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Tissue distribution of Influenza virus receptors 
in mammalian hosts using  Tissue Microarrays
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Susceptibility of a host to a virus requires the expression of virus-specific receptors. These are host molecules 
present on the cell surface that support the binding of specific viral attachment proteins. The receptors for 
many viruses, including influenza A virus, have previously been elucidated. However, their tissue and host 
distribution contributing to the susceptibility of species is often not well understood. In order to broaden 
our knowledge on the expression of these host molecules, we aimed at creating tissue microarrays (TMA) 
of various mammalian species. In particular, TMAs represent the true complexity of cell surface molecules 
present in a host and are therefore excellent tools to study virus-host interactions. This technique still faced 
several technical drawbacks. Here, we first technically optimized the TMA construction method such that 
tissue-slides were easier easier and more intact generated. Subsequently, a variety of tissues of pig, dog and 
horse of animals that were submitted to the necropsy hall of the Pathobiology department. Formalin-fixed, 
paraffin embedded tissues were analyzed and healthy tissues from these animals were selected based on 
microscopic evaluation of tissue slides. Tissue cores of each of the tissues were combined in one tissue block 
to generate (monospecies or multispecies) porcine, canine and equine TMAs, respectively. From these TMA 
blocks, tissue-slides were generated to study viral receptor expression. First, the tissue distribution of the 
sialic acids Neu5Acα2-3Gal (α2-3 linked sialic acid) and Neu5Acα2-6Gal (α2-6 linked sialic acid), was studied 
using the plant-derived lectins; Maackia amurensis lectins I & II and the Sambucus nigra lectin. These sialic 
acids constitute the viral receptors of avian and human influenza A viruses, respectively. Next, we studied 
the binding of the viral attachment proteins HA of various influenza A subtypes using protein histochemistry 
assays. To study interspecies variation of these different IVA receptors, a monospecies TMA composed of 
tissues of six anatomic locations of the respiratory tracts from six animals were compared. We observed that 
the variability of sialic acid expression in the same regions was low, indicating that TMAs composed of tis-
sues of one animal already provide sufficient information in order to draw valid conclusions for larger animal 
groups. Interestingly, in the porcine respiratory tract, co-expression of Neu5Acα2-3Gal and Neu5Acα2-6Gal 
was only detected in the lower regions of the respiratory tract, and was absent in the trachea, suggesting 
that the current hypothesis that pigs can function as a ‘mixing vessel’ for IAVs, is disputable. In order to gain 
insight to the interspecies transmission of equine IAVs to the canine population, we analyzed the presence 
of Neu5Acα2-3Gal & Neu5Gcα2-3Gal receptor expression in equine and canine tissues. Lectin staining re-
vealed that Neu5Acα2-3Gal was expressed in various canine and equine tissues, which was confirmed by 
the specific binding of HA-H3, of equine IAV subtype, to respiratory tract tissue of both species. In contrast, 
Neu5Gcα2-3Gal expression could only be detected in equine tissues upon staining of TMA slides with a spe-
cific antibody, which was in agreement with the protein binding of HA-H7 of equine IAV subtype to equine, 
but not canine tissues. These results might explain that H3 IAVs of equine origin have crossed the species 
barrier to dogs, while this has not been observed for H7 IAVs. Taken together, the generated TMAs of various 
mammalian species provide an excellent tool for the analysis of the distribution of viral receptors in multiple 
host species, thereby increasing our understanding of host susceptibility and interspecies transmission for 
particular viruses. 
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Introduction
The lack of knowledge regarding the distribution of viral 
receptors on host tissues and the binding properties of 
viral proteins lead to difficulty in predicting, preventing 
and managing outbreaks. Susceptibility of an individual 
to a virus, either human or not, is determined by various 
factors. One of them is the successful interaction be-
tween the host and the virus allowing the subsequent 
infection of a cell. The interaction is defined by the at-
tachment of a viral particle to a host molecule expressed 
on the cellular surface, which is called a receptor. Since 
the first step to susceptible host tissues is the expres-
sion of the viral-specific receptor, is it is important to 
know which molecules are used by the viruses as recep-
tors and what the distribution is on the host’s tissues. 
Viral receptor preference is extensively studied around 
the globe and therefore most of the viral receptors have 
been described. However, the tissue distribution of viral 
receptors is not a popular research subject, leading to 
uncertainties about host and tissue susceptibility. 

Analyzing the tissues of a species can be facilitated 
by the use of a tissue microarray. It demonstrates the 
complexity of the cellular surface in an accurate man-
ner, allowing the comparison of the data to the in vivo 
situation, but also allowing the use of multiple tissues 
simultaneously. The first idea of incorporating multiple 
tissue-cores in one paraffin block was envisioned by 
Hector Battifora in 1986. He described a method of em-
bedding 100 or more different tissue samples in a paraf-
fin block, which he dubbed the multitumor tissue block 
(MTTB). The MTTB was constructed by wrapping tissue 
cores into a sheet of small mammal intestine before be-
ing imbedded in paraffin blocks in order to be cut. Bat-
tifora developed the MTTB for immunohistochemical 
antibody testing and as a quality control for routine pro-
cedures, as it diminished most of the variation causes 
between tissue samples (Battifora 1986). The technique 
was adapted by Kononen in 1998 (Kononen, Bubendorf 
et al. 1998), and was used to rapidly analyze hundreds 
of molecular markers of human tumor tissues. Kononen 
revised the construction procedure, developing a cus-
tom instrument which consisted of a thin-walled stain-
less steel tube, a stainless steel wire that acted as a stylet 
and a precision guide, which could move in the x-y axis. 
The punched tissue cores were placed in a pre-formed 
recipient paraffin blocks. In this procedure as many as 
1000 different specimens could be placed on one array 
block. As a result, the analysis of morphological and 
molecular aspects of tumors was revolutionized and 
simplified for future generations (Kononen, Bubendorf 
et al. 1998). The usefulness of TMAs is demonstrated 
by numerous publications (Camp, Charette et al. 2000, 
Packeisen, Buerger et al. 2002, Hans, Weisenburger et 
al. 2004), following the publication of Kononen, and it 
is most commonly used to analyze molecular markers, 
such as RNA, DNA and proteins, and less commonly 
used in immunohistochemical procedures. 

The usefulness of such array in infection biology has 

been demonstrated by our research group, using avi-
an coronaviruses recombinant attachment proteins on 
an avian multispecies TMA (Wickramasinghe, de Vries 
et al. 2015) and proved to be an excellent tool for elu-
cidating the tissue distribution of viral receptors. The 
multi-species avian TMA was used in combination with 
the attachment glycoprotein spike (S1) of avian corona-
virus (infectious bronchitis virus) and the hemagglutinin 
protein of influenza A virus H5N1, in order to compare 
attachment characteristics between the different avian 
species. In addition, single species TMAs were used to 
study tissue and glycan binding profiles of spike glyco-
proteins of different avian coronaviruses revealing a 
novel receptor for the turkey coronavirus (TCoV) (Wick-
ramasinghe, de Vries et al. 2015). The conclusion was 
that the tissue microarrays provide a fast and cost effec-
tive way to elucidate host and tissue binding profiles of 
viral attachment proteins (Wickramasinghe, de Vries et 
al. 2015). In this study, mammalian hosts were chosen 
in order to gain insights about the expression of viral 
receptors, and in particular, receptors of the Influenza 
genus. The receptor preference is unquestionably well 
described, but that is not the case for the tissue distri-
bution of the receptor in susceptible hosts. 

Firstly, we wanted to investigate the Influenza A virus 
(IAV) receptor in particular. The virus belongs to the 
Orthmyxoviridae family, which are enveloped, seg-
mented, negative-stranded RNA viruses, and tend to 
form a short-lived relationship with their infected host. 
One of the proteins incorporated in the virion, the at-
tachment protein hemagglutinin (HA), determines the 
receptor binding ability of each viral strain (Skehel, Wi-
ley 2000). It is a type I membrane glycoprotein, and is 
comprised of three identical subunits (Russell, Gamblin 
et al. 2013). The receptor binding site is present on the 
most membrane-distal part of the trimer, and is capa-
ble of recognizing cell-bound glycoproteins which are 
used as the viral receptor (Russell, Gamblin et al. 2013). 
N-acetylneuraminic acid, or sialic acid, is a terminal sac-
charide of the carbohydrate side-chains of cell surface 
glycoproteins, and is known to be the receptor of most 
of the IAVs (Skehel, Wiley 2000). As mentioned before, 
the attachment of the virion to the host cell receptor 
comprises a fundamental first step needed for the jour-
ney which leads to an infected cell. Influenza A has been 
described in humans, aquatic birds, domestic poultry, 
equids, suids, canids, felids and also in many aquatic 
mammals. Avian and equine IAVs preferentially bind 
α2,3 linked sialic acids, human IAVs prefer the α2,6 link-
age, and porcine IAVs can bind to both linkages (Russell, 
Gamblin et al. 2013). The expression of different linked 
sialic acids, and their presence on different anatomic re-
gions might comprise a relatively strong barrier against 
large outbreaks of one virus type in all species, but does 
not necessarily mean that it cannot cause a large epi-
demic in one of the susceptible species. The zoonotic 
potential of the IAV is underlined by the capability of 
the virus to switch receptor specificity, thus redefining 
which species are susceptible for a particular strain.  
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Secondly, another distant member of the Influenza ge-
nus, the newly described influenza D virus (IDV), is also 
an interesting candidate for further investigation of the 
host susceptibility and tissue preference.  IDV shares 
only ±50% overall amino acid identity with its closest 
relatives of the influenza C genus, and was therefore 
classified as a new genus within the Orthmyxoviridae 
family (Hause, Collin et al. 2014, Ducatez, Pelletier et al. 
2015). The primary infected species consist of suids and 
bovines (Hause, Ducatez et al. 2013). One of the striking 
differences between IAVs and IDVs is the composition 
of the attachment protein. The IDV possesses a major 
surface bound glycoprotein, the hemagglutinin-ester-
ase-fusion (HEF) protein, which is capable of receptor 
binding, receptor destroying and membrane fusion ac-
tivities (Song, Qi et al. 2016). These functions are sep-
arated in Influenza A viruses, with the hemagglutinin 
protein being responsible for the receptor binding prop-
erties and the neuraminidase protein for the receptor 
destroying properties. The IDV uses 9-O-Acetylated si-
alic acids as its receptor, and protein binding studies re-
veal attachment to bovine, porcine and human tracheas 
(Song, Qi et al. 2016). This is confirmed by seropreva-
lence studies in the pigs and humans (Hause, Ducatez et 
al. 2013). IDV is also commonly seen in combination with 
various viral and bacterial pathogens causing the mul-
tifactorial bovine respiratory disease complex, mostly 
seen in post-weaning calves (Collin, Sheng et al. 2015). 
Little information is available on the tissue distribution 
of the 9-O-Acetylated sialic acids in different species. In 
addition, the fact that humans can be seropostitive for 
IDV antibodies, can be isolated from humans (Hause, 
Ducatez et al. 2013), thus demonstrating zoonotic char-
acteristics, makes it wise to investigate the localization 
of the viral receptor in the susceptible species reservoir 
in order to gain more knowledge about the susceptibili-
ty and interspecies transmission characteristics.

