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Abstract
Background: The study aims to assess the potential of corneal reconstruction using mesenchymal stem
cells (MSCs) transplantation using temperature sensitive membranes as carriers and compare with �brin
glue method in chemically damaged rabbit cornea. Methods: MSCs were cultured from rabbit’s bone
marrow and transplanted over rabbit’s cornea, using either temperature sensitive membranes or �brin
glue method. Endogenous levels of MSCs were assessed to decide the optimal time point for
transplanting cells. MSC transplanted corneas were harvested 15, 30 and 60 days post transplantation.
Corneal repair markers were evaluated using histopathology, immunohistochemistry (IHC) and real time
PCR. The quality of cornea reconstructed was evaluated using corneal opacity scoring and IHC. Results:
Endogenous levels of MSCs were signi�cantly higher 48 hours post corneal injury. Transplantation of
MSCs using temperature sensitive method resulted in uniform and homogenous spread of MSCs over the
damaged surface. Corneal transparency improved 7 days onward in rabbit chemical injured cornea after
MSC transplantation. Immunohistochemistry (IHC) of damaged cornea showed complete absence of
corneal epithelium as seen by CK3 expression, while re-epithelialization was observed after MSC
transplantation. Histopathology showed complete re-epithelialization 15 days of transplantation.
Evaluation of corneal quality using epithelial and stromal markers showing restoration of vimentin, α-
smooth muscle actin and collagen levels in MSC transplanted cornea compared to damaged corneas.
CK3 expression showed differentiation of MSC into corneal epithelial cells. MSC transplanted corneal
clarity seemed a little better with temperature sensitive method compared to �brin glue method. No toxic
effects of MSC transplantation were observed on other organs or on resident corneal cells. Conclusions:
Temperature sensitive surface MSC transplantation method results in uniform and homogenous delivery
of cells on corneal surface and a transparent clear cornea. Epithelial and stromal markers showing
restoration of vimentin, α-smooth muscle actin and collagen levels in MSC transplanted cornea compared
to chemically damaged corneas. Our data also show the differentiation of MSC into corneal epithelial
cells on corneal surface. Overall temperature surface MSC transplantation is an easy and safe alternative
method to �brin glue for exploring corneal reconstruction.

Background
Corneal blindness is the second leading cause of blindness with prevalence of 4.9 million cases across
the globe [1]. In case of insult to the cornea, limbal stem cells in the basement kick start the repair and
maintain corneal transparency by various cytoskeletal elements including vimentin, alpha smooth muscle
actin and collagen-1 [2]. Common treatment modalities in severe chemical injuries include the use of
amniotic membranes, autologous serum and bandage contact lenses, with variable scales of success [3-
5]. Transplantation strategies include autologous limbal grafts in case of unilateral limbal stem cell
de�ciency (LSCD) or unilateral injury, while limbal allografts in bilateral LSCD. However the grafts
involving allogenic limbus transplantation signi�cantly increase the chances of graft rejection as
compared to corneal transplant [6].  
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These challenges have resulted in focus on stem cell research towards corneal reconstruction [7-12].
Hematopoietic stem cells and mesenchymal stem cells (MSCs) have primarily drawn attention and tried
by several groups in corneal reconstruction. MSCs being non-hematopoietic and self-renewing cells with
potency and differentiation potential comparable to embryonic stem cells [13]. Additionally, MSCs have
been known to exert anti-in�ammatory and anti-angiogenic effects on the cornea, favouring the
therapeutic potential of MSCs transplantation [11]. Various carriers including amniotic membranes,
temperature responsive surfaces and �brin glue have been explored for cell transplantation over
damaged corneal surface [14-18].

MSCs have been shown the potential to differentiate into corneal epithelial cells [9]. These cells were
effectively able to reconstruct corneal surface in an alkali injury rat model using amniotic membranes
[10]. Also, MSCs or their conditioned media applied over injured cornea, showed signi�cant corneal
wound healing [19]. Despite these reports on feasibility of MSCs as choice of transplantation, there are
scanty reports of MSC transplantation using temperature sensitive surfaces and no study to the best of
our knowledge have compared the e�cacy of temperature sensitive surfaces with routinely used
methods of cell transplantation for corneal reconstruction.

