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Summary

Fibrinogen C domain containing | (FIBCD) is a transmembrane receptor that binds chitin and other acetylated compounds
with high affinity. FIBCDI has previously been shown to be present in the epithelium of the gastrointestinal tract. In the
present study, we performed a detailed analysis of normally structured human tissues for the expression of FIBCDI
by quantitative PCR and immunohistochemistry. We find that FIBCDI is expressed in epithelial cells derived from all
three germ layers. Endodermal-derived epithelial cells throughout the gastrointestinal tract and the respiratory system
showed high expression of FIBCD | and also mesodermal-derived cells in the genitourinary system and ectodermal-derived
epidermis and sebaceous glands cells expressed FIBCDI. In some columnar epithelial cells, for example, in the salivary
gland and gall bladder, the FIBCDI expression was clearly polarized with strong apical reaction, while other columnar
cells, for example, in small and large intestine and in bronchi, the staining was equally strong apically and basolaterally. In
keratinocytes in skin, tongue, and oral cavity, the FIBCDI staining was granular. This expression pattern together with
the known binding properties supports that FIBCDI plays a role in innate immunity in the skin and at mucosal surfaces.
() Histochem Cytochem 66:85-97, 2018)
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Introduction The vast majority of the FReD proteins are soluble
proteins. We have identified fibrinogen C domain con-
taining 1 (FIBCD1) as the first type Il transmembrane
protein in the FReD superfamily.” The FIBCD1 gene is
localized on chromosome 9934.1 in the human
genome, adjacent to the homologous genes encoding

for M- and L-ficolin.® The ectodomain of FIBCD1 is

The fibrinogen-related domain (FReD) superfamily is a
protein family that is found in a wide range of animals.”
To date, 541 FReDs have been identified in mammals,
of which 21 are found in humans.?® In mammals, the
FReD proteins play important roles in the coagulation
cascade, embryogenesis, and in vascular biology.*®

From single-celled eukaryotes to mammals, the FReD , L

. . L . . Received for publication September 27, 2017; accepted October 27,
proteins also play important roles in innate immunity .
as pattern-recognition molecules."® For instance, the
ficolins activate the complement system after binding
to pathogen-associated molecular patterns from vari-
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ous pathogens, including vira, parasites, and a broad
spectrum of bacteria.®’
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characterized by a coiled-coil region, a polycationic
region, and C-terminal FReD.>®° FIBCD1 oligomerizes
and assembles into tetramers of approximately 250
kDa. It binds to acetylated compounds such as chitin
and sialic acid in a calcium-dependent manner.
Although several chitin-binding proteins in mammals
have been identified,’® FIBCD1 is the first bona fide
human receptor identified to bind specifically to chitin.

Chitin is the second most abundant biopolymer in
nature, only exceeded by cellulose,™ and is found in
various pathogens including fungi, helminths, and
house dust.'® Chitin stimulates and regulates the
immune system in various directions,® both alone and
in combination with other pathogen-associated
molecular patterns such as B-glucan, but the role
played by FIBCD1 in chitin-regulated immunity and
homeostasis is still unknown.

Initial immunohistochemical investigations have
shown that FIBCD1 is expressed apically in small and
large intestine epithelial cells, and in the ducts of the
salivary glands.® However, the more detailed character-
ization of tissue distribution is unknown. In the present
study, we characterize the tissue distribution of FIBCD1,
to enhance understanding of its role and function. We
screened 20 human tissues for the relative mRNA
expression of FIBCD1 by using quantitative real-time
PCR, and evaluated the distribution of FIBCD1 in 50
histological structures by immunohistochemistry (IHC).
We find that FIBCD1 is generally expressed in all epi-
thelial cells examined, while not expressed in other cell
types including cells of myeloid origin.

Materials and Methods
Buffers

Standard in-house buffers were mixed to the following
concentrations: phosphate-buffered saline (PBS; 140
mM NaCl, 3 mM KCl, 8 mM Na HPO,, 1.5 mM KH_PO ,
pH 7.4) bicarbonate buffer (206 mM NaHCOs, 81 mM
Na,CO,).

