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Abstract

Insulin-producing cells derived from in vitro differentiation of stem cells and non-stem cells by using different
factors can spare the need for genetic manipulation and provide a cure for diabetes. In this context, pancreatic
progenitors differentiating to S-like cells garner increasing attention as -cell replacement source. This kind
of cell therapy has the potential to cure diabetes, but is still on its way of being clinically useful. The primary
restriction for in vitro production of mature and functional 3-cells is developing a physiologically relevant in
vitro culture system which can mimic in vivo pathways of islet development. In order to achieve this target,
different approaches have been attempted for the differentiation of pancreatic stem/progenitor cells to S-like
cells. Here, we will review some of the state-of-the-art protocols for the differentiation of pancreatic progenitors
and differentiated pancreatic cells into S-like cells with a focus on pancreatic duct cells. (Folia Histochemica et

Cytobiologica 2019, Vol. 57, No. 3, 101-115)

Key words: 3-cell replacement; transdifferentiation; pancreatic duct cells; acinar cells; centroacinar cells;
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Abbreviations:

3D — three-dimensional; Akt — protein kinase 1;
ALDH1 — aldehyde dehydrogenase 1; ALK3 —
activin-like kinase 3; ARIP — adult rat pancreatic
ductal epithelial cell line; Arx — aristaless-related
homeobox; Ascllb — achaete-scute homolog 1b;
BLCs — beta-like cells; BMP7 — bone morphoge-
netic protein 7; B-PMSCs — bovine pancreatic MSCs;
BrdU — bromodeoxyuridine; CACs — centroacinar
cells; CK19 — cytokeratin 19; CNF — ciliary neuro-
trophic factor; Dnmt1l — DNA methyltransferase 1;
DT — diphtheria toxin; DTZ — dithizone; E12.5
— embryonic day 12.5; eBCs — enriched S-clusters;
EGF — epidermal growth factor; EGFP — enhanced
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green fluorescent protein; EGF-R — EGF receptor;
EMT — epithelial-to-mesenchymal transition; Ex-4
— exendin-4; FACS — fluorescence-activated cell
sorting; FGF — fibroblast growth factor; Fstl3 —
follistatin-like 3; GABA — gamma-aminobutyric acid;
GFP — green fluorescent protein; GH — growth
hormone; GLP-1 — glucagon-like peptide-1; HA
— hyaluronic acid; HDAC — histone deacetylase;
HDACi — histone deacetylase inhibitor; Hes-1 —
Hairy/Enhancer of split-1; HGF — hepatocyte growth
factor; hANEPT — human non-endocrine pancreatic
tissue; Hnf6 — hepatocyte nuclear factor 6; ICCs
— islet-like cell clusters; IDX-1 — islet duodenal
homeobox-1; INS — insulin; IPCs — insulin-pro-
ducing cells; KGF — keratinocyte growth factor;
KO — knockout; LIF — leukemia inhibiting factor;
MafA/B — musculoaponeurotic fibrosarcoma onco-
gene A/B; MSCs — mesenchymal stem cells; NeuroD
— neurogenic differentiation; Ngn3 — neurogenin 3;
Nkx6.1 — NK6 homeobox 1; NPPCs — nestin-pos-
itive progenitor cells; NOD — non-obese diabetic;
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NOD-SCID — non-obese diabetic-severe combined
immunodeficiency; p16INK4a — tumor suppressor
gene; PANC-1— human pancreatic cancer cell line;
PAX4 — paired box 4; PDEC — pancreatic duct
epithelial cell; PDL — partial duct ligation; PDSCs
— pancreatic duct stem cells; Pdx1 — pancreatic
and duodenal homeobox 1; PI-MSCs — pancreatic
islet-derived mesenchymal stem cells; PLGA —
poly-lactic co-glycolic acid; PP — pancreatic poly-
peptide; PRL — prolactin; Px — pancreatectomy;
RSPO1 — R-spondin-1; SCs — stem cells; siRNA
— small interfering RNA; Sox9 — sex determining
region Y box 9; STAT3 — signal transducer and
activator of transcription 3; STZ — streptozotocin;
Tcf2 — transcription factor 2; TF — transcription
factor; T3 — tri-iodothyronine; TGF — transforming
growth factor; YFP — yellow fluorescent protein.

Introduction

In recent decades, the occurrence of diabetes has
increased globally, with over 425 million diabetic
people living worldwide whose number is expected
to be 629 million in 2045 [1]. Diabetes is a form of
metabolic disorder characterized by dysfunction and
loss of §-cell mass resulting in chronic hyperglycemia
[2, 3]. Regarding the treatment of diabetes, exogenous
insulin can only control blood glucose levels without
amending the devastating consequences of diabetes.
Islet transplantation also has potential and is a clin-
ical method for restoring normoglycemia, however,
not without problems related to donor shortage
and immune rejection for which long term immune
suppression therapy is necessary [4]. Alternatively,
a stem-cells-based 3-cell replacement can resolve most
disease-related problems of diabetic patients [5, 6].

The pancreas is composed of exocrine (acinar,
centroacinar and ductal cells) and endocrine com-
partments (islet of Langerhans) [7, 8]. Regarding the
regeneration, most of the adult tissues are composed
of the differentiated cells making them dependent on
stem cells for repair and regeneration [9]. However,
some tissues like adult pancreas lack the existence
of true stem cells, undifferentiated cells which are
dedicated for providing an unlimited supply of freshly
differentiated cells when these are lost, discarded, or
needed in greater numbers, and rely on the unipo-
tent and/or multipotent facultative progenitors [10].
The facultative progenitors are differentiated cells
responsible for particular functions, but they retain
the ability to de-differentiate [11], proliferate and
eventually redifferentiate towards another cell type
[12] for repairing the tissue after injury [13].The plas-
ticity of differentiated pancreatic cells enables them
to serve as a facultative progenitor in a tissue which
lacks true stem cells [14, 15].
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For the maintenance of S-cell mass, pancreat-
ic B-cells can duplicate themselves [16], but this
proliferation is not enough to withhold the exces-
sive loss of f-cells in stress conditions. Recently,
Dominguez-Bendala ef al. reported that in the adult
murine and human pancreas, when normal turnover
of B-cells is required, B-cells are formed by the rep-
lication of existing S-cells or can also be formed by
de-differentiated a-cells through an intermediate cell
stage called ‘virgin S-cell’ [17]. The existence of ‘vir-
gin B-cell’, which serves as an intermediate stage for
transdifferentiation of ¢-cells to S-cells, as a neogenic
niche at the periphery of pancreatic islets of mice
was confirmed by Meulen et al. through single-cell
transcriptome analysis [18]. It has been suggested by
studies in mice that during metabolic stress, 3-cell
de-differentiation, and then redifferentiation mech-
anisms regenerate the islets [19]. However, when
the pancreas is damaged excessively then ductal cell
progenitors’ regenerate islets [17]. The in vivo and in
vitro studies have shown that pancreatic duct epithelial
cells (PDECs), acinar cells, and centroacinar cells
were the source for neogenesis of S-like cells (BLCs)
[20-22]. The main characteristics of BLCs involve
the ability to synthesize insulin; however, in most
cases, the secretion of insulin stimulated by glucose
and other agents is usually lower than in beta cells
isolated from pancreatic islets. The in vitro studies
on endocrine cells showed that replication of S-cells
and transdifferentiation of ¢ and 6 cells are possible
sources of insulin producing g-like cells [23-25].
Additionally, the pancreatic islet-derived mesenchy-
mal stem cells also show some potential for in vitro
development of B-like cells [26]. Added to their role
as a -cell replacement, in vitro derived BLCs can be
used as a model to study diabetes pathology [27] and
can also provide a consistent and uniform supply for
the screening of pharmaceutical drugs for improving
p-cell function and survival [28, 29]. However, for the
success of these in vitro stem cell culture approaches
imitation of in vivo islet milieu is required.

In this review, we summarized different protocols
used for the differentiation of pancreatic progenitors
to S-like cells. Furthermore, the available cell sources
within the pancreas were also assessed for their po-
tential as the progenitors of S-cells.

Pancreatic exocrine cells
as a source of 3-cell/3-like cells

The exocrine part of the pancreas is more than 95%
in rodents and the pancreas in humans also have
more than 95% to 98% of the exocrine part [7, 30].
It includes the acinar cells — secreting digestive
enzymes, centroacinar cells — secreting bicarbonate
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ions and mucins, and pancreatic ducts — transferring
these secretions to the duodenum [7]. All types of
exocrine cells in the pancreas have been used in vitro
for expansion into S-cells in different studies which
will be discussed shortly.

Pancreatic ductal epithelial cell’s induction

to B-cell/B-like cells

Lessons from classical animal models

of -cells regeneration

These models include mainly partial duct ligation
(PDL) of the pancreatic duct, partial pancreatectomy
(Px) and targeted $-cells damage by diphtheria toxin
(DT) and streptozotocin (STZ). The PDL method
used by Xu ef al. [31] and Inada et al. [32] in adult
mouse showed the presence of multipotent islet
progenitors in ductal linings. Injury-induced by PDL
caused the f-cell mass expansion. This S-cell mass
expansion needed the activation of Nuerogenin3
(Ngn3) gene expression which they believed to be
the response for the inflammatory damage and loss
of acinar cells due to injury [31, 32]. Inada et al. used
carbonic anhydrase II-Cre-lineage tracing to explore
the source of new B-cells [32]. Pancreatectomy model
of 90% Px in adult rats by Li et al. [33] illustrates that
mature epithelial duct cells can be dedifferentiated
and become facultative progenitors which then dif-
ferentiate to both exocrine and endocrine cell types.
During dedifferentiation resulting from pancreatec-
tomy, the duct cells lost Hnf6, a ductal differentiation
marker [34, 35], and expressed Pdx1, Tcf2, and Sox9
transcription factors, markers for embryonic pancreat-
ic epithelium [36-38]. These pancreatic epithelial cells
acted as progenitors and differentiated to Ngn3+ cells.
Differentiation and maturation of Ngn3* progenitor
cells led in the growing pancreas to the formation
of MafA*, insulin® cells [33]. In another murine mod-
el, the 60% pancreatectomy was used for finding the
source of §-cell regeneration. The Sox9* viral lineage
tracing confirmed that in young, but not adult, mice
and humans intra-islet pancreatic ducts are the source
of 5-cell regeneration [39]. In an adult mouse mod-
el, diphtheria toxin (DT) was used to ablate S-cells
to show that epithelial cells within the pancreatic
ducts contribute to the regeneration of endocrine and
acinar cells. The results of lineage tracing in DT-in-
duced ablated 3-cell mouse model showed that 5-cells
were regenerated from pancreatic ductal cells [40].
In another study, a model of streptozotocin-induced
diabetic mice was used. The in vivo differentiation
of oligopotent progenitors, which can differentiate
into pancreatic ductal and endocrine cell types in-
cluding 3-cells, was investigated and it was confirmed
that after STZ-induced diabetes new S-cells were
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formed through differentiation of oligopotent pro-
genitors [41].

We have learned from these models that pancreas
has the facultative multipotent progenitors, which are
activated by a specific type of injury to the pancreas.
Pancreatic ductal epithelial cells, particularly, are
believed to be these multipotent progenitors which
can give rise to either endocrine or exocrine cells
depending on the severity of injury to the pancreas.
However, the source of S-cell regeneration under
physiological conditions is not confirmed hitherto.

In vitro B-cell expansion using pancreatic duct cells
Pancreatic duct epithelial cells can dedifferentiate
when there is stress or injury to the pancreas and
can re-differentiate to endocrine or exocrine cells
depending on the severity of the injury. As described
in classical models of differentiation, in the pancreas
of adult mice, pancreatic duct epithelial cells (PDECs)
can contribute to the regeneration of endocrine and
exocrine cell types. The regenerative pathways and
cell types that contribute to this process depend upon
the severity of injury [40]. Therefore, most researchers
have used pancreatic duct cells in their studies to find
a potential cell therapy for diabetes. Here, we summa-
rize some protocols used in different studies for the
differentiation of PDEC:s to islet cells or, particularly,
insulin-secreting S-like cells.

Sox9* ductal cells in the adult pancreas can be
differentiated to S-cells in vitro, but this way of in
vivo conversion remained controversial until the
Zhang group reported first in vivo study to resolve
this controversy [42]. Using lineage-tracing, Zhang
et al. proved that genetically labeled Sox9* adult
rat pancreatic ductal cells could be induced to insu-
lin-secreting cells in vivo. They used hyperglycemia
in combination with long-term, low-dose epidermal
growth factor (EGF) infusion as synergistic stimulants
for the induction of duct cells to insulin-secreting
p-cells. This treatment resulted in normoglycemia
in non-autoimmune diabetic mice [42]. Recently,
Shaotang et al. found the multipotency of adult rat
pancreatic ductal epithelial cells by inducing their
differentiation into pancreatic islets, nerve cells,
adipose cells, and osteoblasts [43]. The development
of these target cells was made possible by respective
culture protocols for directing the differentiation of
PDEC:s [43]. Furthermore, Qadir ef al. confirmed the
existence of pancreatic progenitors in human exocrine
pancreas and ductal epithelial cells were confirmed
as pancreatic progenitors [8]. The human exocrine
pancreas is a reservoir of multipotent cells expressing
PDX1, an important transcription factor expressed
by pancreatic endocrine progenitors [44] and ALK3,
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and BMP receptor 1A which is associated with the
regeneration of tissues [45], mostly found in major
pancreatic ducts. Qadir et al. also showed that BMP7,
which binds to ALK3 could stimulate pancreatic pro-
genitor cells proliferation [8].

Suarez-Pinzon et al. studied the effect of the
combination of epidermal growth factor (EGF) and
gastrin on inducing $-cells from pancreatic duct stem
cells, both in human and mice [46]. Treatment with
EGF and gastrin for two weeks in non-obese diabetic
(NOD) mice with autoimmune diabetes (NOD-
SCID) resulted in normoglycemia as the 3-cell mass
was expanded from 15 to 47% of normal cell mass.
Immunosuppressive therapy was not done as the com-
bination of EGF and gastrin reduced insulitis, show-
ing that this treatment could also stop autoimmune
destruction of S-cells in NOD-SCID mice [46]. On
the other hand, the glucagon-like peptide-1 analog,
exendin-4, reversed hyperglycemia in diabetic NOD
mice; though, this required synchronized immunosup-
pressive treatment with anti-lymphocyte serum [47].
In their next experiment, Suarez-Pinzon et al. showed
that §-cell mass in adult human pancreatic islets was
increased after combination therapy with EGF and
gastrin both in vitro and in vivo, and this was as a result
of the induction of 5-cell neogenesis from pancreatic
duct cells [48]. In both studies by Suarez-Pinzonet
al., the mechanism which initiated the neogenesis of
p-cells from pancreatic duct cells was not elucidated.
However, the authors suggested that EGF caused an
increase in the proliferation of CK19-positive duct
cells while gastrin induced the expression of Pdx1
and differentiation of Pdx1* cells to insulin-positive
B-like cells [48]. Likewise, the importance of EGF was
reported that the perturbation of EGF-R-mediated
signaling resulted in delayed pB-cell development in
EGF-R deficient (—/—) mice [49]. These studies
showing regeneration of -cell mass through the use of
EGF and gastrin combination, not only reveal the role
of these peptides in the differentiation of pancreatic
progenitors to S-cells in the damaged pancreas but
also support the concept that pancreatic ducts con-
tain the progenitor cells which can give rise to 5-cells
through epithelial-to-mesenchymal (EMT) cell tran-
sition [50]. The EMT requires some inducing stimuli,
provision of which can cause in vivo regeneration of
B-cells and also can cause the in vitro production of
insulin-producing cells (IPCs) from pancreatic ductal
epithelial cells.

Hui et al. investigated the effect of glucagon-like
peptide-1 (GLP-1) on inducing differentiation of
pancreatic ductal epithelial cells into insulin-secreting
cells [51]. To test the effect of GLP-1, rat (ARIP)
and human (PANC-1) cell lines, both derived from
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the pancreatic ductal epithelium, were used. Using
fluorescence-activated cell sorting (FACS) analysis,
they showed that GLP-1 induced the differentiation
of ARIP cells into insulin-synthesising cells, although
it did not affected the phenotype of PANC-1 cells.
The expression of Glut2, insulin, and glucokinase
transcripts was increased respectively in ARIC cells
after GLP-1 treatment. GLP-1 was found to be as-
sociated with cause of this differentiation of ARIP
cells by inducing the expression of S-cell differenti-
ation marker, islet duodenal homeobox-1 (IDX-1).
Albeit, the transfection of IDX-1 gene into PANC-1
cells made them responsive to GLP-1 treatment. The
effect of GLP-1 on differentiation was confirmed by
using exendin-9, a GLP-1 receptor antagonist, which
inhibited the expression of §-cell-specific genes from
ARIP and PANC-1 cell line pancreatic epithelial cells
[51]. In an attempt to improve the efficiency of GLP-1-
induced differentiation, Li et al. used sodium butyrate
(C,H,NaO,), histone deacetylase inhibitor (HDAC:),
along with GLP-1 to differentiate the FACS-sorted
nestin-EGFP-positive progenitor cells (NPPCs) of
transgenic (nestin and EGFP) mice into insulin-pro-
ducing cells in vitro [52]. The treatment of purified
nestin-EGFP-positive cells with a combination of
sodium butyrate and HDAC: resulted in increased
levels of transcripts which encoded for pancreatic
development factors and insulin. The population of
insulin-secreting cells and volume, almost 65 ng when
exposed to 25 mM glucose, of insulin secretion, both
increased as a consequence. The addition of sodium
butyrate resulted in de-condensation of chromatin
whereas GLP-1 caused the increased expression of
Pdx1 which by binding to the insulin gene promoted
its transcription [52]. Additional evidence showed that
HDAC:s treatment promoted Ngn3* proendocrine
lineage, obtained from rat embryo, differentiation
to an increased pool of endocrine progenitors [53].
Treatment with trichostatin A and sodium butyrate,
inhibitors of both class I and II HDACs enhanced
the mass of the S-cell as assessed by quantification
after immunohistological staining against insulin.
These results also suggest that HDAC:s are one of the
critical key factors in endo- and exocrine pancreatic
differentiation [53].

Another study conducted by Chen et al. re-
ported the protocol to expand and differentiate
rat PDECs into insulin-secreting islet-like cell
clusters in a dynamic three-dimensional (3D) cell
culture system [54]. They cultured cells for 14 days
in serum-free culture media supplemented with
nicotinamide, keratinocyte growth factor (KGF),
and S-fibroblast growth factor (3-FGF) which re-
sulted in the formation of islet-like cell clusters.
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These islet-like cellular clusters were positive for
insulin detection in the extracellular fluid and cy-
toplasm after 14 days of differentiation. However,
the obtained insulin-secreting cells were not as
functional like human islet cells [54]. In a recent
study, Tan et al. used fibroblast-coated Poly-lactic
acid-co-glycolic acid (PLGA) diaphragm to form
a biological membrane [20]. They cultured nestin-pos-
itive pancreatic stem cells isolated from Wistar rats
and, using two-step induction method, pancreatic
stem cells were induced into insulin-secreting cells.
A two-step induction method was used: in the first
step, pancreatic stem cells were cultured in a media
supplemented with bFGF and nicotinamide. After
the detection of islet-like cell mass in culture media,
activin-A, f-catenin, and exendin-4 (Ex-4) were used
as supplements. The results showed that the number
of nuclei was higher in induced cells and cells in this
group were aggregated. The amount of insulin secret-
ed upon stimulation was also significantly higher in
the induced group as compared to the normal group
but was not the same as of islet S-cells [20].

A summary of these and other factors used in
different studies by various researchers for the dif-
ferentiation of pancreatic duct stem cells into insu-
lin-secreting BLCs is given in Table 1.

To sum up, till now we have learned that pan-
creatic ducts have the progenitors residing in their
epithelium which can be differentiated in situ and ex
vivo into BLCs by inducing their differentiation with
a combination of different factors.

Acinar to 3-cell neogenesis

Acinar cells are differentiated cells with a specialized
function but have the plasticity to dedifferentiate to-
wards duct-like endocrine progenitor cell phenotype
which further differentiates towards f-cells [13, 55].
In pathological terms, this is referred to as metaplasia
which is important for tissue repair after the injury.
Owing to the abundance of their number and their
ability to give rise to S-cells, the acinar cells are also
a reliable candidate for S-cell regeneration and re-
placement. The transformation capability of acinar
cells is mainly influenced by the type and extent of the
pancreatic injury as confirmed by the lineage-tracing
studies [40, 56].