In view of these reports, we aimed to assess the feasibility and e�cacy of temperature responsive
surfaces for transplantation of MSCs. We attempted to transplant autologous MSCs over damaged
cornea of New Zealand White rabbits, using either a temperature sensitive surface or �brin glue assisted
transplantation. Rabbit was chosen due to its similarities of corneal parameters such as endothelial cell
density, central corneal thickness, decrease in corneal diameter with age, to that of humans. MSCs were
transplanted at the time showing highest endogenous levels of MSCs in peripheral blood. Corneal repair
and quality of cornea reconstructed was assessed by clinical scoring, OCT Imaging and IHC using
corneal and stromal markers. Differentiation of MSC into corneal epithelial markers was evaluated using
CK3 expression.

Methods
Corneal injury model:

Rabbits were subjected to corneal injury under general anaesthesia with an intramuscular injection of
Xylazine (12mg/kg) and ketamine (40mg/kg) during the day. Corneal wounds were made by contact with
�lter paper (15mm diameter; 30s contact time) soaked in 1N NaOH, followed by corneal and limbal
epithelium scrapping using a surgical blade. Antibiotic drops (Moxi�oxacin 0.5%) were applied four times
a day for 7 days. No immunosuppressive drugs were used in the study. Fluorescein staining was
performed to evaluate the degree of corneal damage.

MSC isolation and culture: Rabbits were euthanized with overdose of barbiturates i.e. thiopentone
(20mg/kg). A cut around tibia and femur was made aseptically and the bones were collected in low
glucose DMEM medium with 1% penicillin-streptomycin, kept on ice. Approximately 8 ml of marrow tissue
was aspirated using biopsy needle (18 gauge) and poured in a sterile petri dish. Tissue was chopped
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�nely and small pieces were placed in 24 well cell culture plates with media just covering the tissue.
Culture media (500μL) was added into each well after 2 days of undisturbed incubation at 370C, 5% CO2.
The adherence and con�uency was assessed and subcultures performed periodically for 14 days. After
the cells attained con�uency they were transferred to T-25 �ask. Trypsinization conditions were kept such
that there was minimum contamination by non-MSCs (2 mins; 250C) as reported earlier.[20]

Purity assessment and characterization of cultured MSCs:

The cultured cells were morphologically assessed using microscopy. The cells were then characterized
for the expression of MSC markers including CD90, CD81, CD34 and HLA-DR using anti rabbit CD90-FITC
(OX-7), CD34 (QBEnd-10) (primary antibody) (Thermo Fisher Scienti�c, MO, USA) and anti mouse IgG1-
PerCP (secondary antibody) (BD Biosciences, CA, USA), anti rabbit CD81-APC (JS-81) and anti human
HLA-DR-PE (TU36) (BD) by �ow cytometry. Brie�y, 106 cells were stained with 5μl of anti rabbit CD34
antibody per tube and incubated for 30 minutes at room temperature (RT), followed by washing with 1X
PBS. The washed cells were then stained with anti mouse IgG1 Per-CP and incubated at RT for 30
minutes. The cells were washed with 1X PBS and stained with anti rabbit CD90-FITC, CD81-APC and HLA-
DR-PE antibodies, followed by washing and acquisition on �ow cytometer and data analysed using FACS
Diva software version 7.0. Cells were gated on the basis of forward and side scatter pro�le, followed by
doublet discrimination and gating of assessment of proportion of MSCs in the gated cluster. The purity of
CD90+CD81+CD34-HLA-DR- MSCs was calculated. Hoechst pumping assay was also employed for
characterization of MSCs [21]. Brie�y, the MSCs cultured over cover slip were stained using Hoechst
33342 dye (1:2,000 of 10mg/ml stock) (Thermo). Blue and red Hoechst �uorescence signals were
collected with 424/44 band pass and 620 long pass �lter respectively, displayed on a linear, dual-
�uorescence dot plot. The data was acquired on FACS LSR Fortessa �ow cytometer (BD) and analysed
using FACS Diva Software v 7.0.

