (7.50 & 4.41 vs. 4.07
+ 1.32, P < 0.001), and longer 9-HPT (27.72 + 16.23
vs. 20.52 +3.28, P =0.007) compared to control partic-
ipants.
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MS Subtypes

There were no significant differences in age and
gender between groups, and the duration of disease
was significantly shorter in patients with CIS compared
to RRMS (P = 0.021) and SPMS (P = 0.001). EDSS
was significantly higher in SPMS (P < 0.001) compared
to CIS (P < 0.001) and RRMS (P < 0.001), and the
number of relapses was higher in SPMS versus RRMS
(P = 0.016). The SDMT score was lower and 9-HPT
time was higher in SPMS versus RRMS (P = 0.049, P
= 0.001) with no difference for the T25FWT between
subtypes (Table 1).

Immune Cell Density

The total IC density (n/mm?) was higher in patients
with MS (55.26 + 47.99 vs. 28.95 £ 19.76, P = 0.02),
RRMS (58.51 +53.18 vs.28.95+ 19.76, P =0.01), and
SPMS (57.68 + 42.21 vs. 28.95 4+ 19.76, P = 0.04) but
not CIS (33.78 £ 29.15 vs. 28.95 £ 19.76, P = 0.999)

Table 1. Clinical Demographic and Neurologic Assessment in Healthy Controls (HC) Compared to Patients with

MS, CIS, RRMS, and SPMS

Parameters HC (n = 20) MS (n =74) CIS(n=9) RRMS (n = 43) SPMS (n = 22)

Age,y 38.27 £+ 10.91 36.75 £+ 9.15 36.40 £+ 6.62 34.77 + 8.80 40.76 + 9.72

Gender, M/F 9/11 25/49 3/6 13/30 9/13

MS duration, y** — 7.88 &+ 4.38 3.75 £+ 2.82 747 + 3432 10.44 + 4932

Relapses (n)** — 1.89 + 2.09 — 1.26 + 1.00 3.53 + 2.63°

EDSS (score)™ — 2.00 + 2.38 0.67 + 0.66 0.93 + 1.26 464 + 2.45%P

Symbol Digit Modality Test 53.17 &+ 10.27 39.09 £ 14.15¢ 4440 + 9.76 42.84 + 12.37 30.71 £ 15.14b
(score)™

25-Foot Walk Test” 407 + 1.32 7.50 £ 4.41°¢ 6.20 & 1.18 6.27 + 2.769 11.44 £ 6.50

9-HP Test (s)™* 20.52 £+ 3.28 27.72 + 16.23¢ 2237 £ 1.34 23.19 £+ 5.35 37.51 + 25.46°d

Mature IC density (n/mm?3) 420 + 3.37 7.22 &+ 7.27 5.56 & 6.23 6.67 + 6.49 8.95 + 8.90

Immature IC density (n/mm?3) 2475 £+ 18.74 48.04 + 45.10° 28.22 + 26.76 51.84 + 49.67¢ 48.73 + 40.83

Total IC density (n/mm?)* 28.95 £+ 19.76 55.26 &+ 47.99¢ 33.78 £+ 29.15 5851 + 53.18¢ 57.68 + 42214

Mature IC near-nerve distance 32.21 £+ 10.67 37.74 £+ 2045 36.00 + 14.33 35.74 £+ 18.00 42.25 + 26.33
(um)

Immature IC near-nerve 20.65 £+ 6.10 29.32 £+ 12.02¢ 24.78 £ 8.32 28.23 + 11.56¢ 33.32 + 13.424
distance (um)™

Mature IC near-nerve 142 £+ 0.52 3.58 + 7.56° 227 £ 1.12 2.59 + 2.359 5.90 + 13.06
distance/CNFL ratio™”

Immature IC near-nerve 093 4+ 0.35 261 £ 4.02¢ 1.66 + 0.88 2.07 + 1.769 4,00 + 6.75