Baeyens et al. showed that administration of
EGF and ciliary neurotrophic factor (CNF) to adult
STZ-induced diabetic mice stimulated the conversion
of acinar cells to BLCs. The neo-g-like cells were
glucose-responsive and restored normoglycemia.
This conversion was dependent on the expression of
Ngn3 which in turn was mediated by the Stat3 sign-
aling [57]. The overexpression of three transcription
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factors (TFs), MafA, Pdx1, and Ngn3 in the acinar
cells of transgenic mice in vivo resulted in acinar to
p-cell reprogramming [58]. The overexpression of
these three TFs caused the reprogramming-induced
inflammation, which resulted in ductal cell metaplasia
of acinar cells. The metaplasia of acinar to ductal cell
phenotype resulted in the conversion of ductal cell
phenotype to neo-f-cells. The neo-f-cells reversed
diabetes in these mice and these results suggest that
the expression of §-cell-specific transcription factors
are the key to the transition of acinar cells to -cells
[58]. However, the viral vector system for the overex-
pression of TFs used in this study makes this approach
less feasible for clinical application.

The in vitro culture of acinar cells, isolated from
adult Wistar rats, in the presence of EGF and leukae-
mia inhibiting factor (LIF) inhibited the Notch1 sign-
aling resulting in neogenesis of S-like cells [59]. The
inhibition of Notch1 signaling caused the dedifferen-
tiation of adult rat acinar cells to a state in which they
expressed endocrine progenitor transcription factor,
Ngn3, and afterwards differentiated with §-like cells.
However, the newly formed S-cells were immature
as compared to islet S-cells but they became mature
phenotypically and resembled islet 3-cells when trans-
planted at the ectopic site, under the kidney capsule
of nude mice [59]. The presence of tri-iodothyronine
(T3) receptors in murine embryonic pancreas laid the
foundation for ex vivo culture of acinar cells in the
presence of T3 to develop g-like cells [60]. Culturing
of embryonic day 12.5 (E12.5) mouse embryonic
pancreas tissue with T3 induced ductal phenotype at
the expense of acinar tissue. Furthermore, T3 induced
the endocrine fate in murine E12.5 pancreatic explant
culture and also in the mouse acinar cell line 266-6.
The T3-mediated conversion of acinar to §-cells was
dependent upon the Akt signaling pathway and the
T3-mediated effects were abrogated by Akt inhibitors
[60]. These results confer that acinar cells can be con-
verted to S-like cells by the addition of T3 in culture
media. Dagmar Klein et al. [21] showed that exposure
of adult human non-endocrine pancreatic tissue
(hNEPT) to BMP-7 resulted in the conversion of the
Pdx1-positive ductal cells to insulin-expressing cells.
BMP-7 exposure instigated the ectopic expression of
endocrine transcription factors in the exocrine cells
which triggered this conversion. The use of in vitro
lineage tracing confirmed that insulin-secreting cells
were derivatives of mature ductal cells [21].

Summarily, the transformation of acinar to 3-cell/
/B-like cells is possible as evidenced in many studies
reported. This transformation was not direct from
acinar to f3-cell, instead, it was mediated by Ngn3*
endocrine precursor cell phenotype. Thus, it may be
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Table 1. Factors which caused the differentiation of pancreatic duct epithelial cells to S-cell/-like cells [20, 39, 42, 46, 48,

51, 52, 54, 112-119]

Model and protocol used Main obtained results | Reference
In vitro studies
Rat (ARIP*) and human (PANC-1) pancreatic ARIP cells were differentiated to insulin synthesizing cells while 51
ductal epithelial cells treated with GLP-1 PANC-1 cells phenotype was not affected
Human islet cells containing endocrine and duct The number of CK19 positive duct cells expressing Pdx1, insulin, 48
cells cultured for 4 weeks in media with EGF and C-peptide was significantly increased (+678%) with increased
and gastrin B-like cells (+118%). Thus, CK19 positive pancreatic ductal cells
were a source of new f-cells
FACS-sorted PDECs from adult mouse cultured bFGF caused the differentiation of these cells to insulin-secreting 112
with bFGF cells
Murine FACS-sorted NPPCs exposed to GLP-1 The NPPCs were differentiated to insulin-producing cells 52
and sodium butyrate
Culture of human pancreatic duct-rich populations After two weeks of culture, human pancreatic progenitors were 113
with Ex-4, nicotinamide, KGF, Pdx-1 and NeuroD differentiated to insulin-producing cells
proteins
Pancreatic ductal fragments from mouse pancreas The fragments developed to organoids able to differentiate into 114
grown in RSPO1-based 3D cultures ductal as well as endocrine cells upon transplantation under kid-
ney capsule of immunodeficient mice
Progenitors from human and mouse embryonic Pancreatic progenitors were expanded to duct-like structures in 115
pancreas stimulated by the Wnt agonist RSPO1, the presence of EGF and were differentiated to cyst-like structures
FGF10 and/or EGF in 3D cultures containing insulin, glucagon, and somatostatin-positive cells in the
absence but not presence of EGF
Rat PDSCs were cultured in a 3D cell culture system | Rat PDSCs were differentiated to islet-like cell clusters which 54
in media supplemented with nicotinamide, FGF, expressed insulin as detected by DTZ staining
and KGF
Adult mouse pancreatic progenitor-like cells were After two weeks of culture small dense cell clusters were formed 116
cultured in media supplemented with insulin, and insulin presence in these clusters was confirmed by DTZ
transferrin, selenium, glucose, and nicotinamide staining
Rat NPPCs cultured in PLGA membranes in media | Nestin-positive cells were differentiated mainly to insulin-secreting 20
supplemented with bFGF, nicotinamide, activin-A, cells but the amount of insulin released was lower than in primary
p-catenin, and exendin-4 B-cell cultures
In vivo studies
Human fetal pancreatic cells were transplanted The ductal cells proliferated and differentiated to -cells resulting 117
to rats treated with KGF in increased S-cell mass
NOD diabetic mice treated with EGF and gastrin After 2 weeks of treatment, normoglycemia was achieved and 46
p-cell mass was expanded from 15% to 47% of normal cell mass
as a result of neogenesis from pancreatic ductal networks
The human betacellulin-adenoviral vector was The betacellulin gene transduction resulted in the formation of 118
retrogradely injected to mice pancreatic duct insulin-positive cells in the duct linings or associated islet-like cell
clusters
STZ-diabetic rats were treated with GLP-1/ The number of small cell clusters in pancreatic ducts was increased 119
/exendin-4 which improved glucose tolerance in diabetic rats
The partly pancreatectomized transgenic mice Intraislet pancreatic ductal networks were present in transgenic 39
overexpressing TGF-f used to find the source but not in wild type mice and lineage tracing confirmed that
of B-cells neo-f-cells were derivatives of duct cells
In non-autoimmune diabetic C57BL/6 mice hyper- Lineage tracing showed that Sox9* cells differentiated into insu- 42
glycemia was induced by alloxan and mice were lin-producing B-cells which normalized blood glucose levels
treated for 56 days with low dose EGF and gastrin

*The abbreviations are explained at the beginning of the paper

concluded that first acinar cells dedifferentiate back
to progenitor phenotype and then redifferentiate to
insulin-secreting cells.
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Centroacinar cells as a source of [-cells
Centroacinar cells (CACs) are a type of the exocrine
pancreas cell and are present at the centre of acini in
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juxtaposition to the terminal pancreatic ducts. CACs
have a unique cell morphology and express the endo-
crine differentiation marker Sox9 [61-64]. Beer et al.
reported that centroacinar cells (CACs) are a type of
ductal pancreatic cell which possesses the progenitor
properties and replaces -cells in zebrafish [65].
The centroacinar cells in zebrafish led to the
secondary islet formation after inhibition of Notch
signaling [66]. The Nkx6.1-transgenic zebrafish
showed fluorescent markers for endocrine pro-
genitor cell phenotype under the Notch-inhibition.
The Notch-responsive cells were centroacinar cells,
which showed a pancreatic endocrine progenitor
phenotype and led to the regeneration of endocrine
cells after Notch-inhibition [66]. In order to further
assess the ability of centroacinar cells for endocrine
pancreas regeneration in adult zebrafish, Delaspre
et al. established the transcriptome of adult CACs.
Then, through the use of gene ontology and in situ
hybridization, they found that CACs were enriched in
pancreatic progenitor markers. Moreover, new 3-cells
arose from CACs after 3-cell ablation or partial pan-
createctomy as confirmed by the lineage tracing [22].
Another group also used the -cell ablation model of
zebrafish to show the progenitor properties of CACs.
Ghaye et al. [67] developed the transgenic lines of
Nkx6.1 and Ascllb-positive cells expressing GFP.
In the near complete §-cell ablation model of adult
zebrafish, the Nkx6.1 cells were traced as progenitors
of pancreatic tissue while Ascllb-positive cells only
gave rise to endocrine cells. These Nkx6.1 cells were
present at the end to a ductal tree and were responsive
to Notch signaling showing their centroacinar pheno-
type [67]. The findings of both of these studies suggest
that adult CACs are similar to larval CACs and retain
the ability for S-cell neogenesis. Thus, it is safe to say
that CACs are the progenitors of endocrine cells,
especially 8-cells in larval as well as adult zebrafish.
For the probing of the progenitor capabilities of
centroacinar cells in mammals Rovira et al. used the
mouse as a model animal in their study [68]. They
found that centroacinar and terminal ductal cells
showed high levels of ALDH1 enzymatic activity
which was used for FACS-based isolation of these
cells. The transcription analysis of FACS-isolated cells
revealed that they were not the differentiated cells but
rather were enriched for markers associated with pan-
creatic endocrine progenitor population. Moreover,
the culturing of CACs in suspension culture resulted
in pancreatosphere formation which displayed the
pancreatic endocrine and exocrine cell differentia-
tion capacity along with glucose-responsive insulin
secretion. For pancreatosphere formation assays
on CAGCs, cells were grown for 5-7 days in cultures
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A Ductal cell B-cell

Q
GLP-1, Exendin-4, EGF, bFGF, KGF, BMP-7
Nicotinamide, Sodium butyrate, Gastrin, Noggin,

Betacellulin, Forskolin, Dexamethasone, Activin A

B-cell

—— @

EGF, CNF, LIF, T3, BMP-7

B Acinar cell

-

C Centroacinar cell B-cell

—

EGF, FGF, B27, f-mercaptoethanol

Figure 1. Some of the factors used for in vitro differentiation
of pancreatic ductal (A), acinar (B) and centroacinar cells (C).
The ductal and acinar cells do not directly transit to S-cell
phenotype but instead first attain a progenitor stage and then
redifferentiate to insulin-secreting cells.

enriched with EGF, FGF-2, B-27 cell culture supple-
ment, S-mercaptoethanol, nonessential amino acid,
and LIF. Furthermore, the CACs and terminal ductal
cells also showed intense expansion under chronic
epithelial injury conditions [68]. These findings sup-
port the reported zebrafish studies and suggest that
CAG:s cells are certainly adept of progenitor’s task to
provide the upkeep of tissue homeostasis in the adult
mouse pancreas.

In summary, so far, we have well understood that
centroacinar cells are a type of progenitor cells in
the pancreas with the ability of pancreatic exocrine
and endocrine tissue regeneration according to the
conditions. The findings of the studies mentioned
above also support the S-cell neogenesis pathway for
the regeneration of S-cell mass. These CACs cells can
also be sorted in vitro for the expansion of islets or
only 3-cells to provide a source of §-cells replacement.

Figure 1 shows different factors used for in vitro
differentiation of pancreatic ductal, acinar and cen-
troacinar cells to -cell.

Endocrine cells giving rise to 5-cells

The endocrine pancreas has various endocrine cell
types secreting different hormones which are a-cells
(glucagon), S-cells (insulin), d-cells (somatostatin),
e-cells (ghrelin), and PP cells (pancreatic polypep-
tide) [7]. These hormone-secreting cells are found in
condensed structures in the pancreas called islet of
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Langerhans. Islet 3-cells sense the glucose-in-blood
concentration, synthesize and secrete insulin into
blood circulation which is responsible for regulating
glucose metabolism in the body [69]. The pancreatic
islet is likely the dwelling to search for cellular sources
of new f3-cells because of the common developmental
lineage between the different endocrine cells in the
islet of Langerhans [70]. The possibilities of islet cells
as progenitors will be discussed in this section.

Potential of 3-cell replication

Jor its replenishing

The primary mechanism for expansion of S-cell mass
during the neonatal period of growth is the prolifer-
ation of existing B-cells [71]. Lineage tracing studies
confirmed that the replication of preexisting 5-cells
is the main mechanism accountable for normal S-cell
turnover in adult mice [16, 72] and also for regener-
ation of -cell mass following -cell ablation [73, 74].
So, in rodents, the major source for expansion of 5-cell
mass is the replication of existing S-cells [ 75]. Though
the increase in S-cell mass of neonates occurs by repli-
cation of preexisting #-cell, this mechanism disappears
after 2 years in humans [71, 76]. Under the physio-
logical conditions in adult humans, the regeneration
of B-cells is rare, and so it is not confirmed hitherto
from where comes the S-cells in normal conditions
[7, 76]. However, the increased regenerative ability
of B-cells in conditions of pregnancy [77] and obesity
[78] gives us a clue about the replication of existing
insulin-producing cells. Nonetheless, replication of
existing -cells and their in vitro expansion ability is
awell-studied mechanism for restoring $-cell mass of
diabetics [10, 79].

Dhawan et al. [23] reported that the likely reason
for the decreased regenerative capacity of adult 3-cells
was an accumulation of p16INK4a which caused inhi-
bition of the cell cycle ending up in the limited regen-
erative capacity of adult endocrine cells. Additionally,
they found that TGF-j signaling maintained the
p16INK4a through Smad3 which joined in with trith-
orax to maintain and activate the p16INK4a levels to
prevent the replication of -cells. Thus, the inhibition
of TGF-f signaling with different chemical inhibitors
resulted in the repression of p16INK4a locus ending
up in increased replication of -cells in adult mice [23].
Recently, Puri et al. studied the role of c-Myc in S-cell
replication [80]. They used c-Myc transgenic mice and
INS-1 cells with c-Myc overexpression (siRNA) which
were cultured with L-glutamine, sodium pyruvate
and 2-mercaptoethanol. They showed that increased
expression of c-Myc resulted in increased prolifera-
tion of -cells but the cells produced were immature.
The transcriptome analysis validated the immaturity
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of new S-cells as the proliferating cellular transcripts
were increased and transcripts of the mature 3-cells
phenotype were decreased which resembled develop-
ment of islets [80]. Moreover, the genetic deletion of
c-Myc resulted in a ~50% decline in the proliferative
cell pool during postnatal expansion, which showed
the importance of this protein during the replication
of §-cells. The authors concluded that the adult S-cells
retain a balance between functional and proliferative
properties as the proliferation of S-cells leads to func-
tional immaturity [80].

Nielsen et al. reviewed the possible factors used for
enhancement of B-cell replication in in vivo culture.
Cytokines such as GLP-1, growth hormone (GH)
and prolactin (PRL) were proposed as the tangible
factors for the uplifting of in vitro $-cell replication.
These factors worked best when the cells were dedif-
ferentiated and entered the proliferative phase [81].
In vitro expansion of §-cells using adult human islets
was successfully attempted by Ouziel-Yahalo et al.
[82]. The culturing conditions included activin A,
betacellulin, and exendin 4 as differentiation-inducing
factors. After seven days of culture, the number of
p-cells was doubled as measured by BrdU labeling.
The dedifferentiation of B-cells resulted in their
increased size and redifferentiation to -cell pheno-
type, especially in betacellulin supplemented media.
However, the functionality of replicated 3-cells was
not high compared to the primary islet S-cells [82].

In summary, these studies suggest that 5-cell rep-
lication is a possible mechanism and it involves the
dedifferentiation of mature S-cells to cells with less
mature phenotype which further proliferate to form
new f-cells.

a- to B-cell transdifferentiation
Mature islet cell’s plasticity has remained a puzzle
until lineage tracing models in mouse [83] and zebraf-
ish [84] confirmed the transdifferentiation ability of
a-cells by the transition to S-cells given the conditions
of severe -cell loss [83, 84]. As we already know, adult
p-cells have a long lifespan, and they replicate rarely,
though they have the self-duplication ability [16, 72].
However, this self-duplication cannot counterbalance
the excessive loss of S-cells and for compensating
the excessive loss of -cells, mature glucagon secreting
a-cells have been traced to differentiate to S-cells
[85]. This kind of cellular transition is possible becau-
se a- and S-cells are formed from the same multipo-
tent progenitors during pancreatic islet development
[70, 86].

Lineage tracing in diphtheria-toxin induced total
p-cell ablation mouse model showed that a-cells were
the source of f-cell regeneration [83]. In another
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in vivo model of B-cell regeneration, Chung et al.
used partial duct ligation and alloxan for ablation
of existing S-cells [85]. After two weeks it was found
that neogenic -cells came from a-cells. The authors
documented that in this model a-cells were not di-
rectly converted to S-cells, but instead, they passed
through an intermediate stage in which they express
the markers for both a-and j-cells and secrete both
glucagon and insulin after one week of 8-cell ablation
[85]. However, after two weeks of PDL plus alloxan
combination, the glucagon secretion was minute, and
the cells resembled -cells in phenotype and the ex-
pression of MafA was also high [85]. In another study,
zebrafish was used as a model for lineage tracing of
B-cell regeneration using near total ablation of existing
p-cells [84]. The expression of glucagon was increased
after the injury suggesting its role in a- to -cell trans-
differentiation. These results, in favor of previous
studies, showed that a-cells serve as a reservoir pool
for the 3-cell regeneration [84] and imply the plasticity
of the a-cells to be converted into 3-cells [70].

Andrzejewski et al. reported the role of activin
signaling in a-to B-cell phenotype transition. They
treated ¢-and S-cell lines and also sorted mouse islet
cells with activin [24]. In aTC1-6 a-cell line, the ex-
pression of a-cell genes, Aristaless-related homeobox
(Arx), glucagon, and MafB was suppressed following
the treatment with activin A or B. In INS-1E S-cell
line, the expression of Pax4 and insulin was increased
following the activin A treatment [24]. Furthermore,
the exposure to activin A suppressed the expression
of a-cell genes and enhanced the expression of S-cell
genes in sorted primary islet cells. These results
suggest that activin signaling destabilized the a-cell
phenotype whereas promoted a 3-cell fate in cultured
cells [24]. To further verify the hypothesis of activin
mediated - to §-cell transdifferentiation, Brown et al.
developed Fstl3 knockout mouse labeled with Gluc-
Cre/yellow fluorescent protein (YFP) for lineage
tracing [87]. Follistatin-like 3 (Fstl3) is the antagonist
of activin, and its inactivation resulted in the expan-
sion of $-cell mass and improved glucose homeostasis
[88]. The number of Ins*/YFP* cells was significantly
increased in Fstl3 KO mice compared with wild type
mice. The treatment of isolated islets with activin
resulted in a significantly increased number of YFP*/
/Ins* cells [87]. These pieces of evidence suggested
that transdifferentiation of a-cells to S-cells was
influenced by activin signaling and contributed sub-
stantially to S-cell mass [87].

