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Abstract: Amnion-derived mesenchymal stem cells (AMSCs) are multipotent cells with
an enhanced ability to differentiate into multiple lineages. AMSCs can be acquired through
noninvasive methods, and therefore are exempt from the typical ethical issues surrounding stem
cell use. The objective of this study was to isolate and characterize AMSCs from a cat amniotic
membrane for future application in regenerative medicine. The cat AMSCs were harvested after
mechanical and enzymatic digestion of amnion. In culture medium, the cat AMSCs adhered to
a plastic culture dish and displayed a fibroblast-like morphology. Immunophenotyping assays
were positive for the mesenchymal stem cell-specific markers CD73 and CD90 but not the
hematopoietic markers CD34, CD45, and CD79. Under appropriate conditions, the cat AMSCs
differentiated into osteogenic, chondrogenic, and adipogenic cell lineages. One advantage of
cat AMSCs was nonteratogenicity, assessed 4 weeks post injection of undifferentiated AMSCs
into immunodeficient mice. These findings suggest that cat amniotic membranes may be an
important and useful source of mesenchymal stem cells for clinical applications, especially for
cell or tissue replacement in chronic and degenerative diseases.
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Introduction
Mesenchymal stem cells (MSCs) have awakened interest in regenerative medicine due
to their high capability to proliferate and differentiate into specialized lineages under
specific stimuli."* MSCs are multipotent adult somatic stem cells derived from bone
marrow and also from a wide variety of organs, including the reproductive system,
eg, the endometrium and ovaries, and also postnatal organs.>> Extraembryonic and
fetal tissue-derived stem cells have recently received increased interest in the field
of regenerative medicine.®'® These cells have an enhanced ability for differentia-
tion into multiple specialized lineages under specific conditions, can be acquired
through noninvasive methods and are exempt from ethical issues because the tissues
they come from are discarded after birth."!!"!* The amniotic membrane is widely
used in tissue engineering to promote wound epithelialization'® and ocular surface
reconstruction.'¢

The amniotic membrane comprises two types of cells, ie, amniotic epithelial stem
cells that line the inner surface of the amnion and amniotic mesenchymal stem cells
(AMSCs) that are dispersed throughout the stroma. Given their immunomodula-
tory properties, anti-inflammatory functions, and nontumorigenicity, AMSCs are a
promising tool in cell therapy and regenerative medicine.”!*!” Previous studies have
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characterized amniotic membrane-derived cells from
full-term human,'*>'#2% horse,'* cat,®?! bovine,?? ovine,? rat,>
and canine®? placenta.

The present study was aimed at isolating and character-
izing progenitor mesenchymal cells from cat amniotic mem-
branes for future applications in cell therapy (eg, autologous
and allogeneic transplantation assays). We gave special
attention to teratogenicity evaluation of this cell lineage after
transplantation into immunodeficient mice since it is a key
point in cell therapy.

Carnivores have been considered an attractive animal
model for human disease trials.**?” Besides the similarity of
many genetic and chronic diseases with humans, carnivores
can be handled easily, opening up possibilities for conduct-
ing experiments with larger numbers of animals with more
confident results.

Materials and methods

Isolation and culture of cat AMSCs
All experiments and procedures were performed in accor-
dance with the ethical principles in animal research by
COBEA (Colégio Brasileiro de Experimentagdo Animal), and
the study was approved by the Faculty of Animal Science and
Food Engineering ethical committee (2011.1.1658.74.6).
The AMSCs were isolated from four fetal membranes
(45 days) collected after routine ovariohysterectomy in
cats under general anesthesia. The placentas were carefully
washed with sterile phosphate-buffered saline (PBS) and
transported in sterile standard collection containers. The
amniotic membrane was mechanically separated from the
allantoic sac, then washed repeatedly with sterile PBS at
room temperature to remove blood and debris. The pieces
of cat amniotic membrane were minced and subjected to
enzymatic digestion (0.1% collagenase solution at 38.5°C).
The products of digestion were passed through a 40 um nylon
filter (BD Falcon nylon cell strainer, BD Biosciences, San
Jose, CA, USA, catalog number 352340). The cell solution
was centrifuged at 303 g for 5 minutes at room temperature.
The supernatant was discarded, and the cell pellet were resus-
pended in 1 mL of Dulbecco’s modified Eagle’s medium/
Ham'’s F12 solution (1:1, LGC Biotecnologia Ltda, Cotia,
Brazil, catalog number 05) supplemented with 10% fetal
bovine serum, 1% nonessential amino acids, 1% L-glu-
tamine, and 1% penicillin and streptomycin. The isolated
cells were seeded in cell culture dishes with Dulbecco’s
modified Eagle’s medium/F12 culture medium supplemented
as described above at 38.5°C and with 5% CO,. The culture
medium was replaced 24 hours after initial plating to remove