To expand our knowledge about tissue distribution of 
viral receptors in mammalian hosts, we aimed at the 
development of mammalian TMAs and combining them 
with protein histochemistry. Firstly, the procedure of 
creating the TMA was optimized, making the creation 
of TMA blocks and the generation of tissue slides easier. 
This facilitates the use for non-specialized researchers. 
First, we analyzed the presence of Neu5Acα2-3Gal and 
Neu5Acα2-6Gal in the porcine, canine and equine re-

spiratory tract with plant derived lectins and confirmed 
the data with the use of recombinant produced hem-
agglutinin proteins. We also analyzed the presence of 
Neu5Gcα2-3Gal in the canine and equine tissues since 
it plays a major role in the infection cycle of several 
equine IAVs. Next, we developed a bovine TMA consist-
ing of various tissues in order to analyze the presence 
of 9-O-Acetylated sialic acids. We opted to analyze the 
distribution of this type of sialic acid by recombinantly 
producing and using the attachment protein of Influen-
za D virus, (HEF-1). We observed that Neu5Acα2-3Gal 
and Neu5Acα2-6Gal are both present in the lower por-
cine respiratory tract, but not in the upper regions. Fur-
thermore, we detected presence of Neu5Acα2-3Gal in 
both the equine and the canine respiratory tract, but 
Neu5Gcα2-3Gal was only detected in the equine tract. 
The use of tissue microarrays will strengthen the con-
cept that they are excellent tools for obtaining more in-
formation about host-virus interaction in the early steps 
of an infection and that they facilitate the fast analysis 
of tissues.

Materials & methods
Ethics statement

 The tissues used for this study were collected from ani-
mals that were submitted to the Pathology Department 
or Dutch Wildlife Health Center of the Faculty Veterinary 
Medicine (Department of Pathobiology, Faculty of Vet-
erinary Medicine, Utrecht University, The Netherlands). 
Furthermore, tissues were collected from euthanized 
animals from ongoing animal experiments executed by 
other research groups within the faculty. The use of tis-
sues of already deceased animals does not require the 
permission of the Committee on the Ethics of Animal 
Experiment. Moreover, human tissues were obtained 
from the University Medical Centre Utrecht (UMCU). 
Anonymous use of human tissue does not require the 
permission of the Medical research Ethics Committee. 

Animal tissues & Processing

Tissues were collected at the necropsy facilities of the 
Pathobiology department at the Veterinary medicine 
faculty of Utrecht University, or send to us via collabo-
rators (table 1). 

Species No. of animals Age Sex Reason of submission Source

Pig -Sus scrofa 7 6-8mo F/M
Negative control group

DECnr: n/a
Pathology dept.

Horse -Equus ferus caballus 1 1y 7mo F
Diagnostic reasons

GLIMSnr: 316112103601
Pathology dept.

Dog -Canis familiaris 1 1y 7mo F
Negative control group

DECnr: 2014.II.08.064.
Pathology dept.

Cow -Bos taurus 3 unknown F/M
Negative control group

DECnr: n/a
Collaborators

Table 1. Characteristics of the animals collected.  
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The porcine tissues were collected through an ongoing 
animal experiment. The pigs were euthanized and sub-
mitted to the pathology department for further sam-
pling. Tissues were collected while the carcass was still 
fresh. The H&E staining showed minimal damage to the 
epithelium and to subsequent layers. The morphology 
was well preserved in all tissues, and were devoid of 
immunological reactions, except of minor presence of 

inflammatory cells in the lower gastrointestinal tract.

The mare was submitted to the clinic of the faculty 
of Veterinary medicine with severe abdominal pain. 
After euthanazation, the horse was submitted to the 
pathology department for diagnostic procedures. All 
tissues, except of parts of the caecum and colon, were 
in good morphological condition without immunolog-
ical responses. The caecum and colon were damaged 
through an intussusception of the caecum in colon and 
could not be used completely. Macroscopically un-
damaged samples were collected of that area.

The canine tissues were submitted to the pathology 
department as part of an ongoing animal experiment 
within the faculty. No macroscopic or microscopic 
changes were noted.

Bovine tissues were received from an ongoing animal 
experiment of our collaborator Dr. M. Ducatez from the 
École nationale vétérinaire de Toulouse. The tissues 
were submitted in the form of pre-sampled specimens, 
preserved in 70% alcohol in airtight locked containers. 
The majority of the samples were in good morphologi-
cal condition and could be used for further processing.

In total we obtained tissues from 12 different animals 
and 4 different species.

Figure 2. Overview of the placing procedure. 1: Donor tissue block, 2: Recipient array, 3: Puncher and stamper.

  
The tissues were trimmed in appropriate sizes (max. 3x2 
cm length and 3 mm width) and placed into organ-spe-
cific labelled cassettes. The tissues were fixed in 4% 
neutral buffered formaldehyde (Klinipath BV, cat#4078-
9020, The Netherlands) overnight with a minimal for-
maldehyde to tissue ratio of 10:1. Further processing 
included dehydration in different concentrations of al-
cohol (50%, 70%, 85%, 96% and 100%) and intermediate 
clearing with xylene (cat#: 4055-9005, Klinipath BV, The 
Netherlands). Once dehydrated, they were embedded 
in paraffin (Paraclean Histology Wax, cat#: 2079, Klin-
ipath BV, The Netherlands). The paraffin blocks were 
sectioned to 4 μm thick sections, using a Reichert/Leica 
2030 Microtome, and placed on microscope slides (KP 
frost slides / KP plus printer slides, Klinipath BV, The 

Figure 1. Tissue microarray, depicted schematically. Designed with 123D 
Design, Autodesk. 
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Netherlands). Sections were stained with hematoxylin 
and eosin (H&E), and assessed microscopically for his-
tological analysis performed by a certified pathologist. 
The analysis consisted of the selection of areas with a 
morphology analogous to the specific organ, devoid of 
pathological changes and absence of immune reactions. 
The positions were marked in order to be punched for 
the preparation of a tissue microarray. 

Preparation of tissue microarray (TMA)

Preparation of a tissue microarray (TMA) was 
previously performed using the procedure de-
scribed in (Wickramasinghe, de Vries et al. 2015). 
The described procedure resulted, unfortunate-
ly, in loss of tissue during the process of sectioning 
and the following protein histochemistry.  
To improve the procedure, an array plate was designed 
(software 123D Design, Autodesk Inc.) and printed with 
a 3D-printer (Sigma, BCN3D Technologies, Spain), using 
polylactic acid filament (PLA, thickness 2.85mm). The 
plate was designed to contain 36 holes of ±1,9-mm di-
ameter (fig. 1), in which tissue cores could be placed. 
Subsequently to printing, tissue cores were punched 
from the donor paraffin blocks and placed into the holes 
of the plate (fig. 2). The plate was embedded in paraffin 
and after solidification (±24 hours), 4µm sections were 
sectioned from these TMA’s. The array blocks were then 
sectioned into 4 μm TMA serial sections and mount-
ed on numbered microscopes slides (KP frost slides / 
KP plus printer slides, Klinipath BV, The Netherlands).  
One slide of each array block was stained with H&E, 
for quality control and identification of different cell 
types in each tissue (fig. 3). The remaining slides were 

stored at 4°C until further processing such as lectin and 
protein histochemistry. Where possible, serial sections 
were used in order to ensure maximum similarity of the 
tissues. Three TMA blocks were created (for species & 
placement map, see annex I; table 1 to 3); a TMA con-
sisting of a selection of various organs of one porcine 
individual, a TMA consisting of respiratory tract tissues 
of six different non-related porcine individuals and a 
TMA consisting of respiratory tract tissues of canine and 
equine individuals. The organs of the TMA of one por-
cine individual were as followed: the respiratory tract 
was represented by the nasal epithelium, nasopharynx, 
primary bronchus, upper and lower trachea, and lung. 
The gastrointestinal tract was represented by the soft 
palate, epiglottis, larynx, oesophagus, stomach, duo-
denum, jejunum, ileum, caecum and colon. Additional 
organs were the liver, kidney, heart, spleen, pancreas, 
thymus, bladder, adrenal gland, lymphnodes, pharynge-
al tonsil, conjunctiva and the ovarium with the uterus. 
At last, the central nervous system was represented by 
the following parts: cerebrum, cerebellum, hypophysis, 
bulbus olphactorius, brain stem and the sciatic nerve. 
The tissues used from the six non-related porcines were 
the upper-, mid-, and lower trachea, primary bronchus, 
bronchiole and alveoli. The equine-canine combination 
TMA consisted of the bulbus olphactorius, kidney, laryn-
geal epithelium, lower trachea epithelium, lung, nasal 
epithelium, oropharynx, primary bronchus, upper tra-
chea epithelium and the soft palate.

