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Abstract

Background Umbilical cord blood-derived therapeutics, such as serum (UCS) and platelet-rich plasma (UCPRP), are
popular treatment options in clinical trials and can potentially be utilized to address a clinically unmet need caused
by preservatives, specifically benzalkonium chloride (BAK), present in ophthalmic formulations. As current clinical
interventions for secondary injuries caused by BAK are suboptimal, this study will explore the feasibility of utilizing
UCS and UCPRP for cornea treatment and investigate the underlying mechanisms associated with this approach.

Methods Mice's corneas were administered BAK to induce damage. UCS and UCPRP were then utilized to attempt
to treat the injuries. Ocular tests were performed on the animals to evaluate recovery, while immunostaining, RNA-
seq, and subsequent bioinformatics analysis were conducted to investigate the treatment mechanism.

Results BAK administration led to widespread inflammatory responses in the cornea. Subsequent treatment

with UCS and UCPRP led to the downregulation of immune-related ‘interactions between cytokine receptors'and ‘IL-
17 signaling’ pathways. Although axonal enhancers such as Ngf, Rac2, Robo2, Srgap1, and Rock2 were found to be
present in the injured group, robust axonal regeneration was observed only in the UCS and UCPRP treatment groups.
Further analysis revealed that, as compared to normal corneas, inflammation was not restored to pre-injury levels
post-treatment. Importantly, Neuropeptide Y (Npy) was also involved in regulating immune responses, indicating
neuroimmune axis interactions.

Conclusions Cord blood-derived therapeutics are feasible options for overcoming the sustained injuries induced
by BAK in the cornea. They also have potential applications in areas where axonal regeneration is required.
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Introduction

Autologous blood-derived therapeutics, such as serum
and platelet-rich plasma (PRP), are potent and popu-
lar treatment options in clinical trials (Alves and Gri-
malt 2017). Recently, this technology has advanced and
extended to umbilical cord blood as a derivative source
as well. Compared to autologous blood, umbilical cord
blood-derived serum (UCS) and platelet-rich plasma
(UCPRP) contain higher levels of growth factors, are
readily available, and are more sterile (Yoon et al. 2007;
Nadelmann et al. 2021; Rhéaume et al. 2022; Roura et al.
2015). Importantly, they have been utilized in various dis-
ease treatments (Wang et al. 2021a; Mazzotta et al. 2022),
among which eye disease is one of the most prominent
ones. Specifically, Oh et al. observed diminished epithe-
lial defect parameters, improved epithelial integrity, and
reduced stromal inflammation and edema in the group
treated with UCS versus PBS. This was evident in a mouse
model of ocular surface burn induced by NaOH (Oh et al.
2012). Furthermore, Han et al. illustrated significantly
reduced epithelial defect areas, diminished opacity lev-
els, and lower expression levels of Tnfa, 116, MMP-8, and
MMP-9 mRNA, as well as a notable decrease in the infil-
tration of inflammatory cells in the UCS-treated group
as compared to the PBS group in a mouse corneal alkali
burn model (Han et al. 2019). Finally, Giannaccare et al.
demonstrated that the use of cord blood serum eye drops
led to a significant improvement in corneal nerve mor-
phology, characterized by increased nerve density and
reduced nerve tortuosity, among dry eye (DE) patients
(Giannaccare et al. 2017). Despite less than two decades
of animal research, their emerging usage in recent clini-
cal trials across multidisciplinary fields has also high-
lighted their efficacy in achieving the intended treatment
outcomes (Miguel-Gomez et al. 2021; Rani et al. 2022).
Accordingly, these biologics can potentially be utilized to
address a clinically unmet need caused by preservatives
present in ophthalmic formulations.

Preservatives in ophthalmic formulations are impera-
tive for maintaining sterility, which in turn prolongs their
shelf life and reusability. Although any compounds con-
taining a nonspecific antimicrobial spectrum extending
far beyond the test organisms qualify as a preservative,
benzalkonium chloride (BAK) remains the most com-
monly used to date (Tu et al. 2013; Baudouin et al. 2010).
As an antimicrobial agent, it primarily functions to dis-
rupt cell membranes and is extremely effective against
both Gram-positive and Gram-negative bacteria, as well
as fungi (Baudouin et al. 2010). BAK can also serve as a
corneal penetration enhancer, allowing the active ingre-
dients in medications to exhibit stronger ocular perme-
ability (Rathore and Majumdar 2006). However, studies
have shown that not only do enhanced pharmacokinetic
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characteristics not necessarily correlate to its efficacy,
but the perceived penetrability is a toxic side effect due
to major histological changes in the corneal barrier (Jong
et al. 1994). Such breaching of corneal integrity impedes
treatment since it induces adverse ocular events and
may even pose complications in deeper retinal and optic
nerve tissues for patients undergoing long-term therapy.
Yet despite documentation about its side effects since the
40 s, there remain no better replacements. Preservatives-
free formulations serve as an alternative option but non-
sterile incidents can lead to repercussions as evidenced
by recent clinical cases and the recalls of such eyedrops
(Swan 1944; Morelli et al. 2023; Shoji et al. 2023).

Current clinical interventions for ocular surface dis-
eases caused by BAK include artificial tears and immu-
nosuppressive drugs. However, the outcomes are
suboptimal and not all patients are responsive to these
treatments. While studies seeking to ameliorate the nega-
tive effects of BAK have already been conducted previ-
ously, there are, to our knowledge, no reports on the
effectiveness of UCS and UCPRP in mitigating severe
BAK-induced injuries in the cornea (Wang et al. 2021b;
Fukuda et al. 2022). Moreover, mechanistic studies for
these biologics are lacking and treatment outcomes were
mostly predicted based on the presence of initial growth
factors. Therefore, in this study, we will be aiming to
address both of these aspects.