Antibodies

A panel of monoclonal antibodies directed against
FIBCD1 were raised, as described by Schlosser et al®
In brief, BALB/c mice were immunized with recombi-
nant FIBCD1 ectodomain. Specificity and validity of
the chosen monoclonal antibody, HYB12-2 (initial con-
centration 470 pg/ml), was tested by Western blotting,
as recommended by the Histochemical Society." In
the following, HYB12-2 is referred to as anti-FIBCD1.
To determine staining specificity of the monoclonal
anti-FIBCD1 antibody, anti-ovalbumin (anti-OVA,

HYB099-01; Statens Serum Institut, Copenhagen,
Denmark) was used as isotype control. The isotype
control was used in the same concentrations and under
the same conditions as the anti-FIBCD1 antibody.
Characterization of antibody isotype for both anti-
FIBCD1 and anti-OVA was determined by IsoStrip
(Roche Applied Science; Mannheim, Germany).

Fluorescein (FITC) Labeling of Antibodies

Antibodies (anti-FIBCD1 and anti-OVA) were labeled
with FITC (isomer 1; Sigma-Aldrich, Saint Louis, MO)
according to manufacturer’s instructions. In brief, the
FITC-isomer was dissolved in dimethyl sulfoxide
(DMSO; Sigma-Aldrich). Antibodies were subse-
quently dialyzed against bicarbonate buffer, and con-
centrations were determined using NanoDrop (Thermo
Scientific; Wilmington, DE). The FITC/protein
molar ratio was calculated as described by the
manufacturer.

FIBCD I-Transfected HEK293 Cells

HEK293 cells containing the Flp-In system were pur-
chased from Invitrogen (Carlsbad, CA). Stable trans-
fection with full-length FIBCD1 was performed as
described previously.® Blank HEK293 cells containing
the Flp-In system were used as controls.

Cells were cultured in complete Dulbecco’s modified
Eagle’s medium (DMEM) (high glucose; Thermo-
Fisher, Carlsbad, CA) with penicillin (100 U/ml), strep-
tomycin (0.1 mg/ml), L-glutamine (2 mM), and 10% fetal
bovine serum (FBS; all from Thermo-Fisher).

Approximately 3 x 10% cells of each cell line
(HEK293-Blank and HEK293-FIBCD1) were har-
vested, spun down, and the pellet fixated in 4% nor-
mal-buffered formalin (NBF) for 48 hr. The pellet was
subsequently embedded in paraffin, cut in 4-um-thick
sections, and stained using the same protocol as tis-
sue specimens, as described below.

Quantitative Real-Time PCR (qRT-PCR)

The Human Total RNA Master Panel Il (Clontech; Palo
Alto, CA), comprising purified RNA from 20 human tis-
sues, was used to investigate the mRNA expression lev-
els of FIBCD1. Complementary DNA (cDNA) was
synthesized using the Moloney murine leukemia virus
(M-MLV) reverse transcriptase kit (Sigma-Aldrich;
Taufkirchen, Germany) according to manufacturer’s
instructions. Relative mRNA expression of FIBCD1 was
investigated using TagMan Universal Mastermix Il and
TagMan Gene Expression Assays (Applied Biosystems;
Foster City, CA). Results were normalized to two
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Figure I. Relative mRNA expression of FIBCDI, as determined
by quantitative PCR. Expression is normalized to ACTB and
GAPDH, setting heart expression to |. Abbreviations: FIBCDI,
fibrinogen C domain containing |; ACTB, beta-actin; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

housekeeping genes, ACTB (beta-actin) and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), using
the GeNorm method,' setting heart expression to 1,
which showed lowest detectable mMRNA signal in the tis-
sues investigated. Reactions were performed on a
StepOnePlus Real-Time PCR System (Life Technologies;
Carlsbad, CA) in technical triplicates. Relative expres-
sion was calculated as fold changes, using gBase+ soft-
ware (Biogazelle; Zwijnaarde, Belgium).

Human Tissue Samples

Human tissue samples of 50 different histological
structures were obtained from the tissue bank at the
Department of Pathology, Odense University Hospital
(Odense, Denmark). Samples were from surgically
removed specimens containing non-malignant, non-
inflammatory changes, and determined as histologi-
cally normal by a trained specialist in histopathology.
Tissue samples were fixed in 4% NBF for various peri-
ods of time (12—96 hr), conventionally dehydrated, and
subsequently embedded in paraffin.

To determine intra-individual expression variations
of FIBCD1, we stained samples from 2 to 3 separate
individuals, yielding a total of 123 tissue specimens,
which were examined (Supplemental Data).

