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Abstract Using immunohistochemistry, the study demon-
strates substances of the innate immunity in the skin of the
Malayan pangolin (Manis javanica), referring mainly to the
epidermis. The results obtained showed clear reaction
differences between the dorsolateral body region with its
strong cover of hard horny scales and the abdominal body
part with a thick soft stratum corneum and a dense cover of
fine hairs. Regarding pathogen recognition receptors,
positive reactions for Toll-like receptors were generally
weak for TLR2, in contrast to TLR4, that exhibited strong
reactions in the epidermis of both body regions, with
increasing staining intensities towards the stratum corneum;
B-glucan receptors showed positive reactions only for L-
ficolin and mannose-binding lectin, but not for dectin-1,
and only at the abdomen. A generally positive staining for
both body regions was obtained for all cationic antimicro-
bial peptides tested, whereby cathelicidin exhibited strong
reaction intensities in all epidermal layers, B-defensin 2
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staining was often limited to the stratum basale and the
stratum spinosum, and positive reactions for B-defensin 3
appeared distinctly only in the epidermis of the abdomen;
for these peptides, positive reaction staining could also be
found in the outer epithelial root sheath of hair follicles,
their glandular annexes, and free cells of the dermis.
Lysozyme was found in the vital epidermis of both body
regions studied, with strong staining limited to the dorsum;
strong reactions were also visible in the hair follicles.

Keywords Innate immunity - Epidermis - Pangolin skin

Introduction

Microbial colonization, proliferation, and invasion are a
constant challenge in mammalian skin biology under
terrestrial conditions and in the aquatic medium. Thus, the
immune system had to develop a special integumental
subsystem, and the mammalian skin can be regarded as a
tertiary immune organ. Earlier studies on the skin of
different wild and domesticated mammals have indicated
that antimicrobial functions can be exerted on the skin
surface with its mainly commensal microorganisms by, first
of all, secretions of the integumental glands (apocrine
tubular glands, sebaceous glands). These glands are
generally present in the common integument of medium-
sized and large mammals as a normal constituent of the hair
follicle complex. Additionally, substances are produced by
all multilayered epithelia of the skin, such as the epidermis
or the outer epithelial root sheath of hair follicles. This
defense strategy of the integument primarily depends on the
use of several important components of the innate immune
system: the pathogen recognition receptors (PRRs), which
are able to identify certain characteristical pathogen
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components, the so-called pathogen-associated molecular
patterns (PAMPs). Important groups of PRRs are Toll-like
receptors and B-glucan receptors (C-type lectin receptors).
On the effector side of innate immunity, the more or less
directly attacking cationic antimicrobial peptides (CAPs)
and proteins like lysozyme are involved, which can be
supported by effects of free sugars. Most of the substances
in question can be transported onto the epidermal surface
for effective extracorporal use (e.g., Meyer et al. 2000,
2001, 2003, 2008; Meyer and Seegers 2004; Meyer 2007,
Yasui et al. 2007; Hornickel 2009). The keratinocyte, in
particular, is major source for the different innate immunity-
related humoral compounds, including also complement
factors, and complement regulatory proteins (e.g.,
Schroeder 1999; Bos et al. 2001; Debenedictis et al. 2001;
Harder et al. 2001;Yang et al. 2001).

Information on the innate immunity of the integument of
wild mammals is very rare until now (Meyer et al. 2003,
2008; Meyer and Seegers 2004; Meyer 2007; Yasui et al.
2007). In this context, especially rather small groups like
the order Pholidota with the only family Manidae are
concerned, whereby this family consists of one genus
(Manis) with eight species, and has a special biology (e.g.,
Mohr 1961; Wilson and Reeder 2005). In the latter case,
not only specific aspects like skin defense, but even the
basic skin structure is more or less unknown, except for one
publication on the nature of the horny scales of this animal,
which seem to be a unique integumental feature in
mammals, indicating close relations to reptiles (Spearman
1967). The latter view is confirmed by the fact that the hard
scales are formed by «-keratins and (3-keratins (Tong et al.
1995), which guarantees a high abrasive wear resistance
(Tong et al. 2007). Realizing this background, our study
was aimed to give introductory detailed information on the
construction of the integumental layers, in particular the
epidermis, followed by information about the defense
mechanisms present as related to the specific skin scale
system of pangolins.

