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in vaccinated and non-vaccinated
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To examine corneal subbasal nerve changes in patients who received vaccination against SARS-CoV-2
virus and underwent COVID-19 infection compared to infected non-vaccinated patients and healthy
controls. Twenty-nine eyes of 29 vaccinated patients (mean age: 36.66 +12.25 years) within six months
after PCR or Ag test proven COVID-19 infection and twenty-eight eyes of 28 age-matched infected,
non-vaccinated patients (mean age: 42.14 +14.17 years) were enrolled. Twenty-five age-matched
healthy individuals (mean age: 47.52 +18.45 years) served as controls. In vivo confocal microscopy
(Heidelberg Retina Tomograph Il Rostock Cornea Module, Germany) was performed in each group.
Corneal subbasal nerve plexus morphology and corneal dendritic cells (DC) were evaluated.
Significantly higher corneal nerve fiber density (P <0.001), nerve branch density (P <0.001), nerve fiber
length (P <0.001), total branch density (P =0.007), nerve fiber area (P =0.001) and fractal dimension

(P <0.001) values were observed in vaccinated patients after COVID-19 infection compared to the
non-vaccinated group. Significantly higher DC density was observed in the non-vaccinated group
compared to the control group (P =0.05). There was a statistically significant difference in the size of
mature DCs (P <0.0001) but the size of immature DCs did not differ significantly among the 3 groups
(P=0.132). Our results suggest that SARS-CoV-2 vaccination may have a protective effect against the
complications of COVID-19 disease on the corneal subbasal nerve fibers.
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COVID-19 has been associated with a range of neurological complications. A large cohort study reported neu-
rological manifestations in 80% of COVID-19 patients including central nervous system (CNS) manifestations
(dizziness, headache, impaired consciousness, acute cerebrovascular disease, and epilepsy), peripheral nervous
system (PNS) manifestations (anosmia, hypogeusia, visual impairment, and neuralgia), and skeletal muscular
damage'. These complications are thought to occur due to a combination of direct viral invasion of the nervous
system and the immune response to the virus?.

In vivo confocal microscopy (IVCM) is a non-invasive imaging technique that allows for high-resolution
imaging of the corneal layers and subbasal nerve plexus. It has been increasingly used not only in ophthalmol-
ogy but also in the study of systemic diseases due to its potential to provide insights into the peripheral nerves
and cellular changes associated with various systemic conditions. Corneal cellular and nerve fiber changes after
COVID-19 diseases have previously been investigated with IVCM?-. Previous authors reported corneal neuro-
inflammatory alterations in patients after a wide spectrum of COVID-19 disease severity®”.

Multiple types of vaccines against COVID-19 have been developed and are now being utilized worldwide.
Vaccines are primarily based on the SARS-CoV-2 spike protein and have been generated by various technologies
including messenger RNA (Pfizer-BioNTech and Moderna)®’, adenoviral vectors (AstraZeneca, Janssen and
Sputnik)'®-!2, or inactivated virus (Sinopharm and Sinovac)". It is still unclear whether these vaccines prevent
viral spread to the CNS and provide protection against the brain damage induced by the virus infection leading
to neuroprotective effects'*.

The purpose of the present study was to examine corneal subbasal nerve morphology in patients who received
vaccination against SARS-CoV-2 virus and underwent COVID-19 infection compared to infected non-vaccinated
patients and healthy controls.
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Patients and methods

This study involved 82 participants at the Department of Ophthalmology, University of Pecs. Twenty-nine pre-
viously vaccinated patients within 6 months of PCR or Ag test proven COVID-19 infection (VCoV group), 28
non-vaccinated patients after COVID-19 infection (NVCoV group) and 25 age-matched healthy controls were
enrolled. Control individuals were chosen among individuals who arrived for regular eye examinations and
had no prior record of systemic illnesses such as diabetes mellitus, rheumatic conditions, or connective tissue
disorders. Healthy controls were not vaccinated against COVID-19 and none of the control participants ever had
COVID-19 infection. Those who had experienced SARS-CoV-2 infection were omitted from the study if they
possessed any pre-existing systemic conditions, which encompassed metabolic and cardiovascular ailments. In
the three groups, there were no instances of previous or ongoing ocular disorders, utilization of contact lenses,
or intraocular surgery.

The study was performed in accordance with the tenets of the Helsinki Declaration and the protocol was
approved by the University of Pecs Institutional Ethical Review Board (Number: 8672-PTE 2021). Written
informed consent was obtained from all study subjects.