Lectin staining

Lectin stainings (lectins MALI (Maackia amurensis lec-
tin I, cat#: B-1315), MALII (Maackia amurensis lectin 

Figure 3. Overview of the different preparation steps. From empty array plate to filled array paraffin block to H&E stained 
tissue section.
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II, cat#: B-1265) and SNA (Sambucus nigra lectin, cat#: 
B-1305) (Vector Laboratories, USA) were performed on 
one section of each TMA. The lectins were used in the 
following concentrations: SNA with a concentration of 
10 μg/ml, MALII with 10μg/ml and MALI with 15 μg/
ml. The tissue sections were deparaffinized with xylene 
(cat#: 4055-9005, Klinipath BV, The Netherlands), twice 
for 5 minutes followed by dehydratation with 100%, 
96% and 70% alcohol (cat#: 4096-9005, Klinipath BV, 
The Netherlands), twice for 3 minutes in each concen-
tration. After rinsing in distilled water, antigen retriev-
al was performed in preheated 10 mM sodium citrate 
(cat#: 100244 , Merck KGaA, Germany) (pH adjusted to 
6.0 with 10 mM NaOH, cat#: 106462, Merck KGaA, Ger-
many) for 10 minutes. Cooling down the slides to ±20˚C, 
was followed by inactivating the endogenous peroxidase 
by incubating the slides in 1% hydrogen peroxide (cat#: 
108600, Merck KGaA, Germany) in methanol (cat#: 
106009, Merck KGaA, Germany) for 30 minutes at room 
temperature. After washing with Phosphate-Buffered 
Saline – Tween 20 (PBS-T), 0,1%, the slides were treat-
ed with 1x Carbo-free blocking solution (cat#: SP-5040, 
Vector laboratories Inc., USA) for 60 minutes at room 
temperature. After removing the blocking solution, the 
slides were incubated with bionylated lectins for 30 
minutes at room temperature in a humidity chamber. 
After rinsing thrice with PBS-T 0,1%, the tissue slides 
were incubated with avidin-biotin complex HRP (ABC-
kit, cat#: PK6100, Vectastain, Vector laboratories Inc., 
USA) for 30 minutes at room temperature, followed by 
rinsing thrice with PBS. To visualize the staining, slides 
were incubated with 3-amino-9-ethyl-carbazole (AEC, 
cat#: K3469, Dako, Denmark A/S) for 15 minutes at 
room temperature in a dark humidity chamber and sub-
sequently counterstained with hematoxylin for 45 sec-
onds. Presence of the peroxidase of the ABC-kit would 
react with the AEC and result in red color staining, thus 
revealing the presence of the lectin, whilst hematoxylin 
associates and stains the nucleus blue. After rinsing with 
tap water, the tissue slides were mounted with aqua-
tex (cat#: 108562, Merck KGaA, Germany). Images were 
captured using a charge-coupled device (CCD) camera, 

and an Olympus BX41 microscope linked to Cell^B im-
aging software (Soft Imaging Solutions GmbH, Münster, 
Germany). Stained slides were assessed for positivity by 
the student first and were subsequently discussed with 
the complete research group.

Genes and expression vectors

The sequence encoding for the Influenza D attachment 
protein, HEF-1, was obtained from our collaborators in 
France (virus isolate: IDV/bovine/France/5920/2014). 
Using that sequence, a codon optimized sequence was 
ordered from GenScript and was cloned into a pCD5 
expression vector by restriction enzyme digestion, us-
ing the upstream NheI and downstream PacI restriction 
sites. At the N-terminus, the CD5 signal peptide was fol-
lowed by the HEF-1 gene (2049 bp, 683 amino acids) and 
at the C-terminus, a GCN4 trimerization domain (GCN4; 
RMKQIEDKIEEIESKQKKIENEIARIKK-LVPRGSLE) was fol-
lowed by a Strep-Tag II (ST; WSHPQFEK, IBA GmbH, 
Germany), resulting in pCD5-HEF-EctoDomain-GCN4T-
ST. Also, three mutations were introduced into the se-
quence in order to reduce the esterase activity of the 
protein (on positions S57, D356 and H359).  In addition, 
2 smaller construct were designed, based on a previous 
publication on the HEF-1 structure (Song, Qi et al. 2016). 
The first additional construct, coded for the amino acids 
1 to 605 and the second for the amino acids 1 to 439. 
All three mentioned constructs were also cloned into 
a pCD5 plasmid by Dr. R. P. de Vries. These constructs 
contained a Strep-Tag II  and a superfolding GFP-protein 
(MSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDAT-
NGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHM-
KRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEG-
DTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITAD-
KQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLL-
PDNHYLSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGM, 
(Pédelacq, Cabantous et al. 2006)). Table 2 gives an 
overview of the created constructs including their char-
acteristics. 

Construct name Sequence 
length Vector Strep-Tag GFP se-

quence
Multim-
eric form

pCD5-HEF-ED-GCN4-ST 1-683 pCD5 1 - Trimer

pCD5-HEF-1-605-GCN4-ST 1-605 pCD5 1 - Trimer

pCD5-HEF-1-439-GCN4-ST 1-439 pCD5 1 - Trimer

pCD5-HEF-ED-GCN4-Di-GFP-STST 1-683 pCD5 2 present Dimer

pCD5-HEF-1-605-GCN4-Di-GFP-STST 1-605 pCD5 2 present Dimer

pCD5-HEF-1-439-GCN4-Di-GFP-STST 1-439 pCD5 2 present Dimer

pCD5-HEF-ED-GCN4-Tri-GFP-STST 1-683 pCD5 2 present Trimer

pCD5-HEF-1-605-GCN4-Tri-GFP-STST 1-605 pCD5 2 present Trimer

pCD5-HEF-1-439-GCN4-Tri-GFP-STST 1-439 pCD5 2 present Trimer

Table 2. Characteristics of the designed HEF constructs.
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Expression and purification of proteins

The pCD5 expression vectors containing the HEF-1 
domain-encoding sequences were transfected into 
HEK293T cells, grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM, cat#: BE12-709F, Lonza) supplement-
ed with L-Glutamine (cat#: 17-605F, Lonza), fetal bovine 
serum (FBS, cat#: F7524, Sigma-Aldrich) and penicillin/
streptomycin (cat#: 15140122, Gibco). For transfection, 
polyethyleneimine I (PEI) was used in a 1:8 ratio of μL 
DNA to μL PEI (both stock concentrations of 1μg/μL). 
At 16 h post transfection, the growth medium was re-
placed by 293 SFM II medium (cat#: 11686-029, Gibco), 
supplemented with 3,7 g/L Sodium hydrogencarbonate 
NaHCO3 (cat#: 106329, Merck, KGaA), 2 g/L D-(+)-Glu-
cose (cat#: G-7021, Sigma-Aldrich), 3 g/L Primatone 
RL (cat#: P4963, Kerry Bio-science), 10 mL/L penicillin/
streptomycin (cat#: 15140122, Gibco), 10 mL/L gluta-
MAX (Gibco), 15 mL/L Dimethyl sulfoxide (cat#:154938, 
Sigma-Aldrich) and 0,33 g/L Valproic acid sodium salt 
(cat#: P4543, Sigma-Aldrich). Cell culture supernatant 
was harvested 6-7 days post transfection and 30 µL of 
it was analyzed by western blot. The proteins were pu-
rified by gravity flow purification using Strep-Tactin Sep-
harose 50% suspension (cat#: 2-1201-010, IBA GmbH, 
Germany) (approx. 200µL Sepharose suspension to 50 
mL supernatant) and eluted with Strep-Tactin elution 
buffer containing desthiobiotin (cat#: 2-1000-025, IBA 
GmbH, Germany) according to manufacturer’s instruc-
tions. The concentration was determined by a Nano-
Drop 1000 spectrophotometer (Thermo Fisher Scientific 
Inc.).