Our study first tested the effects of BAK on mice’s cor-
neas. Thereafter, we administered UCS and UCPRP and
found that these treatments led to significantly improved
corneal recovery. Through transcriptional analysis of the
mice’s corneas, our results revealed that both UCS and
UCPRP primarily led to the downregulation of innate
and adaptive immune responses, specifically by damp-
ing interactions between cytokine receptors and IL-17
signaling. Concurrent regulation of key axonal regen-
eration and/or guidance genes such as Ngf, Rac2, Robo2,
Srgapl, Rock2 and Sema4 as well as Npy led to robust
axonal regeneration in the cornea. Of note, it was found
that the inflammatory responses, though mitigated, were
not restored to pre-injury levels and remained upregu-
lated as compared to uninjured corneas. Our findings
demonstrated the feasibility of employing cord blood-
derived therapeutics for overcoming sustained detrimen-
tal effects induced by BAK in the cornea and showed that
they can potentially be used in other areas where axonal
regeneration is required.

Materials and methods

UCS and UCPRP preparation

Umbilical cord serum (UCS) and umbilical cord blood
platelet-rich plasma (UCPRP) was obtained from
Guangdong Province Umbilical Cord Blood Bank. All
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activities of the Guangdong UCB Bank are conducted
in accordance with Chinese laws and regulations. This
study has been approved by the Guangdong UCB Bank
Ethics Committee.

UCS: The umbilical cord blood was allowed to clot by
letting it sit at room temperature for 2 h. It was then
centrifuged at 4 °C for 15 min at 3000 rpm, and the
clear serum was carefully separated under sterile condi-
tions. The filtered serum was then used as is or stored
at — 20 °C for up to 6 months. Three batches of UCS
were utilized for the experiments.

UCPRP: To store umbilical cord blood and prevent
platelet activation, a test tube containing 3.2% sodium
citrate solution was used. In the first centrifugation
step, the blood was centrifuged at 600 rpm for 10 min,
resulting in three layers. The top two layers were dis-
carded and the tube was centrifuged again at 1500 rpm
for 10 min to concentrate the platelets. Following cen-
trifugation, two-thirds of the volume was discarded and
the remaining one-third volume at the bottom contain-
ing the enriched platelets was collected in a sterile tube
which was used as is. Three batches of UCPRP were
utilized for the experiments.

Animals

The C57BL/6 female used in this experiment were
provided by the Guangdong Provincial Experimental
Animal Center. Female mice were chosen to minimize
the influence of gender differences on the experi-
ment. The mice were 6—8 weeks old and of SPF (Spe-
cific Pathogen-Free) grade, with no ocular diseases.
They were housed in a 12-h light—dark cycle environ-
ment (lighting from 0800 to 2000 h) at a temperature
of 22 °C+2 °C under normal conditions, with unre-
stricted access to food and water. All animal experi-
mental procedures complied with the guidelines of the
National Institutes of Health (NIH) and were approved
by the Laboratory Animal Ethics Committee of Jinan
University. Every effort was made to minimize the pain
and number of animals used in the experiments. Ani-
mal grouping information can be found in Additional
file 1: Table S1.

BAK-induced corneal injury in mice

A mouse model of corneal injury was induced by topi-
cal application of 0.2% BAK (Sigma, Catalogue: 12060)
eye drops in female C57BL/6 mice. The protocol involves
administering 5 uL. of BAK eye drops to each eye twice
daily (at 0800 h and 2000 h) for a consecutive 14-day
period. (Xiao et al. 2012; Zhang et al. 2020)
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In vivo, UCS/UCPRP treatment following BAK-induced
injury

After the consecutive 14-day period of BAK administra-
tion, mice allocated for UCS or UCPRP treatment were
provided 5 pL of 20% UCS or 20% UCPRP eye drops
thrice daily (at 0800 h, 1400 h, and 2000 h) for a consecu-
tive 10-day period. Mice allocated for saline treatment
will only be provided with saline eye drops thrice daily
at the same timing and duration. Control mice did not
receive any cornea injuries or treatment.

Corneal fluorescein sodium staining

Fluorescein, an orange dye, is easily detectable under
blue light and serves as a valuable tool for assessing the
structural integrity of the cornea (Srinivas and Rao 2023).
When applied, any abnormalities on the corneal surface
are highlighted by the dye, manifesting as green fluo-
rescence under blue light. Researchers can discern the
specific location and potential causes of corneal issues
by analyzing the size, location, and shape of the result-
ing staining (Pellegrini et al. 2019; Chen et al. 2017).
Specifically, an intraperitoneal injection of 1.25% tribro-
moethanol (Maikelin Biochemical Technology Co., Ltd,
China) was used to anesthetize the mice. Subsequently,
5 pL of 1% fluorescein sodium (Sigma, Catalogue: F6377)
was instilled into the cornea and the mice were manually
prompted to blink three times to ensure even coverage.
A fluorescence microscope equipped with a cobalt blue
filter is used for photography and scoring. The scoring
method involves dividing the corneal image into four
quadrants (cross-shaped division), with each quadrant
being assigned a score on a scale of 0 to 4: 0=no stain-
ing, 1=mild punctate staining, 2=moderate punctate
staining or mild linear staining, 3 =severe linear staining
or mild patchy staining (area less than half of the quad-
rant), 4=severe patchy staining (area greater than half
of the quadrant). The image scoring was performed by
one experimenter and a second blinded observer. Each
quadrant was scored, and the values for all quadrants
were summed. The average of the two observers’ scores
was considered the final fluorescein sodium staining
score for the cornea. This assessment was conducted on
Day 0, Day 7, and Day 14 for preliminary BAK-induced
injury without treatment. For animals undergoing UCS
or UCPRP treatment, this assessment was conducted on
Day 10 after the 14-day BAK-induced injury.