Endogenous levels of MSCs and chemoattractants:

Ear vein puncture was performed to withdraw peripheral blood at 0,24,48,72 hours post corneal injury and
blood collected in EDTA and serum vials. Serum was preserved at -800C for ELISA. The frequencies of
MSCs were assessed in cells using �ow cytometry as discussed above. The frequencies of MSCs were
reported as percent of gated cells (in region de�ned for MSCs on the basis of forward and side scatter).
The Levels of SDF-1 and substance P (chemoattractants) in serum were analysed using Rabbit Stromal
Cell Derived Factor 1 alpha (SDF-1α) ELISA kit & Substance P ELISA kit (Sincere Biotech Co., Ltd, Beijing,
China) assay kit, as per manufacturer prescriptions. The minimum detection limit (with intra, inter assay
CV) for SDF1-α was 31.1 pg/mL (≤9.00, ≤15.0%) and that of substance P was 12.6 pg/mL (≤9.00,
≤15.0%). All the samples were run in duplicates and the concentration of each cytokine was interpolated
from standard curves using standards provided with the kits.  

MSC transplantation: MSCs were transplanted 48 hours post corneal injury (Table 1). Prior to
transplantation, MSCs were labelled with CFSE for assessing the distribution and retention of MSCs over



Page 5/17

the damaged corneal surface. In one set of experiments, MSCs were cultured overnight, in temperature
sensitive culture plates (Nunc UpCell Surface, Roskilde, Denmark), followed by placement of the
membrane over the cell layer at 20°C for 15 minutes for facilitating the transfer of MSCs onto the
membrane. The membrane was then placed over the damaged cornea and kept for 30 minutes to allow
the adherence of cells to the corneal surface. In independent experiments, MSCs were applied drop wise
(2x105 cells/ml) along with �brin glue (sealer protein and thrombin solution) over the damaged cornea
(Baxter International, IL, USA). No immunomodulatory drugs were used during or after transplantation.
Rabbit corneas were imaged weekly, a group of rabbits were sacri�ced at day 15, 30 and day 60.

Fluorescein staining: Fluorescein staining was performed on corneas pre and post injury to ensure
complete corneal damage after injury and before enucleation for assessing the effect of transplantation
on healing of epithelium. Brie�y �uorescein strips were placed between eyelids of animals, after local
anaesthesia using proparacaine and eyes washed with normal saline. Images of eye were taken using a
DSLR camera (Canon Inc., Japan). The extent of epithelial defect was compared between 4 groups at all
time points by scoring the images using clinical scoring criteria [22].

OCT Imaging: Rabbits were anesthetized by lower dose of Xylazine (10mg/kg) and ketamine (35mg/kg)
and subjected to anterior segment OCT after hydrating cornea using normal saline. Anterior segment OCT
was then evaluated for corneal surface regularity and contour.

Confocal microscopy: The distribution of transplanted CFSE labelled MSCs over the damaged corneal
surface was assessed using confocal microscopy of slides prepared after the enucleation. Brie�y, the
cornea was chopped to small pieces and placed over slides. The slides were then �xed and observed
under confocal microscope in FITC channel.

Histopathology: Eyes were enucleated, washed with 1X PBS, followed by dissection of the cornea. The
corneas were �xed in 4% paraformaldehyde (PFA) for 3 days. 4μm para�n embedded sections were
prepared, stained with Haematoxylin and eosin and observed under light microscope for qualitative
evaluation (Olympus, Tokyo, Japan).

Immunohistochemistry: In order to evaluate epithelial and stromal markers in transplanted cornea, IHC
was performed. Brie�y, Four µm sections obtained from the para�n-embedded cornea were transferred
onto poly-L-Lysine coated slides (Sigma Aldrich). The antigen retrieval was performed by heat mediated
antigen retrieval using sodium citrate buffer (pH=6). The Endogenous peroxidase activity was quenched
by incubating the sections in 3% hydrogen peroxide for 20 mins at RT. Subsequently, the slides were
stained with primary anti-rabbit cytokeratin 3 (1:80), vimentin (1:20), alpha SMA (1:150) and Collagen 1
(1:350) antibodies (Thermo) overnight at 40C followed by washing with PBS. The slides were then
stained with HRP conjugated secondary goat anti-rabbit IgG antibody for 1 hour at RT, followed by
addition of diaminobenzidine (DAB) solution. The slides were counter stained with haematoxylin and
mounted with DPX mountant (Sigma Aldrich). The slides were then viewed under light microscope at 20X