Chakravarthy et al. deciphered another possible
mechanism for the conversion of a-cells to §-cells in
adult mice [89]. The inactivation of two regulators of
a-cell functionality, Arx and DNA methyltransferase 1
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(Dnmtl), resulted in the conversion of a-cells to
B-cells. This conversion took three months, and the
newly formed f-cells were similar to native S-cells
when checked for gene expression using RNA-se-
quence. The neogenic S-cells also secreted insulin
upon glucose stimulation [89]. In 2017, two remark-
able reports showed the role of gamma-aminobutyric
acid (GABA), a neurotransmitter found in the nerv-
ous system and also in the endocrine pancreas [90],
in a-to B-cell transition [91, 92]. In the first report
Ben-Othman et al. reported that GABA induces the
a-cell-mediated B-cell neogenesis in vivo in mice after
three months of treatment with GABA. The newly
produced f-cells were functional and could replace
the native §-cells. When newly transplanted human
islets were treated with GABA, they showed an in-
creased number of S-cells at the cost of a-cells [91].
In a similar report, Li et al. [92] tested artemisinin,
an antimalarial drug which enhances GABA signaling
by binding to GABA , receptors, for 8-cell neogenesis
from a-cells. Artemisinin repressed the master regu-
lator of glucagon-secreting a-cells, Arx, by causing its
displacement to the cytoplasm. Thus, the a-cells lost
their identity and were transdifferentiated to S-cells in
zebrafish, rodents and primary human pancreatic is-
lets [92]. However, a recent study by Ackermann et al.
contradicted the role of both GABA and antimalarial
drug in the a- to 3-cells conversion [93]. They treated
mice for three months with artesunate and GABA
and showed by cell-specific genetic lineage tracing
that no a- to f-cells transdifferentiation happened
and insulin secretion was also not stimulated [93]. In
another recent report, Shin et al. used rhesus monkey
to translate the rodent 3-cell regeneration model [94].
They used STZ for -cell ablation followed by porcine
islet transplantation to maintain normoglycemia, but
in both conditions, there was no increase in S-cell
number or serum C-peptide level. They also checked
the in vivo and in vitro transdifferentiation ability of a-
to B-cells by GABA treatment, and yet again no 5-cell
regeneration was found [94]. Eizirik and Gurzov [95]
proposed four main reasons for the contrary results
of the reported papers [91-94] and first of them was
the use of different experimental models: zebrafish,
rodents and primary human pancreatic islands [92],
a single mice model [93], mice model that was con-
firmed in human and rat [91], rthesus monkey [94].
Secondly, Ackerman et al. used tamoxifen-induced
lineage-tracing for following the adult a- to §-cell
transition [93] whereas Ben-Othman et al. used
Glucagon-Cre mice which can also detect the S-cell
neogenesis from a transient and putative cell state
expressing glucagon [91]. Thirdly, the GABA used
in those experiments was not made for purpose of in
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vivo use and finally, the diet and housing conditions
were different in those laboratories which could have
affected the murine microbiome and ultimately drug
metabolism and systemic mouse metabolism [95].
Thus, we come to know that under the severe loss
of B-cells due to metabolic stress or injury, the tran-
sition of a-cells to B-cells becomes stimulated. The
regulation of this conversion is possible due to the
genetic programming which involves the repression of
a-cell genes and activation of 3-cell genes. Therefore,
different factors which can repress the a-cell signature
genes and/or enhance the fS-cell signature genes in
a-cells can be used for designing a fruitful protocol
for in vitro generation of §-like cells from a-cells.

o-cells transdifferentiation to 3-cells

Delta cells are found in the islets of Langerhans and
they are responsible for somatostatin secretion [96].
The attempts to find the source of new 3-cells and lo-
cation of dedicated or facultative progenitors in adult
mammals led to the studies for J- to §-cell transdiffer-
entiation following the models of a- to §-cell transdif-
ferentiation [97]. Cheraet al. administered diphtheria
toxin (DT) to postnatal two week-old mice and adult
mice for ablation of S-cells [25]. The administration
of DT resulted in 99% ablation of 8-cells; however,
afterwards mice regenerated S-cells from other islet
cells. The lineage tracing revealed that in the adult
mice the induction of post-DT f-cell regeneration was
by transdifferentiation of a-cells while in mouse pups
the d-cells were dedifferentiated and reprogrammed
to B-cells. The dedifferentiated cells showed fewer
somatostatin transcripts, and high insulin transcripts
and no polyhormonal cells were found [25]. Druelle et
al. generated and characterized Cre-LoxP transgenic
mice that express Pax4 specifically in somatostatin-ex-
pressing d-cells cells [97]. They demonstrated that
the ectopic expression of Pax4 in 6 cells is sufficient
to induce their conversion into functional S-like cells
that can partly reverse chemically-induced diabetes
and induce S-like cell hyperplasia [97].

Although more work is needed for validation of
O-cells as the source of in vivo §-cell expansion, these
results favor the plasticity of islet cells for their trans-
differentiation into 3-cells.

The summary of some factors used for the differ-
entiation of pancreatic endocrine cells to §-like cells
is presented in Figure 2.

Pancreatic islet-derived mesenchymal stem
cells giving rise to 3-like cells

Mesenchymal stem cells (MSCs) can differentiate into
many target cells depending upon the applied condi-
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A B-cell p-cell

TGF-f inhibitors, GLP-1, GH, PRL,
c-Myc overexpression

B a-cell p-cell

’ Activin A, B, Arx inactivation or PAX4
overexpression, GABA, Artemisinin
C d-cell B-cell
Pax4 overexpression

Figure 2. Some factors used for in vitro 8-cell replication (A)
aswell as a-cell (B) and d-cell (C) transdifferentiation to S-cell

tions [98-100]. It was shown that transplantation of
bone marrow-derived [101] and adipose tissue-derived
[102] MSCs enhanced the regeneration of pancreatic
islet and decreased the blood glucose levels of dia-
betic animals [103]. Furthermore, MSCs have shown
a decent safety profile in clinical trials with limited
risk of tumor formation [104]. The pancreatic islet
also has mesenchymal stem cells (PI-MSCs) which
play important roles as a source of ECM and during
pancreatic islet injury. Here, we will shortly report
studies showing the use of these PI-MSCs as a source
of insulin-producing cells.

The quest for finding the stem or progenitor cells
in the pancreas has led the researchers to search for
these cells in different compartments of the pancreas.
Zulewski et al. showed that rat and human pancreatic
islets contain the distinct population of cells positive
for neural stem-cell-specific marker nestin [105].
Apart from the islets of Langerhans, pancreatic
ducts also contain the nestin-positive cells with the
capability of giving rise to 8-cells as we have discussed
earlier. In in vitro culture, the nestin-positive cells have
shown boundless proliferation and differentiation
abilities as these cells were differentiated to acinar,
ductal, and endocrine phenotype cells [105]. These
findings suggested that the pancreatic islets have the
progenitor cells with the ability to regenerate the is-
lets of Langerhans [105]. Karaoz et al. isolated stem
cells (SCs) from pancreatic islets and characterized
their stem cell properties [106]. They found that the
pancreatic islets SCs expressed the markers of embry-
onic SCs (Oct-4, Sox-2, and Rex-1) and also showed
the high proliferation ability coinciding with the
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bone marrow MSCs. Furthermore, these pancreatic
islets SCs expressed the differentiation markers of
adipo-, chondro-, neuro-, myo-, and osteogenic cells
[106]. Thus, pancreatic islets contain stem cell with
the ability to be expanded in vivo for replacement
therapy of diabetes [106]. Gong et al. found that
the CD117-positive cells were very few in normal
pancreatic tissue, but their number increased after
induction of pancreatitis [107]. In this model of pan-
creatic inflammation, the CD117-positive cells were
only present in the pancreatic islet and participated
only in the repair of islets of Langerhans but not in
the repair of extra-islet pancreatic tissue. Thus, these
findings suggested that the CD117 positive progenitor
cells are not the true stem cells, but merely a type of
islet progenitor or precursor cells [107].

It has been shown that microenvironment is im-
portant for the regulation of stem cells proliferation
and differentiation [26]. Use of glycated collagen
in culture media resulted in the induction of rat
pancreatic islet-derived mesenchymal stem cells
differentiation to insulin-secreting cells. PI-MSCs
were induced by using glucose, hEGF, nicotinamide,
activin-A, exendin-4, hHGF, and pentagastrin [26].
The differentiation efficiency and insulin expression
in collagen cultures were higher than in control cul-
tures; however, glucagon was also present in media
showing the presence of a-cells [26]. Coskun et al.
showed that valproic acid, class-I histone deacetylase
inhibitor (HDACi) and glucose induced the differ-
entiation of PI-MSCs to insulin-secreting cells with
a fair efficiency, however, the newly formed S-cells
were non-functional [108].

Gao et al. were the first to culture bovine pan-
creatic MSCs of (B-PMSCs) for differentiation to
insulin-producing cells [109]. Growth kinetics of
B-PMSC:s revealed their decent in vitro self-renewal
capability. Retinoic acid, HGF, and EGF were used
for the induction of stem cells to insulin-secreting
clusters. After 21 days of culture, the DTZ staining
showed the presence of 3-cells which were positive for
glucose-stimulated insulin-secretion in culture media
[109]. Most recently, the differentiation of MSCs from
different sources into IPCs within 3D alginate matri-
ces was performed by Caiibano-Hernandez et al. [5].
MSC:s from different sources were used, but the quan-
tity of insulin released was high in IPCs differentiated
from pancreatic islet-derived MSCs. Moreover, the
amount of insulin secreted was increased after adding
hyaluronic acid (HA) in alginate microcapsules [5].

The S-like cells developed in vitro in the presence
of cytokines and/or inhibitors mentioned above were
less in number and also were not functional enough
to serve as the S-cell replacement source. In order
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to achieve the maturation of in vitro produced S-like
cells, Nair et al. elegantly reported a reliable method
for the maturation of in vitro generated §-like cells
[110]. They recapitulated the culture conditions mim-
icking in vivo pancreatic islet organogenesis and 5-cell
maturation. In these conditions, the immature §-like
cells were isolated and reaggregated in the form of
islet-size enriched B-cell clusters (eBCs) — each e BCs
comprised by aggregation of 1000 S-like cells mimick-
ing the number of cells present in human islet [110].
After seven days, eBCs showed the properties of ma-
ture 3-cells. The physiological properties exhibited by
eBCs presented dynamic insulin secretion, increased
calcium signaling in response to secretagogues,
and improved mitochondrial energetics resembling
primary human S-cells. Unlike previous studies in
which long time was required for insulin secretion
[28, 111], within three days of transplantation in mice,
eBCs showed glucose-stimulated insulin secretion
[110]. However, some dual-hormone cells, the likely
progenitors of glucagon-secreting a-cells were also
present in the clusters produced.

Conclusions

Attempts to control the diabetic epidemic have
resulted in the development of many strategies for
the replacement of S-cells. Still, to the best of our
knowledge, in vitro development of functional islets
or insulin-producing cells is not efficient enough to be
used as a routine clinical option for curing diabetes due
to many problems. These problems include production
in low number, immature 3-cell production, secretion
of low amount of insulin, polyhormonal nature of cells,
the impurity of cells, and the high cost of factors used
in protocols for in vitro differentiation. While devel-
oping in vitro protocol, tactics like the recapitulation
of in vivo conditions can warrant the production of an
ample number of mature and functional 3-cells. How-
ever, for mirroring in vivo conditions, first, we need to
have vibrant knowledge about pancreas development
which is instead a convoluted process and not fully
understood yet. Though, the use of three-dimensional
culture systems and tools like single-cell transcrip-
tome analysis can help us understand the cellular and
molecular mechanisms of pancreatic development
assisting in the development of viable protocols for in
vitro production of bona fide B-like cells.
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Abstract

Introduction. Receptor-binding cancer antigen expressed on SiSo cells (RCAS1) is a selective suppressor of the
immune response that has been linked to the evasion of immune surveillance by cancer cells. However, the exact
prognostic impact of RCAS1 on epithelial ovarian cancer (EOC) has not been fully elucidated. The main aim
of our study was to evaluate the influence of RCAS1 immunoreactivity (RCAS1-Ir) in EOC cells and in tumor
stroma cells on patient overall survival. We also focused on RCAS1-Ir and the structure of the tumor stroma.
Material and methods. RCAS1-Ir was evaluated by means of immunohistochemistry in 67 patients with EOC.
We distinguished cytoplasmic and membranous immunoreactivity patterns.

Results. We found that high cytoplasmic RCAS1-Ir in cancer cells was associated with more than a two-time
shortened period of overall survival. Membranous RCAS1-Ir in cancer cells, as well as in tumor stroma mac-
rophages and fibroblasts, did not correlate with patient survival. RCAS1-Ir in the cytoplasm of cancer cells was
positively correlated with the degree of tumor stroma infiltration by fibroblasts and macrophages, but not with
RCASI-Ir in these cells. On the other hand, membranous RCAS1-Ir in cancer cells was positively correlated
with RCAS1-Ir in fibroblasts and macrophages, but not with their quantity.

Conclusions. Due to their different impacts on patient prognosis and tumor stroma structure, it seems that cyto-
plasmic and membranous RCAS1-Ir in EOC cells may have different biological functions. (Folia Histochemica
et Cytobiologica 2019, Vol. 57, No. 3, 116-126)

Key words: RCAST; receptor-binding cancer antigen expressed on SiSo cells; epithelial ovarian cancer;
tumor stroma; tumor microenvironment

the Western world [1]. Patient prognosis depends
on the stage of the disease, patient age at diagnosis,
the histological type of the tumor, and the first-line
chemotherapy [2]. Current data suggests that the
residual disease after primary debulking surgery is
the most important prognostic factor in EOC [3, 4]

Introduction

Epithelial ovarian cancer (EOC) is still the leading
cause of death from gynecological malignancies in
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the prognostic role of complete and so-called optimal
and suboptimal debulking and its interaction with
biological factors has not been not fully defined.
Exploratory analysis was conducted of 3 prospective
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randomized trials (AGO-OVAR 3, 5, and 7. However,
patient prognosis may be influenced by the structure
and function of the tumor stroma [5, 6]. Chen et al.
showed that stroma-rich ovarian cancer patients had
aworse prognosis and higher risk of relapse compared
to patients who had tumors with poorly developed
stroma [7].

In 1996, Sonoda et al. discovered receptor-binding
cancer antigen expressed on SiSo cells (RCAS1) as
amembrane protein on uterine cervix cancer cells [8,9].
RCASI has strong immunosuppressive activity and
is linked with the evasion of immune surveillance by
cancer cells. RCASI is responsible for the inhibition
of both cytotoxic lymphocytes and natural killer
(NK) cell activity [10]. Furthermore, RCAS1 may
induce Fas-independent apoptosis of both T-cells
and NK cells infiltrating the tumor microenvironment
[11]. RCASI1 staining was also found on numerous
noncancerous cells infiltrating the tumor stroma,
such as tumor-associated macrophages (TAMs) and
cancer-associated fibroblast (CAFs) [12]. Therefore,
RCASI expression on cancer stroma cells may be
responsible for the immune evasion of cancer cells
and the development of a more cancer-permissive
microenvironment facilitating tumor growth [12, 13].
By stimulating the expression of vascular endothelial
growth factor (VEGF), RCASI also indirectly stim-
ulates angiogenesis [14]. RCAS1 expression was also
associated with the increased secretion of matrix met-
alloproteinase 1 (MMP-1) and laminin-5 in cervical
cancer [15]. Additionally, in their study, Sonoda et al.
found that RCAS1 expression was negatively corre-
lated with the number of vimentin-positive stromal
cellsin EOCs [16, 17]. Taken together, such evidence
suggests that RCAS1 may participate in the rebuilding
of the tumor stroma.

RCASI expression in cancer cells has been shown
to be a negative prognostic factor in patients with
numerous types of human neoplasms, including
gynecological malignancies [9, 18-20]. However, the
exact role of RCASI in the survival of EOC patients
is not fully understood. Furthermore, although
RCASI1 expression has been observed in tumor stro-
ma macrophages and fibroblasts, there is sparse data
concerning its influence on patient overall survival.
Therefore, the main aim of our study was to evaluate
the impact of RCAS1 immunoreactivity in both can-
cer and tumor stroma cells on EOC patient survival.
Secondly, our goal was to observe whether RCAS1
immunoreactivity influenced select features of the
tumor stroma, such as fibroblast, macrophage, and
lymphocyte infiltration or tumor stroma cellularity.
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Material and methods

Characteristics of patients. The study group consisted of
67 samples of primary EOCs collected from women treated
in the Clinical Department of Gynecological Oncology of
the Lukaszczyk Oncological Center, Bydgoszcz, Poland,
from 2005 through 2010. The median patient age was 58
years (range 38-86). The median age of pre- and postmen-
opausal women was 49 years (range 39-56) and 59 years
(48-84), respectively. The samples were obtained during
primary cytoreductive surgery, and all patients achieved
optimal cytoreduction (residual tumors each measuring 1 cm
or less in maximum diameter). The study group included
52 high-grade serous adenocarcinomas, 4 clear cell adeno-
carcinomas, and 11 endometrioid adenocarcinomas. Twelve
tumors were graded as G2, and 55 as G3 cancers. EOCs
were classified according to the then-current International
Federation of Gynecology and Obstetrics (FIGO) system.
Patients were subdivided according to the FIGO stage of the
disease as follows: 16 stage II patients, and 51 stage III pa-
tients. The median follow-up for our patients was 35 months
(range 0-160 months). This study received the Jagiellonian
University Ethical Committee approval (KBET/89/B/2005
and DK/KB/CM/0031/447/2010) and all patients gave written
informed consent).

Immunohistochemistry. Immunohistochemical (IHC) re-
actions were performed using anti-RCAS1 (human) mAb
(dilution 1:1000) purchased from Medical & Biological
Laboratories Co., Ltd., Nagoya, Japan, Code No.: D060-3.
All THC studies were performed on 4 um-thick sections
taken from cancerous tumors fixed in 4% buffered-formalin
and embedded in paraffin blocks. The specimens for IHC
staining were selected according to routine histopathological
protocols. Thus, among multiple tumor sections evaluated in
hematoxylin and eosin (H&E) staining we selected the most
representative specimen with the highest tumor volume and
without necrosis. Paraffin sections were placed on Knittel
Glass adhesive slides and incubated for 2 h in a chamber
thermostat at 60°C. Prior to the automatic performance of
the study, tissue sections were subjected to the dewaxing pro-
cedure followed by the thermal epitope detection (HIER) in
a PT Link device using EnVision™ FLEX Target Retrieval
Solution, High pH (50x) (K8002) (Dako, Carpinteria, CA,
USA). Finally, the preparations were dehydrated in a se-
ries of alcohols and enclosed in a medium (Consul Mount,
Thermo Fisher Scientific Inc., Waltham, MA, USA). This
method was performed at room temperature (RT). In each
instance, a control preparation was added to a series of
patient samples. According to the recommendation by the
antibody manufacturer breast cancer sections were used
as a positive control. The sections were viewed in Nikon
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Eclipse 80i microscope (Nikon Instruments Europe BV,
Badhoevedorp, The Netherlands).

Evaluation of RCAS1 immunoreactivity. The RCAS1 immu-
noreactivity (RCAS1-Ir) in cancer cell cytoplasm and cancer
cell membranes was evaluated separately. The evaluation of
RCASI1-Ir was based on the Immunoreactive Score (IRS)
and included the simultaneous assessment of the number
of RCASI1-positive cells and the intensity of the immuno-
reactivity. Staining intensity was evaluated as negative (0)
or positive with a grade of 1+ (pale brown), 2+ (brown),
or 3+ (dark brown). The percentage of stained cells was
evaluated using the subjective method of the succeeding
approximations as previously described [21]. The IRS with
the simultaneous assessment of staining intensity and the
percentage of positive cells was conducted as follows: If
the intensity of RCAS1-Ir in the cancer cell cytoplasm was
assessed as 3+ in 70% of cells, while 30% had RCAS1-Ir
evaluated as 2+, we calculated the immunoreactivity score
(IRS) according to the formula: [(3 x 70) + (2 x 30)]/100
= 2.7, where one hundred refers to 100 analyzed cells. The
combined result of the staining intensity and the percentage
of positive cells equaled 2.7 (range 0 to 3.0). The cut-offs
to separate “low” and “high” RCAS1-Ir, were determined
following Receiver Operating Characteristic (ROC) curve
analysis with the endpoint (death) as a classification vari-
able. Therefore, the cut-offs for cancer cell cytoplasm and
membranous RCAS1-Ir were 1.125 and 0.5, respectively.
The evaluation of stromal cellularity was done by count-
ing the number of tumor stroma cells in the microscopic
High Power Field (HPF). The cellularity was assessed as low
(1+), moderate (2+), or high (3+). Similarly, using HPF, we
have evaluated the number of fibroblasts, macrophages, and
the degree of lymphocyte infiltration. The tumor stroma cells
were differentiated solely based on cell morphology. The pa-
rameters mentioned above were quantified as follows: absent
(lack of examined cells), low number (1+), moderate number
(2+), or high number (3+). The RCAS1-Ir in macrophages
and fibroblasts was very homogenous; thus we used only
staining intensity for the evaluation. Staining intensity was
evaluated as negative (0) and positive staining was graded
as 1+ (pale brown), 2+ (brown), or 3+ (dark brown). The
number of cells (macrophages or fibroblasts) was evaluated
separately from the RCAS1-Ir in these cells. Representative
images of RCASI staining are presented in Figure 1.

Statistical analysis. The nonparametric Mann-Whitney
test was used to compare RCAS1-Ir within the subgroups
studied. Correlations were calculated using the nonpara-
metric Spearman’s rho test. RCAS1-Ir in macrophages and
fibroblasts relative to the patient’s menopausal status was
studied using the Fisher-exact test. Survival analyses were
conducted using the Kaplan-Meier survival curves and the
differences in patient survival were compared using log-rank
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test. Multivariate survival analysis was conducted using Cox
proportional-hazards regression with the stepwise entering
method. Statistical analysis was conducted using MedCalc
11.4.2.0 (MedCalc Software, Seoul, Republic of Korea),
and GraphPad InStat 3.06 (GraphPad Software Inc., San
Diego, CA, USA).