A complete ophthalmic examination was carried out on every study subject including visual acuity, intraocu-
lar pressure, slit-lamp examination with dilated fundus examination, and in vivo confocal microscopy (Heidel-
berg Retina Tomograph II Rostock Cornea Module; Heidelberg Engineering GmbH, Heidelberg, Germany).
The IVCM exam utilized topical tetracaine hydrochloride 0.4%, a sterile corneal cap of polymethylmethacrylate
(Tomo-Cap-Heidelberg Engineering GmbH) filled with a dense Vidisic gel (Bausch & Lomb, Berlin, Germany).
The cap was positioned over the objective lens. A single eye for each participant was randomly selected to undergo
statistical analysis.

All study subjects underwent in vivo confocal microscopy of all corneal layers as described previously®. Three
good quality images of the subbasal nerve plexus were selected in three different areas of the central cornea and
they were analyzed with ACCMetrics software V3 (University of Manchester, Manchester, UK)'*~'°. Corneal
nerve fiber density (NFD), the number of nerve fibers/mm? nerve branch density (NBD), the number of primary
branch points on the main nerve fibers/mm? nerve fiber length (NFL), the total length of nerves mm/mm?;
nerve fiber total branch density (TBD), the total number of branch points/mm?, nerve fiber area (NFA), the
total nerve fiber area mm?/mm? nerve fiber width (NFW), the average nerve fiber width mm/mm? and fractal
dimension (FD) were evaluated.

Dendritic cell (DC) size was measured on IVCM images by using the Threshold Function of Image] software
(http://imagej.nih.gov/ij/; National Institutes of Health, Bethesda, MD, USA). The size of all DCs in three images
for each subject were analyzed. Mature DCs with branches and immature DCs without branches were included
in the cell count and cell area measurements.

All IVCM examinations were acquired by two experienced examiners (ZK, KN). The image selection and
analysis for the IVCM were carefully reviewed by two independent masked examiners (ZK, ES). Low-quality
IVCM images or presence of any motion artifacts were excluded from the analysis.

Statistical analysis

Data were analyzed using the SPSS Statistics 27.0 (IBM Corp., Armonk, NY) and Prism 9.4.1 for macOS (Graph-
Pad Software, San Diego, CA, USA). For each data set, mean, standard deviation (SD) and 95% confidence inter-
val (95% CI) for the mean were calculated. Among the three study groups, variables were compared using analysis
of variance (ANOVA) with post-hoc Tukey test. A P value below 0.05 was considered statistically significant.

Results

This study comprised 29 eyes of 29 vaccinated patients (10 males and 19 females, mean age: 36.66 + 12.25 years,
range 23-51 years) after COVID-19 infection (VCoV group), 28 eyes of 28 non-vaccinated patients (13 males
and 15 females, mean age: 42.14 £ 14.17 years, range 25-65 years) after COVID-19 infection (NVCoV group)
and 25 eyes of 25 healthy controls (12 males and 13 females, mean age: 47.52 + 18.45 years, range 22-67 years).
No significant difference was found between the three groups regarding age and sex (P=0.101).

Significantly higher corneal nerve fiber density (P <0.001), nerve branch density (P <0.001), nerve fiber length
(P<0.001), total branch density (P =0.007), nerve fiber area (P =0.001) and fractal dimension (P <0.001) values
were observed in VCoV group compared to NVCoV group (Table 1, Fig. 1). Nerve fiber width was slightly lower
in VCoV patients (P =0.040). There was no statistically significant difference in any nerve fiber morphology
parameters between VCoV and healthy individuals (P =0.435-0.898) (Table 2). Every nerve fiber morphology
value was significantly higher in healthy individuals when compared to the NVCoV group except the nerve fiber
width (P=0.378) (Table 3).

Significantly higher density of DC was observed in the NVCoV group compared to the control group
(P=0.05) (Table 1, Fig. 2). There was a statistically significant difference in the size of mature DCs (P <0.0001)
(Fig. 3) but the size of immature DCs did not differ significantly among the 3 groups (P =0.132). Post-hoc Tukey
test revealed significantly higher mature DC area in the NVCoV compared to the VCoV group (P <0.0001) and
in the NVCoV patients compared to the controls (P=0.004).