https://www.google.co.in/search?espv=2&biw=1366&bih=662&q=Roskilde+Denmark&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEy3sCiqUOIAsbOLC8q1VDLKrfST83NyUpNLMvPz9POL0hPzMqsSQZxiq7T80ryU1BQAv6NTNT4AAAA&sa=X&ved=0ahUKEwijk42jrozSAhXGv48KHVgdBcoQmxMIiwEoATAP
https://www.google.co.in/search?espv=2&biw=1366&bih=662&q=Denmark&stick=H4sIAAAAAAAAAOPgE-LSz9U3sEy3sCiqUOLWT9c3NDIsMK0yzNBSySi30k_Oz8lJTS7JzM_Tzy9KT8zLrEoEcYqt0vJL81JSUwBNGyqNQQAAAA&sa=X&ved=0ahUKEwijk42jrozSAhXGv48KHVgdBcoQmxMIjAEoAjAP
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magni�cation (Olympus BX53, Tokyo, Japan). Negative controls were performed in the absence of
primary antibodies.

TUNEL ASSAY: The extent of apoptosis was evaluated in corneal sections using tunnel assay kit, as per
manufacturer instructions (TACS®2 TdT DAB kit, Trevigen, MD, USA). Brie�y, the slides were
depara�nised, rehydrated and then treated with proteinase K, followed by blocking using 3% hydrogen
peroxide. The slides were then labelled with the provided labelling buffer and stained with HRP and
developed using DAB. The slides were then counterstained with methyl green. Positive control slides were
made using TACS nuclease enzyme provided in the kit.

Statistical analysis: The frequency of endogenous MSCs and levels of chemoattractants were compared
using one-way analysis of variance (ANOVA). Corneal grades and IHC scores were compared using Mann-
Whitney U test. The data was analysed using graphpad prism version 5.0. The data is depicted as
Mean±SEM.

Results
Explant based culture from after bone marrow harvesting provides a homogenous population of MSCs:
MSCs (Rb-MSCs) were cultured from rabbit bone marrow using explant-based approach. Trypsinization
was performed 3rd day after culturing and colonies of MSCs were observed in the culture dish after 5
days. The characteristic spindle shaped morphology was clearly observed after 5 days of explant culture
(Figure 1A). A single con�uent layer of adherent cells was obtained after 14 days (Figure 1B). The cells
from primary culture were trypsinised and characterised using rb-MSC markers i.e. CD90, CD81, CD34 and
HLA-DR. MSC cluster was gated on the basis of forward and side scatter (Figure 1C). CD90+CD81+ cells
constituted 99.87±0.09% of all singlets (Figure 1D,H). True MSCs having CD90+CD81+CD34-HLA-DR-

phenotype were found to be 94.13±2.03% of CD81+CD90+ singlets (Figure 1E,H).

To further con�rm the identity of cultured cells, these were subjected to hoechst staining. Hoechst 33342
dye stains �broblasts whereas stem cells pump out this dye because of excessive sodium ATPase
activity. We observed 81.10±1.94% of cultured cells to be showing the pumping activity for Hoechst
33342 (Figure 1F,G,H). Hoechst staining and immunophenotyping established that primary culture was a
pure culture of MSCs.

Chemical corneal injury increases endogenous levels of MSCs and chemoattractants promoting their
migration: To assess the effect of corneal injury of endogenous MSCs mobilization, we measured the
frequencies of MSCs in the peripheral blood at 0 (Figure 2A), 24 (Figure 2B), 48 (Figure 2C) and 72 hours
(Figure 2D) post corneal injury. There was an insigni�cant increase in frequency of endogenous MSCs in
blood at 24 hours (0.46±0.09%) as compared to frequency of MSCs before corneal injury (0.41±0.09%)
(p=0.76, n=8) (Figure 2E). However, we found that the frequency of MSCs was signi�cantly higher 48
hours after injury (1.765±0.36%) as compared to that before injury (p=.0019, n=8) (Figure 2E). These
frequencies sustained till 72 hours, with levels being signi�cantly higher (0.99±0.36%) as compared to
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those before injury (p=0.038, n=8). The levels of SDF1-α were found to be apparently higher 48 hours post
injury (384.1±54.32 pg/ml) as compared to levels before injury (252.3±15.68 pg/ml) (p=0.059, n=4)
(Figure 2F, G). The elevated levels of substance P 48 hours post corneal injury (115.60±2.74 pg/ml) as
compared to before injury (85.76±4.95 pg/ml) (p=0.03, n=4) (Figure 2H, I) also indicated the mobilization
of stem cell pool. There was no signi�cant difference in levels post 24 or 72 hours. Taken together, these
observations suggest that corneal injury does have a signi�cant impact on mobilization of MSCs in the
blood and number of MSCs vary at different time intervals after the corneal injury.