XHK

distance/CNFL ratio

Results expressed as mean =+ SD. Statistically significant differences between different types of MS groups using analysis of

variance:
*P < 0.05,
P <0.01,

Xk

P < 0.001. CNFL, corneal nerve fiber length; IC, XXX

2Post hoc results differ significantly from CIS (P < 0.05).
bPost hoc results differ significantly from RRMS (P < 0.05).
Results differ significantly from healthy controls (P < 0.05).
dpost hoc results differ significantly from healthy control group (P < 0.05).
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Table 2. |IC Parameters in Patients Treated with Interferon-8 Compared to Other Disease-Modifying Medications
Parameters Interferon-8 Other Medications PValue
Mature IC density (n/mm?) 7.08 +7.73 746 + 6.47 0.832
Immature IC density (n/mm?) 4527 +41.99 53.15 £ 50.84 0.477
Total IC density (n/mm)) 52.35 +44.29 60.62 + 54.68 0.483
Mature IC near-nerve distance (um) 36.43 +21.89 40.04 +17.85 0.494
Immature IC near-nerve distance (um) 3035+ 12.84 27.42 £10.30 0.320

Results expressed as mean + SD.

Immature IC’s Density (no./ mm?)

T T T T T
Control MS CIs RRMS SPMS

Immature IC’s Distance from Nerve (mm)

Figure 2.
healthy controls compared to patients with MS and subtype of MS.

compared to controls. Immature IC density (n/mm?)
was significantly higher in patients with MS (48.04 +
45.10 vs. 24.75 £+ 18.74, P = 0.03) and RRMS (P =
0.02) with no difference in SPMS (P = 0.10) and CIS
(P = 0.99) compared to controls. Mature IC density
(n/'mm?) (7.22 £ 7.27 vs. 4.20 &+ 3.37, P = 0.15) did not
differ between patients with MS and controls (Fig. 2).
The proportion of individuals with immature (86.9%
vs. 85.5%, P =0.845) and mature (13.1% vs. 14.5%, P =
0.814) ICs was comparable between patients with MS
compared to control participants (Table 1).

Immune Cell Near-Nerve Distance

The IC near-nerve distance (um) for immature ICs
was significantly greater in patients with MS (29.32 +
12.02 vs. 20.65 £+ 6.10, P = 0.001), RRMS (28.23 +
11.56 vs. 20.65 + 6.10, P = 0.007), and SPMS (33.32 &+
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Immature IC density (A), mature IC density (B), immature IC near-nerve distance (C), and mature IC near-nerve distance (D) in

13.42vs.20.65 + 6.10, P =0.002) compared to controls
(Figs. 2A, 2C). After correction for corneal nerve fiber
length, the IC near-nerve distance was also greater in
patients with MS and controls for immature ICs (2.61
+4.02 vs. 0.93 £+ 0.35, P = 0.00) and mature ICs (3.58
+ 7.56 vs. 1.42 £+ 0.52, P = 0.00) (Table 1). Moreover,
the near-nerve distance/corneal nerve fiber length ratio
remained significantly greater for both immature (P =
0.001) and mature (P = 0.04) ICs in RRMS compared
to controls (Table 1).

Effect of Treatment

There was no significant difference in total IC
density (P = 0.483), mature IC density (P = 0.832),
immature IC density (P = 0.477), mature IC near-
nerve distance (P = 0.494), and immature IC near-
nerve distance (P = 0.320) for patients with MS on
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Table 3. Correlation between Clinical and Neurologic Disability Measures and IC Parameters in Patients with MS

MS Symbol Digit 25- Foot

Parameter Duration  Relapses EDSS Modality Test ~ Walk Test ~ 9-HP Test
EDSS

Coefficient (r) 0.265 0.561 1.000 —0.367 0.646 0.622

P 0.045 0.000 0.003 0.000 0.000
Mature IC density

Coefficient (r) 0.053 0.145 0.147 —0.128 —0.005 —0.128

P 0.692 0.286 0.157 0.308 0.972 0.283
Immature IC density —0.220 0.061 0.163 —0.281 0.055 —0.007

Coefficient (r)

P 0.098 0.654 0.116 0.024 0.676 0.957
Total IC density

Coefficient (r) —0.189 0.095 0.186 —0.295 0.085 0.010

P 0.156 0.486 0.072 0.017 0.513 0.931
Mature IC near-nerve distance

Coefficient (r) —0.126 0.016 0.069 —0.157 0.125 0.126

P 0.372 0.910 0.530 0.234 0.356 0317
Immature IC near-nerve distance

Coefficient (r) 0.015 0.229 0.289 —0.099 0.154 0.091

P 0.913 0.090 0.005 0.434 0.237 0.445

Statistically significant correlations are in bold.

treatment with interferon-8 compared to other disease-
modifying therapies (Table 2).