Results

Immunoreactivity of RCAS1 in cancer cells
and tumor stroma
We found significantly higher RCAS1-Ir in the cyto-
plasm of the EOC cells of premenopausal patients
compared to postmenopausal patients (P = 0.01);
however, there were no differences between pre- and
postmenopausal patients with respect to membra-
nous RCASI1-Ir in cancer cells (P = 0.88) (Table 1).
There were no differences in cytoplasmic RCAS1-
Ir in tumor stroma macrophages and fibroblasts
corresponding to menopausal status. In the case of
macrophages, among the premenopausal women, 8
cases showed absent or low immunoreactivity while
9 showed moderate or high RCAS1-Ir; the results for
postmenopausal women were 29 and 24, respectively
(P = 0.78). In relation to the cytoplasmic RCAS1-Ir
in fibroblasts, the results were as follows: 15 (absent
or low) and 2 (moderate or high) for premenopausal,
and 41 (absent or low) and 12 (moderate or high) for
postmenopausal, P = 0.49).

The detailed results of RCAS1-Ir according to
the cell types studied and the results of tumor stroma
analyses are summarized in Table 1.

Immunoreactivity of RCAS1 and patients survival

Patients with high RCAS1-Ir in the cytoplasm of can-
cer cells had significantly worse median OS compared
to patients with low RCAS1-Ir in the cytoplasm of the
tumors (OS 31 months, range 0-160 vs. 73 months,
range 1-160, P = 0.04). By contrast, we found no
differences in patient survival with respect to high and
low membranous RCAS1-Ir in cancer cells within the
analyzed tumors. We identified improved survival in
patients with a low quantity of fibroblasts within tumor
stroma compared to patients with a moderate or high
quantity of fibroblasts (median OS 91 months, range
6-160 vs. 32 months, range 0-160; P = 0.03). Patient
survival was unaffected by RCAS1 cytoplasmic im-
munoreactivity in macrophages, RCAS1 cytoplasmic
immunoreactivity in fibroblasts, stromal macrophage
quantity, stromal cellularity, or the degree of lympho-
cytic infiltration. The survival curves are presented in
Figure 2. In the multivariate survival analysis including
cytoplasmic RCAS1-Ir, the stage of the disease, tumor
grade and histopathological type of the tumor, only
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Figure 1. Representative microphotographs of RCAS1 immunoreactivity evaluated as Immunoreactive Score (RCAS1-IRS)
in cancer cells and tumor stroma cells in ovarian serous adenocarcinoma. A. Homogeneous cytoplasmic RCAS1 immuno-
reactivity (RCAS1-Ir) in cancer cells assessed as 1+; and no RCAS1-Ir in cancer cell membrane (0+). B. Moderate (2+)
and homogeneous RCAS1-Ir in cancer cells; no RCAS1-Ir in cancer cell membrane (0+). Tumor stroma contained large
number (3+) of cancer-associated fibroblasts (CAFs) and a low number (1+) of tumor-associated macrophages (TAMs).
Low (1+) RCASI1-Ir in TAMs. High (3+) RCASI1-Ir in CAFs. C. Heterogeneous RCAS1-Ir in both cancer cell cytoplasm
and cell membrane. RCAS1-Ir in cancer cell cytoplasm was assessed as high (3+) in 10% of the cancer cells, moderate (2+)
in 80% of the cancer cells, and low (1+) in 10% of the cells. Thus, RCAS1-IRS in this case was equal to 2 since [(3 X 10)
+ (2 x 80) + (1 x 10)]/100 = 2. RCASI1-Ir in cancer cell membrane was assessed as high (3+) in 25% of the cancer cells,
moderate (2+) in 5% of the cells, low (1+) in 60% of the cells and no reactivity (0) was found in 10% of the cells. Thus,
RCASI-IRS in cancer cell membrane was equal to 1.45 since (3 X 25) + (2 X 5%) + (1 x 60) + (0 x 10)]/100 = 1.45.
D. The RCASI1-IRS in cancer cell cytoplasm and cell membrane was 1.8 and 1.45, respectively. E. The quantities of both
TAMs and CAFs in the tumor stroma were assessed as moderate (2+). Similarly, RCAS1-Ir in TAMs and CAFs was as-
sessed as high (3+). F. Tumor stroma presented with a low quantity (1+) of TAMs and a moderate (2+) quantity of CAFs.
RCASI-Ir in TAMs cytoplasm was assessed as low (1+), no RCAS1-Ir (0) in CAFs. G. Tumor stroma with a moderate (2+)
quantity of TAMs and a low (1+) quantity of CAFs. RCAS1-Ir in TAMs cytoplasm was assessed as high (2+), RCAS1-Ir in
CAFs cytoplasm was assessed as low (1+). H. Tumor stroma with a high (3+) quantity of TAMs and a moderate quantity of
CAFs (2+). RCAS1-Ir in the macrophages was assessed as high (3+), and RCAS1-Ir in CAFs as low (1+). Magnifications:
A, B, E, F x200; C, D, G, H x400.
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Table 1. RCAS1 immunoreactivity (RCAS1-Ir) and tumor stroma characteristics in ovarian epithelial cancer

Immunological score (IRS) (Median and range)
Cytoplasmic RCAS1-Ir in cancer cells of premenopausal patients 1.80 (1.025-2.90)
Cytoplasmic RCAS1-Ir in cancer cells of postmenopausal patients 1.60 (0.35-2.70)
Membranous RCAS1-Ir in cancer cells of premenopausal patients 0.00 (0.00-2.00)
Membranous RCAS1-Ir in cancer cells of postmenopausal patients 0.06 (0.00-2.1)
RCASI1-Ir in stromal macrophages Number (%)
Absent 10 (14%)
Low 27 (39%)
Moderate 22 (31%)
High 11 (16%)
RCASI1-Ir in stromal fibroblasts Number (%)
Absent 2 (3%)
Low 54 (77%)
Moderate 11 (16%)
High 3 (4%)
Stromal fibroblast quantity in HPF Number (%)
Absent 0 (0%)
Low 12 (18%)
Moderate 31 (47%)
High 23 (35%)
Stromal macrophage quantity in HPF Number (%)
Absent 10 (14%)
Low 21 (30%)
Moderate 26 (37%)
High 13 (19%)
Lymphocytic infiltration Number (%)
Absent 0 (0%)
Low 20 (29%)
Moderate 13 (19%)
High 36 (52%)
Stroma cellularity Number (%)
Low 1 (1%)
Moderate 46 (66%)
High 23 (33%)

Cytoplasmic RCAS1-Ir and membranous RCAS1-Ir are expressed as Immunoreactivity Score (IRS) that was based on the simultaneous assessment
of the number of RCASI1-positive cells and the intensity of the immunoreactivity as described in Methods. Stromal fibroblasts and macrophages
quantity refer to the number of fibroblasts and macrophages, respectively, identified in tumor stroma under microscopic High-Power-Fields (HPFs)

as described in Methods.

cytoplasmic RCAS1-Ir remained independent predic-
tor of patients’ overall survival (P = 0.026).

Immunoreactivity of RCAS1 and tumor

stroma characteristics

Cytoplasmic RCAS1-Ir in cancer cells did not cor-
relate with membranous RCAS1-Ir in cancer cells
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(R =0.09, P = 0.44). RCASI-Ir in the cytoplasm of
fibroblasts was positively correlated with fibroblast
quantity (R = 0.56, P < 0.0001). Similarly, RCAS1-
-Ir in macrophages was positively correlated with
macrophage quantity (R = 0.75, P < 0.0001). Stroma
cellularity was positively correlated with fibroblast
quantity (R = 0.27, P = 0.02). On the other hand,
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Figure 2. Survival analyses according to RCAS1 immunoreactivity (RACS1-Ir) expressed as Immunoreactive Score (RCAS1-IRS)
and analyzed tumor stroma features in ovarian cancer. A. Group 1: low RCAS1-Ir (n = 12, median overall survival (mOS)
73 months, range 1-160) vs. Group 2: High RCAS1-Ir (n = 55, mOS 31 mo, range 0-160), P = 0.04. B. Group 1: Low RCAS1-Ir
(n = 22, mOS 38 mo, range 0-160) vs. Group 2: High RCAS1-Ir (n = 48, mOS 32 mo, range 0-160), P = 0.85. C. Group
1: absent or low RCAS1-Ir (n = 31, mOS 31 mo, range 0-160 vs. Group 2: High and moderate RCAS1-Ir (n = 36, mOS
38 mo, range 0-156), P = 0.44. D. Group 1: absent or low RCAS1-Ir (n = 35, mOS 34 mo, range 0-160) vs. Group 2: High
and moderate RCASI1-Ir (n = 32, mOS 38 mo, range 0-160), P = 0.73). E. Group 1: low RCASI1-Ir (n = 12, mOS 91 mo,
range 6-160) vs. Group 2: moderate and high RCAS1-Ir (n = 55, mOS 32 mo, range 0-160), P = 0.03. F. Group 1: absent
or low RCAS1-Ir (n = 53, mOS 32 mo, range 0-160) vs. Group 2: moderate and high RCAS1-Ir (n = 14,mOS 38 mo, range
0-160), P = 0.32). G. Group 1: absent or low RCAS1-Ir (n = 20, mOS 31 mo, range 0-160) vs. Group 2: moderate and high
(n = 47, mOS 40 mo, range 0-160), P = 0.13. H. Group 1: low and moderate RCAS1-Ir (n = 44, mOS 32 mo, range 0-160)
vs. Group 2: high RCAS1-Ir (n = 23, mOS 36 mo, range 5-160), P = 0.28). n, refers to the number of patients.
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there was no correlation between stroma cellularity
and macrophage quantity (R = 0.22, P = 0.06) and
the degree of lymphocyte infiltration (R = -0.01,
P = 0.93).

We found significantly higher RCAS1-Ir in the
cytoplasm of cancer cells in EOC patients with a large
number of macrophages and fibroblasts within the
tumor stroma (Fig. 3). Cytoplasmic RCAS1-Ir in can-
cer cells did not differ depending on the lymphocyte
infiltration rate and stroma cellularity. Similarly, the
RCASI-Ir in cancer cell cytoplasm was not associated
with RCAS1 cytoplasmic immunoreactivity in tumor
stroma macrophages and fibroblasts (Fig. 3).

Median membranous RCAS1-Ir in cancer cells was
significantly higher in tumors with high and moderate
RCASI-Ir in stromal macrophages compared to tumors
with absent or low membranous RCAS1-Ir in cancer
cells (Fig. 3). A similar observation was noted in the
case of RCASI-Ir in tumor stroma fibroblasts. Mem-
branous RCASI-Ir in tumor cells was not associated
with the quantity of fibroblasts and macrophages within
the tumor microenvironment. Moreover, membranous
RCASI1-Ir in cancer cells did not differ according to lym-
phocyte infiltration and tumor stroma cellularity (Fig. 3).

Discussion

In this study, we observed the relationships between
the patterns of RCAS1 immunoreactivities and the
long-term outcomes of EOC patients. We found that
high RCAS1-Ir in cancer cell cytoplasm resulted
in more than two-times shortened overall survival
of EOC patients. On the other hand, membranous
RCASI-Ir in cancer cells did not influence patient
survival. Several papers have revealed cytoplasmic
and membranous RCAS1-Ir in cancer cells [22-24]
which may contribute to the ability of tumor cells to
evade host immune surveillance. In this study, we
investigated RCASI1 expression in ovarian cancer and
precancerous lesions by immunohistochemical means.
We then analyzed the relationship between RCAS1
expression and clinicopathological variables, and
examined whether RCAS1 expression is associated
with infiltration of tumor-infiltrating lymphocytes
(TILs). However, to the best of our knowledge, our
observation is the first to separate cytoplasmic and
membranous staining showing the different impact
of these staining patterns on patient survival. This
data suggests that RCAS1 located in the cytoplasm
of cancer cells plays a different role than the protein
within the membrane or that it may represent a dif-
ferent subpopulation of cancer cells.

Tumor RCAS1 expression has already been
studied as a prognostic factor in various neoplasms,
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including gynecological malignancies [15, 25, 26].
Three separate studies have investigated RCAS1-Ir
in patients with EOCs, linking it with the prognosis
for ovarian cancer patients [16, 23, 24]. RCASI1 ex-
pression is related to the expression of matrix met-
alloprotease 1 and laminin 5 and angiogenesis. We
examined whether RCASI contributes to connective
tissue remodeling in epithelial ovarian cancer. RCAS1
expression was studied retrospectively via immuno-
histochemistry. Samples were obtained from resected
tumor tissues from 65 patients with epithelial ovari-
an cancer. Statistical analysis was done to correlate
RCASI1 expression and clinicopathologic variables.
The associations between RCAS1 expression and
the number of vimentin-positive cells or microvessel
density were evaluated. Western blot analysis was
also performed to verify the perturbation of vimentin
expression in fibroblast L cells, following stimulation
by soluble RCAS1. RCASI1 expression was detected
in 72.3% (47/65 total cases). The first report was done
by Akahira et al. [23]. The authors showed that the
RCASI1-Ir is higher in more advanced stages of the
disease. However, no significant relationship was de-
tected between RCASI-Ir and patient OS. Although
the authors detected cytoplasmic RCAS1-Ir, they did
not distinguish it from membranous immunoreactivi-
ty. Additionally, Akahira ez al. used a different method
of assessment than we did; they merely divided the
tumors into RCASI1-positive and RCAS1-negative
groups according to subjective assessment [23]. We
used a broader assessment involving both the evalu-
ation of the percentage of RCAS1-positive cells and
the immunoreactivity intensity. Similarly, Ali-Fehmi
et al. investigated the immunoreactivity of RCAS1
and other antigens in EOC [24]. They previously
identified 65 proteins as diagnostically useful TAAs
by profiling the humoral immune responses in ovarian
cancer (OVCA). The authors did not observe any
influence of RCAS1 immunoreactivity on patient
survival. Like Akahira ef al. [23], the authors detect-
ed cytoplasmic RCAS1-Ir, but did not distinguish
it from the RCASI1-Ir on the cell surface. Further-
more, Ali-Fehmi et al. also used a different method
of assessment than we did; they regarded tumors as
RCASI1-positive when immunoreactivity was found
in more than 5% of the tumor cells [24]. In their
study, Sonoda et al. found no significant relationship
between RCAS1-Ir and overall survival; however, the
difference was very close to the level of significance
(P = 0.06) [16]. Similarly, the method of assessment
was different from the one we used; the authors clas-
sified tumors with high RCAS1-Ir when more than
25% of cells were RCAS1 positive [16]. Consequently,
the discrepancy between our study and the studies
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Figure 3. The relationships between Immunoreactivity Score of RCAS1 (RCAS1-IRS) in ovarian cancer cells and the analyzed
tumor stroma features. A. For the patients with absent and low immunoreactivity the median RCAS1-IRS was 1.5 (range
0.35-2.6) and for moderate and high immunoreactivity IRS was 1.8 (range 0.5-2.9). B. For the patients with absent and low
immunoreactivity the median RCAS1-IRS was 0.00 (range 0.00-2.00) and for moderate and high immunoreactivity IRS was
0.30 (0.00-2.10). C. For the patients with absent and low immunoreactivity the median RCAS1-IRS was 1.6 (range 0.35-2.9)
and for moderate and high immunoreactivity IRS was 1.8 (0.5-2.7). D. For the patients with absent and low immunoreactivity
the median RCAS1-IRS was 0.00 (range 0.00-1.9) and for moderate and high IRS was 0.6 (0.0-2.1). E. For the patients with
absent and low quantity of macrophages within tumor stroma the median RCAS1-IRS was 1.5 (range 0.00-2.60) and for
moderate and high IRS was 1.8 (0.50-2.90). F. For the patients with absent and low quantity of macrophages within tumor
stroma the median RCAS1-IRS was 0.00 (range 0.00-2.00) and for moderate and high IRS was 0.25 (0.00-2.10). G. For
the patients with low quantity of fibroblasts within tumor stroma the median RCAS1-IRS was 1.5 (range 0.35-2.70) and for
moderate and high IRS was 1.95 (0.90-2.90). H. For the patients with low quantity of fibroblasts within tumor stroma the
median RCAS1-IRS was 0.00 (range 0.00-2.10) and for moderate and high IRS was 0.20 (0.00-2.10). I. For the patients with
absent and low tumor stroma lymphocytic infiltration the median RCAS1-IRS was 1.65 (range 0.50-2.70) and for moderate
and high IRS was 1.725 (0.35-2.90). J. For the patients with absent and low tumor stroma lymphocytic infiltration the median
RCASI-IRS was 0.00 (range 0.00-2.10) and for moderate and high IRS was 0.23 (0.00-2.10). K. For the patients with low
and moderate tumor stroma cellularity the median RCAS1-IRS was 1.65 (range 0.50-2.70) and for moderate and high IRS
was 1.70 (0.35-2.90). L. For the patients with low and moderate tumor stroma cellularity the median RCAS1-IRS was 0.00
(range 0.00-2.10) and for moderate and high IRS was 0.3 (0.00-2.10).
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mentioned above could be explained by the different
methods of RCAS1-Ir assessment. We consider our
method of assessment to be more accurate because
it includes both the number of RCAS1-positive cells
and the intensity of immunostaining. Additionally,
we have distinguished cytoplasmic from membranous
immunoreactivity, even though only cytoplasmic
immunoreactivity had an impact on patient survival.

RCASI expression was also observed on noncan-
cerous cells infiltrating the tumor microenvironment,
such as macrophages and fibroblasts; however, the
clinical significance of this observation is still unknown
[12, 27, 28]. Due to its selective immunosuppressive
activity, RCAS1 expression on tumor stroma cells
could potentially be responsible for creating tu-
mor-pervasive stroma which could in turn result in
a shortened patient survival period. However, this as-
sociation has not yet been proven. Jozwicki et al. have
also showed that higher RCAS1-Ir in tumor stroma
macrophages and fibroblasts was present in ovarian
neoplasms with lymph node metastases [29]. Galazka
et al. demonstrated that RCAS1 expression in mac-
rophages and fibroblasts within cervical cancer stroma
did not influence the FIGO stage of the disease and
lymph node metastases; it also was not related to the
grade of the tumor [12]. In our study, we did not find
that RCAS1-Ir in macrophages and fibroblasts had an
impact on patient survival. However, because of the
positive correlation between cancer cell membranous
RCASI1-Ir and RCAS1 presence in macrophages and
fibroblasts, an interaction based on RCAS1 activity
between these cells could exist. Further studies in this
field are therefore needed.

We found significantly higher RCAS1 immunore-
activity in the cytoplasm of EOC cells of the patients
who were premenopausal compared to those who
were postmenopausal. Although the exact mecha-
nism of this association is not fully understood, we
speculate that RCAS1 expression may be influenced
by hormonal status. RCAS1 is identical with the
estrogen-responsive protein EBAGY (estrogen re-
ceptor-binding fragment-associated gene 9), which
is an estrogen-responsive gene, and the regulation of
transcription is mediated by estrogen receptors [30]
(1998. Moreover, in their study, Akahira et al. found
a highly significant positive correlation between
RCASI1-Ir and estrogen receptor alpha expression
[23]. Thus, we speculate that RCAS1 expression is
related to higher estrogen levels.

Previous data has suggested that RCAS1 can
participate in tumor stroma rebuilding through
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interaction with noncancerous stromal cells (CAFs
and TAMs), induction of apoptosis of tumor-
-infiltrating lymphocytes, and facilitating angiogenesis
[12, 13, 26, 31]. We focused on stroma infiltration by
macrophages, fibroblasts, and lymphocytes and eval-
uated tumor stroma cellularity as a whole. We found
that RCAS1-Ir in the cytoplasm of cancer cells was pos-
itively correlated with the degree of tumor stroma in-
filtration by both fibroblasts and macrophages, but did
not correlate with the RCAS1-Ir in these cells. On
the other hand, RCAS1 membranous immunoreactiv-
ity in cancer cells positively correlated with RCAS1-Ir
in fibroblasts and macrophages, but not with their
quantity. Our results suggest that RCAS1 may par-
ticipate in tumor stroma remodeling through the
modification of tumor stroma infiltration by immune
cells and fibroblasts. Additionally, this data supports
the possibility of a different biological role for cytoplas-
mic as opposed to membranous RCASI localization.

The main weakness of this study was limited study
group. However, we included only type-II tumors
according to Shih and Kurman model [32]. Further-
more, all of our patients underwent optimal cytore-
duction defined as the largest residual tumor nodule
measuring 1 cm or less. Thus, in respect of patient
prognosis, our study group was highly homogene-
ous. The homogenous character of our study group
is supported by the results of multivariate survival
analysis, where known risk factors were not linked
with patient prognosis.