The Regional Committees on Health Research
Ethics for the Region of Southern Denmark approved
the use of the human tissue samples in the present
study (Ref. No. afS-VF-20050070).

IHC

Four-pm-thick sections were cut from NBF-fixed paraf-
fin-embedded tissue blocks. Sections were mounted
on FLEX IHC Slides (Dako; Glostrup, Denmark), dried
at 60C, dewaxed, and rehydrated through a graded
ethanol series, and subsequently washed in 0.05 M
Tris-buffered saline (TBS; Fagron Nordic A/S;
Copenhagen, Denmark). Five different unmasking
techniques were performed, including proteolytic
approaches and microwave heating with various buf-
fers. Optimal epitope retrieval was performed using
microwave heating in 10 mM Tris (Fagron Nordic A/S;
Copenhagen, Denmark) with 0.5 mM ethylene glycol-
bis(B-aminoethyl  ether)-N,N,N',N'-tetraacetic acid
(EGTA; Fagron Nordic A/S) at pH 9.0 (TEG buffer). A
total of 3 Tissue-Tek containers (Miles, Inc.; Elkhart,
IN), each with 24 slides in 250 ml TEG-buffer, were
placed on the edge of a turntable inside the microwave
oven. Slides were heated for 11 min at full power (900
W), followed by 15 min at 400 W. After heating, slides
remained in buffer for 15 min.

The FITC-labeled antibodies (anti-FIBCD1 and anti-
OVA) were diluted 1:50, 1:100, and 1:200, respectively,
in Antibody Diluent (Agilent Technologies; Glostrup,
Denmark). Incubation with the antibodies was done for
60 min at room temperature. Immunostaining was
automated using a modification of the catalyzed signal
amplification (CSA) 1l, Biotin-Free Catalyzed
Amplification System (Dako), on an Autostainer Plus
instrument (Dako). In the CSA 1l protocol, the original
rabbit anti-mouse Ig-HRP was substituted with a rabbit
anti-FITC-horseradish peroxidase (HRP) (Dako),
diluted 1:30, and incubated for 20 min. Immunostaining
was followed by brief nuclear counterstaining in Mayer’s
hematoxylin (Fagron Nordic A/S; Copenhagen,
Denmark). Finally, slides were washed, dehydrated,
and coverslipped using a Tissue-Tek Film coverslipper
(Sakura Finetek; Alphen aan den Rijn, The Netherlands).

Image Acquisition

Histology slides were scanned at 20x magnification
using a NanoZoomer-XR (Hamamatsu Photonics;
Hamamatsu City, Japan), and image acquisition was
obtained using NDP.view2 software (NanoZoomer
Digital Pathology; Hamamatsu Photonics).
Representative images were automatically adjusted for
contrast in Adobe Photoshop CC 2017 (San Jose, CA).

Results
Expression of FIBCD | mRNA in Human Tissues

The relative expression of FIBCD1 was investigated in
RNA from 20 different human tissues (Fig. 1). In general,
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Figure 2. Determination of antibody specificity and usage concentration. HEK293 cells transfected with full-length FIBCD| ¢cDNA
(A-D) or untransfected (E-H). Cells are stained with either anti-FIBCD1 (A, C, E, and G) or anti-OVA (B, D, F, and H) in 1:50 (A, B,
E, and F) or 1:100 (C, D, G, and H) dilution. Scale bars = 50 pm. Abbreviations: FIBCDI, fibrinogen C domain containing |; anti-OVA,

anti-ovalbumin.

the expression throughout the examined tissues was low,
with PCR cycle threshold (Ct)-values above 27. We found
highest expression of FIBCD1 in the testis, brain (includ-
ing fetal brain), adrenal gland, and placenta (Ct-values
28-33). We found medium expression in the small and
large intestine, spleen, prostate, and lung (Ct-values 33—
36). Low or very low expression was found in kidney, sali-
vary gland, thymus, fetal liver, and heart (Ct-values
37-38), whereas FIBCD1 expression was undetectable
in uterus, stomach, skeletal muscle, liver, and bone mar-
row (Ct-values >38). Ct-values for the endogenous con-
trols ACTB and GAPDH were ranging from 16 to 21, with
a mean value of 17 (GAPDH) and 18 (ACTB).

Antibody Characterization

The monoclonal anti-FIBCD1 antibody has previously
been shown to react with the human FIBCD1 ectodo-
main, but not within the FIBCD1-FReD.® The epitope is
thus located between the transmembrane region and
the FReD domain of the FIBCD1 protein, which
excludes cross-reactivity with other proteins of the
FReD superfamily.