MSC transplantation using temperature sensitive surfaces result in uniform spread of cells over damaged
surface: The healthy cornea didn’t show any �uorescence i.e. grade 0 cornea (Figure 3A) while damaged
rabbit cornea showed complete uptake of �uorescein dye i.e. grade 4 cornea (Figure 3B). Further
damaged cornea was evaluated at different time points and showed ulcer formation by day 60 in the
damage group (Figure 3C), while a clearer cornea was observed after MSC transplantation using
temperature sensitive membranes (Figure 3D). Haematoxylin & Eosin staining of normal cornea showed
�ve layers of healthy cornea (Figure 3E) while damage was con�rmed by the partial or complete absence
of corneal epithelium, migration of leucocytes and presence of RBCs (Figure 3F). The transplantation of
MSCs using temperature sensitive surfaces (Figure 3H,J) resulted in a better and uniform spread of MSCs
as compared to �brin glue method (Figure 3G,I), as assessed by confocal microscopy (Olympus, Tokyo,
Japan).

Temperature sensitive surface assisted MSC transplantation over damaged cornea results in transparent
corneal surface: Corneal repair was assessed post MSC transplantation using various methods. Overall,
we observed apparently better corneal quality using temperature sensitive surfaces as compared to �brin
glue assisted transplantation.

Corneal grading was performed in live rabbits by staining corneas using akorn ful-Go® �uorescein strips
(Akorn Pharmaceuticals, IL, USA) and were clinically scored [22]. The scores were compared at different
time points (15, 30 and 60 days) to damage alone cornea, in both treatment sets. The scores were found
to be signi�cantly higher in damaged group (2.78±0.15) as compared to �brin glue transplanted group
(0.56±0.17) (p=0.008, n=9) (Figure 4A), as well as temperature sensitive membrane method (0.33±0.17)
(p=0.008, n=9) (Figure 4B) on day 60. It clearly showed signi�cant healing of corneas with both methods
in MSC transplanted group as compared to the chemically damaged cornea group. Temperature sensitive
membrane assisted MSC transplantation showed apparently lower scores than that using �brin glue
(p=0.07, n=9) (Figure 4C), indicating better e�ciency using this method.

OCT imaging showed irregular cornea with no epithelial membrane in case of chemically damaged
cornea group (Figure 4D,G), however chemically damaged rabbit corneal surface transplanted with MSC
using both �brin glue and temperature sensitive method resulted in epithelial membrane regeneration 15
day onward and transformed into smooth corneal surface (Figure 4E,H) and 30 days  (Figure 4F,I).
Temperature sensitive surfaces treated corneas appeared to have a little better corneal grading compared
to �brin glue methods however the difference was not found statistically signi�cant.   



Page 8/17

H&E staining of corneal sections clearly showed damaged cornea with complete absence of cornea;
epithelium, migration of leucocytes and RBCs (Figure 4J). while re-epithelialization of corneal epithelium
was observed post transplantation using temperature sensitive membrane (Figure 4K) as well as �brin
glue approach (Figure 4L). Corneal stroma thickness which was increased post injury came back to its
normal state after MSC transplantation.

Immunohistochemistry of CK3 further con�rmed the re-epithelialisation and differentiation of MSC into
corneal epithelial cells. The chemically damaged cornea resulted in loss of CK3 expression (Figure 4M) in
corneal sections, however restored CK3 expression observed with both methods of MSC transplantation.
Expression of CK3 was observed as early as 15 days post transplantation using both the approaches
(Figure 4N,O).