Discussion

SARS-COV-2 virus infection has been described to have significant impact on nearly all organs in the human
body, primarily because of the direct influence of the virus and the extensive inflammatory response it triggers?.
Many ophthalmic complications associated with viral infection have been recorded, including conjunctivitis,
keratoconjunctivitis, dry eye disease, episcleritis, acute macular neuroretinopathy, venous and arterial reti-
nal vascular occlusion, optic neuritis, intraretinal hemorrhages, uveitis, and endogenous endophthalmitis?*-23,
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Vaccinated COVID-19 patients® | Unvaccinated COVID-19 patients® | P*
Nerve branch density (No/mm?) 23.382+16.331 (17.170-29.594) 8.819+8.595 (5.486-12.151) <0.001
Nerve fiber area (mm?/mm?) 0.006 +0.002 (0.005-0.007) 0.004 +0.002 (0.003-0.004) 0.001
Nerve fiber density (No/mm?) 19.377 +8.824 (16.021-22.734) 9.461+5.327 (7.395-11.526) <0.001
Nerve fiber length (mm/mm? 12.889+4.164 (11.305-14.473) 7.826+2.646 (6.80-8.852) <0.001
Nerve fiber width (mm/mm?) 0.021+0.002 (0.020-0.022) 0.022+0.002 (0.021-0.023) 0.040
Nerve fiber total branch density (No/mm?) 39.204 +£23.320 (30.333-48.074) 21.12+15.085 (15.271-26.969) 0.007
Fractal dimension 1.470+0.046 (1.453-1.488) 1.369+0.10 (1.331-1.407) <0.001
Dendritic cell density (cells/mm?) 60.646 + 58.852 (43.539-77.754) 97.890 +95.636 (78.225-117.556) 0.468
Dendritic cell area (um?) 40.266 +22.010 (38.640-41.893) 36.288+15.703 (35.155-37.421) <0.001

Table 1. Corneal nerve fiber morphology in vaccinated COVID-19 patients compared to unvaccinated
COVID-19 patients. Mean * standard deviation (95% confidence interval). *Post-hoc Tukey test.

Figure 1. Images of the corneal subbasal nerves analyzed by ACCMetrics software (red: fiber, blue: branch,
green: branch point). (A) Nerve fiber morphology and scattered dendritic cells of a 49-year-old unvaccinated
COVID-19 patient. (B) Nerve fiber morphology of a 48-year-old vaccinated COVID-19 patient. (C) Nerve fiber

morphology of a 50-year-old healthy individual.

Vaccinated COVID-19 patients®

Healthy controls® P*

Nerve branch density (No/mm?)

23.382+16.331 (17.170-29.594)

19.895+12.323 (14.808-24.981) | 0.725

Nerve fiber area (mm?/mm?)

0.006+0.002 (0.005-0.007)

0.00524 +0.002 (0.004-0.006) 0.671

Nerve fiber density (No/mm?)

19.377 +8.824 (16.021-22.734)

16.999+7.308 (13.982-20.016) 0.677

Nerve fiber length (mm/mm?

12.889+4.164 (11.305-14.473)

11.642+3.528 (10.185-13.098) 0.593

Nerve fiber width (mm/mm?) 0.021+0.002 (0.020-0.022) 0.022+0.001 (0.021-0.022) 0.549
Nerve fiber total branch density (No/mm?) 39.204 +23.320 (30.333-48.074) 35.373+22.035 (26.277-44.468) | 0.877
Fractal dimension 1.470+0.056 (1.453-1.488) 1.459+0.044 (1.441-1.477) 0.898

Dendritic cell density (cells/mm?)

60.646 +58.852 (43.539-77.754)

44.277 +60.637 (24.505-63.049) | 0.435

Dendritic cell area (um?)

40.266+22.010 (38.640-41.893)

35.463+17.573 (33.228-37.439) | 0.810

Table 2. Corneal nerve fiber morphology in vaccinated COVID-19 patients compared to healthy controls.
$Mean + standard deviation (95% confidence interval). *Post-hoc Tukey test.

Several studies have reported neurological manifestations associated with COVID-19, including effects on the
peripheral nervous system. The SARS-CoV-2 virus has been shown to potentially affect nerves and cause various
neurological symptoms?*~26.

Previous authors reported increased corneal DC density and altered nerve fiber morphology in patients with
and without long COVID-19. The difference was more pronounced in post-COVID patients with neurological
symptoms at 4 weeks’. Our previous study demonstrated peripheral small nerve fiber damage in the cornea
associated with inflammatory DCs even after mild COVID-19 disease®.

To date, there is no direct evidence to support the theory that COVID-19 vaccines have neuroprotective
effects. However, the vaccines may indirectly provide some neuroprotective benefits by reducing the risk of
COVID-19 infection and its potential neurological complications. While the direct neuroprotective effects of
COVID-19 vaccines are not yet fully understood, there is some evidence to suggest that vaccination may be
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Unvaccinated COVID-19 patients® | Healthy controls® P*
Nerve branch density (No/mm?) 8.819+8.595 (5.486-12.151) 19.895+12.323 (14.808-24.981) 0.008
Nerve fiber area (mm?/mm?) 0.004+0.002 (0.003-0.004) 0.005 +0.002 (0.004-0.006) 0.019
Nerve fiber density (No/mm?) 9.461+5.327 (7.395-11.526) 16.999 +7.308 (13.982-20.016) 0.001
Nerve fiber length (mm/mm? 7.826 +2.646 (6.80-8.852) 11.642+3.528 (10.185-13.098) 0.001
Nerve fiber width (mm/mm?) 0.022+0.002 (0.021-0.023) 0.022+0.001 (0.021-0.022) 0.378
Nerve fiber total branch density (No/mm?) 21.12+15.085 (15.271-26.969) 35.373£22.035 (26.277-44.468) 0.037
Fractal dimension 1.369+0.097 (1.331-1.407) 1.459+0.044 (1.441-1.477) <0.001
Dendritic cell density (cells/mm?) 97.890+95.636 (78.225-117.556) 44.277 +60.637 (24.505-63.049) 0.050
Dendritic cell area (um?) 36288+ 15.703 (35.155-37.421) 35.463 + 17.573 (33.228-37.439) 0.004