All Influenza A proteins were obtained through the col-
laboration with Dr. R. P. de Vries (Utrecht Institute for 
Pharmaceutical Sciences, Utrecht University). Table 3 
shows the received proteins and their characteristics. 
The protein production process has been described pre-
viously (de Vries, de Vries et al. 2010, de Vries, de Vries 
et al. 2011, de Vries, de Vries et al. 2013). In brief, codon 

Virus Strain Multimeric form Described Host Modifications* Preference Publication

A/Puerto Rico/8/1934 (H1N1) Trimer (GCN4-trimerization 
domain - C-terminus) Human E190D mutation α2,6 linked 

Neu5Ac
(Xu, McBride et al. 
2012)

A/California/04/2009 
(H1N1)*

Trimer (GCN4-trimerization 
domain - C-terminus) Human

D190E, I219A, 
G225D, and E227A 
mutations

α2,3 linked 
Neu5Ac

(Lakdawala, Jayara-
man et al. 2015)

A/Vietnam/1203/2004 
(H5N1)

Trimer (GCN4-trimerization 
domain - C-terminus) Human none α2,3 linked 

Neu5Ac
(de Vries, Zhu et al. 
2014)

A/Kanazawa/1/2007 (H3N8) Trimer (GCN4-trimerization 
domain - C-terminus) Equine none α2,3 linked 

Neu5Ac
(Ito, Nagai et al. 
2008)

A/Vietnam/1203/2004* 
(H5N1)

Trimer (GCN4-trimerization 
domain - C-terminus) Human T160A and Y161A 

mutations
α2,3 linked Neu-
5Gc

(Wang, Tscherne et 
al. 2012)

A/Santiago/1/1977 (H7N7) Trimer (GCN4-trimerization 
domain - C-terminus) Equine none α2,3 linked Neu-

5Gc

(Gambaryan, Ma-
trosovich et al. 
2012)

A/Texas/1/2004 (H3N8) Trimer (GCN4-trimerization 
domain - C-terminus) Canine none α2,3 linked 

Neu5Ac
(Yamanaka, Tsu-
jimura et al. 2010)

Table 3. Hemagluttinin proteins received from Dr. R. P. de Vries, including virus strains, described host, modifications and receptor binding 
preference.

optimized sequences for the mentioned hemagglutinins  
(table 3) were obtained from GenScript, and cloned into 
pCD5 vectors. The pCD5 vectors contained also a GCN4 
trimerization domain and a Strep-Tag II. The plasmids 
were transfected into HEK293T cells and cultured for 
7 days, before harvesting the cell culture supernatant. 
The proteins were purified by Strep-Tactin Sepharose 
50% suspension and the supernatant was analyzed by 
SDS-PAGE and western blotting. 

Western blotting

The expression and purification of proteins were an-
alyzed by sodium dodecyl sulfate-polyacrylamide gel 
(10%) electrophoresis (SDS-PAGE) followed by western 
blotting using the horseradish peroxidase (HRPO)-con-
jugated Strep-Tactin antibody (cat#: 2-1502-001, IBA 
GmbH) and the Amersham Enhanced Chemilumins-
cence prime western blotting detection reagent (ECL, 
cat#: RPN2232, GE Healthcare) for visualization. Protein 
samples loaded with a 3x loading buffer and preheated 
for 5 minutes at 98˚C before loading onto the gel. The 
PageRuler plus prestained protein ladder (cat#: 26619, 
Thermo Fisher Scientific Inc.) was used for determining 
protein size.  Proteins were blotted to PVDF membrane 
(cat#: 162-0177, Bio-Rad Laboratories Inc.) for 60 min at 
100V. After Western blotting, the membranes were first 
blocked with 3% milk powder in PBS (cat#: 170-6404, 
Bio-Rad Laboratories Inc.) for 60 minutes, and stained 
with the horseradish peroxidase (HRPO)-conjugated 
Strep-Tactin antibody (1:2000) for another 60 minutes. 
The membrane was then washed with PBS-T and twice 
with PBS, before incubating for 5 minutes with ECL. 
Proteins were visualized using an Odyssey Fc Imaging 
System (LI-COR, Inc.). The electrophoresis and western 
blotting was done with the Mini-PROTEAN Tetra Cell 
vertical electrophoresis system (cat#: 1658001, Bio-Rad 
Laboratories Inc.)
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Results

The novel creation procedure of the TMA leads 
to improved tissue preservation

The change in the making procedure of the TMA, 
from using a commercial pre-formed recipient paraf-
fin block, used in previous experiments (Wickramasin-
ghe, de Vries et al. 2015), to creating a TMA using the 
3D-printed array plate, led to an overall improvement 
of the procedure. First and foremost, optimal section-
ing of the TMA was achieved. The sections showed 
minimal tissue damage and less irretrievable loss of 
tissue cores when compared with the procedure used 

previously. Second, the cores were more tightly at-
tached to the slides which was confirmed during the 
protein histochemistry process. Particularly during the 
antigen retrieval step, in which the tissues are treated 
with sub-boiling citrate, tissue cores tended to detach 
from the glass slides. However, this specific issue was 
diminished with the slides produced with the altered 
procedure. Nonetheless, the procedure showed disad-
vantages, and the suboptimal placement of the cores 
was one of them. It is technically challenging to place 
the cores into the holes, but also to arrange the cores 
in similar heights. When ignored, the differences in 
core heights resulted in tissue sections with variable 
presence of the tissues, which can be retraced to the 
sectioning. In this project, three TMA blocks were cre-
ated (for species & placement map, see annex I; table 
1 to 3), from which 98% of all sectioned slides were 
in very good to perfect condition. One representative 
section was stained with H&E and was evaluated and 
compared to the morphology of the donor tissues.  
The stained slides were, as expected, well preserved 
and no significant changes were observed, which al-
lowed the use of the remaining slides. H&E stainings 
of all TMAs can be found in annex 1 (figures 10 to 12).

Organ-specific expression of sialic acids in por-
cines

Porcine monospecies TMA

A porcine monospecies TMA was equipped to deter-
mine the specific tissue distribution of sialic acids not 
only in the respiratory tract but also in other organs 
and major systems of this species. As sialic acids are 
known to be the receptors for various viruses, including 
influenza A, it is important to know which organs are 
susceptible to attachment and to possible infection. 
The lectins used were the Maackia amurensis lectin I 
(MALI), Maackia amurensis lectin II (MALII) and Sam-
bucus nigra lectin (SNA). MAL I recognizes the SAα2,3-
Galβ(1-4)GlcNAc sialic acids, while MAL II recognizes 
the SAα2,3-Galβ(1-3)GlcNAc (Konami, Yamamoto et 
al. 1994). On the contrary, SNA lectins are described 
to bind SAα2,6-Gal sialic acids (Shibuya, Goldstein et 
al. 1987). Table 4 gives an overview of the signal de-
tected in all tissues. All images can be found in annex 
I, figures 1, 2 and 3. In the respiratory tract, SNA was 
the most obvious signal, mostly seen in the upper and 
lower trachea and in the primary bronchus. The signal 
was primarily seen in goblet cells and ciliated epithe-
lium. Towards the lung, the signal was clearly seen at 
the bronchiole and at the alveolar lining of the lung. 
The submucosal tissues were also positive for SNA at 
the full length of the trachea. The MALII staining was 
mostly seen in the submucosal layers of the respirato-
ry tract. However, near the end of the respiratory tract, 
MALII staining was also present on goblet and epithe-
lial cells, and the submucosal signal was more positive 
than the upper respiratory part of the pig. In the bron-
chiole and alveolar lining, the signal resembled that 
of the SNA signal. MALI staining was not detected in 

Protein histochemistry

The TMAs were sectioned at a thickness of 4 µm and 
stored at 5 ˚C. The tissue sections were deparaffinized 
and antigen retrieval was performed as mentioned pre-
viously (lectin staining section). Endogenous peroxidase 
was inactivated by incubating the slides in 1% hydro-
gen peroxide in methanol for 30 minutes at room tem-
perature. After washing with PBS-T, the sections were 
blocked with 3% bovine serum albumin (cat#: A3294, 
Sigma-Aldrich) at 4°C, overnight. To visualize binding 
to the tissues, the proteins (ranging from 5-50 µg/mL) 
were pre-complexed with StrepMAB-Classic, HRP conju-
gate mouse antibody (cat#: 2-1509-001, IBA GmbH) and 
Goat anti-Mouse IgG (H+L) Secondary Antibody-HRP 
(1:125 dilution) (cat#: 31430, Thermo Fisher Scientific 
Inc.) for 20 minutes at room temperature before being 
applied on the tissue sections. The protein-antibody 
complex was incubated on the tissues for 90 minutes at 
room temperature and rinsed three times in PBS, before 
applying AEC for visualization of protein binding. Pres-
ence of the protein and subsequently the peroxidase 
enzyme of the antibodies would react with the AEC and 
result in red color staining. The sections were coun-
terstained with Hematoxylin and were mounted with 
Aquatex. Images were captured using a charge-coupled 
device (CCD) camera, as mentioned previously. The pos-
itive signal was determined as in lectin staining. 