We performed staining on HEK293 cells, either
blank or FIBCD1-transfected, with the antibodies in a
2-fold dilution series from 1:50 to 1:200. FIBCD1-
transfected cells were stained intensively at all dilu-
tions (Fig. 2A and C, dilution 1:200 not shown),
whereas blank cells showed very weak granulated
intracellular immunoreactivity at the highest antibody
concentration and no reactivity in lower concentrations
(Fig. 2E and G, dilution 1:200 not shown).

To determine unspecific staining, we used anti-OVA
as isotype control. We found no immunohistochemical
reaction in HEK293 cells stained with anti-OVA in
either of the concentrations tested (Fig. 2B, D, F, and
H, dilution 1:200 not shown). Tissue specimens were
stained with anti-OVA with the same immunohisto-
chemical protocol as anti-FIBCD1, and showed no
staining (Figs. S2—-S5).

Both anti-FIBCD1 and anti-OVA were found to have
the IgG1 isotype.

Localization of FIBCD | in Brain, Sensory, and
Immune Organs
In the brain, we found a weak immunohistochemical

reaction in glial cells of the cerebrum, whereas neu-
rons were found to be negative (Fig. 3A). We found

strong immunoreactivity in the epithelium of the ear
canal (Fig. 3B), the respiratory (pseudo-stratified, cili-
ated columnar) epithelium of the nasal fossa (Fig. 3C),
the non-keratinized squamous epithelium in the tongue
(Fig. 3D), and oral cavity (Fig. 3E). FIBCD1 was weakly
present in the non-keratinized stratified squamous epi-
thelium of the tonsils (Fig. 3F).

In the skin, FIBCD1 was found to be present in the
keratinized squamous epithelium of the epidermis,
and reaching down to stratum granulosum (Fig. 3G),
as well as in the keratin structure of hair follicles and
sebaceous glands (Fig. 3H). We found a strong reac-
tion in both eccrine and apocrine sweat glands of the
skin (Fig. 3I).

We found no evidence of presence of FIBCD1 in
lymph nodes (Fig. 3J) or spleen (Fig. 3K). In the thy-
mus, FIBCD1 was present at moderate intensity in the
corpuscles of Hassall, whereas the surrounding lym-
phatic tissue was negative (Fig. 3L).

Localization of FIBCD | in the Gastrointestinal
Tract

As expected from previous observations,® we found
strong FIBCD1 immunoreactivity throughout the diges-
tive tract (Fig. 4). In this detailed analysis, we further
found that FIBCD1 was present in the serous glands
and ducts in the salivary glands, whereas mucous
glands were negative (Fig. 4A). In the pharynx, we
found evidence of luminal expression in the ductal sys-
tem of mucous glands (Fig. 4B). Moreover, we found
moderate FIBCD1 immunoreactivity in the esophagus
(Fig. 4C). FIBCD1 was found to be present luminally as
well as basolaterally in the columnar epithelium of the
stomach (Fig. 4D), duodenum (Fig. 4E), jejunum (Fig.
4F), and ileum (Fig. 4@G). In the large intestine, FIBCD1
was present in the cecum (Fig. 4H), in the colon (Fig.
41), and rectum (Fig. 4J). In the anal canal, we found
moderate immunoreactivity in both columnar and
stratified squamous epithelium (Fig. 4K), with highest
intensity above the pectinate line. We found no evi-
dence of presence in the mesothelium of the perito-
neum (Fig. 4L) or in the Peyer’s patches in the small
intestine (not shown).

Localization of FIBCD | in Abdominal Organs

FIBCD1 was detected in abdominal organs with
highly varying intensity (Fig. 5). We found luminal
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Figure 3. Localization of FIBCDI in brain, sensory, and immune organs. (A) brain, (B) ear canal, (C) nasal fossa, (D) tongue, (E) oral
cavity, (F) tonsil, (G) skin, (H) hair follicle, (I) sweat glands, (J) lymph node, (K) spleen, and (L) thymus. Scale bars = 50 pm. Abbreviation:
FIBCDI, fibrinogen C domain containing .
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Figure 4. Localization of FIBCDI in the digestive tract. (A) salivary gland, (B) pharynx, (C) esophagus, (D) stomach, (E) duodenum,
(F) jejunum, (G) ileum, (H) cecum, (I) colon, (J) rectum, (K) anal canal, and (L) peritoneum. Scale bars: (A—B) = 40 pm; (C-L) = 50 pm.
Abbreviation: FIBCDI, fibrinogen C domain containing .
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Figure 5. Localization of FIBCDI in abdominal organs. (A) liver,
(B) gall bladder, (C) pancreas, and (D) adrenal gland. Scale bars =
50 pm. Abbreviation: FIBCDI, fibrinogen C domain containing I.