Table 3. Corneal nerve fiber morphology in unvaccinated COVID-19 patients compared to healthy controls.
$Mean * standard deviation (95% confidence interval). *Post-hoc Tukey test.

Figure 2. Images of the corneal subbasal nerves and dendritic cells. (A) Nerve fiber morphology and scattered
dendritic cells of a 29-year-old unvaccinated COVID-19 patient. (B) Nerve fiber morphology of a 27-year-old
vaccinated COVID-19 patient. (C) Nerve fiber morphology of a 27-year-old healthy control.

associated with a lower risk of cognitive decline and dementia. A study published in the Journal of Alzheimer’s
Disease found that individuals who received the influenza vaccine had a lower risk of developing dementia
compared to those who did not receive the vaccine. It is important to note that the COVID-19 vaccines are a
new development, and long-term studies on their potential neuroprotective effects are still ongoing?’. However,
based on the available evidence, getting vaccinated against COVID-19 is an important step in reducing the risk
of infection and potentially reducing the risk of neurological complications.

Besides the benefits of vaccines, several studies reported corneal complications following the administration
of the COVID-19 vaccine including corneal graft rejection, herpes zoster ophthalmicus, herpes simplex kerati-
tis, keratolysis and peripheral ulcerative keratitis?®. Authors explained their findings with the vaccine-induced
immunomodulation and that the increased vascular permeability following vaccination impairs the corneal
immune privilege?*°. Significantly higher DC density of DC was observed in the non-vaccinated group com-
pared to the control group. We observed a statistically significant difference in the size of mature DCs but the
size of immature DCs did not differ significantly among the 3 groups. The area of mature DCs was the greatest
in the non-vaccinated group followed by the vaccinated COVID-19 group, and the difference between the three
groups was statistically significant. A previous case report demonstrated a highly elevated mature DC density
during COVID-19 infection (237.5 + 32.13 cells/mm?) and activated DC clumps around corneal infiltrates as a
result of an immune-mediated mechanism?!.

The present investigation has certain limitations that should be taken into consideration when interpreting
the outcomes. First, due to the low number of cases, we were unable to examine the differences between the vac-
cinations, and most of the study participants received not only mRNA-based vaccines but also vector-based and
attenuated pathogen-containing vaccines or a combination of them. While a larger study population would always
be advantageous, our numbers are similar to previously published cross-sectional comparative investigations>>~’.
Similarly powered studies support the relevance of our results. Second, since the SARS-CoV-2 virus changes
over time causing various disease types with different severities, the included patients might have been affected
by multiple virus variants. It should be emphasized that the vaccine is not neuroprotective in the absence of
COVID-19 infection. However, in our study, a reduction in neurodegenerative complications was observed in
vaccinated patients compared to unvaccinated patients, possibly due to a milder course of infection. Third, while
our study identified statistically significant differences in corneal nerve fiber morphology between vaccinated and
non-vaccinated individuals after COVID-19, it is crucial to acknowledge the substantial overlap on the graphs.
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Figure 3. Violin plots of ranks showing the difference among the vaccinated (VCoV), non-vaccinated
(NVCoV) COVID-19 groups and control subjects.

This overlap suggests that despite the observed differences, the distributions of the nerve plexus parameters in
the study groups largely coincide. Consequently, the clinical significance of these findings may be limited, as the
overlapping spread indicates that individual variations within each group are considerable.

Our study investigated the role of the vaccine against COVID-19 in terms of the subbasal nerve fibers of the
cornea, thus indirectly the peripheral nervous system. Our findings showed that corneal nerve fiber density, nerve
branch density, nerve fiber length, nerve fiber total branch density, nerve fiber area and width was increased
among the vaccinated subjects compared to the unvaccinated COVID-19 group. Corneal dendritic cell density
and area were elevated in the unvaccinated group compared to the vaccinated patients within six months after
the infection. In summary, our results suggest that SARS-CoV-2 vaccination may have a protective effect against
the complications of COVID-19 disease on the corneal subbasal nerve fibers.

Data availability

The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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