Antibody staining

The antibody staining was performed similar to the 
protein histochemistry. However, in the deparaffiniza-
tion process, the endogenous peroxidase block was 
performed between the steps of 100% and 96% alco-
hol. Furthermore, the procedure was unchanged. The 
incubation with the primary antibody, specific against 
α2,3 linked N-Glycolylneuraminic sialic acid (Chicken 
polyclonal IgY isotype, cat#: 146903, BioLegend, Inc.) 
was performed with a concentration of 1 µg/ml for 60 
minutes at room temperature. The secondary antibody, 
rabbit anti-Chicken IgG (H+L) Secondary Antibody-HRP 
(diluted 1:100, cat#: 61-3120, Zymed), was for 30 min-
utes at room temperature. The visualization, counter-
staining & signal scoring remained unchanged (see lec-
tin staining & protein histochemistry). 
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any part of the respiratory tract. In the gastrointestinal 
tract, SNA staining was strongly detected in the stom-
ach, duodenum, jejunum, ileum, caecum and colon. 
Both epithelium and goblet cells were strongly stained. 
MALII was also detected in most parts of the gastroin-
testinal tract. The strongest signal of MALII was detect-
ed in the epithelial and goblet cells in the duodenum, 
jejunum, ileum and the colon. Weak staining signal 
was seen in the stomach and no signal at all was seen 
in the caecum. The signal in the caecum was restrict-
ed to the submucosal layers of the tissue. MALI was 
not present at any part of the gastrointestinal tract. 
All three lectins were detected in the central nervous 

system, with co-localization in most parts of the brain 
but with different intensity. SNA and MALII were also 
detected in the glomeruli and in some extend in the 
connective tissue of the kidney. In most of the organs, 
the connective tissue was positive for SNA and MALII. 
The described stainings indicate that the SAα2,6-Gal 
are primarily located at the respiratory and digestive 
system, whereas the SAα2,3-Galβ(1-3)GlcNAc was lo-
cated only at the lower part of the respiratory system 
and in all parts of the digestive system, except of the 
caecum. SAα2,3-Galβ(1-4)GlcNAc was only located at 
the central nervous system (CNS) and parts of the uro-
genital tract. 

Low intraspecies variation in the expression of 
sialic acids in the porcine respiratory tract

Porcine respiratory TMA

In order to study the intraspecies variation of sialic ac-
ids expression, a TMA was created holding respiratory 
tract tissuesvfrom pigs. The tissues originated from six 
different non-related individuals and consisted of six 
different anatomic regions. Tissues of the upper-, mid-, 
and lower trachea, primary bronchus, bronchiole and 
alveoli were collected and placed into the TMA. None 
of the cores of all six animals showed MALI staining. 
MALII staining was only detected in the submucosal 
layers of the respiratory tract of all the individuals, 
without any signal on the epithelial cells. However, 
in the lungs, MALII staining was clearly present in the 
bronchiole and alveolar lining. SNA staining on the 
other hand, was present on the ciliated epithelium 
and goblet cells in most of the tract, starting from the 
upper-trachea towards the deeper parts of the respi-
ratory tract. The submucosal layers were dominated 
by the presence of the MALII in the whole length of 
the tract. The SNA signal was restricted to submucosal 
glands of that region. See also figures 4, 5 and 6 in An-
nex 1. These data suggest that there is some co-local-
ization of SAα2,3-Galβ(1-3)GlcNAc and SAα2,6-Gal in 
the respiratory tract of the pig. However, this appears 
to happen only in the lower parts of the respiratory, 
as in the bronchiole and alveolar lining. Analyzing the 
binding pattern of the lectins on the different individu-
als, it is clear that the expression of sialic acids is sim-
ilar in between the individuals and suggests that the 
intraspecies variation is minimal.

Recombinant viral attachment proteins reveal 
similar expression of their receptor in the same 
regions of the respiratory tract of multiple pigs

Human H1 hemagglutinin staining

The hemagglutinin of a human H1N1 Influenza A strain 
(A/Puerto Rico/8/1934 - PR8D) was used in a soluble 
form to determine the presence of SAα2,6-Gal on the 
porcine tissues. The chosen strain possesses a E190D 
mutation which switches the specificity from SAα2,3-
Gal to SAα2,6-Gal (Xu, McBride et al. 2012). Staining 

Organ MALI MALII SNA

Re
sp

ira
to

ry
 sy

st
em

Nasal epithelium - - +/-

Nasopharynx - + +

Upper trachea - +/- +

Lower trachea - +/- +

Primary bronchus - + +

Lung - + +

D
ig

es
tiv

e 
sy

st
em

Soft palate - - -

Epiglottis - - +

Larynx - - -

Oesophagus - - -

Stomach - +/- +

Duodenum - + ++

Jejunum - ++ ++

Ileum - + ++

Caecum - - ++

Colon - ++ ++

Liver - - +

Kidney +/- + +

Heart - +/- -

Spleen - - -

Pancreas - - -

Thymus - - +

Bladder - - -

Adrenal gland - +/- -

Lymphnode - - -

Pharyngeal tonsil - +/- +/-

Conjunctiva - - +

Ovarium +/- +/- -

Uterus +/- - -

CN
S

Cerebrum +/- +/- +/-

Cerebellum + + +/-

Hypophysis +/- +/- -

Bulbus olphactorius - +/- -

Brain stem +/- +/- +/-

Sciatic nerve +/- +/- +/-

Table 4. Overview of lectin staining results on porcine tissues pres-
ent on the TMA. ++, very strong positive signal; +, positive signal; 
+/-, partly positive signal; -, no signal detected. See also annex I for 
pictures.
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Figure 4. Staining results of the H1 attachment protein of the H1N1 Influenza A strain (A/Puerto Rico/8/1934 - PR8D) on the porcine respiratory tract 
TMA. Samples are depicted, from top to bottom, of the upper, mid and lower trachea, primary bronchus, bronchioli and alveoli. All tissues were col-
lected from six individuals, depicted from left to right. Arrows indicate positions where positive signal (red color) was observed. Signal was observed 
predominantly seen in the mid and lower parts of the respiratory tract. 

signal was mostly seen at the lower respiratory tract. 
Signal was already present at the mid trachea, but be-
came more evident at the lower trachea and prima-
ry bronchus. This pattern continued to the bronchiole 
and the alveolar lining. The positive signal was pre-
dominantly located at the epithelial border, including 
the goblet cell population present. The submucosal 
layers were not stained with the protein. Table 5 gives 
an overview of the signal along the respiratory tract 
of the individuals. Figure 4 depicts the staining results 
on all individuals. The presence of SAα2,6-Gal on all 
six individuals was more pronounced at the end of the 
respiratory tract, however the most proximal staining 
location differed in two of the six samples. 

Human H1 hemagglutinin mutant staining

The hemagglutinin 1 of the pandemic H1N1, which 
emerged in 2009 (A/California/04/2009(H1N1)), was 
obtained as a recombinant soluble trimeric protein in 
order to study the binding pattern on the respiratory 
tract of the pig. The coding gene was however altered 
at four sites which translated to four different amino 
acids near the receptor binding site of the hemaggluti-
nin. This resulted to the change of receptor specificity 
from SAα2,6-Gal to SAα2,3-Gal, which correspondents 
to the avian influenza A receptor (Lakdawala, Jayara-
man et al. 2015). The staining results observed in the 
porcine respiratory tract are summarized in table 5, 
and figure 5 depicts the staining results on all individ-
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Figure 5. Staining results of the mutated H1 attachment protein of the H1N1 Influenza A (A/California/04/2009) on the porcine respiratory tract TMA. 
Samples are depicted, from top to bottom, of the upper, mid and lower trachea, primary bronchus, bronchioli and alveoli. All tissues were collected 
from six individuals, depicted from left to right. Arrows indicate positions where positive signal (red color) was observed. Signal was observed pre-
dominantly seen in the lower parts of the respiratory tract.

uals. The respiratory tract, from the upper trachea to 
the lower trachea were not stained. The primary bron-
chus showed weak positive signal, predominantly on 
the goblet cells rather than the epithelial cells. The 
bronchiole and the alveolar lining showed stronger 
signal, more evident in the alveoli than the bronchiole. 
The presence of signal in the deeper parts of the respi-
ratory tract proves the expression of SAα2,3-Gal in that 
area. Furthermore, the scarce variation of detectable 
signal between the different individuals underlines the 
comparable existence of the specific sialic acids.

Human H5 hemagglutinin staining

 The hemagglutinin protein of the human influenza A 

H5N1 strain (A/human/Vietnam/1203/2004) was used 
to stain the respiratory tract of the pig. This specific vi-
rus strain has been described to use SAα2,3-Gal as the 
receptor (de Vries, Zhu et al. 2014). An overview of the 
staining results can be found in table 5.  The upper tra-
chea did not reveal any signal on any of the six cores. 
The mid- and lower trachea however, showed slight 
positive signal at three of the five cores. The sixth core 
of the mid- and lower trachea was damaged during 
staining and no data is obtained. All of the six primary 
bronchi, the broncheoli and alveoli were stained pos-
itive. The staining had a significant amount of back-
ground noise with no apparent explanation. In the 
lungs, the signal was unmistakable present at all cores. 
Figure 6 depicts the staining results on all individu-
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Figure 6. Staining results of the H5 attachment protein of the H5N1 Influenza A strain (A/Vietnam/1203/2004) on the porcine respiratory tract TMA. 
Samples are depicted, from top to bottom, of the upper, mid and lower trachea, primary bronchus, bronchioli and alveoli. All tissues were collected 
from six individuals, depicted from left to right. Arrows indicate positions where positive signal (red color) was observed. Signal was observed pre-
dominantly seen in the mid and lower parts of the respiratory tract. 

Table 5. Overview of the staining results of the hemagglutinins on the different location of the respiratory tract present on the TMA. The 
score indicates the presence of clear signal in the six porcine individuals and the intensity is categorized as: ++, very strong positive signal; 
+, positive signal; +/-, partly positive signal; -, no signal detected.