MSC transplantation restores corneal homeostasis for corneal reconstruction markers:
Immunohistochemical studies were performed for corneal reconstruction markers including Collagen 1,
alpha SMA and Vimentin [2]. There was a statistically signi�cant increase in vimentin expression in
cornea upon chemical induced damage (p=0.013, n=3). MSC transplantation reversed the increase and
we observed a statistically signi�cant decrease in vimentin levels as compared to damaged corneas,
(p=0.02, n=3) (Figure 5 A-C,J). As expected there was no statistically signi�cant difference in vimentin
expression levels of control and transplanted cornea (p=0.51, n=3).

 We observed a statistically signi�cant increase in expression of α-SMA upon corneal damage (p=0.002,
n=3). The expression pattern was reversed in eyes which received transplanted MSCs (p=0.007, n=3). As
observed for vimentin, the expression levels of α-SMA were not signi�cantly different between control and
transplanted cornea (p=0.10, n=3) (Figure 5 D-F,K).

The comparison of control and damaged cornea showed an insigni�cant increase in collagen 1
expression levels (p=0.10, n=3). We found a statistically signi�cant increase in levels of collagen 1 in
transplanted cornea as compared to damage alone group (p=0.04, n=3). The comparison of control and
transplanted cornea showed a statistically signi�cant increase in collagen 1 levels in transplanted group,
thereby signifying MSC induced wound healing (p=0.008, n=3) (Figure 5 G-I,L).

MSC transplantation doesn’t induces apoptosis in neighbouring cells: Histology study of organs like
kidney liver and spleen showed that there was no cell mass seen in these organs post transplantation
(Figure 6 A,B). No apoptosis in the surrounding cells was observed post MSC transplantation and control
cornea (Figure 6 C,E,D).

Discussion
Commonly used methods for corneal stem cell transplantation include the use of amniotic membranes,
contact lenses and �brin glue with its own limitations [3, 5, 23]. A few studies have previously shown
MSCs ability to differentiate into cells with morphology and phenotype similar to corneal epithelial cells
[9, 10]. MSCs cultured over amniotic membranes have been shown to reconstruct the damaged corneal
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surface via inhibition of in�ammation. Systemic transplantation of MSCs also improved the corneal
quality after chemical induced damage [24]. Bone marrow derived mesenchymal stem cells (MSCs) on
amniotic membrane have been shown to trans-differentiate into corneal epithelial like cells in vitro [12,
25]. Human or rabbit limbal stem cells have been successfully cultured on temperature-responsive culture
surfaces but not well characterized towards corneal cell phenotype [17, 26]. Human undifferentiated
immature dental pulp stem cells and autologous oral mucosal epithelial cells expanded ex vivo on
temperature-responsive cell culture surfaces been shown for reconstruction of ocular surfaces without
characterizing the repaired cornea cell type [26, 27]. We have not only used temperature sensitive
surfaces for corneal reconstruction, further have well characterized the MSC differentiation into corneal
epithelial cells and �nally compared with traditionally used �brin glue method. Moreover, we performed
extensive expression analysis of various molecules including vimentin, α-SMA, collagen-1, CK3 and
performed OCT to check quality of reconstructed corneal surface and assessed long term impact of MSC
transplantation over the damaged cornea. Our results clearly showed that quality of reconstructed cornea
gradually improved in group of animals observed for 60 days as compared to 30 and 15 day groups.
Corneal clarity was apparently better with temperature surface method compared to �brin glue.    