Unfortunately, pangolins are strongly threatened by the
fact that they are hunted and eaten in many parts of Africa
and Asia (mainly China), because their meat is considered
to be a delicacy and, more dangerous for the animals, to
have certain positive health effects. The latter idea,
however, is pure superstition from the biological point of
view. So pangolin populations have clearly suffered from
illegal trafficking, although countries like Thailand have
been active for many years to rescue and protect this very
interesting rare mammalian group. Thus, it is a strong
additional intention of our work to help to protect the
pangolins by shedding some light on their interesting
biology by showing some features of their unique skin
construction (for the typical anatomy of the Malayan
pangolin see Liumsiricharoen et al. 2006).
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Materials and methods

Skin samples from the dorsolateral and the abdominal
regions of fresh carcasses of five adult (two males, three
females) and two subadult (sex not determined) animals
could be used for this study, that was conducted with
permission of the Thai government. The animals had been
confiscated as smuggled goods by officers at the Khao
Pratubchang Wildlife Breeding Center, Ratchaburi prov-
ince, Thailand. The material was fixed in 10% neutral
buffered formalin for at least 48 h at room temperature.
After fixation, the samples were dehydrated in a graded
series of ethanol and embedded via xylene in paraffin wax
(Paraplast plus, Tyco Health Care).

For our purposes, 8-um paraffin sections were deparaffi-
nized in Histoclear (Life Science Int.) and carefully
hydrated through descending concentrations of ethanol.
Afterwards, these sections were routinely stained with
hematoxylin—eosin (HE, hemalaun after Delafield) for
general light microscopical structure analysis and immuno-
histochemically, for the determination of the different
substances of innate immunity: Toll-like receptor 2 (dilu-
tion 1:10; antihuman, from mouse, monoclonal; Biologo),
Toll-like receptor 4 (dilution 1:150; antihuman, from
mouse, monoclonal; Biologo), dectin-1 (dilution 1:50;
antimouse, from goat, polyclonal; Biologo), L-ficolin
(dilutions 1:20, 1:50; antihuman, from mouse; Biologo),
mannose-binding lectin (MBL; dilutions 1:20, 1:50; anti-
human, from mouse, monoclonal; Biologo), B-defensin 2
(dilution 1:350; antihuman and antimouse, from rabbit,
ployclonal; Biologo), B-defensin 3 (dilution 1:1200; anti-
human and antimouse, from rabbit, polyclonal; Biologo),
cathelicidin (hCAP18; dilution 1:30; antihuman, from
mouse, monoclonal; HyCult Biotech.), and lysozyme
(dilution 1:50; antihuman, from rabbit, polyclonal; Biol-
0go). Following incubation over night at 4°C, the reaction
was detected by the EnVision® system (Dako), using
peroxidase-based very sensitive dextran—polymer visuali-
zation. One part of the sections was also digested for 30—
60 min with 0.1% trypsin (from porcine pancreas, type II,
crude; Sigma; Hautzer et al. 1980) or incubated for 30 min
in TEC=Tris-EDTA-Citrate buffer at 90°C prior to the
reaction. Control sections were incubated without the
antibody and/or the visualization system.

In view of the fact that control of antibody specifity is
not practicable without many problems for wild animals,
we refer to molecular genetic publications that have
demonstrated great structural and functional similarities of
the receptors and substances of innate immunity, when the
vertebrate groups and particularly, important mammalian
orders (Primates, Rodentia, Carnivora, Artiodactyla, Peri-
ssodactyla) are concerned. This is true, primarily, of the
Toll-like receptor family as a phylogenetically conserved
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mediator of innate immunity essential for microbial
recognition (Medzhitov and Janeway 1997; Kaisho and
Akira 2003) and the group of the B-glucan receptors, like
the ficolins (Kakinuma et al. 2003; Fujita et al. 2004), MBL
(Fujita et al. 2004; Takahashi et al. 2006), or Dectin-1 with
its collaborative properties (Dennehy and Brown 2007;
Taylor et al. 2007). Moreover, the important group of CAPs
is concerned, like B-defensins, which attack Gram-negative
bacteria (Bals et al. 1999; Garcia et al. 2001), or
cathelidicin, attacking Gram-negative and Gram-positive
bacteria present on many epithelial surfaces and specific for
vertebrates (Zanetti 2005; Zhu and Gao 2009). Last but not
least, the antimicrobial enzyme lysozyme has to be
mentioned, also expressed in all vertebrate groups (Short
et al. 1996; Shimada et al. 2008). All this means that the
antibodies produced in the goat or the mouse to a certain
extent can not only be used for human material but also for
members of the other mammalian groups.

The microscopic results were documented with a Zeiss
Axioskop equipped with a digital camera (Olympus DP70);
the software Olympus DP-SOFT (version 3.1 and 3.2) was
applied for picture analysis.