immunoreactivity in the epithelium of interlobular
bile ducts in the liver (Fig. 5A) and in the epithelium
of the gall bladder (Fig. 5B). In the pancreas, we
found that the islets of Langerhans were weakly
positive (not shown), whereas the ductal epithe-
lium had strong reactivity (Fig. 5C). In the adrenal
gland, we found very weak reaction in the capsule-
near zona glomerulosa of the adrenal cortex but no
reaction in the other cortical zones or the medulla
(Fig. 5D).

Localization of FIBCD | in the Respiratory Tract

We found evidence of FIBCD1 expression throughout
the respiratory tract (Fig. 6). In the trachea, we found
sporadic, weak positive reaction in the epithelium (Fig.
6A). FIBCD1 was present at moderate intensity in the
epithelium of the bronchi (Fig. 6B), bronchioles (Fig.
6C), and alveoli (Fig. 6D).

Localization of FIBCD | in the Urinary Tract

In the kidney, we found weak immunoreactivity in the
distal tubules and collecting tubules, whereas cortex,
glomeruli, and proximal tubules were negative (Fig.
7A). In the efferent urinary tract, we found strong stain-
ing intensity in the urothelium of the ureter (Fig. 7B),
and decreasing intensity in the urothelium of the blad-
der (Fig. 7C) and urethra (Fig. 7D).

Localization of FIBCD | in the Reproductive
Organs

In the male genitalia, we found staining of FIBCD1 in
the spermatogonia closest to the lumen, and in some
Sertoli cells (Fig. 7E). We found strong FIBCD1 immu-
noreactivity in the pseudo-stratified epithelium in the
ductal system of the epididymis (Fig. 7F). There was
weakly positive reaction in the epithelium of the vas
deferens (Fig. 7G), and in the stromal and glandular
tissue of the prostate (Fig. 7H).

In the female genitalia, we found weak FIBCD1
immunoreactivity in the follicles of fertile ovary (Fig.
71), whereas inactive postmenopausal ovary was
negative (Fig. 7J). We found strong immunoreactiv-
ity in the surface epithelium of the fallopian tube
(Fig. 7K), and weaker intensity in the columnar epi-
thelium of the uterine corpus (Fig. 7L) and squa-
mous epithelium of the uterine cervix (Fig. 7M). We
found positive reaction in the keratinized squamous
epithelium of the portio of the uterine cervix (Fig.
7N) and non-keratinized epithelium of the vagina
(Fig. 70). We found no immunoreactivity in the pla-
centa (not shown), but strong staining in the epithe-
lium of the lactiferous ducts of the mammary gland
(Fig. 7P).
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Figure 6. Localization of FIBCDI in the respiratory tract. (A)
trachea, (B) bronchi, (C) bronchioles, and (D) alveoli. Scale bars =
50 pym. Abbreviation: FIBCDI, fibrinogen C domain containing I.

Discussion

In the present study, we describe the detailed distribu-
tion of FIBCD1 in human tissues at mRNA level by
real-time PCR and at protein level by IHC. We find evi-
dence of the presence of FIBCD1 in a broad spectrum
of tissues and organs throughout the human body,
which, indeed, paves the way for new hypotheses
regarding its role as a pattern-recognition receptor
(PRR) or alternative roles in health and disease.