Corneal opacity scoring

Images were captured using a fluorescence microscope
with white light and corneal opacity was evaluated by
another blinded researcher. The scoring method utilized
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a 5-point scale (0-4) as follows: O=clear cornea; no
opacity, 1=corneal haze with clear visibility of the iris,
2=mild corneal opacity with still visible iris, 3=severe
corneal opacity with faintly visible iris, 4=corneal opac-
ity with no visibility of the iris. This assessment was
conducted on Day 0, Day 7, and Day 14 for preliminary
BAK-induced injury without treatment. For animals
undergoing UCS or UCPRP treatment, this assessment
was conducted on Day 10 after the 14-day BAK-induced
injury. The evaluation of corneal opacity was conducted
by a researcher who was unaware of the experimental
conditions, ensuring an unbiased assessment.

Tear secretion test

An intraperitoneal injection of 1.25% tribromoethanol
was used to anesthetize the mice. A phenol red cotton
thread (Tianjin Jingming New Technology Development
Co., Ltd, China) was placed on the lower fornix of the
eye, approximately one-third of the distance from the
outer canthus of the lower eyelid, and left in place for
1 min. The length of the cotton thread was measured in
millimetres (mm) under a microscope and readings were
taken by two observers, with the average value recorded.
This test was conducted on Day 0, Day 7, and Day 14 for
preliminary BAK-induced injury without treatment. For
animals undergoing UCS or UCPRP treatment, this test
was conducted on Day 10 after the 14-day BAK-induced
injury.

Tear film break-up time measurement

After anesthetizing the mouse, 1 puL of 0.1% fluorescein
sodium was dripped onto the mouse’s conjunctival sac.
The mouse was then manually prompted to blink three
times to ensure an even distribution of the fluorescein
sodium on the corneal surface. The tear film break-up
time (TBUT) was determined by observing the time it
takes for the first appearance of a black spot, black line,
or obvious break in the tear film using a cobalt blue light
with a slit lamp. Each eye was tested three times, and the
final result was the average of those values. This meas-
urement was conducted on Day 0, Day 7, and Day 14
for preliminary BAK-induced injury without treatment.
For animals undergoing UCS or UCPRP treatment, this
measurement was conducted on Day 10 after the 14-day
BAK-induced injury.

Corneal sensitivity measurement

Corneal sensitivity measurement was conducted using
the Cochet-Bonnet aesthesiometer. In a non-anesthetized
and awake state, the mice were gently held by the exam-
iner and probed in the central area of the cornea with a
nylon filament. Starting with a predetermined maximum
length of the nylon filament (6.0 cm), the length was
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decreased by 0.5 cm for each subsequent measurement.
The process continued until the mice exhibited a notice-
able blink response. If the mice blinked effectively, the
nylon filament was extended by 0.5 cm, and the measure-
ment was repeated. The longest length of the nylon fila-
ment that elicited an effective blink reflex was recorded
as the threshold for corneal sensitivity. The procedure
was repeated three times, and the average value was cal-
culated as the final result. This measurement was also
conducted on Day 0, Day 7, and Day 14 for preliminary
BAK-induced injury without treatment. For animals
undergoing UCS or UCPRP treatment, this measurement
was conducted on Day 10 after the 14-day BAK-induced
injury.

Collection and storage of mice tears

Mice were anesthetized using intraperitoneal injection
of 1.25% tribromoethanol. A micro-sampling pipette was
then utilized to deliver 2 puL of 0.1% FBS into the mice’s
conjunctival sac and blinking was prompted manually.
The tears produced were collected through capillary
action by using a 10 pL capillary tube to touch the menis-
cus (tear film on the lower lid). Tears from mice in all the
different groups were collected and stored in a — 80 °C
freezer.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of Muc5ac in the mice tears was eval-
uated by performing ELISA as per the manufacturer’s
protocol (J&L Biological, China). Briefly, standard wells
were set up by adding 50 pL of different concentrations of
standard samples. In the blank well, 50 pL of sample dilu-
ent was added while in the experimental wells, 40 pL of
sample diluent and 10 pL of the test tear fluid was added.
Next, 100 pL of horseradish peroxidase (HRP)-conju-
gated detection antibody was added to each well and the
plate was sealed and incubated at 37 °C for 1 h. After the
incubation period, the liquid was discarded, patted dry
on absorbent paper, and washed 5 times with the wash
buffer provided. Subsequently, 50 pL of both substrate
solutions A and B were added into each well and incu-
bated at 37 °C for 15 min. Another 50 pL of stop solution
was added before measuring their OD at 450 nm with a
microplate reader. An Excel spreadsheet was then used
to plot the standard curve for determining the concentra-
tion of Muc5ac.

RNA extraction and gPCR

The mice were euthanized by cervical dislocation follow-
ing anesthesia and their eyeballs were removed immedi-
ately. They were then placed on ice and the cornea was
separated and washed thoroughly with pre-chilled PBS.
Four corneas within the same group were then placed
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into a 15 mL centrifuge tube containing 1 mL of Tri-
zol lysis reagent (Invitrogen, Catalogue: 15596026) and
physically ground with a handheld homogenizer. The
homogenized samples were then transferred to a 1.5 mL
microcentrifuge tube and let sit for 5 min to allow com-
plete separation of the nucleic acid-protein complexes.
200 pL of chloroform was then added and vigorously
mixed for 15 s. The tubes were then left at room tempera-
ture for another 3 min before centrifuging at 12,000 rpm
for 10 min in a refrigerated centrifuge. Following cen-
trifugation, the upper aqueous phase was transferred to
a new 1.5 mL microcentrifuge tube, and an equal volume
of absolute ethanol was added and mixed. The follow-
ing step of purification RNA was performed using the
total RNA extraction kit (Tiangen, China). Specifically,
the mixture was then transferred to an absorption col-
umn (CR3) and centrifuged at 12,000 rpm for 30 s in a
refrigerated centrifuge. 500 pL of protein removal solu-
tion (RD) was next added to the absorption column and
the mixture was centrifuged again at 12,000 rpm for 30 s.
Following that, 500 pL of wash buffer (RW) was added to
the absorption column and centrifuged at 12,000 rpm for
30 s. The washing step was repeated once and residual
liquid was removed by centrifuging the absorption col-
umn at 12,000 rpm for another 2 min. 30 pL of RNAse-
free ddH,0O was used for reconstitution. Extracted RNA
was converted into cDNA using a reverse transcription
kit (ReverTra Ace qPCR RT kit, Toyobo Research Rea-
gents, Japan) and a thermal cycler. qPCR was performed
in the following conditions: Pre-denaturation at 95 °C for
1 min, denaturation at 95 °C for 15 s, annealing at 60 °C
for 30 s, and extension at 72 °C for 30 s. This process is
repeated for a total of 40 cycles. Primer information can
be found in Additional file 1: Table S2.