Results
Basic histological structure

The integument of the Malayan pangolin (Manis javanica)
was dominated by hard and corrugated scales in the
dorsolateral body region (Fig. la), whereas the ventral
body region showed a very dense coat of fine hairs
(Fig. 1b). This feature was corroborated by the histological
analysis showing an epidermis with a total thickness of 140
to 160um and a regular system of ridges/papillae, which at
the dorsolateral body region consisted of a distinct stratum
basale with high columnar cells, two or three layers of the
stratum spinosum, and one continuous layer of the stratum
granulosum (Fig. 2a). The thickness of the vital epidermis
was about 50pum. The following inner part of the stratum
corneum appeared very conspicuous because it stained very
strongly with eosin, indicating high protein amounts
(probably prekeratins with many thiol groups), and had a
thickness of about 40pum. The outer part of the stratum
corneum represented the hard scale (thickness 70 to 80um)
and could not be stained with HE, indicating high amounts of
disulphide groups. The epidermis of the abdomen exhibited a
clearly different structure with an irregular system of ridges/
papillae (Fig. 2b), i.e., the stratum basale showed more or less
roundish cells, six to eight layers of equally roundish stratum
spinosum cells, and a striking stratum granulosum (thickness
about 20um), because it contained high amounts of large
basophilic keratohyalin granules strongly stainable with

Fig. 1 View of a the dorsolateral body region, with its armor of hard
horny scales, and b the abdominal body region, with a dense coat of
fine hairs, of the Malayan pangolin (M. javanica)

hematoxylin. The thick (about 80um) stratum corneum
consisted of 30 to 40 thin layers homogeneously stained
with eosin, indicating a smooth character.

The dermis contained a dense net of collagen fiber
bundles, elastic fibers could not be identified, and hair
follicles with their typical glandular adnexes, such as
apocrine tubular glands and sebaceous glands, that were
especially numerous in the abdomen.

Demonstration of Toll-like receptors

The positive reactions for this group of PRRs varied
according to the type studied. TLR2 was weakly discern-
able in the epidermis, whereby it could be found in the
dorsal body region limited to the inner part of the stratum
corneum (Fig. 3a), and appeared generally rather incon-
spicuous in the vital epidermis of the abdominal body part
(Fig. 3b). In contrast, TLR4 exhibited strong reactions in
the epidermis of both body regions, with a decrease of
staining intensities towards the stratum corneum (Fig. 3c).
In this connection, the vital epidermis of the dorsum
showed a rather homogeneous tinge, whereas in the
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Fig. 2 Basic histological struc-
ture of the epidermis of the
Malayan pangolin a of the dor-
solateral body region showing
the different epidermal layers
with a remarkable scale system
based on two specific corneal
layers and b the abdominal body
region with a thick and soft
stratum corneum; HE staining.
SB stratum basale, SS stratum
spinosum, SG stratum granulo-
sum, SC stratum corneum, iSC
inner stratum corneum, oSC
outer stratum corneum

abdomen, the staining concentrated in the stratum basale
and diminished in intensity towards the upper layers.
(Fig. 3d).

Demonstration of B-glucan receptors

The B-glucan receptors as the second PRR group tested
showed positive reactions only for L-ficolin and MBL and
only in the abdominal body region. In the dorsal body
region, the reactivity for these two C-type lectin receptors
(CLRs) was generally negative (results not shown). Both
substances concentrated in the lower part of the thick and
smooth stratum corneum and reacted generally weakly in
the vital epidermis and the outer part of the corneal layer
(Fig. 4).Dectin-1 could not be demonstrated, even after the
use of the two antigen retrieval methods described.

Demonstration of cationic antimicrobial peptides

Regarding this more or less ubiquitous group of antimicro-
bial substances produced in many epithelia of the body,
positive staining reactions were obtained for all group
members studied. However, B-defensin 2 staining was
restricted to the dorsal body region. Here, it was often limited
to the stratum basale and the stratum spinosum (Fig. 5a) and
rarely could be found in the upper epidermal layers. Positive
reaction staining for B-defensin 3 appeared in all vital
epidermal layers only at the dorsal body region, but seemed
rather limited to the upper stratum spinosum or the stratum
granulosum in the epidermis of the ventral body part
(Fig. 5b, c). Only cathelicidin exhibited always strong reactions
in the vital epidermis of both body regions and additionally,
in the entire stratum corneum of the abdominal body region

@ Springer

(Fig. 6a, b). In some cases, positive staining for this peptide
was visible at the surface of the latter epidermal layer.

For all types of antimicrobial peptides studied, positive
reaction staining could be found in the outer epithelial root
sheath of the hair follicles, their glandular annexes, and free
cells (probably neutrophils) of the dermis.