In conclusion, our results suggest that the presence
of RCASI in cytoplasm of epithelial ovarian cancer
cells seems to have a different biological function
from the RCASI1 present on the membrane, as only
cytoplasmic RCAS1-Ir correlated with patient overall
survival. Additionally, the exact role of RCAS1-posi-
tive fibroblasts and macrophages within EOC stroma
needs further elucidation, even though the presence
of these cells is not associated with patient survival.
Furthermore, we suggest that RCAS1 may participate
in the rebuilding of the tumor microenvironment by
the influence on tumor stroma infiltration by mac-
rophages and fibroblasts.
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Abstract

Introduction. Diabetes mellitus (DM) is a serious, chronic metabolic disorder commonly complicated by di-
abetic foot ulcers with delayed healing. Metformin was found to have a wound healing effect through several
mechanisms. The current study investigated the effect of both bone marrow-derived mesenchymal stem cells
(BM-MSCs) and metformin, considered alone or combined, on the healing of an experimentally induced cuta-
neous wound injury in streptozotocin-induced diabetic rats.

Material and methods. Forty adult male albino rats were used. Diabetes was induced by single intravenous (IV)
injection of streptozotocin (STZ). Next, two circular full thickness skin wounds were created on the back of the
animals, then randomly assigned into 4 groups, ten rats each. BM-MSCs were isolated from albino rats, 8 weeks
of age and labeled by PKH26 before intradermal injection into rats of Group III and IV. Groups I (diabetic
positive control), II (metformin-treated, 250 mg/kg/d), I1I (treated with 2 x 106 BM-MSCs), and IV (wounded rats
treated both with metformin and BM-MSCs cells). Healing was assessed 3, 7, 14, and 21 days post wound induc-
tion through frequent measuring of wound diameters. Skin biopsies were obtained at the end of the experiment.
Results. Gross evaluation of the physical healing of the wounds was done. Skin biopsies from the wound areas
were processed for hematoxylin and eosin (H&E), Masson’s trichrome staining and immunohistochemical
staining for CD31. The results showed better wound healing in the combined therapy group (IV) as compared
to monotherapy groups.

Conclusions. Although both metformin and BM-MSCs were effective in the healing of experimentally induced
skin wounds in diabetic rats, the combination of both agents appears to be a better synergistic option for the
treatment of diabetic wound injuries. (Folia Histochemica et Cytobiologica 2019, Vol. 57, No. 3, 127-138)

Key words: rat; stem cells, BMSCs; STZ diabetes; metformin; skin wound; healing; angiogenesis; CD31

Introduction worldwide by 2013, and is expected to rise to 592

million by 2035 [1]. The growing population of dia-
Diabetes mellitus (DM) is a serious, chronic endo- betic patients has increased the risk of development
crine disorder affecting more than 380 million people ~ of complication such as nephropathy, retinopathy,
neuropathy, and macroangiopathy which leads to dia-
betic foot ulcers with delayed healing and subsequent
amputation [2]. Reduced angiogenesis and impaired
production of cytokines by local inflammatory cells

Correspondence address: Dr. Ahmed Abdel-Rahman Morsi, MD
Department of Histology and Cell Biology,
Faculty of Medicine, Fayoum University,

Fayoum Governorate, Fayoum, Egypt are crucial factors for delayed healing [3].
tel.: 00966597899168 The clinical need to develop recent strategies
e-mail: ahmed_saqr4@yahoo.com of treatment to improve the healing of diabetic ul-

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2019 www.fhc.viamedica.pl
10.5603/FHC.a2019.0014


mailto:ahmed_saqr4@yahoo.com

128

cerative wounds becomes mandatory. Metformin,
a biguanide, is one of the most commonly prescribed
oral anti-hyperglycemic agents for treating type 2
diabetes mellitus [4]. It exerts its therapeutic effects
through multiple mechanisms of actions, including
inhibition of glucose production in the liver. In
addition, metformin is an insulin enhancer and can
increase insulin sensitivity [S]. Hence, it might be
beneficial for wound healing as tissue resistance to
insulin has been found to interfere with the healing
of excisional skin wounds by delaying the contraction
and re-epithelialization [6].

Bone marrow-derived mesenchymal stem cells
(BM-MSCs) are self-renewing and expandable stem
cells. BM-MSCs have several applications in regenera-
tive medicine as they have the capacity to differentiate
into different types of cells such as adipocytes, osteo-
blasts, chondrocytes, hepatocytes, and cardiomyocytes
[7]; however, their applications, in healing and repair
of skin wounds are still under research.

Due to the urgent need to develop new treatment
modalities to improve the healing of diabetic ulcera-
tive wounds, the current study was designed, as a novel
research issue, to investigate the effect of combined
administration of both metformin and BM-MSCs on
the healing of an experimentally induced cutaneous
wound injury in an animal model of streptozotocin
(STZ)-induced diabetes.

Materials and methods

Animals. Forty adult male albino rats, locally bred at the
animal house of Kasr El-Aini, Cairo University, Egypt, with
an average weight of 200-250 g were used in the present
study. The animals were housed at an ambient temperature
of 25 = 1°C, exposed to natural daily light-dark cycles, and
had free access to food and water ad libitum. All animal
handling and procedures were followed and approved by the
ethical committee and the guidelines of Kasr El-Aini animal
house. All animal experimental procedures were carried out
in accordance with the guidelines of National Institutes of
Health for the care and use of Laboratory animals [8§].

Chemicals. Streptozotocin was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Metformin tablets (Glucophage
500 mg tablets) were purchased from Minapharm (Cairo,
Egypt), under license of Merck Santé, Semoy, France).
Metformin tablets were grinded and suspended in 0.5%
carboxymethyl cellulose (CMC) according to previous work
[9], and afterwards shaken to obtain a suspension form of
50 mg/ml.

Rat excision wound model. The fur on the back of the
anesthetized rats was removed via light application of de-
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pilatory cream and cleaned with alcohol swab. According to
Dunn et al.,, 2013 [10], two circular 10 mm (1 cm) diameter
full-thickness excision wounds were made on the dorsum of
each anesthetized rat (ketamine, 100 mg/kg, intraperitoneal)
[9], using sterile punch biopsy forceps. Hemorrhage, if any,
was controlled by pressure application of sterile gauze. The
wound size was chosen to be about 10 mm to compensate
for the possible decrease in the incision diameter caused by
wound contraction [11]. After wounding, the exposed raw area
was covered by non-adherent gauze for about 24 hours to pre-
vent tissue fluid loss. The rats were kept in an individual cage
under specific pathogen free conditions in an animal room.

Streptozotocin-induced diabetes. Diabetes was induced by
a single intravenous (IV) injection of sterile STZ in sodi-
um citrate (0.1 mol/L, pH 4.5) to overnight-fasted animals
through tail vein. STZ was given immediately once prepared,
at a dose of 60 mg/kg body weight as described in previous
studies [12]. After 3 days, diabetic states of rats were checked
via blood samples withdrawn from the tail veins of these rats
to determine fasting blood glucose level using blood glucose
tests strips and meter (Accu-Check; Roche Diagnostics,
Penzberg, Germany). On day 21 after injection, the animals
were fasted for 8 h and blood glucose was measured. Animals
with fasting blood glucose level equal to or more than 250
mg/dl were considered as established STZ-induced diabetic
rats [12], and were included in the experiment (Table 1).

Wound closure analysis. The wound diameters were meas-
ured on postoperative days 3, 7, 14, and 21 (Table 1). Wound
closure was assessed as a percent reduction in the wound
area. Progressive decrease in the wound area was followed
by tracing the wound margin on a transparent paper. After
that, the tracing was placed on a graph paper and the number
of squares was counted. Wound closure was expressed as
percentage reduction of the original wound area and was
calculated using the following formula as demonstrated in
previous work [13]:

% wound closure in day N = (area on day 0
—area on day N)/area on day 0 x 100

The area on day 0 is defined by the trace obtained immedi-
ately after wounding (the original wound area).

Experimental groups. Three weeks after induction of dia-
betes, the diabetic rats had undergone excisional wounds on
their backs as described previously [10] and were randomly
assigned into four groups, ten rats each (Table 1).

Group I: diabetic group (positive control). Five rats received
0.5 ml phosphate buffer saline (PBS), injected intradermally
at eight different sites in the wound margins and five rats
received 0.5% CMC by gastric lavage.
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Table 1. Illustration of the workflow of the current study
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Stages Days Events
1 DO STZ injection
D3 Checking blood glucose & verification of the diabetic status
D21 * Monitoring of the fasting blood glucose
 Rats with blood glucose > 250 mg/dl were considered diabetic and were icluded
e D21 * Wound creation on the backs of the animals
£ 5 (D 0 post wounding) * Start Metformin treatment for 21 days
":% % « Start stem treatment, once intradermal injections in the wound margins
5 8 * Start combined therapy treatment
« Start vehicle treatment (positive control)
D 24 (D 3 post wounding) Measurement of the wound area
D 28 (D 7 post wounding) Measurement of the wound area
D 35 (D 14 post wounding) | Measurement of the wound area
D 42 (D 21 post wounding) * Measurement of the wound area
* Euthanizing of animals
\4 * End of the experiment

Group II: metformin-treated group. Ten rats received
metformin (250 mg/kg/d) for 21 days after wound creation,
by gastric lavage.

Group III: mesenchymal stem cell-treated group. Ten rats re-
ceived single intradermal injections of MSCs (2x10°in 0.5 ml
of PBS) at eight different sites in the wound margins [14].

Group IV: combined therapy group. Ten rats received both
metformin (250 mg/kg/d by gastric lavage for 21 days) and
single intradermal injections of MSCs (2% 10°) as described
for Group III.

Isolation and culture of the bone marrow derived MSCs.
Rat mesenchymal stem cells were isolated according to the
protocol described by Hu et al. [15] with minor modifications.
After anesthesia of 8 week-aged rats, the femur and tibia were
aseptically dissected and cleared of all muscles and connective
tissue. Bone marrow was collected by flushing each long bone
with complete culture medium constituted of Dulbecco’s
Modified Eagle’s medium (DMEM) 10% fetal calf serum
(FCS), 2 mM glutamine and penicillin/streptomycin (50 U/ml
and 50 mg/ml, all from Sigma), supplemented with heparin
at a final concertation of 5 U/ml. Collected marrow samples
were mechanically disrupted by passing them successively
through 18-gauge and 20-gauge needles to obtain a single cell
suspension. The cells were centrifuged and resuspended with
culture medium and incubated at humidified 5% CO, and
95% air atmosphere at 37°C. BM-MSCs were first selected by
their adherent property preferentially attaching to uncoated
polystyrene tissue culture dishes [16]. The non-adherent cells
were removed by 2-3 washes with PBS and adherent cells
were further cultured in complete medium. For cell passag-
ing, trypsin-EDTA solution (Sigma) was used. The medium
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was changed after 2 days and twice a week thereafter. When
large colonies of primary MSCs developed (80-90% conflu-
ence), they were trypsinized (trypsin-EDTA solution) for
5 min at 37°C. The resulting cell suspension was centrifuged
at 1,500 rpm for 5 min, resuspended in complete culture
medium. Fibroblast-like cells became the predominant cells
in culture, characterized by their fusiform shape and plas-
tic adhesiveness. The recovered cells were counted, using
hemocytometer and cellular viability was quantified by the
trypan blue exclusion test in which the viable cells appeared
with clear cytoplasm (not stained) [17]. Up to 3 cell passages
were used in this experiment.

Flow cytometry. Extended effort was afforded for immunophe-
notyping of the separated, purified MSCs using flow cytometry
(Accuri, San Jose, CA, USA). The cell suspension was incubat-
ed with different fluorescently labeled monoclonal antibodies
against rat CD45, CD29, and CD90 molecules [18]. The BM-
MSCs were positive for the MSCs markers (CD29 and CD90)
and negative for the hematopoietic-lineage marker, CD45.

Histological procedure. On day 21 after wound creation, the
rats were euthanized with an overdose of ether. Skin tissue
samples were collected including the wounded tissues and
the surrounding normal skin. The tissues were immediately
fixed in 10% neutral-buffered formalin and processed for
paraffin sections. Five micrometer-thick sections were cut
and stained with hematoxylin and eosin (H&E) for morpho-
logical observations, and Masson’s trichrome staining for the
evaluation of collagen disposition, as based on previously
stated protocols [19]. Immunohistochemical (IHC) reaction
was done, according to previously mentioned protocols [20],
for the detection of expression of CD31 (PECAM-1) by
a specific antibody, mouse monoclonal antibody (Labvi-
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Figure 1. Inverted microscope photomicrographs of primary cultures of bone-marrow-derived mesenchymal stem cells
(MSCs) on days 2 (A and B), 3 (C), and 7 (D). Panel (A) shows rounded nonadherent refractile cells (black arrows). Panel
(B) shows few spindle-shaped cells (white arrow) between rounded nonadherent refractile cells (black arrow). Panel (C)
shows many spindle cells (white arrow) between rounded nonadherent refractile cells (black arrow). Panel (D) shows many

purer spindle shaped cells (white arrow).

sion corporation, Fremont, CA, USA). It was supplied as
a prediluted antibody ready for staining formalin-fixed and
paraffin-embedded tissues. The sections were incubated with
the primary antibody diluted to a concentration of 1:100
in PBS for one hour, followed by a reaction with biotinylated
secondary antibody. After conjugation with streptavidin—bi-
otin—peroxidase complex, 3,3-diaminobenzidine (DAB) was
used as a chromogen, and hematoxylin solution was used
as a counterstain. The reaction gives brownish discolora-
tion in the plasma membrane of capillary endothelial cells
in addition to macrophages and fibroblasts [21]. Initially,
immunofluorescence detection of PKH26-labeled MSCs
was done by fluorescent microscope in unstained paraffin
sections for tracking of stem cells.

Morphometric measurements. Quantitative morphometric
measurements of the mean area percent of CD31 immu-
nostained skin sections were done using the image analyzer
computer system (Leica Qwin 500, Leica, Cambridge, Eng-
land). The image analyzer was first calibrated automatically
to convert the measurement units (pixels) produced by the
image analyzer program into actual micrometer units. For
each group, ten measuring fields in each specimen were ran-
domly selected, using the high power magnification (x400).

Statistical analysis. All the data obtained were presented
as mean * standard deviation (SD). The normal distribu-
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tion of the values in the different groups of the study was
checked and the evaluation of differences between groups
was performed using one-way analysis of variance (ANO-
VA) and post hoc LSD test with SPSS 19.0 software (IBM
SPSS Statistics for Windows, Armonk, NY, USA). Results
with P-value of less than 0.05 were considered statistically
significant.

Results

Characterization of bone marrow-derived

MSCs in culture

Using inverted microscope, MSCs were identified
in culture as spindle-shaped cells between rounded
cells (Fig. 1). On day 2 of primary culture of MSCs
presented as rounded nonadherent refractile cells
(black arrows) (Fig. 1A, B) and few spindle-shaped
cells (white arrows) (Fig. 1B). On day 3 (Fig. 1C) of
primary culture many spindle cells (white arrows)
were visible between rounded nonadherent refractile
cells (black arrows). On day 7 (Fig. 1D), numerous
spindle-shaped MSCs (white arrows) were seen.

Evaluation of wound healing

Wound areas of each diabetic rat in the studied groups
were measured on day 3, 7, 14 and 21 post wounding
(Table 2 and Fig. 2). The area percentage of wound
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Table 2. Changes in the wound areas of the studied groups of diabetic rats at different days post-wounding

Groups of rats Wound surface area (cm?) in post excision days

3rd day 7th day 14th day 21st day
Control 0.905 = 0.01 0.852 £ 0.12 0.550 + 0.01 0.305 £ 0.11
(Gr. 1) (9.5%) (14.8%) (45%) (69.5%)
Metformin-treated 0.848 = 0.14¢ 0.705 * 0.15¢ 0.405 = 0.01¢ 0.260 = 0.10¢
(Gr. II) (15.2%) (29.5%) (59.5%) (74%)
MSC-treated 0.846 = 0.11° 0.75 £ 0.01° 0.347 = 0.02° 0.251 = 0.2°
(Gr. IIT) (15.4%) (24.7%) (65.4%) (74.9%)
Metformin- and MSC-treated 0.501 = 0.19* 0.402 = 0.01# 0.203 = 0.01# 0.061 = 0.11*
(Gr. 1V) (49.9%) (59.8%) (79.7%) (93.9%)

Diabetes was induced by streptozotocin injection of rats as described in Methods. Data express wound area in cm? as mean * SD, n = 10 in each
group. The approximate percentages of wound closure are demonstrated in brackets. *Significantly different (P < 0.05) when compared with met-
formin- (Group II) or MSC-treated rats (Group III); P < 0.05 when compared with non-treated wounded diabetic rats (Group I); P < 0.05 when

compared with non-treated groups (control). MSCs, bone-marrow-derived mesenchymal stem cells.

100+
—e— Control

—e— Metformin
—e— Stem cell
—e— Metformin and stem cell
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Figure 2. Rough estimation of the wound closure progress expressed as the percentages of reduction in the wound area at
different time intervals (days 0, 3, 7, 14, and 21) in diabetic rats (control, metformin-, stem cells- or metformin and stem
cell-treated). *Significant difference (P < 0.05) when compared at the same time-intervals with metformin- and mesenchymal

stem cell-treated groups (Groups II and III, respectively). n =

closure increased significantly in the combined ther-
apy group (MSCs plus metformin) compared to the
metformin (p < 0.05) and MSCs (p < 0.05) groups at
3,7, 14 days after wounding. On day 21 after surgery,
94% wound closure was reached in the combined
therapy group, while non-treated, metformin-treated
and stem cell-treated wounds reached 69.4%, 74%,
and 75% closure, respectively.

Morphological study of MSCs and wound sections

Using fluorescent microscopy, examination of un-
stained paraffin sections was carried out to track
PKH26-labeled bone marrow-derived MSCs. The
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10 in each group.

PKH26-labeled stem cells emitted red fluorescence
(Fig. 3).

Histological examination of H&E-stained skin
sections from control diabetic rats (Group I) showed
skin defect covered by poorly regenerated interrupted
epidermis. The underlying papillary dermis looked
loose and irregular (Fig. 4A). In both Group II and
III (metformin- and MSC-treated groups, respec-
tively), signs of partial healing were observed, such
as formation of large amount of dermal granulation
tissue filling the wound defect area, thin regenerat-
ed epidermis creeping over the granulation tissue,
formation of new blood capillaries (Figs. 4B and
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Figure 3. Fluorescence microscopy photomicrograph of
a section in the skin wound area of a diabetic rat from Group
III (MSC-treated) demonstrating presence of several red flu-
orescent PKH26-labeled bone marrow-derived mesenchymal
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4C, respectively). In Group IV (combined therapy
group), proper healing was observed in the form of the
contraction of the wound area, complete re-epitheli-
zation of the wound surface, accumulation of huge
amount of granulation tissue under the re-epithelized
wound surface, differentiation of the epidermal cells,
re-organization (remodeling) of the collagen fibers
within the granulation tissue, and formation of new
more functioning (containing red blood cells) blood
capillaries with good regeneration of skin appendages
(Figs. 4D, E).

Trichrome stained sections showed marked
prominent deposition of collagen fivers in Group
IV (stem cells plus metformin-treated animals). The
collagen fibers appeared deeply stained, coarse and
arranged in a network like different directions (Fig.
5D). However, in Group I (positive control), collagen
fibers were lightly stained and scarce (Fig. 5A), and
increased gradually in metformin- (Group II) (Fig.
5B) and stem cell-treated (Group III) rats (Fig. 5C).

stem cells (white arrows). Magnification: x 400.

Figure 4. Photomicrographs of hematoxylin and eosin-stained skin sections of diabetic rats from different experimental groups.
(A). Rat from the control group presents the wound defect area (double headed arrow) with thin poor healing epidermis
(arrowhead) and less cell-dense connective tissue underlying dermal granulation tissue (star). (B). Skin of metformin-treated
rat (Group II) discloses more cellular granulation tissue (star) and congested blood vessels (thick arrows). Regenerating
thin epidermis (arrowhead) is seen overlying the granulation tissue. (C) Mesenchymal stem cell-treated rat (Group III)
shows the dermal granulation tissue (star). Thin regenerated migratory epidermis (arrowhead) is seen extending to cover
the granulation tissue. Small sized blood vessels are seen. (D) and (E). Rat treated with metformin and MSCs (Group 1V)
shows almost complete re-epithelization of the wound surface (arrowhead), dermal granulation tissue formation (star). Clear
differentiation of the epidermal cells and re-organization of the granulation tissue are seen in some sections. Congested
blood vessels and formation of new small-sized blood capillaries (thick arrows) are evident. Skin appendages (sebaceous
gland (S) and hair follicles (thin arrows)) are well formed. Magnification: A-D x 100, and E x400.
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Figure 5. Masson’s trichrome stained skin sections of the different groups of diabetic rats. (A). Rat from Group I (control)
shows lightly stained collagen bundles. (B). Rat from Group II (metformin-treated) shows disarranged collagen bundles par-
tially filling the wound defect area. (C). Rat from Group III (mesenchymal stem cell-treated) shows the dermal granulation
tissue with rich collagen bundles which is disorganized under the wound area. (D). Rat from Group IV (combined therapy
group) shows marked deposition of darkly stained, heavily distributed, coarse collagen fibers. Magnification: A-D x100.