Hemagglutinin source H1N1 PR8D H1N1 Cal04 4x H5N1 Vietnam
Respiratory tract location Pos signal Intensity Pos signal Intensity Pos signal Intensity
Upper trachea 1/6 +/- 0/6 - 0/6 -

Mid trachea 1/6 + 0/6 - 3/5 +/-

Lower trachea 5/6 + 0/6 - 3/5 +/-

Primary bronchus 6/6 ++ 4/6 +/- 6/6 +

Bronchiole 6/6 ++ 6/6 + 6/6 +

Alveoli 6/6 ++ 6/6 ++ 6/6 +
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als. Thus, presence of SAα2,3-Gal was predominantly 
present in the lower respiratory tract in all individuals, 
suggesting low intraspecies variation at that region. 
However, the intraspecies variation was present in the 
mid-region of the tract, as the detectable signal variat-
ed between individuals.

Differences in tissue distribution of sialic acids 
in equine and canine respiratory tissues

Equine and canine TMA

In order to understand the tissue distribution of influ-
enza A receptors in equines and canines, and the pos-
sible differences of the distribution, an equine-canine 
TMA was created. The equine-canine combined TMA 
consisted of ten organs per species, mainly containing  
respiratory tract tissues of the two species. A summary 
of the staining results can be found in table 6. MALI 
binds preferably to canine tissues. This lectin prefer-
entially bind the epithelial and goblet cells of the low-
er trachea and nasal epithelium. Also the bronchiole 
appeared to give a slight positive signal. Most of the 
equine tissues were negative for MALI, except for the 
nasal epithelium and the glands in the subsequent sub-
mucosal layers. MALI also stained the submucosal lay-
ers of the upper and lower trachea but not the epithe-
lial or goblet cells of these parts. MALII was detected in 
a different pattern. Strong signal was seen in the nasal 
epithelium of both species. However, only the lower 
canine trachea showed staining on the epithelium, 
whereas the equine trachea and bronchus showed sig-
nal in the submucosal layers. The binding pattern that 
was observed in the lungs of the species, was similar 
to each other in the alveolar lining and the bronchiole. 
The glomeruli of the canine kidneys were also positive 
for MALII, but the signal was more intense in the equine 
tissues. The epithelial cells of the equine nasal area, 
the complete trachea, including the primary bronchus, 
were positive for the SNA lectin. The equine lung and 
kidney showed stronger signal when compared to the 
canine lung and kidney. The canine nasal epithelium 

revealed positive signal, along with the lower part of 
the trachea. These stainings indicate that the two spe-
cies share the presence of the sialic acids in their respi-
ratory tract.  SAα2,3-Galβ(1-4)GlcNAc, recognized by 
MALI, was predominantly seen in the canine tissues, 
and especially in the trachea, but not in the equine 
tissues. SAα2,3-Galβ(1-3)GlcNAc, recognized by MALII, 
was seen in both of the kidneys and both of the nasal 
epithelium. However, only the canine trachea epitheli-
al cells were positive to SAα2,3-Galβ(1-3)GlcNAc. The 
SAα2,6-Gal staining resembled the SAα2,3-Galβ(1-3)
GlcNAc data in the kidneys, but differed in the tracheal 
epithelium. Both animals shared the SAα2,6-Gal signal 
on the trachea and in the lungs. Taken together, the 
data indicate that equine and canine hosts, share the 
presence of SAα2,3-Gal in their kidneys but not in the 
respiratory tract. Furthermore, the SAα2,6-Gal moiety 
is shared in the respiratory tract and kidney of the two 
species.  

Species related differences in the expression 
and distribution of virus-specific receptors in 
the equine and canine respiratory tract

Equine H3 staining

The hemagglutinin attachment protein of a H3N8 (A/
equine/Kanazawa/1/2007) (Ito, Nagai et al. 2008) 
was obtained and used to study the tissue tropism on 
the TMA. The hemagglutinin has previously shown a 
strong avidity for α2,3 linked N-acetyl neuraminic ac-
ids (Neu5Ac) on a glycan array (R.P. de Vries, unpub-
lished data). The protein staining on the tissue sections 
revealed signal on tissues of both species, at various 
parts of the respiratory tract, an overview is given by 
table 7. The lungs of both species were stained pos-
itively, including the bronchiole and alveoli. The ep-
ithelial and goblet cells of the nasal epithelium of 
both species were positive. The laryngeal epithelium 
of both species was negative. The oropharynx of the 
equine sample was stained positive, as were the  kid-

MALI MALII SNA

Organ Species Equine Canine Equine Canine Equine Canine
Bulbus olphactorius - +/- +/- +/- +/- +/-

Kidney - - + + ++ +

Laryngeal epithelium - - - - - -

Lower trachea epithelium - + - + +/- +

Lung - +/- +/- +/- ++ +

Nasal epithelium +/- + + ++ + +

Oropharynx - - - - + +

Primary bronchus - n/a - n/a + n/a

Upper trachea epithelium - n/a - n/a + n/a

Soft palate n/a - n/a +/- n/a -

Table 6. Overview of lectin staining results on the tissues present on the equine-canine combined TMA. ++, very strong positive signal; +, 
positive signal; +/-, partly positive signal; -, no signal detected. See also annex I for pictures.
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Figure 7. Staining results of the H3 hemagglutinin of influenza A H3N8 (A/equine/Kanazawa/1/2007) on respiratory tissues and kidney of equine and 
canine individuals. This specific H3 recognizes predominantly Neu5Ac sialic acids. Arrows indicate positions where positive signal (red color) was 
observed. Signal, which reveals that expression of Neu5Ac sialic acid, was detected in both species.

neys of both species. The lungs showed similar binding 
patterns, however, the canine core was slightly more 
positive. The canine lower trachea was undoubtedly 
positive, but the equine cores did not give not a sim-
ilar intensity. Figure 7 displays the staining images. 
The data show that the α2,3 linked Neu5Ac, which is 
used by the H3 attachment protein, is present on both 
equine and canine hosts, but is expressed at different 
amounts. 

Human H5 Vietnam 161.160 staining 

The attachment protein of the human influenza A 
H5N1 strain (A/human/Vietnam/1203/2004) was ob-
tained as a soluble protein in order to elucidate bind-
ing tropism on mammalian tissues. The H5 was mu-
tated at two distinct positions (T160A and Y161A) in 
order to change the specificity of the protein. The mu-
tated H5 160.161 protein, bound preferentially to α2,3 
linked N-glycolyl neuraminic acids (Neu5Gc) instead of 
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Figure 8. Staining results of the mutated hemagglutinin protein influenza A H5N1 strain (A/human/Vietnam/1203/2004) on equine and canine tissues. 
This mutant H5 recognizes predominantly Neu5Gc sialic acids. Arrows indicate positions where positive signal (red color) was observed. Signal was 
detected only in the equine tissues, which reveals the expression of Neu5Gc sialic acid.

N-acetyl neuraminic acids (Neu5Ac) (Wang, Tscherne 
et al. 2012). The staining showed clear differences be-
tween the equine and canine tissues. All of the canine 
tissues were negative, except for a slightly positive sig-
nal in the bronchiole and kidney. Most of the equine 
tissues were evidently positive for the binding. The ep-
ithelial and goblet cells of the oropharynx, upper and 
lower trachea, nasal area and primary bronchus were 
positively stained. Furthermore, the glomeruli of the 
kidney and the alveoli of the lung revealed positive 

staining. See also figure 8 for images of the staining. 
The data indicate the absence of Neu5Gc in canine tis-
sues and the unmistakable presence of the receptor in 
equine tissues. 

Equine H7 staining

The attachment protein of the equine influenza A strain 
H7N7 (A/equine/Santiago/1/1977) was expressed as a 
soluble protein by the collabolatirs and was used for 
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Figure 9. Staining results of the attachment protein of the equine influenza A strain H7N7 (A/equine/Santiago/1/1977) on equine and canine tissues. 
This H7 recognizes predominantly Neu5Gc sialic acids. Arrows indicate positions where positive signal (red color) was observed. Signal, which reveals 
that expression of Neu5Gc sialic acid, was only detected in equine tissues.

the analysis of tissue tropism on equine and canine 
hosts. The binding preference has been described pre-
viously (Gambaryan, Matrosovich et al. 2012), and has 
been established that there is a significantly higher 
avidity for Neu5Gc sialic acids than for Neu5Ac. The 
binding pattern on the sections revealed strong pref-
erence for the equine tissues, and specifically, the epi-
thelium of the respiratory tract. The staining was clear-
ly positive on the oropharynx, the complete length of 
the trachea, including the primary bronchus and the 

alveolar lining. Slightly positive signal has been ob-
served in the kidney of the equine. The canine tissues 
however, were mostly negative. The canine kidney and 
lung revealed slight positive binding but not as evident 
as in the equine samples. For images of the staining 
see figure 9 and for an overview of the staining results 
table 7. The general binding pattern reveals that the 
receptor of the H7 attachment protein is predominant-
ly present on equine tissues and scantily present on 
canine tissues.
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Figure 10. Staining results of the hemagglutinin protein of the influenza A H3N8 strain (A/Canine/Texas/1/2004) (H3N8) on equine and canine tissues. 
This mutant H3 recognizes predominantly Neu5Ac sialic acids. Arrows indicate positions where positive signal (red color) was observed. Signal, 
which reveals that expression of Neu5Ac sialic acid, was detected in both species.