the nonadherent cells. When plated cells reached 80%—90%
confluence, the culture was recovered using trypsin 0.25%
(Tryple Express, Invitrogen, Carlsbad, CA, USA) for pro-
liferation, in vitro differentiation, and immunophenotyping
assays.

Cell quantification and doubling

time analysis

The isolated cat AMSCs were counted using a Neubauer
chamber. The trypan blue dye method (1:1) was used to
access cell viability. Cell viability was expressed as a per-
centage of unstained (living) cells.

To determine the cell doubling time, AMSCs at passage
one were seeded in triplicate in tissue culture dishes at a
density of 1.3x10° cells/cm?. Every 2 days, the culture was
harvested using trypsin (0.25%), counted, and replated at
the same density. Similar procedures were performed in the
subsequent passages until passage 10. The population dou-
bling time was calculated in each passage using the formula
Ct/Cd, where Ct represents culture time between passage n
and passage n + 1, and Cd represents the cell doubling. Cd
was calculated using the formula Cd = In(nf/ni)/In2, where nf
represents harvested cells and ni represents seeded cells.'*

Cryopreservation

The cat AMSCs were frozen at passage 0 to passage 1 in
Dulbecco’s modified Eagle’s medium supplemented with
45% fetal bovine serum and 10% dimethyl sulfoxide. The
cells were frozen over 24 hours at —80°C using a Mr Frosty
freezing protocol, and were then transferred and stored in
liquid nitrogen for 6 months. After thawing, some cells were
used for proliferation assays and immunohistochemical stud-
ies, and others for in vitro differentiation.

Characterization by flow cytometry

The cat AMSCs were tested for immunoreactivity against
CD73, CD90, and CD34 (goat polyclonal antibody, sc-7045,
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA),
as well as CD45 and CD79 (mouse monoclonal antibody,
Santa Cruz Biotechnology Inc., sc-101839).

The cat AMSCs were harvested at passage 3 by trypsiniza-
tion and 3x10* cells/mL were transferred to Eppendorf tubes,
washed twice with PBS, and fixed with 4% formaldehyde
solution for 15 minutes at room temperature. After wash-
ing with PBS, the cells were blocked with bovine serum
albumin (BSA) 2% for 45 minutes, washed with 0.2% BSA,
and labeled with primary antibodies in 0.2% BSA (1:300)
overnight at 4°C. The controls were incubated with 0.2%
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BSA instead of primary antibodies. After that, the cells were
washed in PBS and incubated with secondary conjugated
antibodies (1:300; Alexa Fluor® 488 rabbit anti-goat IgG
[H+ L] *2 mgmL* catalog number A11078. Invitrogen and
Alexa Fluor® 488 goat anti-mouse IgG [H + L] *2 mg/mL*
catalog number A11001, Invitrogen) for a duration of 45
minutes at room temperature in the dark. Labeled cells were
transferred to Falcon tubes and analyzed by flow cytometry.

Immunocytochemical analysis

The cat AMSCs were harvested at passage 3 by trypsinization
and counted, and 3x10* cells were seeded in chamber slides
until cell confluence reached at least 90%. The culture was
then fixed with 4% formaldehyde solution for 15 minutes at
room temperature. To block nonspecific staining, the cells
were incubated with 1% BSA for 30 minutes at room tem-
perature. After that, the cells were labeled overnight with
primary antibodies in 0.1% BSA (1:50) at 4°C and then
incubated with secondary conjugated antibodies (1:100)
for 45 minutes at room temperature in the dark. In order to
identify the nuclei, the slides were assembled with Hoescht
33342 stain solution (10 pwg/mL) for 15 minutes at room tem-
perature and examined by immunofluorescence microscopy.
In negative controls, the primary antibodies were replaced
with buffer solution (BSA 1%) alone.

In vitro differentiation studies

Cells were seeded at passage 3 for all differentiation stud-
ies and cultured for 3 weeks at 38.5°C and in 5% CO,. The
controls were performed without induction medium.