Immunohistochemical detection of CD31
localization during skin wound healing
Immunohistochemical staining of skin sections of
diabetic rats of Group I (control) revealed moderate-
ly-intense expression of CD31 and was limited to the
endothelial cells of blood vessels (Fig. 6A). However,
in Groups II and III (metformin- and mesenchymal
stem cell-treated animals, respectively), diffuse CD31
immunoexpression was noticed in the cells of the
reticular layer of dermis such as fibroblasts and mac-
rophages (Fig. 6B, C). In Group IV (metformin- and
stem cell-treated rats), the CD31 immunoreaction
was diffuse and marked with the existence of large
number of CD31 positive cells in dermal connective
tissue (Fig. 6D).

Histomorphological evaluation of the area percent
of CD31 immunostaining

The data, demonstrated in Figure 7, revealed signif-
icant increase (P < 0.05) in the mean area percent
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of the CD31 immunostaining in combined therapy
group (Group IV) when compared to either Group II
(metformin-treated) or Group III (mesenchymal stem
cell-treated). Compared to Group I (control), the
CD31 area was significant higher for Groups I1I-1V
(P < 0.05), while no difference was observed between
Group II and III.

Discussion

Diabetic foot ulcer with impaired wound healing is
a common complication of uncontrolled diabetes
mellitus. Untreated neglected foot ulcers could be
complicated by gangrene and amputation with its
bad psychological impact on these patients [22, 23].
Introduction of new treatment modalities is mandato-
ry to improve health status of diabetic patients. Bone
marrow-derived stem cells are a promising stem cell
source for regenerative medicine and wound repair.
They can differentiate into other cell types within the
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Figure 6. CD31-immunostained skin sections of diabetic rats from the studied experimental groups. (A). Rat from Group I
(control) reveals scarce CD31 immunoreactivity limited to the endothelial cells of blood vessels (V). (B). Rat from Group
II (metformin-treated) shows moderate CD31 immunostaining of the endothelial cells as well as dermal connective tissue
cells, macrophages (arrows) and fibroblasts (arrowheads). (C). Rat form Group III (mesenchymal stem cell-treated) shows
moderate CD31 immunostaining of the endothelial cells, fibroblasts (arrowheads) and macrophages (arrows). (D). Rat from
Group IV (combined therapy group) shows marked CD31 positive immunoreaction including endothelial cells of blood
capillaries (V) and dermal connective tissue cells. Magnification: A-D x400.
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Figure 7. The mean values = SD of the area percent of CD31 immunoreactivity in the different groups of diabetic rats, the
control group, metformin-treated, mesenchymal stem-cell-treated groups, and both metformin- and MSCs-treated-group.
n =10. *Significant difference (P < 0.05) when compared to metformin- and bone marrow-derived stem cell-treated groups.
#significant difference (P < 0.05) when compared to the control group.

injured tissue to promote repair and regeneration of
the skin [7, 24]. Metformin is a well-known, commonly
prescribed oral hypoglycemic drug [4], and was found
in healthy animals to have a wound healing effect
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against cutaneous skin injuries [25]. For this reason,
the current study was designed to investigate the effect
of metformin and stem cells treatment on skin wound
healing in diabetic rats.
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Skin has a remarkable accelerated capacity for
spontaneous wound healing. Sex hormones, in
particular estrogens, play an important role in the
regulation of biological processes involved in tissue
regeneration and wound healing [26, 27]. In the
current study, the male gender of the experimental
animals was preferred to minimize the accelerating
effect of endogenous estrogens on wound healing
[26]. Experimental diabetes was induced to evaluate
the therapeutic effects of new agents in rats in which
the cutaneous wound healing was impaired by the
underlying disease [28]. In order to mimic the clinical
manifestations of human DM, streptozotocin was cho-
sen to induce diabetes in the experimental animals as
it selectively destroys the beta cells of the pancreatic
islets [12]. Each rat was later exposed to experimental
creation of a full thickness excisional wound using
a sterile punch biopsy. Given that wound healing was
accelerated in partial thickness skin injury, the full
thickness excision was preferred as an experimental
skin wound model, rather than partial thickness skin
injury to abolish the effect of endogenous stem cells
located within hair follicles and sebaceous glands [29].

In the present work, there were no great gross or
histological differences between the wounded skin of
rats injected with PBS or those which received orally
streptozotocin solvent (CMC) in the diabetic control
group, so that these groups were considered the same.

Regarding the gross evaluation of wound healing
and closure of the wound defect area at different time
intervals throughout the experiment (days 3, 7, 14,
and 21), it was found that approximately complete
reduction in the wound defect area was reached in
combined therapy group (Group IV) on day 21. There
were no significant differences between metformin
treatment (Group II) and BM-MSCs transplantation
(Group III) in wound closure area. However, the
combination of metformin and BM-MSCs showed
significantly better curative effect over the single
treatment modality. The current result indicated
that stem cells, combined with metformin improved
wound healing which was in accordance with findings
of Seo et al. [30] who reported better effects on wound
healing when they utilized stem cells, in combination
with an another antidiabetic agent, exendin-4.

Histological analysis of the H&E stained skin
sections obtained from the diabetic non-treated rats
(Group I) revealed poor wound healing, delayed
closure of the wound area. Poorly regenerated inter-
rupted epidermis was also noted covering the wound
floor. The papillary layer of the dermis showed less
dense, deficient underlying dermal granulation tissue,
which was evidenced by the lightly stained scarce
collagen fibers visualized by trichrome staining. Fur-
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thermore, it was correlated with gross wound gapping
and poor healing in the same group. Similar to the
current findings, other investigators [31] revealed
delayed cutaneous wound healing in non-treated
diabetic rats. These findings could be supported by
the explanation of Serra ef al. who demonstrated the
effect of diabetes on the different phases of wound
healing: the inflammatory phase (with compromised
immune system reactivity), the proliferative phase
(suppressed collagen deposition and formation of
new blood vessels) and the remodeling phase in which
re-organization of collagen occurs to restore the tissue
structural integrity [32].

In the treated diabetic groups of rats we noted
that both metformin and stem cells improved heal-
ing process in experimentally induced skin wounds.
In metformin-treated and stem cell-treated (Group
II and Group III, respectively), histological exami-
nation revealed similar findings in the form of the
accumulation of granulation tissue partially filling
the wound defect area with thin regenerated creep-
ing epidermis and formation of new blood vessels.
Masson’s trichrome stain showed more abundant
collagen bundles than in injured control diabetic rats.
However, the combination of both stem cells plus
metformin (in Group IV) showed nearly complete
re-epithelialization of the wound surface in compar-
ison to either agent alone, formation of more cellular
granulation tissue and formation of numerous blood
capillaries. As well, darkly stained coarse abundant
collagen fibers were evident in Masson’s trichrome
stained skin sections. Collagen is an important extra-
cellular matrix component that provides integrity and
structure of skin and other tissues [33]. This notion
supported the finding of granulation tissue forma-
tion and collagen deposition in H&E and trichrome
stainings, respectively. The finding of combined
therapy group suggested better curative effect not
only through increasing rate of wound healing, but
also ensured normalization of the wound through
effective re-epithelialization. These findings were
in agreement with the results of Elsharawy et al.,
(2011) [34], who reported better epidermal healing
and accelerated revascularization of the wound when
they utilized umbilical cord blood-derived CD34+
stem cells injected into the wound bed. Thus, MSCs
from various sources can accelerate healing of skin
wounds in diabetic rats, which offers a new possibility
of diabetic ulcers treatment in humans.

To our best knowledge the application of bone mar-
row-derived stem cells, in combination with metformin,
in the current study, is the first such attempt aimed at
the improvement of the health status of diabetic patients
through aiding diabetic wound repair and regeneration.
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Different mechanisms were postulated to explain
the action by which BM-MSCs transplantation leads
to tissue repair. One of these mechanisms was the dif-
ferentiation of the stem cells into mature endothelial
cells leading to angiogenesis, or the paracrine stimula-
tion of neovascularization through the release of an-
giogenic growth factors and chemical mediators [35].
Differentiation into healing tissue components is also
an important mechanism. BM-MSCs can differenti-
ate into fibroblasts and myofibroblasts so that better
healing and contraction of the wound defect area can
be achieved. Moreover, there was evidence suggest-
ing that BM-MSCs could recruit more fibroblasts
and stimulate their migration from the surrounding
tissues via chemotaxis [36, 37]. Immunohistochemical
staining of CD31, in the present work, seems to con-
firm these mechanisms. In stem cell-treated animals
(Group I1I), significant difference was found when
compared to control group (Group I). Furthermore,
the CD31 immunoexpression was more intense in the
combined therapy group when compared to metform-
in- or stem cell-treated groups, where the positive
reaction was observed in the endothelial cells of the
blood capillaries and large number of fibroblasts and
macrophages. This observation could support the
angiogenic mechanisms and differentiating potential
of the applied BM-SCs.

In metformin-treated diabetic rats, significant
difference was found when compared to the control
group. The wound healing effect of metformin may
be related to the formation of new blood capillaries as
confirmed by H&E and CD31 immunohistochemistry.
This explanation was confirmed by other researchers
[9] who suggested that metformin promoted angi-
ogenesis via improving the angiogenic functions of
endothelial progenitor cells (EPCs) in diabetic mice.
In addition, other authors [38] clarified that the
EPCs decreased in number and functions in diabetic
patients with subsequent vascular complications and
impaired wound healing. Moreover, another mech-
anism was postulated to explain the wound healing
effect of metformin. The insulin tissue resistance
had been found to interfere with the healing of ex-
cisional skin wounds by delaying wound contraction
and surface re-epithelialization, as shown by other
investigators [6]. Metformin is a true insulin sensitizer
affecting insulin action in peripheral tissues [5], which
contributed to the indirect effect of metformin on
wound healing.

Interestingly, in an another animal model opposite
results were reported [39]. The authors reported re-
duction in the proliferation of HaCaT keratinocytes
in culture media in presence of metformin. This was
due to an alteration of the cell cycle without induction
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of apoptosis, as proven by means of flow cytometry.
Furthermore, in a physiological setting, the authors
revealed reduced healing process and wound closure
progress in metformin-treated ulcers in diabetic pa-
tients. They explained their findings by suggestion that
metformin interfered with surface re-epithelization
of the wound area by reducing cell proliferation of
keratinocytes [39]. The discrepancy between our and
their results could be attributed to the different ex-
perimental design, methods and dosage of metformin.

The angiogenic response is essential for wound
healing. Formation of new blood vessels is necessary
to sustain the newly formed granulation tissue and
the survival of keratinocytes [40]. In agreement with
this notion, the congested blood vessels scattered
among the granulation tissue, in the current study,
particularly in the combined therapy group confirmed
the importance of neovascularization in maintaining
the vitality of the newly formed granulation tissue.

Finally, the different mechanisms of wound heal-
ing encountered in each group of the single treatment
modality can be summarized to synergistically pro-
mote better wound healing in the group of combined
treatment modality.

In summary, the results of the current study indi-
cated a synergistic effect of both combined BM-MSCs
and metformin on skin healing in this animal wound
model of STZ-induced diabetes. This combination ac-
celerated wound healing and increased wound closure
progress by stimulation of surface re-epithelization,
differentiation, and promoting angiogenesis. The
combined approach could be considered as a novel
treatment modality for the management of patients
with diabetic foot ulcers to enhance wound healing
and to decrease the risk of progression of gangrene.
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Abstract

Introduction. Testicular tumors are heterogeneous group of neoplasms divided mainly into two types: seminomas
and non-seminomas. Nucleolin (NCL) and nucleophosmin (NPM) are abundant nucleolar proteins involved in
many physiologic and pathologic processes including cancer. Their overexpression was found in many tumors
but it was not studied in testicular cancer.

Material and methods. The study was performed on tissue microarrays of 19 seminomas, 21 embryonal carci-
nomas and 11 yolk sac tumors. The expression of NCL and NPM was detected with monoclonal antibodies and
visualized with EnVision FLEX/HRP technique. Immunohistochemical reactions were measured with Aperio
ImageScope Software and analyzed as means of percentages of all immunopositive cells in three groups of re-
action intensity, i.e. 3+, 2+, and 1+ as well as of H-score.

Results. Seminomas showed higher expression of nucleolin indicated by higher H-score and higher percentage of
positive cells than non-seminomas. The differences in subpopulations of NCL-positive cells were also found. Em-
bryonal carcinomas and yolk sac tumors showed lower expression of NCL than seminomas indicated by H-score.
The percentage of NCL-positive cells did not differ between embryonal carcinomas and seminomas while there
were significant differences in subpopulations of cells. The percentage of NCL-positive cells in yolk sac tumors
was lower than in seminomas. The results show different heterogeneity of subpopulations of NCL-positive cells
in embryonal carcinomas and yolk sac tumors compared to seminomas. The analysis of nucleolin expression in
embryonal carcinomas and yolk sac tumors showed no differences between these two tumor types. No differences
in nucleophosmin expression between seminomas and non-seminomas were found.

Conclusions. The differences in the expression of nucleolin between two groups of germ cell testicular tumors
found in the current study indicate a new aspect of biology of these neoplasms and require further studies on the
role of nucleolin in germ cell tumorigenesis. (Folia Histochemica et Cytobiologica 2019, Vol. 57, No. 3, 139-145)

Key words: nucleolin; nucleophosmin; germ cell tumor; seminoma; testis; IHC

Introduction and based on their diverse histology and biological

behavior they can be divided into seminomas and

Testicular tumors are the most common cancer in
young men between puberty and forties in Europe
and they account for 1-3% of all cancers in men. The
incidence and death rate in Poland are among the
highest in European countries [1]. Germ cell testic-
ular tumors are heterogeneous group of neoplasms
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non-seminomas. Median age of patients with sem-
inoma is 35 years and ones with non-seminomas is
25 years [2]. Compared to non-seminomas, semino-
mas present relatively uniform histology with large
cells containing regular nuclei with one or more nucle-
oli [3]. Non-seminomas is diverse group of neoplasms
that among others include embryonal carcinoma and
yolk sac tumors as a pure malignancies or elements of
mixed germ cell tumors. Embryonal carcinomas vary
in histologic presentation from sheets of primitive-ap-
pearing cells to glandular or papillary structures with
highly pleomorphic atypical nuclei with many nucleoli
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and frequent mitoses. Less common in adult men yolk
sac tumors show numerous histologic patterns from
solid through microcystic and glandular to classic one
with Schiller-Duval bodies [3, 4]. The most common
histologic and molecular precursor of seminomas and
non-seminomas is germ cell neoplasia in situ (GC-
NIS), which arises from primordial germ cells that
failed to differentiate into spermatogonia. One of the
first events in neoplastic transformation of germ cells
is an expression of Oct4. Different programming of
GCNIS results in transformation to seminoma or to
embryonal carcinoma that is a neoplastic counterpart
of the human embryonal stem cell [5-7]. GCNIS ex-
press several stem cell related markers such as Oct4,
NANOG, c-KIT, PLAP, TSPY [2, 6, §]. Seminoma
cells have limited capacity to differentiate while
embryonal carcinoma cells can differentiate into
embryonic somatic lines or extraembryonal and troph-
oblastic structures [8]. Both embryonal carcinoma
cells and seminoma cells express Oct4 and NANOG.
Difference between seminomas and non-seminomas
include expression of Sox17, high hTERT expression
and high telomerase activity in seminomas and Sox2
expression in embryonal carcinomas [2, 9, 10].

Nucleolus seen within the nucleus in standard
histologic staining with hematoxylin and eosin is
a structure composed of three elements: fibrillar
centers (FC), dense fibrillar components (DFC) and
granular components (GC) and it is a site of ribosome
biogenesis [11]. Nucleolin (NCL), highly conservative
protein, is a three-domain structure involved in many
processes such as nucleolus formation, transcription
of rDNA, maturation of rRNA, ribosomal assembly
and nucleocytoplasmic transport, regulation of apop-
tosis and cell differentiation [11-13]. NCL is involved
in wide variety of pathologic processes including
cancer (as a promotor or suppressor), inflammation,
neurodegeneration [12]. This protein is mainly de-
tected in nucleolus but also in nucleoplasm outside
nucleolus [11, 14], cytoplasm and cell membrane
[12]. Nucleophosmin (NPM) is another abundant
nucleolar protein with possible aberrant cytoplasmic
localization. Similarly to NCL it shuttles between
nucleolus and nucleoplasm. Both proteins function as
chaperones and they interact with numerous protein
partners including themselves [15]. NCL and NPM
overexpression was found in many tumors [16, 17];
however, their expression in testicular tumors has yet
not been analyzed.

Materials and methods

The study was approved by the Bioethical Commission of
the Pomeranian Medical University in Szczecin, Poland
(approval number KB-0012/267/09/18).
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All cases of germ cell testicular tumors diagnosed in Depart-
ments of Pathology of the 1*tand the 2" Clinical Hospitals
of Pomeranian Medical University, Szczecin, Poland and
Multispecialty Hospital, Gorzéw Wielkopolski, Poland
between May 2004 and April 2018 were re-analyzed by
one pathologist (MM) and representative slides and paraf-
fin-embedded tissue blocks were selected for constructing
tissue microarrays (TMA). All tissue samples for routine
pathologic diagnosis were formalin-fixed and paraffin em-
bedded. Two main tumor types were selected for further
studies — pure seminomas and mixed germ cell tumors. Due
to high heterogeneity of the latter ones, cases containing only
embryonal carcinomas and yolk sac tumor elements were
selected for the study. 19 cases of seminomas and 27 cases
of mixed germ cell tumors (21 cases of embryonal carcinoma
elements and 11 cases of yolk sac tumor elements) were
included in the study.

Immunohistochemistry. All immunohistochemical (IHC)
studies were performed on tissue microarray (TMA) slides.
During histological evaluation areas of interest were en-
circled on a glass slide and afterwards cores of tissue were
taken from representative sites of original paraffin blocks
and were inserted into recipient paraffin blocks. To ensure
the representativeness of the material 3 cores were taken
from each area of interest. Each TMA were cut into 3 um-
-thick section, deparrafinized and antigens were retrieved
for IHC reactions (PT Link, Dako, Glostrup, Denmark).
Endogenous peroxidase was blocked with hydrogen perox-
ide and slides were incubated with primary antibody. Two
mouse anti-human antibodies were used for detecting stud-
ied proteins — anti-nucleolin (monoclonal antibody; clone
4E2; Abcam, plc., Cambridge, UK; 1:2000 dilution, 37°C for
90 min) and anti-nucleophosmin (monoclonal antibody;
clone FC82291; Abcam, plc.; 1:2500 dilution, 37°C for
90 min). Antigens retrieval procedures were tested and an-
tibodies were titrated for optimal IHC reactions that were
visualized with EnVision FLEX/HRP (Dako). Slides were
counterstained with hematoxylin, dehydrated and sealed
with coverslips. One section of each TMA was also stained
with hematoxylin and eosin for microscopic control of cores
quality. Slides were immediately scanned with ScanScope
slide scanner (Aperio Technologies Inc., Vista, CA, USA)
and the analyses of IHC reactions were performed with
Aperio ImageScope software (Aperio Technologies Inc.)
(Fig. 1). Each evaluated area was selected manually to
avoid analysis of necrotic areas or non-neoplastic tissues
encountered in cores. Results of the analysis were mea-
sured and calculated by the software and were presented
in three forms: a) mean percentage of all positive cells, b)
percentage of cells with different expression of proteins [+3
(highly positive), +2 (medium positive), +1 (low positive)
and 0 (negative)] and ¢) H-score, which was calculated with
following formula: H-score = (% of +3-positive cells X 3)
+ (% of +2-positive cells X 2) + (% of +1-positive cells).

www.fhc.viamedica.pl



Nucleolin and nucleophosmin in testicular tumors

BT TOREE T ¥ oA e
CoR NS vy !

AR

Aai
“y
(3
0:0
E]

5;‘:‘.».’?:'
@

[™ o:

)

“mr

141

e
B

Figure 1. Nucleolin (NCL) expression in seminoma, embryonal carcinoma and yolk sac tumor. 1-3 hematoxylin and eosin
staining; 1 — seminoma, 2 — embryonal carcinoma, 3 — yolk sac tumor. Microphotographs 1a-3a present NCL immunore-
activity, whereas figures 1b-3b present analyses of the NCL immunoreactivity by Aperio Scan Scope software in respective
tumors. Sections were stained by immunohistochemistry as described in Materials and Methods.