A major drawback with �brin glue method of transplantation of MSCs or any other cells is clumping of
cells and non-uniform layering over the damaged corneal surface. Temperature sensitive surfaces solve
this problem by providing a single layer of cells with uniform cell distribution over damaged area. Cell
sheet engineering method is been widely explored for tissue reconstruction in various organs [28, 29].
This method is better than injecting cells because of ease of controlling size, shape and location of
grafted cells [28]. In our study, the delivery of cells appeared to be more uniform compared to �brin glue,
which showed continuous sheets of CFSE labelled MSCs while using temperature sensitive surfaces.
Being a sutureless method, it is as safe as �brin glue assisted transplantation. Further, these sheets allow
cultured MSCs to interact immediately and directly with the damaged surface without any interference of
cell carriers such as amniotic membrane or �brin glue. A very few studies have earlier tested the
feasibility of these membranes in transplantation of limbal stem cells over the damaged corneal
surfaces, which are promising in case of unilateral corneal damage [17]. In context of endogenous stem
cell mobilization after injury, a few earlier studies in mice have reported a positive impact of injury on the
migration of MSCs in the peripheral blood [24, 30, 31]. In concordance with previous reports, we found
that corneal damage creates a transient stimulus for release of MSCs from bone marrow to the peripheral
blood in rabbits. Due to similar trend across mouse and rabbit species, it can be extrapolated that timing
of MSC transplantation can positively affect the outcome of transplantation in humans too.

We conclusively established corneal repair after MSC transplantation using live animal OCT imaging
showing smooth corneal surface and �uorescein staining showing minimal uptake of the dye.
Concomitantly, the IHC of corneal sections from transplanted group clearly showed the expression of
markers of corneal epithelial cells, suggesting the differentiation of rb-MSCs into corneal epithelial cells.
Further the expression patterns of vimentin, collagen 1 and alpha SMA also supported the observations
by showing similar expression in transplanted and normal cornea, over an extended period of time. The
use of BM-MSCs in a way didn’t have toxic effects on neighbouring cells and prevented any teratoma



Page 10/17

formation in major peripheral organs, in compliance with other reports in the literature for stem cells [32].
Further MSC transplantation didn’t induce any noticeable cell death in the target tissue.  Conclusions:
Taken together, we observed apparently better corneal quality using temperature sensitive surfaces. The
method provides distinct advantage in terms of uniformity of cell distribution. The method could be used
for other types of cell transplantation over the damaged ocular surfaces.
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Tables

Table 1: Description of animal groups

S.NO. GROUP DESCRIPTION

1 Control group (n=3) Normal cornea and bone marrow harvesting

2. Damage group (n=3) Cornea damage

2 Injury + MSC transplantation
(Fibrin glue -15,30 and 60 days; n=9)

Live imaging & Eye Enucleation to evaluate corneal
repair and reconstruction

3 Injury + MSC transplantation
(Temperature sensitive membrane -15,30
and 60 days; n=9)

Live imaging & Eye Enucleation to evaluate corneal
repair and reconstruction

Figures
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Figure 1

Culture and characterization of bone marrow derived MSCs: MSCs were cultured using explant based
approach in low glucose DMEM containing 1% penstrept and 10% FBS. MSCs showed colony formation
and characteristic spindle shaped morphology after 5 days of culture (A), while con�uency was attained
at day 14 (B). Flow cytometric analysis of MSCs upon immunostaining with CD90, CD81, CD34 and HLA-
DR antibodies was done by gating cluster of cells P1 (C) and assessing the proportion of CD81+CD90+
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cells gated from singlets after comparison with �uorescence minus one control (D). CD 34- HLADR- cells
were gated for assessment of �nal phenotype of cells (E). MSCs expressed CD90 and CD81 but they
didn’t express CD34 and HLA-DR. Further, Hoechst blue �uorescence was detected using 424/44 �lter (F),
while red �uorescence was detected using 620 LP �lter (G) showing MSC pumping out Hoechst dye. The
percentage purity of MSCs obtained from cultures was 94.13±2.03% (H).

Figure 2

Effect of corneal injury on migration of MSCs: The frequency of CD90+CD81+CD34-HLA-DR- MSCs was
assessed at various time intervals ranging from 0 hr (A), 24 hr (B), 48 hr (C) and 72 hr (D) after corneal
injury. Frequency of MSCs in peripheral blood was signi�cantly higher 48 (p=0.0019, n=8) and 72 hours
(p=0.038, n=8) after injury, as compared to that before injury (E). The levels of SDF-1α and substance P
were calculated from respective standard curves (F, H). SDF-1α levels were found to be apparently higher,
48 hours post injury (384.1±54.32 pg/ml) as compared to levels before injury (252.3±15.68 pg/ml)
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(p=0.059, n=4) (G). Substance P levels were found to be signi�cantly higher 48 hours post corneal injury
as compared to levels before injury (p=0.03, n=4) (I).