The applied CSA 1l, Biotin-Free Catalyzed
Amplification System is one of the most sensitive
detection systems available for immunohistochemical
investigations, ideal for the detection of less abundant
proteins.'®'” By using FITC-labeled primary antibod-
ies and rabbit anti-FITC-HRP instead of the more con-
ventional unlabeled primary antibody and rabbit
anti-mouse Ig-HRP, the detection system becomes
even more sensitive. High precaution for nonspecific
staining should thus be taken into account. We found
that the anti-FIBCD1 antibody showed high specificity
at all concentrations tested (Fig. 2A, C, E, and G),
while no staining was seen when the isotype control
(anti-OVA) antibody was used for staining (Fig. 2B, D,
E, H, and Supplementary Figs. S1-S5). We found
scarce immunoreactivity in blank HEK293 cells at high
antibody concentration (Fig. 2E). This was expected,
as the expression of FIBCD1 mRNA in non-transfected
HEK293 cells was found to be relative high compared
with other non-transfected commercially available cell
lines such as the lung cell line Calu-3 and colon cell
line Caco-2 (data not shown). Both antibody- and
staining specificity were tested, and we thus find our
immunohistochemical results reliable with the applied
concentration of the antibody.

Although we found some variation with regard to
staining intensity between specimens and thus differ-
ent individuals, a clear general expression pattern was
found. In the figures presented, images are represen-
tative for the overall expression pattern of FIBCD1.
Even though human specimens were only obtained
from either autopsies or surgically due to a clear sus-
picion of disease, the specimens used in the present
study represent tissue with normal morphology, where
no signs of inflammation or malignancy were present.

One limitation to our study is the use of only one
monoclonal antibody directed toward FIBCD1. Even
though a panel of antibodies has been raised, only the
applied antibody in this investigation has shown high
reactivity in human cell lines and tissues. Other anti-
bodies also showed reactivity where FIBCD1 was
expected to be most abundant, for example, in the
gastrointestinal tract, but not with the same intensity.
However, the used antibody is validated secundum
artem, demonstrating no cross-reactivity to closely
related proteins. In our opinion, the need for further
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Figure 7. Localization of FIBCDI in the urinary tract (A-D) and male (E-H) and female (I-P) genitalia. (A) kidney, (B) ureter, (C) blad-
der, (D) urethra, (E) testis, (F) epididymis, (G) vas deferens, (H) prostate, (1) fertile ovary, (J) postmenopausal ovary, (K) fallopian tube,
(L) uterine corpus, (M) uterine cervix, (N) uterine portio, (O) vagina, and (P) mamma. Scale bars: (A—C) and (E-P) = 50 pm; (D) = 40

pm. Abbreviation: FIBCDI, fibrinogen C domain containing |.

validation of our findings with other antibodies seems
less important.

In the Human Protein Atlas,” the localization of
FIBCD1 is investigated by two commercially available
polyclonal antibodies, HPA053898 and HPA053898
(both Sigma-Aldrich; Taufkirchen, Germany), and RNA
sequencing. Reactivity is found within colon epithe-
lium, cerebral glial cells, and testis, which is consistent

with our results. Surprisingly, expression is also found
in lymph nodes, thyroid gland, and myocytes of the
heart, where we are unable to detect FIBCD1 (Fig. 3J
and K, heart not shown). Besides being polyclonal, for
example, recognizing multiple epitopes on the antigen,
the antibodies used in the Human Protein Atlas are not
validated by Western Blot, opposite to the monoclonal
antibody used in our analysis. Although the observed
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differences may be due to biological variance, we find
our results more reliable and precise than in the high-
throughput approach demonstrated in the Human
Protein Atlas.

We did not find a clear correlation between immuno-
histochemical reactivity and mRNA signal. Although it is
generally expected that there should be an overall con-
sistency between mRNA expression and protein lev-
els,®"® the present study demonstrates some
discrepancies. For instance, at mRNA level, the testis
was found to have the definite highest expression level,
approximately 100-fold higher than other tissues inves-
tigated. However, at protein level, we found scarce
immunostaining in the spermatogonia and a few Sertoli
cells (Fig. 7E). We found high reactivity in the epididy-
mis (Fig. 7F), and the purified mRNA purchased com-
mercially could, indeed, contain mRNA from the
epididymis besides the testis. Also, regulation of protein
expression is highly complex, and previous studies in
correlating mRNA and protein expression have had
varying success in different tissues.?®?" It is further
important to notice that even though our study demon-
strates that FIBCD1 is present in a wide range of human
epithelial structures, the actual fraction of epithelial cells
can be rather low. The applied immunohistochemical
protocol is highly sensitive, and our qPCR results
emphasize an overall low expression throughout the
human body. We did not succeed in retrieving histologi-
cal specimens from fetal brain and fetal liver, where
there was a detectable mRNA signal. Furthermore, we
were only able to retrieve histological specimens from
the cerebrum. The high brain mRNA signal could origi-
nate from specific cerebral structures.