Library construction, QC, and sequencing

Total RNA samples were subjected to oligo(dT) magnetic
bead enrichment to isolate mRNA. They were then frag-
mented into RNA fragments by adding fragmentation
reagents and incubating at an appropriate temperature
for a specific period. A first-strand synthesis reaction
was performed by adding a reverse transcription reaction
mixture and incubating it in a PCR machine to synthe-
size first-strand cDNA. Then, a second-strand synthesis
reaction mixture was added, and incubated at an appro-
priate temperature for a specific period to synthesize
double-stranded cDNA. Subsequently, the synthesized
double-stranded cDNA was subjected to end repair, fol-
lowed by the addition of an adenine base to the 3" ends.
The adapter ligation reaction mixture was prepared,
incubated at an appropriate temperature for a specific
period, and then used to ligate the cDNA with adapters.
Next, a PCR reaction mixture was prepared, and a PCR
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program was set up for the amplification of the ligated
products, which were then purified thereafter. The PCR
products were next subjected to size selection to remove
linear DNA molecules that were not circularized, com-
pleting the library construction. The size and concentra-
tion of the constructed libraries were assessed using the
Agilent 2100 Bioanalyzer and the qualified libraries were
subjected to sequencing using the Illumina HiSeq plat-
form. Information regarding RNA quality can be found in
Additional file 1: Table S3.

Analysis of RNA-sequencing results

RNA-seq results were analyzed and plotted using R soft-
ware with DESeq2 package (Love et al. 2014), SBGNview
package (Dong et al. 2022), and their required depend-
ency packages. DEseq2 was used to analyze and plot PCA
graphs, volcano graphs, heatmaps, and KEGG enrich-
ment pathways. SBGNview was utilized to perform Reac-
tome pathway analysis between a pair of comparison
groups. The gene ontology (GO) enrichment map was
generated by inputting the gene set enrichment analysis
(GSEA) result file into the EnrichmentMap (Reimand
et al. 2019) App found in Cytoscape software. A p-value
cutoff of 0.05 and an FDR Q-value cutoff of 0.1 was
selected for stringency and to keep the enrichment map
analysis manageable.

Immunostaining

Eyeballs obtained from the mice were rinsed in PBS and
a small incision at the limbus of the cornea was made
before fixing them in FAS eye fixation solution for 1 h.
The intact cornea was extracted and fixed again for
another 1 h. The fixed corneas were placed into a 96-well
plate and blocked and permeabilized (0.2% Triton-X and
2% BSA) at room temperature for 1 h. Rabbit anti-Tujl
antibody (ab18207, Abcam) was added, and the corneas
were incubated at 4 °C overnight on a shaker. Following
the primary antibody incubation, the corneas were rinsed
with PBS thrice and goat anti-rabbit AF488 (A-11008,
Invitrogen) secondary antibody was added for incubation
at room temperature for 1 h. The corneas were cut into a
petal-like shape under a microscope, spread onto a glass
slide, and covered with a coverslip after adding a mount-
ing medium.

Statistical analysis

Statistical analysis and graphical representation of the
experimental data were performed using SPSS and
GraphPad Prism 9 software respectively. For normally
distributed data with homogenous variances, one-way
analysis of variance (ANOVA) with the Tukey post hoc
test was used for comparisons among multiple groups.
For data that were not normally distributed or did not
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have homogenous variances, the Kruskal-Wallis H test
with Mann—Whitney U post hoc test was used for com-
parisons among multiple groups. All data were presented
as mean + standard deviation (SD). A significance level of
p<0.05 was considered statistically significant, denoted
as *p<0.05, *p<0.01, **p<0.001. ‘N.S! indicated no sta-
tistical significance.

Results

BAK insult led to morphological and pathological changes
in the ocular surface of mice

We first evaluated the effects of BAK on mice corneas.
Based on previous studies (Xiao et al. 2012; Zhang et al.
2020), a concentration of 0.2% BAK was adopted. Obvi-
ous damage to the morphology and functionality of the
ocular surface was observed when BAK was adminis-
tered consecutively for 14 days. Physical changes to
the cornea included increased opacity (Fig. 1A and B)
as well as elevated fluorescein sodium staining (Fig. 1A
and C) over time, indicating a progressive deterioration
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in the structural integrity of the cornea. Addition-
ally, there was a significant reduction in tear quantity
(Fig. 1D), tear break-up time (Fig. 1E), and corneal sen-
sitivity (Fig. 1F) as the injury progressed. Besides that,
BAK is known to induce inflammation in the cornea,
with a remarkable upregulation in immune-related
genes such as Il1b, Tnfa, II1, 1112, I110 and so on (Gold-
stein et al. 2021; Barabino et al. 2014). Therefore, the
gene expression of I11b and Tnfa was evaluated in this
study to validate that BAK was indeed functioning.
Specifically, when RNA was extracted from the injured
corneas and amplified using qPCR, it was observed that
the expression of inflammatory genes Il1b and Tnfa,
both known to be induced by BAK (Wu et al. 2023;
Launay et al. 2016), were highly upregulated (Fig. 1G),
as compared to the control group at Day 14 post
administration. Taken together, these results indicated
that BAK was functioning and led to adverse outcomes
on the ocular surface.
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Fig. 1 BAK insult led to morphological and pathological changes in the ocular surface of mice. A Representative close-up images of the mice
cornea showing the change in opacity and fluorescein sodium staining pattern over time following BAK-induced injury. B and C are