Demonstration of lysozyme

Lysozyme was found in the vital epidermis of both body
regions studied, however, strong staining intensities were
limited to the dorsum, where all epidermal layers generally
reacted very distinctly (Fig. 6¢), whereas in the epidermis
of the abdomen positive but rather weak reactions concen-
trated in the stratum basale and the lower stratum spinosum
(not shown). As observed for the antimicrobial peptides,
strong reactions were also visible in the hair follicle
epithelia (Fig. 6d) and the glands.

Discussion

The commensal microbial skin surface flora of terrestrial
vertebrates consists of a basic genus and species spectrum
(e.g., bacteria: Pseudomonas spp., Acinetobacter spp.,
Aerosoma spp., Micrococcus spp., Staphylococcus spp., or
fungi: Trichophyton spp., Malazessia spp., Candida spp.),
although it is continuously influenced by environmental
changes (Kloos et al. 1976; Krogh and Christensen 1977,
Meyer et al. 2001). In this context, our study clearly
demonstrated that antimicrobial defense is a basic feature
also of the integument of the pangolin, whereby distinct
regional differences comparing the dorsolateral body region
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Fig. 3 Immunohistochemical
demonstration of the Toll-like
receptor group in the epidermis
of the Malayan pangolin; TLR2
in a the dorsolateral and b the
ventral body region, TLR4 in ¢
the dorsolateral and d the ventral
body region; diaminobenzidine
(DAB) visualization, for abbre-
viations see Fig. 2

(with a very hard scaly armor) with the abdominal body
region (without scales, but with a thick soft stratum
corneum and a dense fine hair coat) could be shown. Such
differences may generally emphasize that the polished
surface of the hard scales (Tong et al. 2007) has no positive
habitat qualities for microorganisms, in contrast to the
surface of the epidermis of the abdomen with its thick soft
and smooth stratum corneum, which is additionally pro-
tected by a dense and fine hair coat.

After the use of immunohistochemical technique, we
were able to illustrate the presence of all important
substances of innate immunity that are also known from
other epithelia and organs: Firstly, so-called “sentinel cells”
(dendritic cells) and epithelial cells (keratinocytes, epithe-
lial cells of different organ systems, such as the intestinal
tract), which express receptors on their surface, that can

bind PAMPs on bacteria and fungi. These receptors are
called PRRs with the important subgroups of TLRs and 8-
glucan receptors (CLRs). Regarding Toll-like receptors,
TLR2 was found in blood monocytes, lymph nodes, the
lung, liver, spleen, bladder, pancreas, small intestine, heart
tissue, or skin of the dog (Ishii et al. 2006; Linde et al.
2007). TLR4 was detected in epithelia of the lung and the
small intestine, also in the cornea and renal tubules (Wassef
et al. 2004). In this context, the fact that not TLR2 but
TLR4 became distinctly evident in the pangolin epidermis
probably emphasizes that the latter receptor type may not
only be expressed by sentinel cells or in intestinal epithelia
but equally by keratinizing epithelia. It specifically initiates
the innate immune response to common Gram-negative
bacteria, which are also active on the skin surface (e.g.,
Pseudomonas spp., Acetinobacter spp.). TLR4 activation
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Fig. 4 Immunohistochemical
demonstration of the B-glucan
receptor group in the epidermis
of the Malayan pangolin; L-
ficolin in a the dorsolateral and
b the ventral body region, MBL
in ¢ the ventral body region with
substance storage in the basal
part of the stratum corneum;
DAB visualization, for abbrevi-
ations see Fig. 2

causes the release of antimicrobial peptides, inflammatory
cytokines and chemokines, and costimulatory molecules
(Tipping 2006).