Correlation Between IC Density and
Near-Nerve Distance with Neurologic
Disability

EDSS correlated with MS duration (r = 0.265, P
= (0.045), number of relapses (r = 0.561, P < 0.001),
SDMT score (r = —0.367, P = 0.003), T25FWT (r =
0.646, P < 0.001), 9-HPT (r = 0.622, P < 0.001), and
immature IC near-nerve distance (r = 0.289, P = 0.005)
(Table 3). There was a negative correlation between
SDMT and immature IC density (r = —0.281, P =
0.024) and total IC density (r = —0.295, P = 0.017).

This study has used corneal confocal microscopy to
show an increase in immature corneal ICs in patients
with RRMS and SPMS but not CIS. Previously, we
have shown an increase in IC density in both children'®
and adults®® with type 1 diabetes, and Leppin et al.?’
showed a significant increase in ICs that was related
to reduced corneal nerve fiber length in Streptozo-
tocin (STZ)-diabetic mice. We have also demonstrated
an increase in ICs in patients with Bechet disease'*

and Fabry disease.!” Moreover, we have shown an
increase in IC density and reduction in corneal nerves
in chronic inflammatory demyelinating polyneuropa-
thy and multifocal motor neuropathy'> and related
these changes to the severity of motor deficits and pain
and level of antineuronal antibodies, suggesting that
CCM could be used to assess immune activation and
treatment effect in immune-mediated neuropathies.”®
In patients with MS, we have also previously shown
a reduction in corneal nerves and an increase in
ICs.2

Studies have suggested a possible two-way inter-
action between ICs and nerves in relation to nerve
degeneration and repair” indicating neuroimmune
communication.’® Nerves can influence immune cell
activity by releasing cytokines and neuropeptides,?!
and neuropeptide receptors are expressed by resident
immune cells.’? ICs express neurotrophic factors such
as ciliary neurotrophic factor, which promotes reinner-
vation, and corneal denervation has been associated
with a reduction in dendritic cell density.’* Despite
an increase in IC density in the present study, we
observed an overall increase in the distance between
ICs and their nearest subbasal nerve in patients with
MS. Ongoing treatment for the underlying disease
may potentially impact on ICs. Thus, Marsovszky
et al.** found increased IC density in patients with
rheumatoid arthritis but not in patients treated with
anti-tumor necrosis factor therapy or glucocorticoids.
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Similarly, IC density was increased in patients with
glaucoma but differed depending on the formulation
of topical travaprost therapy used for the treatment of
glaucoma.® Despite adjusting for the loss of corneal
nerves in patients with MS,'8-° the near-nerve distance
was greater in patients with RRMS, suggesting that the
reduced interaction between ICs and nerves was only
partly due to a loss of nerves. A reduced association
between ICs and subbasal nerves has also been reported
in patients with fibromyalgia.'!

As expected, there were significant associations
between EDSS with the duration of MS, number of
relapses, and different measures of neurologic disabil-
ity. There was also a correlation between IC density and
the symbol digit modality test and between near-nerve
distance and EDSS. However, given the modest corre-
lation, we can only speculate that altered corneal ICs
may be associated with disability in MS. We also found
no difference in IC density or near-nerve distance
between patients with MS on different treatments,
including interferon-8 and other disease-modifying
therapies.

The limitations of this study include the small
sample size and cross-sectional design of the study,
along with a possible effect of ongoing therapy on
ICs. Nevertheless, CCM demonstrates an increase in
immature ICs in patients with RRMS and SPMS but
not CIS. These findings merit further investigation to
assess the potential of quantifying corneal immune
cells as an imaging biomarker for disease progression,
relapses, and the effect of ongoing therapy in MS.
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