the corresponding scoring graphs; n=7 cornea measurements per group. Besides evaluating morphological changes, the mice’s ocular surface
was also subjected to functionality tests which assessed D tear production; n=14 cornea measurements per group, E tear break-up time; n=14
cornea measurements per group and F corneal sensitivity; n=14 cornea measurements per group. G Preliminary gPCR screening of the cornea
on Day 14 post-BAK injury revealed heightened expression of inflammatory genes such as /16 and Tnfa; n=3 experimental repeats. *p < 0.05,

***p <0.001. All data were presented as mean +SD
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Fig. 2 Administration of BAK resulted in the upregulation of prominent inflammatory responses in the cornea by RNA-seq analysis. A PCA and B
correlation plots showed a clear genetic distinction between the corneas in normal animals and untreated BAK-injured animals. C Enrichment map
generated through GSEA analysis and arranged based on GO pathways. It was observed that the corneal injury involved mainly adaptive immune
response, immune cell migration, and cytokine production. All bioinformatics analyzes were performed with n=3 samples per group

Administration of BAK resulted in the upregulation

of inflammatory responses in the cornea by RNA-seq
analysis

As not much was known about the extent of transcrip-
tional differences exerted by BAK, we next proceeded
to perform RNA-seq and compared the differentially
expressed genes between corneas treated with only saline
and uninjured corneas. Based on PCA and correlation
plots (Fig. 2A and B), a clear distinction between these
two groups was observed. A corresponding large number
of genes were differentially expressed (Additional file 1:
Figure S1A and S1B) and KEGG pathway analysis showed
that the ‘cytokine-cytokine receptor interaction’ was the
most enriched pathway (Additional file 1: Figure S1C).
Accordingly, when an enrichment map based on GO
classifications was generated, it was observed that huge
node clusters, namely ‘regulation of adaptive immune
response, ‘regulation of immune cell migration, and
‘cytokine production” were highly upregulated (Fig. 2C).
Therefore, these results indicated that administration of
0.2% BAK mainly led to sustained inflammation.

UCS and UCPRP notably improved the morphology

and pathological changes of the ocular surface

following BAK insult in mice

We next administered 20% UCS and UCPRP and found
that these treatments led to marked morphological
recovery in mice cornea following BAK-induced injury,
which was demonstrated through the reduction of

corneal opacity (Fig. 3A and B) and fluorescein sodium
staining (Fig. 3A and C). Furthermore, the amount of tear
production (Fig. 3D), tear break-up time (Fig. 3E), cor-
neal sensitivity (Fig. 3F) and tear Muc5ac levels (Fig. 3G)
also showed significant improvements as compared to
the saline-treated corneas, though their measurements
were not completely restored to pre-injury levels. Addi-
tional RNA studies by qPCR assay revealed that these
observations corresponded with a decrease of I/1b and
Tnfa in both UCS and UCPRP-treated corneas (Fig. 3H).
Together, these results showed that UCS and UCPRP can
improve the morphology and pathological changes of the
ocular surface following BAK insult.

Both UCS and UCPRP treatment led to significant
downregulation of inflammatory cytokines involved

in cytokine-cytokine receptor interaction and II-17
signaling pathway

In order to find out the transcriptional changes induced
by UCS and UCPRP, we next performed a similar analy-
sis comparing UCS and UCPRP-treated corneas against
saline-only treated corneas. PCA and correlation plots
revealed that, unlike the comparison between saline-
treated and normal corneas (Fig. 2A and B), the sepa-
ration between the UCS-treated and saline-treated
groups was relatively less distinct (Additional file 1: Fig-
ure S2A and S2B). This was depicted in the volcano plot
and heatmap where besides containing lesser differen-
tially expressed genes, most were also downregulated
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Fig. 3 UCS and UCPRP notably improved the morphology and pathological changes of the ocular surface following the BAK insult in mice. A
Representative close-up images of the BAK-injured mice cornea showing the recovery in opacity and fluorescein sodium staining pattern over time
after UCS and UCPRP treatment. B and C are the respective scoring graphs; n=7 cornea measurements per group. Additionally, the D tear
production; n=7 cornea measurements per group, E tear break-up time; n=7 cornea measurements per group, F corneal sensitivity; n=7 cornea
measurements per group, G tear Muc5ac levels; n=3 experimental repeats, displayed marked restoration that was close to pre-injury levels. These
results also corresponded to a H significant downregulation of //16 and Tnfa at Day 10 post treatment; n=3 experimental repeats. *p < 0.05, **p < 0.01,