For osteogenic differentiation, 4.2x10° cells/cm? were
plated in osteogenic/adipogenic base medium (StemXVivo™,
R&D Systems Inc., Minneapolis, MN, USA, catalog num-
ber CCM007) supplemented with penicillin-streptomycin
(100:1). After reaching 50%-70% confluence, the base
medium was removed and replaced with complete osteogenic
differentiation medium (StemXVivo osteogenic supple-
ment and completed StemXVivo osteogenic/adipogenic
base medium at a 1:20). The differentiation medium was
subsequently changed every 4 days. After 21 days, the
cells were harvested and analyzed by Alizarin red staining
to assess the calcium deposits characteristic of osteogenic
differentiation.

For adipogenic differentiation, 2.1x10* cells/cm?
were plated in StemXVivo osteogenic/adipogenic base
medium supplemented with penicillin-streptomycin
(100:1). The differentiation medium was subsequently
changed every 4 days. After reaching 100% confluence, the

base medium were removed and replaced with complete
adipogenic differentiation medium (StemXVivo adipo-
genic supplement and completed StemXVivo osteogenic/
adipogenic base medium at a 1:100). Fat vacuole forma-
tion was analyzed by Oil Red O staining 21 days after
supplementation.

For chondrogenic differentiation, 1.5x10° cells/mL
were plated in Falcon tubes with 15 mL of chondrogenic
base medium (R&D Systems, catalog number CCMO005)
and penicillin-streptomycin (100:1). After 3 days, the tubes
were centrifuged at 303 g for 5 minutes, the base medium
was removed, and the cell pellet was resuspended with
complete chondrogenic base medium supplemented with
chondrogenic supplement medium (100:1; StemXVivo
human/mouse chondrogenic supplement, R&D Systems,
catalog number CCM006). The differentiation medium was
subsequently changed every 3 days. After 21 days, the tubes
were centrifuged and the chondrogenic pellet was harvested
and analyzed by toluidine blue staining.

Teratoma formation assays

The teratoma formation assays were performed at the
Bioterium of Laboratory Animals (CEPTOX, FZEA, USP).
Cat AMSCs (passage 4) were administered by intramuscular,
subcutaneous, and intraperitoneal injection (2.5x10* cells/
injection) in three immunodeficient (BALB/c-Nu) mice.
At 45 days post injection, the animals were euthanized
and transplanted tissues were collected for histopathology
assay. Thick tissue sections were stained with hematoxylin
and eosin.

Results

Isolation and culture of cat AMSCs

After 48 hours in Dulbecco’s modified Eagle’s medium/F12
medium, the cat AMSCs demonstrated plate adherence and
reached 70%—-80% confluence. The cell morphology was
similar to that of fibroblast-like cells and indistinguishable
from bone marrow-derived MSCs (Figure 1A and B), and
rapid cell clustering was observed (Figure 1C). The cells
were extensively expanded up to nine passages without any
morphologically visible changes. The cell doubling time
increased with increasing passage number (Figure 1E),
meaning that the proliferation rate was reduced with suc-
cessive passages. Cell viability analysis revealed that the
percentage of living cells in culture (87.89%) was similar
for both fresh and cryopreserved cells (Figure 1D) with-
out depreciation of morphological or immunophenotypic
features.
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Figure | Feline amniotic membrane-derived cells. (A and B) Cell morphology, shows fibroblast-like cells adhering to plastic culture dishes (passage 0). (C) At high density,
small cell clusters were observed. (D) Cell viability after cryopreservation; trypan blue staining (arrow heads). The percentages of dead cells were low in both fresh and
cryopreserved cells (more dead cells stained in blue). (E) Cell doubling time for cat amnion-derived mesenchymal stem cells (expressed as the number of days required for
cell number doubling) increased with increasing passage number. Bars: (A and D) 50 pum (10x); (B and C) 50 pum (20x).

Immunophenotyping assays

Based on immunocytochemistry and flow cytometry,
the cat AMSCs expressed the specific surface markers
for MSCs, ie, CD73 (89.5%) and CD90 (91.9%), but
the hematopoietic-specific markers CD34 (47%), CD45
(1.7%), and CD79 (29.1%) were not expressed. The
immunophenotypic profile was identical to that previ-
ously reported for bone marrow MSCs in other species
(Figure 2A-L). However, 47% of CD34 expression was
detectable by flow cytometry, inconsistent with data from
studies in humans (Figure 2L).