Statistical analysis. Data distribution was tested with
Shapiro-Wilks test. Some data showed non-Gaussian
distribution thus Kruskal-Wallis test was used for finding
differences between more than two groups and subsequently
U-Mann-Whitney test for differences between two groups.
All analyses were performed with STATISTICA for Win-
dows 13.1 (StatSoft, Krakéw, Poland).

Results

The mean age of patients with testicular tumors
analyzed was 35.5 = 12.3 years (mean = SD) while
mean tumor size was 35.5 = 19.1 mm. Detailed data
is presented in Table 1.

Patients with seminomas were older than patients
with non-seminomas but the difference did not reach
statistical significance (p = 0.07). When compared be-
tween separate groups of non-seminomas, patients with
embryonal carcinoma component were significantly
younger than patients with seminoma (p = 0.008)
and patients with yolk sac tumor component (p = 0.03).
There were no age differences between patients with
yolk sac tumor component and patients with semi-
noma (p = 0.86). Tumor size showed no statistically
significant differences between any groups studied.
Mean number of nuclei measured in each case was
4941 * 1874 (mean = SD).
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Nucleolin expression and subpopulation of NCL-
-positive cells in seminomas and non-seminomas
We analyzed the percentage of NCL-positive cells,
percentages of subgroups of highly positive (+3),
medium positive (+2), low positive (+1) and neg-
ative cells (0) as well as H-score in seminomas and
non-seminomas. Seminomas showed higher expres-
sion of NCL indicated by higher H-score and higher
percentage of positive cells than non-seminomas
(p = 0.0009 and p = 0.024, respectively). Interesting
results were found in subpopulations of NCL-pos-
itive cells. The percentage of +3-positive cells was
higher (p = 0.0004) while percentages of +2, +1
and negative cells were lower in seminomas than in
non-seminomas (p = 0.001, p = 0.002 and p = 0.025,
respectively) (Table 2). Differences in percentages of
subgroups of NCL-positive cells indicate the hetero-
geneity of expression of nucleolin between seminomas
and non-seminomas.

Nucleolin expression and subpopulation

of NCL-positive cells in seminomas vs embryonal
carcinoma- and yolk sac tumor-component

of non-seminomas

We compared NCL expression between seminomas and
two subtypes of non-seminomatous tumors — embry-
onal carcinomas and yolk sac tumors separately. Both
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Table 1. Patients’ age and tumor size

Marek Masiuk et al.

Seminomas Non-seminomas Embryonal carcinomas Yolk sac tumors
Age (years) 38.6 = 12.0¢ 324 +£10.4 28.6 7.0 39.3 £ 12.2°
Tumor size [mm] 36.7 254 34.8 +14.3 31.7 £ 115 44.0 £ 19.2

The results present mean + SD. Letters by superscripts indicate significant differences between groups: *p = 0.008, seminomas vs. embryonal carci-
nomas; °p = 0.03, yolk sac tumors vs. embryonal carcinomas.

Table 2. Semiquantitative analysis of the immunohistochemical expression of nucleolin in seminomas and non-seminomas

of the testis

Immunoreactivity Seminomas Non-seminomas p

% of positive nuclei 9771 £ 1.6 95.88 = 3.80 0.024
% of +3 positive nuclei 81.41 = 7.67 68.87 = 12.94 0.0004
% of +2 positive nuclei 13.29 = 5.10 21.41 = 8.80 0.001
% of +1 positive nuclei 3.01 = 1.67 5.56 = 3.28 0.002
% of negative nuclei 2.27 = 1.60 411 =381 0.025
H-score 273.81 £ 11.94 255.03 = 20.74 0.0009

The results present mean + SD. +3, +2 and +1 denote highly, medium, and low positive immunoreactivity, respectively. H-score was calculated as
described in Material and Methods.

Table 3. Semiquantitative analysis of the immunohistochemical expression of nucleolin in seminomas, embryonal carcinomas
and yolk sac tumors of the testis

Immunoreactivity Seminomas Embryonal Yolk Sac Tumors
Carcinomas

% of positive nuclei 97.71 = 1.6 95.97 = 4.45 95.70 £ 2.24
% of +3 positive nuclei 81.41 = 7.67>¢ 68.80 = 11.59 69.00 = 15.83
% of +2 positive nuclei 13.29 = 5.10¢ 21.80 = 7.44 20.72 = 11.35
% of +1 positive nuclei 3.01 = 1.67>f 5.34 £ 3.00 5.98 +3.87

% of negative nuclei 2.27 + 1.60¢ 4.02 = 4.46 4.30 =223
H-score 273.81 £ 11.940i 255.35 £ 20.72 254.42 = 21.79

Table legend as for Table 2. Letters in superscripts indicate significant differences between groups: *p = 0.015 seminomas vs yolk sac tumors;
b¢p = 0.0002 and p = 0.049, seminomas vs. embryonal carcinomas and seminomas vs. yolk sac tumors, respectively; ‘p = 0.0005 seminomas vs.
embryonal carcinomas; “p = 0.003 and p = 0.045, seminomas vs embryonal carcinomas and seminomas vs. yolk sac tumors, respectively; ¢p = 0.01
seminomas vs yolk sac tumors; ™p = 0.0016 and p = 0.02, seminomas vs. embryonal carcinomas and seminomas vs. yolk sac tumors, respectively.

embryonal carcinomas and yolk sac tumors showed
lower expression of NCL than seminomas indicated by
H-score (p = 0.0016 and p = 0.02, respectively).

The percentage of NCL-positive cells in embryo-
nal carcinomas did not differ from the percentage of
NCL-positive in seminomas while there were signifi-
cant differences in subpopulations of cells. We found
lower population of +3-positive cells (p = 0.0002) and
higher populations of +2-positive and + 1-positive
cells in embryonal carcinomas than in seminomas
(p = 0.0005 and p = 0.003, respectively) (Table 3).

The percentage of NCL-positive cells in yolk sac
tumors was lower than in seminomas (p = 0.015). The
differences in subpopulation of cells in yolks sac tum-
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ors were slightly different than in embryonal carcino-
mas. We found lower population of +3-positive cells
(p = 0.049) and higher populations of +1-positive
cells (p = 0.045) and negative cells (p = 0.01) in yolk
sac tumors than in seminomas but we found no dif-
ferences in +2-positive cell subpopulation (Table 3).

The results show different heterogeneity of sub-
populations of NCL-positive cells in embryonal carci-
nomas and yolk sac tumors compared to seminomas.

The analysis of NCL expression in embryonal
carcinomas and yolk sac tumors showed no significant
differences between these two tumor types either in
H-score value or in percentages of respective groups
of NCL-positive and negative cells (Table 3).
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Table 4. Parameters of immunohistochemical expression of NPM in germ cell testicular tumors

Immunoreactivity Seminomas Non-seminomas p

% of positive nuclei 89.89 + 7.62 83.03 = 17.29 0.32
% of +3 positive nuclei 42.87 + 22.00 36.19 £ 23.85 0.35
% of +2 positive nuclei 30.33 = 7.43 30.15 = 10.33 0.94
% of +1 positive nuclei 16.19 + 10.17 16.71 £ 9.42 0.75
% of negative nuclei 10.60 = 7.23 16.97 = 17.29 0.45
H-score 205.48 £ 45.82 185.56 * 63.22 0.35

Table legend as for Table 2.

Nucleophosmin expression and subpopulation

of NPM-positive cells in seminomas

and non-seminomas

We also analyzed the percentage of NPM-positive
cells, percentages of subgroups of highly positive
(+3), medium positive (+2), low positive (+1) and
negative cells (0) as well as H-score in seminomas and
non-seminomas. We found no significant differenc-
es in any analyzed parameters for NPM expression
between seminomas and non-seminomatous group
(Table 4). The expression of NPM did not differ
between embryonal carcinomas and yolk sac tumors
(data not shown).

Discussion

In the current study, we analyzed nuclear expression
of two proteins — nucleolin and nucleophosmin in
seminomas and non-seminomas by standard THC
technique performed on tissue microarrays. Only
NCL showed differences of expression between
these tumor types. Nuclear expression of NCL was
significantly higher in seminomas than in embryonal
carcinomas and yolk sac tumors, while there were no
statistically significant differences between the latter
ones. We found no differences in NPM expression
between tumor types studied. There were no previous
studies on these two proteins in testicular pathology
including germ cell tumors.

NCL and NPM are among most abundant nu-
cleolar proteins forming argyrophilic nucleolar
organizer regions (AgNOR) that were extensively
studied since eighties in different pathologies but only
few publications on AgNOR in testicular pathology
can be found. Meng et al. analyzed area of AgNOR
in testicular carcinoma in situ (CIS) finding higher
level of AgNOR in CIS associated with non-semi-
nomas than with seminomas. They also mentioned
that mean area of AgNOR in solid tumor cells did
not differ between seminomas and non-seminomas
but they pointed to difficulties in objective assessing
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the parameters studied [18]. Ohyama ef al. studied
forty-five patients with invasive testicular tumors and
they found higher number of AgNOR per nucleus in
seminomas than in non-seminomas [19]. Results of
the study by Ohyama et al. are in concordance with
the results of our current study. It may be stated that
higher AgNOR parameters in seminomas are related
to higher NCL expression since it is one of the main
AgNOR-related proteins [11, 14].

The expression of NCL in different histologic types
of cancer was previously studied in limited series of
tumor types. The results of our previous study on
a group of 87 ductal and 11 lobular invasive breast
cancers showed higher expression of NCL in nucle-
olus and in karyoplasm in ductal than lobular breast
cancers [17]. Xu et al. showed higher expression of
nucleolin in squamous cell lung cancers than in pul-
monary adenocarcinomas but their results were not
statistically significant [20].

At the molecular level seminomas differ from
non-seminomas by many markers and pathways
including proteins, miRNA, mRNA and DNA meth-
ylation [21]. Seminomas molecular characteristic
mirrors early germ cells while embryonal carcinoma
resembles embryonic stem cells [8]. Among markers
of pluripotency, Sox2 is the one that is expressed in
non-seminomas with no expression in seminomas
[9, 10]. Experiments on glioblastoma stem-like cells
showed that increased NCL expression downregu-
lated Sox2. NCL decreased stem-like characteristics
of Sox2 expression and the inhibitory effect of NCL
was due to the transcription inhibition and also was
observed on protein level. NCL knockout increased
the expression of Sox2. Lower expression of NCL was
accompanied by the upregulation of glioblastoma
stem cell (GSC) markers including Sox2 [22]. The
higher nucleolin expression in Sox2- negative semi-
nomas may suggest similar molecular pathway to the
one described in glioblastoma stem-like cells.

Nuclolin is a protein interacting with human
telomerase reverse transcriptase (W"TERT) and this
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interaction is necessary for nucleolar localization of
hTERT and its activity [23]. NCL overexpression caus-
es nucleolar localization of telomerase in cancer cells
[24]. Schrader et al. found high expression and high
activity of \TERT in both seminomas and embryonal
carcinomas (with high range of results) but lower in
yolk sac tumors; however the differences between all
groups studied were not statistically significant [25].
Turnbull et al. found some variants of SNPs in A« TERT
gene independently associated with testicular germ
cell tumors, one of them showing stronger association
with seminomas than with non-seminomas [26]. The
differences in NCL expression between seminomas
and non-seminomas found in our study may suggest
the possible different interactions of nucleolin with
hTERT in testicular tumors that might be modified
by single nucleotide polymorphism in A”TERT gene.

We did not find any differences in nucleophosmin
expression between seminomas and non-seminomas.
Published results on NPM expression in different his-
tologic tumor types including malignant and benign
ones are ambiguous. Pianta et al. studied 46 thyroid
tumors (10 benign and 33 malignant) and they found
higher NPM expression in papillary cancers than in
follicular or undifferentiated cancers. On the other
hand, NPM expression in benign follicular adeno-
mas was higher than in follicular or undifferentiated
carcinomas [27]. Sari et al. studied NPM expression
in 68 renal tumors (9 benign and 59 malignant) and
found nuclear NPM expression in chromophobe,
papillary and clear cell cancers with no expression in
benign oncocytomas and highly aggressive sarcoma-
toid cancers. They also found higher nucleolar NPM
expression in benign oncocytomas and in highly ag-
gressive sarcomatoid renal cell cancers than in clear
cell or papillary renal cell cancers [28]. These results
may suggest that NPM expression is neither related
to benign vs malignant tumors nor to low vs. high
malignant cancers. Relatively high standard deviation
of NPM expression found in current study indicates
high heterogeneity of NPM expression in all tumor
types. Further studies are required for assessing the
role of NPM in solid tumor pathology.

In this study, the expression of NCL and NPM in
seminomas and non-seminomas as well as different
subpopulations of cells expressing both proteins
were analyzed for the first time. The differences in
subpopulations of cells expressing NCL between semi-
nomas and non-seminomas indicate new aspect of the
biology of these tumors. However, our results should
be considered as initial observations that require
further studies including correlations with clinical
data, also prospective ones, for the studied patients
(e.g. disease-free survival). Moreover, the number of
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yolk sac tumors cases should be increased for clinical
studies. Overall, our results show differences in the
expression of selected nucleolar protein in testicular
tumors that require further studies.
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Abstract

Introduction. Canine cutaneous round cell tumours (CCRCTs) include various benign and malignant neoplastic
processes. Due to their similar morphology, the diagnosis of CCRCTs based on histopathological examination
alone can be challenging, often necessitating ancillary immunohistochemical (IHC) analysis. This study presents
a retrospective analysis of CCRCTs.

Materials and methods. This study includes 60 cases of CCRCTs, including 55 solitary and 5 multiple tumours,
evaluated immunohistochemically using a basic antibody panel (MHCII, CD18, Ibal, CD3, CD79a, CD20 and
mast cell tryptase) and, when appropriate, extended antibody panel (vimentin, desmin, a-SMA, S-100, melan-A
and pan-keratin). Additionally, histochemical stainings (May-Griinwald-Giemsa and methyl green pyronine)
were performed.

Results. IHC analysis using a basic antibody panel revealed 27 cases of histiocytoma, one case of histiocytic
sarcoma, 18 cases of cutaneous lymphoma of either T-cell (CD3+) or B-cell (CD79a+) origin, 5 cases of plas-
macytoma, and 4 cases of mast cell tumours. The extended antibody panel revealed 2 cases of alveolar rhabdo-
myosarcoma, 2 cases of amelanotic melanoma, and one case of glomus tumour.

Conclusions. Both canine cutaneous histiocytoma and cutaneous lymphoma should be considered at the beginning
of differential diagnosis for CCRCTs. While most poorly differentiated CCRCTs can be diagnosed immunohis-
tochemically using 1-4 basic antibodies, some require a broad antibody panel, including mesenchymal, epithelial,
myogenic, and melanocytic markers. The expression of Ibal is specific for canine cutaneous histiocytic tumours,
and more sensitive than CD18. The utility of CD20 in the diagnosis of CCRCTs is limited. (Folia Histochemica
et Cytobiologica 2019, Vol. 57, No. 3, 146-154)
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with essentially different prognoses as well as treat-
ments. CCRCTs generally include canine cutaneous
histiocytoma, cutaneous lymphoma, plasmacytoma,
and poorly differentiated mast cell tumours [1, 2], but
some authors have also included amelanotic melano-
ma, neuroendocrine tumour, transmissible venereal
tumour, and histiocytic sarcoma in this group [3-5].

Introduction

Canine cutaneous round cell tumours (CCRCTs)
are a heterogeneous group of neoplastic processes
of similar morphology, but various histologic origins,
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Due to the similar morphology of tumour cells, rou-
tine histopathological examinations are not sufficient
to obtain proper diagnoses in many cases of CCRCTs.
Furthermore, veterinary oncologists require more
specific diagnoses, which are essential for further
therapy [6]. Some studies have shown that the histo-
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pathological diagnosis of a significant percentage of
CCRCTs was modified after immunohistochemical
(IHC) analysis [1, 7, 8].

The antibody panel for CCRCTs, described by Fer-
nandez et al. (2005), includes MHCII, CD18, lympho-
cytic markers (CD3, CD79a), and mast cell tryptase
[1]. While CD3, CD79a, and mast cell tryptase are
highly specific for T-cell lymphoma, B-cell lymphoma/
/plasmacytoma, and mast cell tumours, respectively,
MHCII and CD18 can be expressed by a wide range
of cells [9, 10]. Although the immunoexpression of
neither MHCII nor CD18 is specific for Langerhans
cells of histiocytoma, the immunoexpression of both
markers indicates histiocytoma, but only if tumour
is negative for both CD3 and CD79a [1]. Recently,
ionized calcium-binding adapter molecule 1 (Ibal),
a pan-macrophage marker expressed by all subpop-
ulations of cells of the monocyte/macrophage line-
age, was shown to be specific for various cutaneous
histiocytic disorders, including canine cutaneous
histiocytoma and histiocytic sarcoma [11].

The diagnosis of cutaneous lymphoma is based
on the immunoexpression of either CD3 or CD79a.
While CD3 is a common marker of all T-cells [12],
CD79a is an a-chain of the transmembrane heterod-
imer CD79, which is expressed exclusively by B-cells.
In humans, the expression of CD79a continues
throughout the phase of terminal plasma cell differ-
entiation [13]. It was previously shown that 56-80% of
canine plasmacytomas express CD79a[14, 15]. CD20,
a phosphoprotein expressed from the pre-B cell stage
to the activated B-cell stage, is also suitable for canine
lymphoma immunophenotyping [16], but is rarely
expressed in canine plasmacytomas [15].

Mast cell tryptase belongs to the group of mast
cell-specific proteases that are expressed exclusively
by mast cells [17] and are widely used as markers of
these cells [18, 19]. Tryptase immunostaining shows
high sensitivity for the detection of both normal and
atypical mast cells, as shown in studies of human
mastocytosis and other diseases associated with an
increase in mast cells [19]. A previous report revealed
that immunoperoxidase staining with monoclonal an-
tibody AA1 (anti-tryptase) is both highly specific and
sensitive for the detection of mast cells in routinely
processed tissues [18].

The first aim of this study was to evaluate the utility
of histochemical and immunohistochemical assess-
ments in the diagnosis of CCRCTs. The second aim
of this study was to identify tumours that should be
considered at the beginning of differential diagnosis
in cases of CCRCTs and tumours that are rare and
unexpected but still possible. A properly structured list
of conditions to be considered in differential diagnosis
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will allow the development of a cost-effective stepwise
approach for the complementary immunohistochem-
ical analysis of CCRCTs.

Materials and methods

The canine cutaneous tumours analysed in this study were
archival diagnostic specimens (2013-2017) from the De-
partment of Pathological Anatomy, Faculty of Veterinary
Medicine, University of Warmia and Mazury in Olsztyn,
Poland. Cutaneous tumours (solitary n = 55 and multiple
n = 5) were collected from 59 dogs by surgical excisional or
incisional biopsies. The tissue samples were fixed in 10% buff-
ered formalin, embedded in paraffin, cut into 3-um sections,
and mounted onto silanized glass slides. The sections were
processed routinely and stained with Mayer’s haematoxylin
and eosin (HE). All tumours were diagnosed originally by
histopathologic examination, as undifferentiated round cell
tumours, without specifying the tumour type. Due to the
lack of features indicating the specific tumour type, a more
definitive diagnosis was not obtained. Immunohistochemical
examination of each tumour was performed manually using
a basic antibody panel (MCHII, CD18, Ibal, CD3, CD79a,
CD20 and mast cell tryptase) and a visualization system based
on the immunoperoxidase method with 3,3-diaminobenzidine
(DAB) as a substrate (Table 1). In cases where the final diag-
nosis could not be determined on the basis of the results of the
basic antibody panel, an extended antibody panel was applied
(vimentin, desmin, @-SMA, S-100, melan-A and pan-keratin;
Table 1). The specimens were counterstained with Mayer’s
haematoxylin. For the positive control, normal canine tissues
(tonsil for MHCII, CD18, Ibal, CD3, CD79a and CD20;
colon for vimentin, desmin, @-SMA, and S-100; and skin for
mast cell tryptase, melan-A and pan-keratin) were processed
together with the evaluated sections. For the negative control,
the primary antibody was replaced by the isotype-matched
mouse IgG (Dako, Glostrup, Denmark) at the appropriate
dilution (for monoclonal primary antibodies) or omitted (for
polyclonal primary antibodies). Additionally, selected slides
were stained using May-Griinwald-Giemsa (MGG staining
kit; Bio-Optica, Milan, Italy), methyl green pyronine (MGP
staining kit; Bio-Optica), or periodic acid-Schiff (Sigma-Al-
drich, Steinheim, Germany).

The slides were evaluated using an Olympus BX51
light microscope (Olympus, Hamburg, Germany), and the
microphotographs were prepared using the U-TVO.5XC-3
camera and cell B imaging software (both Olympus).