***p <0.001. All data were presented as mean +SD

(Additional file 1: Figure S2C and S$2D). Additionally, the
enrichment map based on GO classifications showed
that UCS treatment resulted in a plethora of pathway
downregulation such as ‘leukocyte migration; ‘ossifica-
tion, and ‘response to wounding’ (Additional file 1: Fig-
ure S2E). Further analysis of KEGG pathway changes
showed that UCS treatment led to a notable downregula-
tion of the ‘cytokine-cytokine receptor interaction’ path-
way as well as the ‘IL-17 signaling pathway’ (Fig. 4A).
In UCPRP-treated corneas, the separation between the
UCPRP-treated and saline-treated group in the PCA and
correlation plots were also not distinct (Additional file 1:
Figure S3A and S3B) and the differentially expressed
genes were mostly downregulated (Additional file 1: Fig-
ure S3C and S3D) as well. Besides that, the enrichment
map based on GO classification revealed downregula-
tion of immune-related pathways such as ‘regulation of
chemotaxis and immune cell migration; ‘innate immune
response and interferon production, and ‘antigen pro-
cessing and presentation’ (Additional file 1: Figure S3E).
Similar to UCS-treated samples, KEGG analysis in
UCPRP-treated samples also showed marked regulation

of the ‘cytokine-cytokine receptor interaction’ pathway
and ‘IL-17 signaling pathway’ (Fig. 4B). Given that these
two pathways were highly downregulated following UCS
and UCPRP treatment, we proceeded to validate the
expression of some of the genes, namely Cxcrl, Cxcr2,
Ccl3, Ccld, Mmp3, Mmp9, 1l6, and Cxcll0, present in
these pathways (Additional file 1: Figure S2F, S2G, S3F,
and S3G) using qPCR and found that all of them were
indeed significantly downregulated (Fig. 4C and D). Thus,
these results indicated that UCS and UCPRP reduced
inflammation through downregulating cytokine recep-
tor interactions and II-17 signaling in BAK-injured mice
cornea.

UCS and UCPRP treatments led to robust axonal
regeneration in the cornea

As we observed significant sensitivity recovery in the cor-
nea, we next proceeded to evaluate the condition of the
axons in all experimental groups using immunostaining.
According to literature, axons arranged in a whorl-like
pattern in the inferocentral cornea as well as their con-
necting nerve fibres are defined as the sub-basal nerve
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Fig. 4 Both UCS and UCPRP treatment led to significant downregulation of inflammatory cytokines involved in cytokine-cytokine receptor
interaction and the II-17 signaling pathway. KEGG enrichment analysis of both (A) UCS-treated corneas and (B) UCPRP-treated corneas. In

both of these analyzes, the cytokine-cytokine receptor interaction and IL-

17 signaling pathway were found to be highly regulated. Regulation

of some of the genes corresponding to these pathways (C, D) was further validated with gPCR. All bioinformatics analyzes were performed

with n=3 samples per group

plexus (Cruzat et al. 2017; Badian et al. 2021). On a nor-
mal cornea, axons from the sub-basal nerve plexus were
observed to extend from Area 1 to Area 3 (Fig. 5A). How-
ever, following BAK injury, we noticed that the number
of axons varied widely in Area 1, leaving an unequal base-
line level of the remaining axons. Hence, quantification of
axons at Area 1 after treatment can be quite variable and
inaccurate. On the other hand, the axons in Area 4, where
the limbus is located, were observed to be neither dam-
aged nor regenerated. Therefore, only axons in Area 2 and
3 were quantified for rigorous comparison. Results indi-
cated that the total number (Fig. 5B and C) and density
(Fig. 5B and D) of axons in Area 2 and 3 (Fig. 5E-Q) in
both UCS and UCPRP-treated corneas were almost simi-
lar to those found in the uninjured corneas. Besides that,
when we compared the number of axons between the

(See figure on next page.)

four regions, it was observed that the regenerated axons
in UCS-treated samples were notably skewed towards
certain region of the cornea and not uniformly distrib-
uted. Specifically, in the upper row of Fig. 5H, denoted as
the largest number of axons, a more robust nerve infiltra-
tion was observed whereas in the lower row, the number
of nerve fibres infiltrated to Area 2 was much less, indi-
cating a skew in a certain quadrant versus the other at the
same Area. Similar phenomena were observed in Area 3
as well (Fig. 5]). Although some UCPRP-treated corneas
showed a similar trend, there were overall not statistically
different from the normal cornea (Fig. 5H-K). Together,
these findings confirmed that robust axonal regeneration
likely played a huge role in the functional recovery of the
cornea.

Fig. 5 UCS and UCPRP treatments led to robust axonal regeneration in the cornea. A lllustration of regional division of a mouse cornea

with Tuj1 staining. Area 1 is the middle of the cornea while Area 4 is the limbus. B Representative high magnification images of axons in Area 2
with the corresponding C total quantified axonal number and D axonal density. E Representative high magnification images of axons in Area 3
with the corresponding F total quantified axonal number and G axonal density. H Representative high magnification images of axons in Area 2
with the corresponding I quantified largest axon difference. J Representative high magnification images of axons in Area 3 with the corresponding

K quantified largest axon difference. *p <0.05, **p <0.01, ***p <0.001. All
and J

data were presented as mean +SD, scare bar=10 ym for Figure B, E, H
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qualitative assessment of each group’s potential in inducing axonal regeneration

Axonal enhancers were present throughout injury

and treatment

To further investigate how UCS and UCPRP treatment
led to axonal regeneration, we utilized the reactome
pathway database in SBGNview and screened for axonal
pathways that were regulated during treatment. In total,
4 pathways, namely ‘Axonal guidance by semaphorins;
‘Axon guidance by Slit_Robo; ‘Axonal growth stimulation’
and ‘Sema4D induced cell migration and growth-cone
collapse’ (Additional file 1: Figure S4) were found to be
relevant for the analysis. The genes present in these path-
ways were then listed in a table and a qualitative assess-
ment of each of the group’s potential in inducing axonal
regeneration based on the gene’s normalized counts
were conducted (Fig. 6A and B). Of note, the assess-
ment revealed that some of these axonal enhancers were
already present during BAK injury, and their regulation
was nearly identical to those induced by UCS and UCPRP
treatment. Given that the major differences between the
injury (BAK) and treatment (UCS and UCPRP) groups
lay in their inflammatory responses, these findings sug-
gested that excessive inflammation inhibited axonal
regeneration.