In vitro differentiation

When cultured with adipogenic differentiation medium,
the cat AMSCs under goes adipogenic cells, as revealed by
intracellular lipid droplet deposition 21 days after supplemen-
tation (Figure 3A and B). Cells induced towards osteogenic
differentiation revealed calcium mineralization after Alizarin
red staining (Figure 3D and E). Proteoglycans deposition in
chondrogenic induced cells was revealed by toluidine blue
staining 21 days after induction (Figure 3G).

Teratoma formation

When undifferentiated AMSCs were injected into immuno-
deficient (BALB/c-Nu) mice, no teratomas were observed by
4 weeks post injection, and the transplanted animals survived
without difficulty (Figure 4A). Histopathological analysis of
muscle, brain, lung, heart, liver, kidney, spleen, intestine, and
lymph node fragments revealed no morphological changes

(Figures 4B and 5A-I). These results suggest that cat AMSCs
are safer for use in cell therapy.

Discussion

Several studies have aimed to clarify the application of stem
cells in regenerative medicine. Therefore, identification of
alternative sources of stem cells, with optimal biological
proprieties for cell therapy and easy yield or isolation, has
become a crucial issue in current studies. The amniotic mem-
brane is a promising source of alternative progenitor cells
(AMSCs) with an enhanced ability to proliferate and differ-
entiate into multiple lineages due to their primitive embryonic
origin. In this study, we focused on this alternative source of
MSCs, acquired through non-invasive methods and therefore
ethically acceptable. The cat amnion is discarded after birth
and could be collected after cesarean or ovariohysterectomy
in pregnant cats.

We successfully isolated and expanded MSCs from cat
amniotic membrane. These cells adhered to the culture dishes,
showed fibroblastic-like morphology, and had high self-renewal
capability. A sufficient level of homogeneity was reached at
passage 3. These data are consistent with previous studies in
fetal membranes from dogs® and recent trials involving feline
fetal fluids and membranes.® The population doubling time
increased considerably from passage 7. These values are higher
than those reported in previous studies of horse,'* dog,” and
feline fetal membranes.®*' In the same way, in the data reported
for dog, cat, and horse amnion-derived cells, the doubling time
values tended to increase with increasing passages; however,
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Figure 2 Photomicrographs and histogram overlays of immunophenotyping assays used to evaluate the expression patterns of specific surface markers. (A, B, G and H)
Mesenchymal stem cell markers (CD73 and CD90) were detected in cat-derived mesenchymal cells; however, hematopoietic markers (CD34, CD45, and CD79) were not
detected (D-F and J-L). (C and I) Immunocytochemical and flow cytometry negative controls, respectively. The histograms represent the number of cells relative to the

fluorescence intensity of the control (ctr) cells. (A—F) Bars 50 um (20x).

the values are not higher than 3 days.®'** On the other hand,
Rutigliano et al*! reported higher doubling times (5 days) in
the first passage of culture.

Although population doubling time increased consider-
ably with successive passages, ¢ cell viability was high and
similar for both fresh and cryopreserved cells. These data are
in agreement with those reported for MSCs derived from the
dog® and suggest that these cell lineages are ideal for cell
banking for future application in cell transplantation. On the
other hand, amniotic epithelial cells (polygonal or columnar-
like cells, derived from the amniotic epithelium)?' were not
observed in our primary cultures, confirming successful

isolation of the MSC lineage from cat amnion. Further, when
the cat AMSCs were cultured in high density at passage 0,
formation of small cell clusters was observed, suggesting
strong cell-cell contact and signaling. Cell-cell contact and
autocrine and paracrine signaling play a key role in the com-
mitment and specification of MSC.?

The cat AMSCs expressed specific MSC antigen mark-
ers, CD73 and CD90, but not hematopoietic surface mark-
ers CD34, CD45, and CD79. This expression pattern was
expected, and similar results were reported in previous stud-
ies of feline bone marrow-derived stem cells.”® These data
confirm that amniotic membrane MSCs were successfully
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Figure 3 In vitro differentiation of the cat amnion-derived mesenchymal stem cells. (A and B) Oil Red O staining after adipogenic induction revealed lipid drops 21 days after
supplementation. (D and E) Alizarin red staining revealed mineralized matrix deposits after osteogenic induction. (G) Proteoglycans deposition in chondrogenic induced cells
was reveled by blue toluidine staining 21 days after induction. (C and F) Oil Red O and Alizarin red staining negative controls. (A and G) Bars 20 um (20x). (B, C, E and F)