Results

All evaluated cutaneous tumours comprised a dense
infiltration of round to polygonal cells with variable
(low to fairly high) anisocytosis, anisokaryosis and
chromatin distribution. The mitotic activity of the
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Table 1. Primary antibodies and antigen retrieval and visualization systems

Katarzyna Pazdzior-Czapula et al.

Primary antibody | Clone Dilution Antigen retrieval | Visualization system
HLA-DR « chain | Monoclonal mouse anti-human | 1:20 Tris-EDTA buffer | EnVision+ System-HRP,
(MHCII)* TAL.1B5 pH =9 Mouse (DAB)*
CD18§¢ Monoclonal mouse anti-canine 1:10 5 min. EnVision+ System-HRP, Mouse (DAB)?
CA16.3C10 proteinase K®
Ibald Polyclonal rabbit 1:500 Tris-EDTA buffer | InmPRESS HRP Universal Antibody
pH =% (Anti-Mouse/Rabbit IgG)°
CD3® Polyclonal rabbit anti-human 1:50 Tris-EDTA buffer | InmPRESS HRP Universal Antibody
pH =% (Anti-Mouse/Rabbit IgG)°
CD79at Monoclonal mouse anti-human | 1:100 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)*
HMS57 pH =9
CD20¢ Monoclonal rabbit anti-human 1:100 Tris-EDTA buffer | InmPRESS HRP Universal Antibody
SP32 pH =9 (Anti-Mouse/Rabbit IgG)®
Mast cell tryptase* | Monoclonal mouse anti-human | 1:200 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)?
AAl pH =9
Vimentin® Monoclonal mouse anti-bovine 1:100 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)*
VIM 3B4 pH =9
Desmin? Monoclonal mouse anti-human | 1:50 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)?
D33 pH =9
a-SMA? Monoclonal mouse anti-human | 1:50 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)*
1A4 pH =9
S-100° Polyclonal rabbit anti-bovine 1:50 Citrate buffer ImmPRESS HRP Universal Antibody
pH = 6° (Anti-Mouse/Rabbit IgG)®
Melan-A'f Mouse anti-human A103 1:50 Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)?
pH =9
Pan keratin® Monoclonal mouse anti-human | ready to use | Tris-EDTA buffer | EnVision+ System-HRP, Mouse (DAB)*
AE1/AE3/PCK26 pH =9

“Dako, Glostrup, Denmark; *Antigen retrieval was heat-induced, conducted in a microwave oven at 650 W. Samples were microwaved twice to the

boiling point, and incubated in a hot buffer for 20 min after boiling each
Ltd., Osaka, Japan; “Vector Laboratories Inc., Burlingame, CA, USA; Bio
"Ventana, Tucson, AZ; USA.

tumour cells also varied from low to high. The ma-
jority of the evaluated tumours (55/60, 91.7%) were
differentiated using the basic antibody panel. The
detailed basic results of IHC analyses are presented
in Table 2.

Canine cutaneous histiocytoma was diagnosed
in 27/60 tumours (45%), collected from dogs aged
8 months to 12 years (mean age: 6.4). The tumours
were solitary except for one case (a 1.5-year old dog
presented with multiple tumours localized within the
pinna). The tumour cells expressed MHCII, Ibal,
and — in 23 cases — CD18, but were negative for
CD3, CD79a, CD20 and mast cell tryptase (Fig. 1A).
The tumour cells showed moderate epitheliotropism,
which was difficult to observe in massively ulcerated
tumours. In one dog, the cutaneous tumour of the
paw pad showed a morphology similar to that of
the simultaneously excised testicular tumour, which
was diagnosed morphologically as seminoma, and
therefore cutaneous metastasis of seminoma was
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time; ‘PF. Moore, Davis, CA, USA; ‘Wako Pure Chemical Industries,
-Rad Laboratories Inc., Hercules, CA, USA; éAbcam, Cambridge, UK;

suspected. Tumour cells massively infiltrated skin and
subcutis, without any epitheliotropism. However, the
IHC assessment revealed, that the neoplastic cells
of the cutaneous tumour showed the membranous
expression of MHCII and Ibal (while the testicular
tumour was negative to Ibal, but approximately 10%
of tumour cells expressed MHCII), and were negative
to CD18, CD3, CD79a, CD20 and mast cell tryptase.
On the basis of these findings, histiocytic sarcoma was
diagnosed (Fig. 1B).

Cutaneous lymphomas of either T-cell or B-cell
origin were diagnosed in 18/60 cases (30%). These
tumours were collected from dogs aged 1.5-13 years
(mean age: 8.8 years). In 14 cases, cutaneous lym-
phoma was solitary, while in 4 — multiple (epithelio-
tropic T-cell lymphoma). In epitheliotropic cutaneous
lymphomas (10/60 cases, 16.7%), the tumour cells
showed prominent epitheliotropism. The tumour
cells expressed either CD3 (9/60 cases, 15%, Fig. 1C)
or CD79a (one case). In nonepitheliotropic cutaneous
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Table 2. Basic antibody panel results in the evaluated canine cutaneous round cell tumours

No MHCII CD18 Ibal CD3 CD79a CD20 Tryptase | Diagnosis

1 + - - - - Histiocytoma

2 + + + - - - - Histiocytoma

3 + + + - - - - Histiocytoma

4 + + + - - - - Histiocytoma

5 + + ND - - ND - Histiocytoma

6 + + ND - - ND - Histiocytoma

7 + + + - - - - Histiocytoma

8 + + + - - - - Histiocytoma

9 + + + - - - - Histiocytoma

10 + + + - - - - Histiocytoma

11 + + + - - - - Histiocytoma

12 + + + - - - - Histiocytoma

13 + + ND - - ND - Histiocytoma

14 + + - - - - Histiocytoma

15 + + - - - - Histiocytoma

16 + + - - - - Histiocytoma

17 + + ND - - ND - Histiocytoma

18 + + - - - - Histiocytoma

19 + + - - - - Histiocytoma

20 + + - - - - Histiocytoma

21 + + ND - - ND - Histiocytoma

22 + + + - - - - Histiocytoma

23 + + + - - - - Histiocytoma

24 + + + _ - - - Histiocytoma

25 + - + - - - - Histiocytoma

26 + - + - - - - Histiocytoma

27 + - + - - - - Histiocytoma

28 + - + - - - - Histiocytic sarcoma

29 + + - + - - - Epitheliotropic T-cell lymphoma

30 + - - + - - - Epitheliotropic T-cell ymphoma
31 + - - + - - - Epitheliotropic T-cell lymphoma

30 + + - + - - - Epitheliotropic T-cell lymphoma

33 + - - + - - - Epitheliotropic T-cell ymphoma
34% + + - + - - - Epitheliotropic T-cell lymphoma

35 _ - - + - - - Epitheliotropic T-cell lymphoma

36 - - ND + - ND ND Epitheliotropic T-cell lymphoma
37* + + ND + - ND ND Epitheliotropic T-cell lymphoma

38 + - ND - + - - Epitheliotropic B-cell lymphoma

39 + - ND + - ND - Nonepitheliotropic T-cell lymphoma
40 - - - + - - - Nonepitheliotropic T-cell lymphoma
41 - - - + - - - Nonepitheliotropic T-cell lymphoma
42 + - - + - - - Nonepitheliotropic T-cell lymphoma
43 _ - - - - - Nonepitheliotropic B-cell lymphoma
44 - - ND - - - Nonepitheliotropic B-cell lymphoma
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Table 2 (cont.). Basic antibody panel results in the evaluated canine cutaneous round cell tumours

No MHCII CD18 Ibal CD3 CD79a CD20 Tryptase | Diagnosis

45 - ND ND - + - Nonepitheliotropic B-cell lymphoma
46 + - - - + + - Nonepitheliotropic B-cell lymphoma
47 + + - - + + - Plasmacytoma

48 + - ND - + - - Plasmacytoma

49 - ND - + - - Plasmacytoma

50 - + - - + - - Plasmacytoma

51 - - ND - + - - Plasmacytoma

52 - - ND - - ND + Mast cell tumour

53 - - - - - - + Mast cell tumour

54 - ND ND - - ND + Mast cell tumour

55 - - ND - - ND + Mast cell tumour

56 - - ND - - ND - Alveolar rhabdomyosarcoma

57 - - ND - - ND - Alveolar rhabdomyosarcoma

58 - - - - - - - Amelanotic melanoma

59 - - - - - - - Amelanotic melanoma

60 - - - - - ND - Glomus tumour

Symbols: +, positive; —, negative; ND — not determined; "multiple tumours

lymphomas (8/60 cases, 13.3%), the tumour cells ex-
pressed either CD3 (4 cases, 6.7%) or CD79a (4 cases,
6.7%; Fig. 1D). The expression of CD20 was seen in
two cases of nonepitheliotropic B-cell ymphoma. The
expression of MHCII was observed in 8 cases of epithe-
liotropic lymphoma and 3 cases of nonepitheliotropic
lymphoma, while the expression of CD18 — in 4 cases
of epitheliotropic lymphoma. All evaluated lymphomas
were negative to Ibal and mast cell tryptase.

In cutaneous plasmacytomas (5/60 cases, 8.3%)
collected from dogs aged 1.5-14 years (mean age:
8.3 years), the tumour cells expressed CD79a, and,
in one of these cases — also CD20, but the nuclear:-
cytoplasmic ratio was substantially lower than that in
tumours diagnosed as cutaneous B-cell lymphomas.
In four of these cases, the cytoplasm stained magenta
with methyl green pyronine. The expression of MHCII
was observed in 2 cases, while CD18 —in 3 cases. All
evaluated plasmacytomas were negative to Ibal and
mast cell tryptase.

In four other cases (4/60, 6.7%), tumour cells ex-
pressed mast cell tryptase and were negative to other
markers; therefore, their final diagnosis was mast cell
tumour. The metachromatic granules, which were
indiscernible in routine HE staining, were visualized
by May-Griinwald-Giemsa staining in only one of
these tumours.

The final diagnosis could not be assessed on the
basis of the results of the basic antibody panel in
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5/60 cases (8.3%), as the tumour cells did not express
MHCII, CD18, Ibal, CD3, CD79a, CD20 or mast
cell tryptase.

In two of these cases (3.3%), tumour cells ex-
pressed vimentin and desmin and did not express the
other markers, with the final diagnosis being alveolar
rhabdomyosarcoma (Fig. 1E). In one of these dogs,
due to the simultaneous occurrence of another tu-
mour on the forearm, multiple round cell neoplasia
was suspected. However, after the IHC assessment,
the other tumour was diagnosed as a histiocytoma.

In one of the evaluated tumours, the tumour cells
expressed vimentin, S-100 and melan-A and did not
express the other evaluated markers, with a final diag-
nosis of amelanotic melanoma. No melanin granules
were found in the cytoplasm of the tumour cells. The
surface of the tumour was massively ulcerated, but dis-
tinct epidermal invasion was noted. In other tumour,
the tumour cells expressed vimentin and S-100, but
were negative to melan-A (as well as other evaluated
markers), and therefore amelanotic melanoma was
suspected. Unfortunately, in this case, the size of the
sample was not sufficient for further evaluation.

In one tumour located in the area of the lips, the tu-
mour cells expressed vimentin and -SMA and did not
express the other evaluated markers, and the tumour
was finally diagnosed as a glomus tumour. Round to
oval neoplastic cells formed small clusters surrounded
by a PAS-positive basement membrane (Fig. 1F).
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Figure 1. Microphotographs show undifferentiated canine cutaneous round cell tumours with similar histologic presenta-
tions and various definitive diagnoses. (A) Histiocytoma. Tumour comprised uniformly polygonal cells, with a moderately
abundant, slightly eosinophilic cytoplasm (HE). Inset: Tumour cells show cytoplasmic and membranous expression of Ibal
(IHC, DAB). (B) Histiocytic sarcoma. Round to polygonal tumour cells with high mitotic and apoptotic rates. Morpholog-
ically, the tumour cells are similar to the testicular tumour (left inset), but these cells are packed more densely with nuclear
crowding (HE). Right inset: Tumour cells showing the cytoplasmic and membranous expression of Ibal (IHC, DAB). (C)
Epitheliotropic T-cell ymphoma. Round to polygonal tumour cells with low-to-moderate anisocytosis and anisokaryosis and
a high mitotic rate (HE). Inset: Tumour cells show the cytoplasmic expression of CD3 (IHC, DAB). (D) Nonepitheliotropic
B-cell lymphoma. Tumour comprised uniformly round cells with low anisocytosis and anisokaryosis and small-to-moderate
amounts of cytoplasm (HE). Inset: Tumour cells show the cytoplasmic expression of CD79a (IHC). (E) Alveolar rhabdo-
myosarcoma. Polygonal tumour cells with moderate anisocytosis and anisokaryosis form clusters separated by thin, highly
vascularized fibrous septa (HE). Inset: Tumour cells show the cytoplasmic expression of desmin (IHC, DAB). (F) Glomus
tumour. Small clusters of tumour cells are surrounded by a PAS-positive basement membrane (PAS). Inset: Immunoreactivity
to -SMA concentrated near the cellular membrane of the tumour cells (IHC, DAB)

Discussion while cutaneous lymphomas occur less commonly

and represent 1% of all canine skin tumours [12, 21].

In the present study, histiocytomas and cutaneous
lymphomas constituted the vast majority (75%) of
the evaluated tumours. Therefore, histiocytomas and
cutaneous lymphomas should be considered at the
beginning of the differential diagnosis of CCRCTs.
Histiocytomas are very common in dogs [2, 20],
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In the present study, only tumours posing diagnostic
difficulties were included; therefore, the number of
detected tumours does not reflect their occurrence
in the population.

In the present study, multiple tumours were seen
in 4 cases of epitheliotropic T-cell lymphoma and in
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one case of histiocytoma. While epitheliotropic T-cell
lymphoma has a wide range of clinical presentations,
and primary skin lesions, even if solitary, mostly pro-
gress into disseminated or generalized disease [12],
multiple histiocytoma is very rare and occurs in less
than 1% of the cases [22]. However, other CCRCTs,
including non-epitheliotropic lymphoma, mast cell
tumour and plasmacytoma, can also present as mul-
tiple tumours [21, 23, 24].

Epitheliotropism is an important diagnostic fea-
ture of some types of CCRCTs, allowing clinicians
to narrow the list of possible diagnoses. The ability
of tumour cells to invade and infiltrate the epidermis
and/or adnexa results from the expression of specific
adhesion molecules [25, 26]. Distinct epitheliotropism
is highly indicative for epitheliotropic lymphoma and
histiocytoma, but can be also seen in melanoma [2],
and was reported in a few cases of mast cell tumour
[26]. In the present study, epitheliotropism was
a distinct feature of epitheliotropic lymphoma, but
was also noted in most cases of histiocytoma and
one case of amelanotic melanoma. However, the
presence versus the lack of epitheliotropism should be
interpreted with caution, as some authors claim that
epitheliotropism of the epitheliotropic lymphoma may
be reduced in association with progressive and severe
dermal invasion [12]. Nevertheless, epitheliotropism
is usually still prominent in canine tumour-stage
mycosis fungoides, unlike its human equivalent [25].
Furthermore, the characteristic packets of tumour
cells within the epidermis are not easy to detect in
massively ulcerated tumours, as seen in the present
study and in previous reports [8, 27].

The results of the present study indicate, that
expression of Ibal is specific for canine histiocytic
tumours, what was also reported previously [11]. In
the present study, expression of both MHCII and
CD18 was not specific for histiocytoma, and was seen
also in 4 cases of epitheliotropic T-cell ymphoma and
one case of plasmacytoma. Furthermore, in 4 cases
of histiocytoma and a histiocytic sarcoma, tumour
cells were negative to CD18. The previous report
revealed, that significant number of histiocytomas
showed CD18 expression in only a small number of
the tumour cells [8]. Therefore, we suggest, that Ibal
can easily replace both MHCII and CD18 in the basic
antibody panel for the diagnosis of CCRCTs.

In the present study, the expression of CD20 was
reported in two cases of nonepitheliotropic B-cell
lymphoma and one case of plasmacytoma, so its sensi-
tivity in identifying tumours of B-cell origin was much
lower, than CD79a. Although CD20 is a valuable aid
in immunophenotyping of canine lymphomas [16], the
utility of this marker in diagnosing CCRCT's seems to
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be limited. Furthermore, it has been shown recently,
that expression of CD20 in canine epitheliotropic
T-cell lymphoma is not uncommon [28]. In the present
study, one of the epitheliotropic lymphomas expressed
CD79a and did not express CD3. Although epitheli-
otropic lymphomas are regarded to be exclusively of
T-cell origin [21, 29], there is one report describing
a B-cell epitheliotropic lymphoma [1].

The diagnosis of plasmacytoma in the present
study was based on the immunoexpression of CD79a
and the morphology, as the expression of CD79a alone
cannot be used to distinguish B-cell lymphomas from
plasmacytomas [1, 7]. All evaluated plasmacytomas
expressed CD79a, and most of them (except for one)
stained positive for MGP. Therefore, MGP staining
can be used as an adjunct to the diagnosis of plasma-
cytomas, but cannot replace immunohistochemical
markers. In a previous study, the antibody Mum-1p,
used to detect multiple myeloma 1/interferon regu-
latory factor 4 (MUMI1/IRF-4) antigen, was proven
to be specific for canine plasmacytomas, superior in
both sensitivity and specificity to CD79a [15]. Howev-
er, the expression of MUM1/IRF-4 was also recently
described in canine cutaneous histiocytomas, and
therefore, this immunolabelling is recommended to
be used only as a part of the round cell tumour panel,
not alone [30].

Mast cell tumours frequently occur in dogs, and
their diagnosis is usually straightforward due to the
presence of characteristic, metachromatic granules
in the cytoplasm of the tumour cells, which are easily
identifiable with histochemical stains [31]. However,
these granules are occasionally difficult to detect in
some subsets of poorly differentiated mast cell tu-
mours [32]. In the present study, the metachromatic
granules were detected by histochemical staining
(MGG) in only one of the four poorly differentiated
mast cell tumours, but all of these tumours showed
positive findings for mast cell tryptase. Therefore,
mast cell tryptase immunolabelling should be consid-
ered superior in sensitivity to histochemical stainings
for the identification of canine mast cell tumours.
However, mast cell tumours that did not express
tryptase but showed positivity for toluidine blue were
previously described [1, 33]. Thus, the combination
of mast cell tryptase immunolabelling and one of the
histochemical stainings for metachromatic granule
visualization would be the most appropriate method
for the diagnosis of poorly differentiated mast cell
tumours.

Amelanotic melanomas can be diagnostically
challenging, as the cellular features of neoplastic
cells may mimic poorly differentiated carcinomas,
soft tissue sarcomas, and lymphomas [27, 34]. In the
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present study, one case of CCRCT was diagnosed as
amelanotic melanoma based on the immunoexpres-
sion of vimentin, S-100 and melan-A. In the other
case, tumour cells expressed vimentin and S-100,
but were melan-A negative. The expression of both
vimentin and S-100 is not specific for melanocytes
[34], and therefore the final diagnosis in that case was
not obtained. However, the amelanotic melanoma can
be suspected, as other possible differential diagnoses
were excluded by other immunohistochemical stain-
ings. In this case, other melanocytic markers should be
applied, such as antibody PNL2, which was shown to
be more sensitive than melan-A in the identification
of canine melanocytic neoplasms [27, 35].

Other round cell tumours included in the present
study, ie., alveolar rhabdomyosarcoma and glomus
tumour, are not usually included in the differential
diagnosis of CCRCTs. However, alveolar rhabdomyo-
sarcoma can manifest as a cutaneous lesion, as de-
scribed in a previous study [36]. In contrast to alveolar
rhabdomyosarcoma, which, in our opinion, should be
always included in the differential diagnosis of poorly
differentiated CCRCTs (negative to basic antibody
panel), glomus tumours seem to be extremely rare.
Glomus tumours are benign neoplasms derived from
glomus cells and are found frequently in humans but
have been described in only single case reports in
dogs [37-40].

In conclusion, histiocytoma and cutaneous lym-
phoma should be considered at the beginning of dif-
ferential diagnosis of poorly differentiated CCRCTs.
The expression of Ibal is specific for canine cutane-
ous histiocytic tumours (including histiocytoma and
histiocytic sarcoma), and more sensitive than CD18.
The utility of CD20 in the diagnosis of CCRCTs is
limited. Although most undifferentiated CCRCTs
can be diagnosed immunohistochemically using 1-4
basic antibodies, some require a broad antibody panel,
including mesenchymal, epithelial, myogenic, and
melanocytic markers. Clinicians should also take into
account the fact that many different types of CCRCTs
can be morphologically indistinguishable from each
other, and immunohistochemistry should be routinely
recommended to confirm the morphological diagno-
sis, especially when there are discrepancies between
the diagnosis and the clinical picture of the disease.
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