Cord blood-derived biologics did not reduce inflammatory
responses in BAK-injured corneas to pre-injury levels

Although it was found that both UCS and UCPRP can
reduce similar inflammatory responses, it is not known

how these regulations compare to the normal cor-
nea. Therefore, we next analyzed the gene and pathway
changes between UCPRP-treated corneas and normal
corneas. Accordingly, a clear distinction between sam-
ple groups can be observed from PCA and correlation
plots (Fig. 7A and B). This was corroborated by the large
amounts of differentially expressed genes in both the vol-
cano plot and heatmap (Fig. 7C and D). When we gen-
erated the GO enrichment map, it appeared that many
of the immune response clusters such as regulation of
adaptive immune response and immune cells migration
remained upregulated, indicating that while UCS and
UCPRP treatment could lead to their downregulation,
their levels remained relatively high compared to a nor-
mal cornea (Fig. 7E). In sum, these results showed that
even though most of the dysregulated pathways were not
restored to pre-injury levels, UCS and UCPRP were still
able to promote axonal regeneration.

Neuropeptide Y was involved in the modulation

of inflammation

As cornea axons are modulated by a variety of neuropep-
tides, we proceeded to plot their normalized counts for
comparison between all groups (Fig. 8A). It was found
that Neuropeptide Y (Npy), upon evaluating its down-
stream targets (Fig. 8B), was involved in the modulation
of inflammatory pathways following UCS and UCPRP
treatment as well.
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Discussion

Umbilical cord blood derivatives such as serum and
platelet-rich plasma are potent therapeutics due to the
heightened amount and quality of growth factors pre-
sent as compared to autologous serum and platelet-rich
plasma (Samarkanova et al. 2020). However, in-depth
characterization of their treatment effects is not well
documented and mostly conjectures based on the effects
of individual growth factors detected. This study has two
major impacts. First, we validated the feasibility of using
UCS and UCPRP in treating severe BAK-injured mice

cornea. Second, we showed that both UCS and UCPRP
were able to promote robust axonal regeneration in the
BAK-injured mice cornea.

The harmful effects of BAK on the ocular surface
were well documented (Vitoux et al. 2020; Kahook and
Noecker 2008; Kim et al. 2016; Goldstein et al. 2022).
Combining the results from animal studies and RNA-
seq analysis, we were able to obtain a multifaceted per-
spective on how BAK could be detrimental to the ocular
surface. Specifically, we observed a significant elevation
of fluorescein sodium staining and opacity in the cornea
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Fig. 8 Neuropeptide Y was involved in the modulation of inflammation. A Normalized counts of known neuropeptides in the cornea axons. B
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as well as a marked reduction of tear production, tear
break-up time, tear MucSac levels, and corneal sensitivity
(Fig. 1). These observations corresponded with the upreg-
ulation of inflammatory genes involved in the ‘regulation
of adaptive immune responses, ‘regulation of immune
cell migration, ‘cytokine production’ and ‘cytokine-
cytokine receptor interaction’ pathways. These results
were consistent and more comprehensive than previous
studies where they observed elevated levels of lympho-
cyte infiltration (Kahook and Noecker 2008; Liang et al.
2012), inflammatory markers such as Ccl2, 1l6, Mif, and
Tnfa (Vitoux et al. 2020; Kim et al. 2015) as well as cellu-
lar apoptosis. (Kim et al. 2016; Pauly et al. 2011)
Following the administration of UCS and UCPRP, we
observed widespread gene downregulation. Specifically,
using qPCR, we demonstrated reduced Tnfa mRNA
expression at 10 days post-UCS treatment (Fig. 3H),
aligning with a prior research indicating a notable
decrease in Tnfa mRNA level in mice with corneal alkali
burns at 7 days post UCS treatment compared to PBS
(Han et al. 2019). Besides that, Through KEGG analy-
sis, both UCS and UCPRP treatment was found to lead
to the downregulation of the ‘cytokine-cytokine recep-
tor interaction’ pathway and the ‘IL-17 signaling path-
way’ (Fig. 4). We also validated some of the genes found
in these pathways, specifically Cxcrl, Cxcr2, Ccl3, Ccl4,
Mmp3, Mmp9, 1l6, and Cxcl10. Cxcrl and Cxcr2 are
chemokine receptors that are expressed in neutrophils
and monocytes (Molczyk and Singh 2023). Accord-
ingly, the downregulation of both of these chemokine
receptors suggested that both of these cell types were

reduced in the UCS and UCPRP-treated samples. Cc/3 is
a chemotactic chemokine secreted by macrophages that
can recruit other macrophages and lymphocytes via the
Ccrl or Ccr5 receptor (Bhavsar et al. 2015; Gladue et al.
2010). Ccl4 is also a chemoattractant but can only act via
the Ccr5 receptor, which is expressed by T cells, imma-
ture dendritic cells (DCs), monocytes, and natural killer
(NK) cells (Ha et al. 2017). Therefore, their downregula-
tion suggested reduced levels of chemokines for attract-
ing lymphocytes. Macrophages and neutrophils are both
sources of Mmp3 and Mmp?9 (Gibbs et al. 1999a, 1999b).
However, fibroblasts and epithelial cells can produce
them as well when exposed to pro-inflammatory factors
(Warner et al. 2004). Both of these matrix metallopro-
teinases (MAMPs) have been shown to facilitate inflamma-
tion as their functional deletion and downregulation led
to failed and alleviated inflammatory responses respec-
tively (Warner et al. 2004; Wang et al. 1999). Based on
our results, although it is not known if the downregula-
tion of Mmp3 and Mmp?9 is a result or cause of reduced
inflammation, the outcome remained beneficial for cor-
neal healing. Besides that, 1/6 is a well-known pleiotropic
cytokine secreted by a large variety of cells that par-
ticipates in inflammation and tissue homeostasis while
Cxcl10 is also a chemokine that binds to Cxcr3 to activate
and recruit leukocytes such as T cells, monocytes, and
NK cells (Amo et al. 2022; Vazirinejad et al. 2014). To our
knowledge, there were no studies that documented the
downregulation of both of these pathways following UCS
and UCPRP treatment. However, we found an earlier
study that predicted the regulation of the IL-17 signaling
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pathway using platelet-rich plasma (PRP), suggesting that
our results were in agreement with the literature (Amo
et al. 2022). Taken together, these analyzes suggested that
the amelioration of inflammatory responses by UCS and
UCPRP could largely be attributed to the reduction of
innate immune cells, the decrease in chemoattractants,
which likely reduced the activation and recruitment of
adaptive immune cells, as well as the lessening of pro-
inflammatory MMZPs.