For the CLRs, there was substantial evidence that
collectins and ficolins are predominantly found at the
interface of body and environment, i.e., at epidermal (Meyer
et al. 2008) and mucosal surfaces (Uemura et al. 2002;
Wagner et al. 2003; Holmskov et al. 2003; Van de Wetering
et al. 2004; Lillie et al. 2005). Both subgroups have the
same recognition capacities for bacteria, for example, MBL
recognizes lipopolysaccharides (LPS) and mannan-like high
mannose structures and has been shown to interact with a
wide variety of Gram-positive bacteria and various types of
their cell wall component lipoteichoic acid. Due to the fact
that LPS likewise is a major glycolipid component on the
outer membrane of Gram-negative bacteria, these are
additionally included as ligands for collectins (Lynch et
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al. 2004; Van de Wetering et al. 2004; Kanazawa 2007). In
contrast to Uemura et al. (2002), we consider that MBL is
not necessary to maintain sterility at epithelial surfaces, but
that a certain “antigenic pressure” is required for the
production of this substance. This seems also true for L-
ficolins that have a wider range of pathogen specificity and
interact with Gram-negative and Gram-positive bacteria
(Matsushita and Fujita 2002; Kanazawa 2007; Runza et al.
2008). Such ideas would generally corroborate the view of
a broad spectrum of bacteria present, in particular, on the
surface of the ventral epidermis of the pangolin which is
protected by a dense hair coat. Regarding the negative
results obtained for dectin-1, it seems that a severe
challenge by dermatophytes (Herre et al. 2004; Dennehy
and Brown 2007) is not the case in the pangolin.
Secondly, the directly attacking CAPs are found in
various epithelial tissues. These broad spectrum antibiotics
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Fig. 5 Immunohistochemical
demonstration of cationic anti-
microbial peptides in the epi-
dermis of the Malayan pangolin;
B-defensin 2 in a the hinge
region of a scale in the dorso-
lateral body region, -defensin 3
in b the dorsolateral body region
showing also a longitudinal
section of the bulbus of a hair
follicle, and ¢ the ventral body
region; DAB visualization. HF'
hair follicle, for the other
abbreviations see Fig. 2

have been demonstrated to kill Gram-positive and Gram-
negative bacteria, fungi, mycobacteria, and enveloped
viruses, and unlike the majority of conventional antibiotics,
they may also have the ability to function as immunomo-
dulators (Dale and Fredericks 2005; Braff and Gallo 2006).
Elias and Choi (2005) argued that hBD-2 and -3 and CAT
are expressed at low levels in unperturbed skin, but occur in
higher levels in healing wounds and in inflammatory
dermatoses. Results from the mammalian esophagus epi-
thelium (Hornickel 2009) confirmed the view of the latter
authors that these substances are expressed constitutively.
Thus, it can be concluded that the production of a diverse
repertoire of CAPs is most likely a key factor in allowing
the epithelia and their surfaces to maintain homeostasis
concerning the diverse colonizing microbiota. Generally, all
such substances are perfectly positioned to intercept

pathogenic microorganisms when these attempt to penetrate
the epidermis in between the corneocytes. Although
cathelicidin was the only CAP that could be demonstrated
regularly in the dorsolateral and the abdominal body region,
it was obvious that all the three specific antimicrobial
peptides were generally available in the epidermis and the
outer epithelial root sheath of the hair follicles of the
pangolin to answer rapidly to possible attacks of non-
commensal bacteria and fungi. Multitudes of such micro-
organisms are found, particularly, in the warm subtropical
and tropical regions which are the typical distribution
ranges of all members of the family Pangolidae.
Moreover, enzymes participate in the first line of defense
targeting microbial structures, whereby lysozyme is the
most important member of this substance group. It destroys
the peptidoglycans of Gram-positive bacteria by cleaving
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Fig. 6 Immunohistochemical
demonstration of cationic anti-
microbial peptides and lyso-
zyme in the epidermis of the
Malayan pangolin; cathelicidin
in a the dorsolateral and b the
ventral body region, lysozyme
in ¢ the dorsolateral body region
and d the outer epithelial root
sheath of a hair follicle (cross
section); DAB visualization.
oERS outer epithelial root
sheath, A hair fibre, for the other
abbreviations see Fig. 2

the bond between N-acetyl glucosamine and N-acetyl
muraminic acid (Niyonsaba and Ogawa 2005), so that
recognition and adhesion of the microorganisms to cells is
impeded. Regarding the pangolin skin, strongly positive
reactions for lysozyme were especially found in the
epidermis of the dorsolateral body region, as indicated by
a distinct staining of the stratum granulosum and the inner
layer of the stratum corneum. This means that a constant,
although low level of lysozyme, is available here below the
scale and in its hinge region, as comparable to findings
from the mammalian esophagus epithelium (Hornickel
2009). In conclusion, lysozyme forms an innate chemical
protection shield that can be activated very rapidly against
microbial adhesion and invasion, which may occur partic-
ularly in the rather unprotected hinge region of the pangolin
scales with its relatively thin epidermis.
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Conclusions

The very specific epidermis of the pangolin (M. javanica)
produces all important substances of innate immunity, with a
general regional difference. This means that the hard horny
scales of the dorsolateral body region offer little possibilities
for the adhesion of a commensal or noncommensal microbial
flora, in contrast, however, to the epidermis of the ventral
body region with its thick and soft stratum corneum protected
by a dense and fine hair coat. Thus, epithelial defense is
clearly more intensive in the abdomen, also because of the
excellent and rather undisturbed biotope conditions for
microbiota on the epidermal surface in this region.
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