As a putative chitin receptor, FIBCD1 could function
as a PRR. Humans are continuously exposed to chitin
in various organ systems and at virtually all surfaces
exposed to pathogens. Present and previous findings
demonstrate that FIBCD1 binds chitin, and thus may
function as a PRR, responsible for the presentation of
chitin to the host defense system and initiating immune
responses. In the gastrointestinal tract, chitin exposure
originates from ingested food, ' bacteria,® fungi,?? and
parasites.?®> FIBCD1 may recognize chitin from these
potentially pathogenic species, and may play a role in
the pathophysiology of gastrointestinal disorders. With
FIBCD1 being present at surfaces throughout most
the respiratory tract (Fig. 6), we hypothesize that chitin
is being recognized by FIBCD1 upon inhalation, and
that FIBCD1 regulates the immune response upon
chitin stimulation. This may indicate that FIBCD1 plays
a role in the development of airway diseases such as
asthma and pulmonary infections. Indeed, unpub-
lished results from our laboratory have shown that
FIBCD1 binds to the airborne fungus Aspergillus

fumigatus and its chitin-rich alkali-insoluble fragments,
and that FIBCD1 is upregulated in invasive
aspergillosis.

FIBCD1 has previously been shown to bind to sialic
acid with high affinity.® Sialic acid is found on a broad
panel of eukaryotic and some prokaryotic cell sur-
faces.?* Some pathogenic bacteria use sialic acid to
hide from, or inhibit the complement system.?® At
mucosal surfaces, sialic acids are found terminally on
the mucins, which makes up the mucus.?® As FIBCD1
binds to sialic acid with high affinity and is present at
mucosal sites prone to bacterial invasion, we specu-
late that FIBCD1 might play a role in the pathogenesis
of various bacterial infections, such as pneumonia,
gastroenteritis, and urinary tract infections.

With FIBCD1 being present in the epidermis of the
skin (Fig. 3G), we speculate that it may play a role in
cutaneous immunity. The skin is, indeed, the most
exposed surface to the outside environment, and con-
stant chitin exposure from plants, fungi, and parasites
may generate allergic responses.?” The skin is inhab-
ited by a broad panel of microorganisms, including
bacteria, fungi, and viruses,?® and is constantly chal-
lenged to recognize harmful from harmless pathogens.
Whereas other FReDs have been shown to play a key
role in skin wound healing and inflammation,? the
exact function of FIBCD1 in the skin has not yet been
investigated. FIBCD1 could serve as a PRR for
immune cells residing in the dermis, such as macro-
phages, dendritic cells, and lymphocytes,?® and thus
play a role in the delicate immune balance in the skin.
In a recently published study using a genome-wide
association approach, FIBCD1 was found to be asso-
ciated with cutaneous fungal infections.® It is also
worth noting that chitin itself has been shown to stimu-
late the innate immune response in skin keratinocytes
by increasing toll-like receptor 4 (TLR4) expression.®’
FIBCD1 could, indeed, support the innate immune
response upon chitin exposure.

Even though our present findings fit with the hypoth-
esis of FIBCD1 being a PRR, it could very well have
other functions as well. From a sequence homology
aspect, FIBCD1 is closely related to both ficolins as
well as microfibrillar-associated protein 4 (MFAP4).'
While the close homology to the ficolins indicates that
FIBCD1 might function as a PRR, the similarity to
MFAP4 may indicate other functions. MFAP4 is an
extracellular matrix protein, which binds to elastin and
collagen fibers, and has been shown to be involved in
tissue remodeling, respiratory, and cardiovascular dis-
eases.**® FIBCD1 could have functions related to
those of MFAP4, for example, in cellular homeostasis.

In the present study, we have described the detailed
distribution of FIBCD1 in a broad variety of normal
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human tissues. We demonstrate that FIBCD1 is
expressed in epithelial cells derived from all three
germ layers, throughout the human body, with high
prevalence in the airways, gastrointestinal, and uro-
genital tract. Together with the binding properties of
FIBCD1, the present data of the localization support
the hypothesis of FIBCD1 functioning as a PRR.
However, the identification of FIBCD1 expression in,
for example, brain tissue and in neuroendocrine cells
from the adrenal gland suggests other functions
besides pattern recognition. Future studies should
focus on the in vitro and in vivo properties and func-
tions of FIBCD1.
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