H3 canine texas

The hemagglutinin protein of the canine H3N8 col-
lected in Texas in 2004 (A/canine/Texas/1/2004) was 
obtained as a soluble form and used to stain the re-
spiratory tract of equine and canine individuals. The 
receptor preference has been described previously 
(Yamanaka, Tsujimura et al. 2010) and the hemaggluti-
nin binds preferentially to α2,3 linked Neu5Ac. Table 7 
gives an overview of the staining results. The staining 

showed signal at the nasal epithelium of the canine 
and the equine host. However, the laryngeal epithe-
lium of both species did not show positive signal. The 
equine oropharynx was positive but the canine one 
did not  reveal any signal. The kidney of both species 
showed similar staining pattern in and around of the 
glomeruli.  The staining in the canine lower trachea 
was strongly present, which differed in the equine tra-
chea. The equine trachea was positively stained but 
not as strongly as the canine one. The equine primary 
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Figure 11. Staining results of the antibody specific against the Neu5Gc sialic acids on equine and canine tissues. Arrows indicate positions where pos-
itive signal (red color) was observed. Signal, which reveals that expression of Neu5Gc sialic acid, was only detected in equine tissues.

bronchus staining  was similar to the equine lower tra-
chea. Both of the lung cores, were positively stained, 
with a similar pattern. See also figure 10 for the stain-
ing images. The data suggest that the receptor used 
by the canine H3 protein is present on both species, 
however it might be with a different density present 
on the tissues.

Anti-Neu5Gc antibody staining

In order to confirm the presence of α2,3 linked N-gly-

colyl neuraminic sialic acid on the tissues, a straining 
was performed using an anti-Neu5Gc antibody. Table 7 
gives an overview of the staining results. The staining 
revealed signal at most tissues of the equine but not 
on the canine tissues. Strong positive signal was de-
tected on the epithelial and goblet cells of the equine 
upper and lower trachea, nasal area, the oropharynx, 
and primary bronchus. In addition, binding was ob-
served in the kidney and the alveoli of the horse. On 
the contrary, the canine trachea and oropharynx were 
not stained. However, a slight positive signal was de-
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tected in the lung and the kidney of the canine. See 
also figure 11 for images of the staining. This informa-
tion shows that canines lack the Neu5Gc sialic acids in 
their respiratory tract, but is greatly represented in the 
equine tract.

Complications during the expression of the 
hemagglutinin-esterase-fusion (HEF) protein 
of the Influenza D virus

To allow analysis of the tissue distribution of receptors 
for IDV, we cloned the gene encoding for its viral at-
tachment protein HEF into the pCD5 expression vector. 
In this way, we aimed at producing the HEF ectodomain 
as a soluble protein that was fused to a C-terminal 
GCN4 trimerisation tag, followed by a GFP superfold-
er and streptag. Transfection of this construct (HEF 
ectodomain-683aa) into 293T cells did however, not 
result in the production of soluble proteins, as West-
ern blot analysis of the cell culture supernatant using 
streptag antibodies did not show a band of the correct 
size. Next, site-directed mutagenesis was performed 
to generate two new constructs, both encoding small-
er N-terminal domains of HEF (aa1-439 and aa1-605). 
The expression and purification of the HEF protein con-
sisted of multiple steps due to the inability isolating a 
soluble protein. The pCD5 vector containing the codon 
optimized gene that encoded for the ectodomain (683 
aa) of the HEF-1, a GCN4 trimerization domain and a 
Strep-Tag was transfected into HEK293T cells. In addi-
tion, two more constructs were transfected into cells, 
a smaller part of the ectodomain (605 aa) and the 
part were the receptor binding domain is located (439 
aa) (Song, Qi et al. 2016). 7 days after transfection, 
supernatant was collected and analyzed for the pro-
duction of recombinant protein by western blot, using 
anti-strepTAG antibodies. As no proteins appeared to 
be produced (data not shown), the ORFs were cloned 
into another expression vector, which included a GFP 
sequence (Pédelacq, Cabantous et al. 2006), a GCN4 
trimerization and dimerization domain, followed by a 
strepTAG. Unfortunately, no visible signal was detect-

H3N8 equine H5N1 161.160 H7N7 equine H3N8 canine Neu5Gc

Organ/Species Equine Canine Equine Canine Equine Canine Equine Canine Equine Canine
Bulbus olphactorius - - + - n/a - +/- +/- +/- -

Kidney + + + +/- +/- +/- + + + -

Laryngeal epithelium - - +/- +/- - - - - +/- -

Lower trachea +/- ++ + - + - + ++ + -

Lung +/- + + - + - + + + +/-

Nasal epithelium + + + - n/a - + + + -

Oropharynx + - + - + - + - + -

Primary bronchus - n/a + n/a + n/a - n/a + n/a

Upper trachea - n/a + n/a + - +/- n/a + n/a

Soft palate n/a - n/a - n/a - n/a - n/a +/-

Table 7. Overview of protein histochemistry stainings results on the tissues present on the equine-canine combined TMA. ++, very strong 
positive signal; +, positive signal; +/-, partly positive signal; -, no signal detected. See also annex I for pictures.
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Figure 12. Westernblot results of the lyzate of the transfected cells. From left 
to right: HEF receptor binding domain 439aa dimer, HEF ectodomain 605aa 
dimer, HEF ectodomain 683aa dimer, HEF receptor binding domain 439aa tri-
mer, HEF ectodomain 605aa trimer, HEF ectodomain 683aa trimer, and 100ng 
H5 (A/Vietnam/1203/2004) as a control. The dimer constructs did not show 
any signal on the westernblot, while the trimer constructs showed clear pos-
tive signal. All used HEF constructs included a GFP in their coding sequence.
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Discussion
In this study, we generated TMAS of various mamma-
lian species to allow visualization of the interaction 
between host specific viral receptors and viral attach-
ment proteins. Furthermore, the optimization of the 
TMA creation allowed the construction of blocks con-
sisting of porcine, equine & canine tissues, and ob-
taining well-preserved tissue sections for further use. 
Sampling specific anatomic locations gave us the pos-
sibility of looking more precisely to the interaction on 
the tissues of interest, such as organs of the respirato-
ry tract. In addition, sampling tissues from more than 
one individual of a species enabled us to investigate 
the intraspecies variation of expressed viral receptors. 
Our results reveal that intraspecies variation in viral 

ed when analyzing the cell culture supernatant (data 
not shown). To ensure that the transfection was suc-
cesful, a GFP containg plasmide was transfected along-
side with the vectors of interest and assesed under a 
cell imaging microscope. All constructs including a GFP 
sequence gave a strong positive signal intracellularly, 
which indicates that the transfection was a success, 
however the translated protein was not being excret-
ed from cells. Analyzing the lyzate of the cells revealed 
positive signal for the three trimer constructs. The di-
mer constructs were not detected (figure 12).
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receptor expression in the porcine respiratory tract is 
low. Binding tropism of viral attachment proteins of in-
fluenza A was in accordance with the respective lectin 
stainings in the porcine respiratory tract and revealed 
the presence of Neu5Acα2-3Gal & Neu5Acα2-6Gal in 
the lower porcine respiratory tract (from the primary 
bronchus and downwards). Furthermore, we observed 
the expression of Neu5Acα2-3Gal in the respiratory 
tract of equids and canids, although the canines tissue 
lacked the Neu5Gcα2-3Gal. 

We described that TMAs are a fast and reliable tool for 
analyzing tissue distribution of cell bound molecules. 
Through the combination of the TMA technique with 
mammalian tissues and recombinant viral attachment 
proteins, we were able to look further into the first 
and foremost step of the infection cycle. The TMA 
technique was previously used by our group, predom-
inantly to study host and tissue binding specificities 
of viral attachment proteins on avian hosts (Wickra-
masinghe, de Vries et al. 2015). The procedure gives 
clear advantages over the conventional method of an-
alyzing various markers, through the readily availabil-
ity of numerous samples on one slide. This also leads 
to the elimination of indivudual tissue variation. It was 
first used by H. Battifora (Battifora 1986), in order to 
standardize the immunohistological procedures and 
to ensure similar tissue treatment during immunos-
tainings. As stated before TMAs have also facilitated 
the rapid analysis of molecular markers in cancer re-
search studies (Kononen, Bubendorf et al. 1998). An-
alyzing each tissue sample individually would be un-
necessarily time- and fund consuming, which furhter 
accentuates the advantages of the TMAs. These ad-
vantages can be extrapolated to the infection biology 
field, with the same reasoning. Staining and analyzing 
the attachment preferences of viral proteins on nu-
merous tissues of interest individually is not the most 
favorable option. Other techniques that can be used to 
analyze the binding patterns of viral proteins include 
hemagglutination assays in combination with specific 
re-sialylation (Glaser, Stevens et al. 2005), and glycan 
microarrays (McBride, Paulson et al. 2016). Both of 
the mentioned techniques are undoubtedly valuable 
and can be used alongside the TMA, even though they 
have their own restrictions. The combined use of all 
three methods would allow a more complete analy-
sis of viral receptors. The TMA represents the in vivo 
situation of an animal at a desirable level, combining 
the complex structures and wide variation of glycans 
present on the cell surface with the anatomic location 
in the species of interest. However, a considerable 
point of discussion is the use of a small, representa-
tive core of an organ to draw valid conclusions about 
the impact on the whole organ, and perhaps the whole 
species. Regarding the intraspecies variation, sampling 
more than one animal would already shed light on an-
swering that important question, and this issue will 
be discussed later on. We can conclude that the TMA 
technique is an excellent and cost-effective tool to elu-
cidate the presence of cell bound molecules that can 

serve as viral receptor, applicable to various tissues 
and species. In addition, the technique creates similar 
circumstances to that of an in vivo model without its 
disadvantages.