Besides that, the restoration of corneal sensitivity
was largely due to the robust axonal recovery observed
in UCS and UCPRP treatment groups. Although it was
shown that the regulation of key axonal guidance and/
or regeneration genes (Ngf, Rac2, Robo2, Srgapl, Rock2,
Sema4d) (Mandemakers and Barres 2005; Hivert et al.
2002; Lindsay 1988; Koch et al. 2014; Harris et al. 2020)
played a role in their recovery, the reduction of extreme
extents of inflammatory responses was most likely the
main contributor in enabling it. In this study, the direc-
tion of regulation for the axonal genes in the saline group
was mostly comparable to the UCPRP treatment group
and exactly similar to the UCS treatment group (Fig. 6B).
However, axon regeneration was only observed in UCS
and UCPRP groups where inflammation was also found
to be dampened, therefore suggesting that certain inflam-
matory responses might also play a role in axonal recov-
ery. Of note, although the inflammatory response was
alleviated in UCS and UCPRP-treated samples, they
were still relatively upregulated when compared to nor-
mal samples (Fig. 7). This observation was consistent
with previous studies, which demonstrated the role of
inflammation in promoting axonal regeneration (Mietto
et al. 2015; Bollaerts et al. 2017; Leon et al. 2000; Hauk
et al. 2010). Additional evidence of how inflammation
might be related to axon regeneration was revealed in
the prominent downregulation of Npy, a neuropeptide
expressed by corneal sympathetic nerves (Puri et al
2022), in the saline group, which corresponded to height-
ened gene expression of its known downstream targets
(Il6, Nfkb1, 111, Cd80, and Cd86) (Chen et al. 2020; Fer-
reira et al. 2011; Ding et al. 2021). This trend was reversed
when UCS and UCPRP were administered, indicating
that these treatments were able to elevate the expression
of Npy following BAK injury and subsequently reduce
the expression of the immune-related genes. Such inter-
actions where neuropeptides were observed to facilitate
crosstalk between the immune and nervous systems
on the ocular surface were documented in recent stud-
ies (Wu et al. 2022; Lee et al. 2023). However, our find-
ings primarily demonstrated the correlation between
inflammatory levels and axonal regeneration in the cor-
nea. While they may potentially describe the neuroim-
mune axis after UCS and UCPRP treatment, more work
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elucidating the temporal order of regulation between
inflammation and regeneration using techniques with
higher resolution such as scRNA-seq or CITE-seq should
be conducted.

Lastly, there are some limitations to using UCS,
UCPRP, or any other blood-derived biologics for cor-
neal treatment. Firstly, vascular endothelial growth factor
(VEGF) is one of the known factors in UCS and UCPRP
and a main driver of angiogenesis and neovasculariza-
tion (Yoon et al. 2007; Murphy et al. 2012). Using UCS
or UCPRP for cornea treatment would therefore be ill-
advised as it may lead to corneal neovascularization, a
condition where blood vessels form on the cornea and
cause vision loss. However, as the cornea can actively
maintain avascularity, this concern may be more applica-
ble to susceptible patients (Zazzo et al. 2021). Secondly,
both UCS and UCPRP are allogeneic and may lead to
adverse reactions. Thirdly, blood-derived therapeutics
are heterogeneous and may vary during each treatment
session. However, based on our current study, we have
shown that on average, treatment with UCS and UCPRP
resulted in beneficial outcomes. Future clinical studies
are required to ensure that the proposed method in this
work is, without a doubt, safe for the patients. Further-
more, UCS and UCPRP can also be used in areas where
axonal regeneration is required. For example, they can
potentially be administered into the vitreous humor for
treating some retinal lesions, where the retinal ganglion
cells (RGCs) and the nerve fiber axon reside. Last but not
least, while we were able to observe beneficial effects of
UCS and UCPRP on BAK-injured corneas, our results
remain gender-specific. For completeness, future tests
will also be conducted on male mice and compared with
our current data.

Conclusion

Through animal studies and RNA-seq analysis, we con-
firmed that severe BAK-induced injury triggers the
upregulation of both innate and adaptive immune
responses, resulting in observable morphological and
pathological alterations in the cornea. Following the
administration of UCS and UCPRP, significant cor-
neal recovery was achieved alongside the suppression
of extensive immune pathway activation. Subsequent
verification of key genes within two prominent KEGG
pathways indicated that this reduction in inflammation
likely stemmed from a decrease in immune cell pres-
ence, diminished chemoattractant levels, and a decrease
in pro-inflammatory MMPs. Additionally, the regula-
tion of pivotal axonal genes and Npy facilitated robust
axon recovery, closely correlating with the near-com-
plete restoration of corneal sensitivity. These findings
not only underscore the potential of cord blood-derived
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therapeutics in addressing sustained BAK-induced
corneal injuries but also emphasize the critical role of
achieving an optimal level of inflammatory response to
stimulate axon regeneration.
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