Figure 3

Transplantation of MSCs over damaged corneal surface: The extent of corneal damage was assessed
using corneal surface �uorescein staining. Rabbit normal cornea (A), damage cornea at day 0 (B),
damage cornea at day 60 (C) and reconstructed cornea using temperature sensitive membranes at day
60 (D). H&E stained normal cornea showed all the �ve layers of healthy cornea (E), while damaged
cornea showed partial or complete absence of corneal epithelium, migration of leucocytes and presence
of RBCs (F). Representative �gure shows �brin glue based MSC transplantation (G) and temperature
sensitive membrane assisted transplantation over the damaged corneal surface as imaged at the end of
the procedure (H). The spread of transplanted cells over the damaged surface was assessed using
confocal microscopy. Fibrin glue assisted transplanted eyes showed patches of CFSE �uorescence (I).
The temperature sensitive membrane assisted animals showed uniform distribution of MSCs (J).

Figure 4

Evaluation of corneal quality after MSC transplantation: The extent of repair was compared between
transplanted and damaged cornea using visual corneal grading. The grades of MSC transplanted
corneas using �brin glue method were found to be signi�cantly lower than damaged cornea (p=0.007,
n=9) (A). Similar trend was observed for MSC transplanted corneas using temperature sensitive method
(p=0.008, n=9) (B). Apparently higher grading scores were observed in �brin glue method as compared to
temperature sensitive method (p=0.07, n=9) (C), indicating better results with the latter method. The
anterior segment OCT imaging in damaged cornea showed irregularities in corneal surface as earlier as
day 15 (D), while corneal ulcers at day 60 (G). MSC transplantation using temperature sensitive
membranes showed smooth corneal surface at day 15 (E), 60(F). Similarly �brin glue MSC
transplantation appeared to improve the corneal surface at day 15 (H) and day 60 (I). H&E staining of
damaged cornea showed absence of corneal epithelium, in�ltration of leucocytes and presence of RBCs
(J), while the transplanted cornea showed re-epithelialization of cornea, post transplantation in both
temperature sensitive approach (K) and �brin glue method (L). Immunohistochemistry (IHC) of damaged
cornea showed complete absence of corneal epithelium as seen by CK3 expression (M), while re-
epithelialization was observed after MSC transplantation using temperature sensitive membrane method
(N), as well as �brin glue mediated transplantation (O).

Figure 5
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Evaluation of corneal transparency post MSC transplantation: The evaluation of corneal quality was
done using IHC for vimentin, α-smooth muscle actin and collagen 1. Normal cornea (A), damaged cornea
(B) and the transplanted cornea (C) showed the observable differences in expression of vimentin.
Similarly α-SMA expression in normal cornea (D), damaged corneas (E) and transplanted cornea (F) was
shown. Collagen 1 expression in normal cornea (G), damaged cornea (H) and MSC transplanted cornea
(I) also showed differences in expression. IHC scoring of vimentin levels showed statistically signi�cant
increase in expression upon chemical induced damage (p=0.013, n=3), while MSC transplantation
resulted in a statistically signi�cant decrease in compared to damaged corneas, (p=0.02, n=3) (J).
Similarly increase in expression of α-SMA after corneal damage (p=0.002, n=3) compared to control
cornea and decreased expression after transplantation was observed (p=0.007, n=3) (K). Although,
Corneal damage resulted in an insigni�cantly increased expression of collagen 1 (p=0.10, n=3),
statistically signi�cant increase was observed in transplanted cornea as compared to damage alone
group (p=0.04, n=3) (L). A statistically signi�cant increase in expression of collagen 1 was observed in
transplanted group as compared to control, thereby signifying MSC induced wound healing (p=0.008,
n=3) (L).

Figure 6

The effect of MSC transplantation on teratoma formation: H&E staining of kidney (A) and liver (B)
sections showed no teratoma formation. Apoptosis evaluation using TUNEL assay in control cornea
showed no apoptotic nuclei (C), as compared to positive control cornea (generated using TACS nuclease)
which showed many apoptotic nuclei (D). No apoptotic nuclei were observed in MSC transplanted cornea
(E).
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