10 um (40x). (D) 50 pm (10x).

isolated without blood or debris contamination. However,
this study demonstrated a high level of expression of CD34
at passage 4, inconsistent with data from studies in humans.
The explanation for this finding is that the AMSCs may have
angiogenic potential, also suggested by other authors.®'*?° In
both cell populations (AMSCs and amniotic epithelial cells)
in the horse,'* the CD34 marker started to be expressed at
passage 5. This variation in membrane expression markers
may occur from one passage to another because of acquisition

Figure 4 Amnion-derived mesenchymal stem cells were introduced into
immunodeficient (BALB/c-Nu) mice via intramuscular, subcutaneous, and
intraperitoneal injection (2.5x10* cells/injection). After four weeks post-injection,
no teratomas were formed in the injected animals (A) and the macroscopic analysis
of the viscera in the all injected animals revealed no morphological changes (B).
Abbreviations: SC, subcutaneous; IM, intramuscular; IP, intraperitoneal.

of angiogenic potential. On the other hand, our data could be
related to the use of non feline-specific antibodies. Further
investigations must be carried out in order to clarify these
variations in expression of molecular markers in various
stages of cell specification and/or use more specific tech-
niques. Previous studies suggest that these cells are still of
fetal origin and retain the properties of primitive multipotent
stem cells.!?*3°

Recently, the AMSCs have awakened a great deal of inter-
est in cell therapy due to their immunomodulatory properties,
ease of accessibility, and high yield. Moreover, they have been
shown to have a high ability to differentiate into different cell
lineages. Using specific culture medium, we demonstrated
that cat AMSCs differentiated into osteogenic, chondrogenic,
and adipogenic cells. These results suggest that cat AMSCs
may represent an important source of multipotent MSCs
with properties identical to those of bone marrow-derived
MSC:s. The ability of MSCs to acquire a specific phenotype
under defined conditions (microenvironment and interaction
with soluble growth factor) is the critical issue for use of
stem cells in regenerative medicine. Previous studies report
the similarly high plasticity of MSCs derived from different
organs post natally,'>!8.21.2531

76 submit your manuscript

Dove

Stem Cells and Cloning:Advances and Applications 2014:7


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Characterization of cat amniotic stem cells

Figure 5 Photomicrographs of different organs collected from euthanized nude mice, four weeks post amnion-derived mesenchymal stem cell injection via the intramuscular
(IM) and intraperitoneal (IP) routes. (A) Longitudinal section of cardiac muscle showing a common arrangement of muscle fibers with centralized nuclei. (B) Photomicrograph
of the liver, central vein and numerous hepatic cords lining the sinusoidal capillaries. (C) Lung morphology, pulmonary alveoli, and alveolar ducts. (D) Cross-section of
the kidney and overview of the glomeruli and renal tubules. (E) Cross-section of the spleen, normal distribution of lymphatic nodules, trabeculae, and white and red pulp.
(F) Brain photomicrograph showing different layers of the cerebral cortex. (G) Longitudinal section of thigh skeletal muscle, nuclei in periphery of muscle fibers, and
numerous transverse striations. (H) Small intestine, numerous glands immersed in the submucosal tissue. (I) Normal distribution of medullary cords and medullary sinuses

of lymph node, with adipocytes in the periphery. (A, B, C, E and G) Bars 20 um (40x), (D, F and H) 20 um (20x), and (I) 50 um (20x).

Abbreviation: Ctr, control.

When cat AMSCs were injected into immunodeficient
(BALB/c-Nu) mice, no tumors were generated by 4 weeks
post injection, and the transplanted animals survived without
difficulty. Photomicrographs of a number of organs collected
from euthanized mice revealed no morphological changes
when compared with the control group. This finding suggests
that these cells can be used for cell transplantation without
any risk of teratoma generation. Carnivores have been con-
sidered an attractive animal research model to study human
disease. The findings in the feline model can be substantiated
for future application in models of human disease, which are
common between human and carnivores.

Conclusion

Based on these results, we conclude that the cat amniotic
membrane may be a valuable alternative MSC source, and
could be of interest to cell therapy researchers in a canine
model system. One advantage of cat AMSC:s is their nonter-
atogenicity, and they are safe for use in cell therapy.
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