Our data indicate that the intraspecies variation in vi-
ral receptor expression is low. These data suggest that 
sampling one animal can be sufficient to extrapolate 
the obtained results to be represetantive for a large 
group of the same species. Our study demonstrated 
that within the porcine species, expression of sialic ac-
ids are similar to each other on identical anatomical 
locations of the respiratory tract. Nelli and coworkers 
also investigated the tissue distribution of sialic acids in 
the porcine species, sampling numerous organs from 
four pigs (Nelli, Kuchipudi et al. 2010). Unfortunate-
ly, there is no mention of accessing the variation be-
tween the samples, which could indicate the absence 
of variation or the absence of accessing the variation 
in general. Another recent study (Trebbien, Larsen et 
al. 2011), reflected on the expression of sialic acids 
in porcines, but also did not describe any significant 
variation between the used tissues. However, both 
studies are in agreement when it comes to differences 
in expression along the respiratory tract. In order to 
capture a complete image of the sialic acid distribution 
it is highly recommended to sample multiple sites of 
the tract. Taken together, the evidence points to the 
fact that the differences in expressing sialic acids mol-
ecules in the respiratory tract of pigs, is insignificant 
and that one animal can be taken as representative.

In our study, we observed a lack of expression of 2,3 si-
alic acids in the pig upper respiratory tract. Both lectins 
and HA proteins detecting this specific sialic acid did 
not stain the trachea of pigs, but could reveal the pres-
ence of this molecule in the lungs. It is believed that 
swines express both the human (Neu5Acα2,6-Gal) and 
avian type (Neu5Acα2-3Gal) in their trachea, constitut-
ing them an ideal host for the emergence of pandemic 
Influenza viruses (Ito, Couceiro et al. 1998). However, 
the truth about sialic acid expression in swine’s respi-
ratory tract is a bit distorted. More recent studies re-
port that the epithelial cells of the porcine trachea ex-
press Neu5Acα2-3Gal in a more modest fashion than 
previously reported. Nelli et al. described the presence 
of Neu5Acα2-6Gal in the entire respiratory tract, with 
a gradual rise of expression of the Neu5Acα2-3Gal to-
wards the lower respiratory lining (Nelli, Kuchipudi et 
al. 2010). Similar results were reported by Trebbien et 
al., who demonstrated that Neu5Acα2-6Gal was pres-
ent in the epithelial cells of the trachea, bronchi, bron-
chiole and alveoli (Trebbien, Larsen et al. 2011). They 
likewise described the presence of Neu5Acα2-3Gal by 
lectin histochemistry, and concluded that Neu5Acα2-
3Gal was present in the bronchiole and alveoli of the 
lung but not in the trachea (Trebbien, Larsen et al. 
2011). Van Poucke et al. approached the receptor loca-
tion using respiratory explants, and again, the results 
pointed to the predominant presence of Neu5Acα2-
6Gal in the tracheal, bronchial and lung explants, while 
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scarce presence of Neu5Acα2-3Gal in the tracheal and 
bronchial explants and moderate presence in the lung 
explants was detected (Van Poucke, Nicholls et al. 
2010). Our data from the lectin stainings are in agree-
ment with the abovementioned studies. However, we 
were not able to confirm the presence of Neu5Acα2-
6Gal in the lung cores, which could be attributed to 
the concentration of the used lectins, or the means 
of visualization. Nelli et al. used the same concentra-
tion of lectins for the SNA and MALII lectin and less for 
MALI, but used FITC labelled lectins. Visualization of 
fluorescence signals might be more sensitive than the 
peroxidase labelled lectins used in our study. The stud-
ies of Trebbien and van Boucke used a digoxin labelled 
SNA lectin, which could explain the difference in stain-
ing intensity, as we used peroxidase labelled lectins. 
Considering our data from two ‘avian type’ Influenza 
A strains, H1N1 Cal04 4x & H5N1 Vietnam, Neu5Acα2-
3Gal is not present in the trachea of the swine. Howev-
er, presence of Neu5Acα2-3Gal in the bronchiole and 
alveoli is unassailable and in agreement with the re-
sults of the lectin histochemistry of our study and the 
previous reports. The discrepancy of our results from 
the protein histochemistry compared to the SNA lectin 
histochemistry, could be the result of varying prefer-
ence for the small ifferences in glycosylation present 
at the Neu5Acα2,6-Gal. Our results are in contrast with 
those of Ito et al., that both human and avian type are 
present in the porcine trachea, and that we agree that 
the Neu5Acα2-3Gal presence in the porcine trachea is 
little to not existent like the recent studies of Nelli et 
al., Trebbien et al. and van Poucke et al. suggest. The 
presence of Neu5Acα2-6Gal is undeniable in the lower 
parts of the respiratory tract, but there are some dis-
crepancies regarding the upper part. Without the ex-
pression of Neu5Acα2-3Gal in the trachea of the pig, it 
is not suggestive that the suids can function as an ideal 
‘mixing vessel’, as avian type of influenza viruses could 
not attach to the epithelial cells of the trachea, where 
the human types would be present. 

Interspecies transmission of certain equine influen-
za A viruses to the canine population could be limit-
ed by the lack of expression of Neu5Gcα2-3Gal in the 
canine respiratory tract. There are multiple cases de-
scribed where canine individuals were infected with 
an equine-origin Influenza A virus, which underline the 
possibility of interspecies transmission of the equine 
viruses (Crawford, Dubovi et al. 2005, Daly, Blunden et 
al. 2008, Kirkland, Finlaison et al. 2010). As attachment 
of the virus is the first and most important step of the 
infection cycle, interaction between the hemagglutinin 
and the preferred receptor is a fundamental necessi-
ty. It is described that most of the equine and avian 
H3 Influenza A viruses prefer Neu5Acα2-3Gal as their 
receptor (Connor, Kawaoka et al. 1994, Zhu, Hughes 
et al. 2015), therefore presence of this type of sialic 
acids is expected in equine tissues. The first reported 
equine-related canine Influenza A virus carrying the 
H3 subtype, has been described to be directly related 
to equine H3N8 viruses, since all eight genomic seg-

ments were from equine origin (Virus strain: A/canine/
Florida/43/04, H3N8) (Crawford, Dubovi et al. 2005). 
Along with equine viruses that bear the H3 subtype, 
it is reported that there is, or was, another equine In-
fluenza virus, the previously called equine-1 and now 
known as H7N7, which has never been described in 
canids. It is the very first isolate of equine Influenza, 
dating back to 1956 (Sovinova, Tumova et al. 1958). 
However, the H7N7 variant is believed to have disap-
peared from the general horse population, as it was 
last isolated in 1979 (Webster 1993). Interestingly, 
Gambaryan et al. described two H7N7 strains which 
recognized predominantly Neu5Gcα2-3Gal as their re-
ceptor, showing little affinity to Neu5Acα2-3Gal (Gam-
baryan, Matrosovich et al. 2012). We have already 
seen that H3 bearing equine Influenza subtypes prefer 
the Neu5Acα2-3Gal isoform, thus affinity for Neu5G-
cα2-3Gal reveals a key difference between the two 
equine-specific viruses. There are no reports on inter-
species transmission of the H7N7 virus from equids 
to canids, but to go as far as to insinuate that recep-
tor-specificity was the only restricting factor is too 
much of a speculation. It is, however, interesting to in-
vestigate the relation of attachment specificity and re-
ceptor distribution on the two species. Regarding the 
presence of Neu5Acα2-3Gal in canine tissues, all re-
cent reports are in accordance with our findings (Daly, 
Blunden et al. 2008, Song, Kang et al. 2008, Muranaka, 
Yamanaka et al. 2011, Ning, Wu et al. 2012). However, 
the expression of Neu5Acα2-3Gal in the equine host 
varies between similar studies (Scocco, Pedini 2008, 
Daly, Blunden et al. 2008, Muranaka, Yamanaka et al. 
2011). Taking into consideration the data of the stain-
ing with the recombinantly expressed H3 from equine 
and canine origin, it is possible that Neu5Acα2-3Gal is 
more vividly expressed in canine tissues rather than 
the equine ones, which could explain the inconsistent 
reports. The ratio between Neu5Acα2-3Gal and Neu-
5Gcα2-3Gal expression in equine tissues is 1 to 9 (Su-
zuki, Ito et al. 2000), which could further explain the 
stronger signal of the hemagglutinins on the canine 
trachea, in which Neu5Acα2-3Gal is the predominant 
moiety. This hypothesis also supports the interspecies 
transmission of H3 bearing influenza subtypes on two 
unrelated occasions, one on the Asian and one on the 
American continent (Crawford, Dubovi et al. 2005, 
Song, Kang et al. 2008). Beside the presence of the dif-
ferent linked sialic acids, we investigated the presence 
of the Neu5Gcα2-3Gal sialic acid, which, as indicated 
before, seems to be the receptor for attachment of 
equine influenza viruses. The equine respiratory tract 
undoubtedly showed presence of the Neu5Gcα2-3Gal, 
and contradictory, the canine tissues did not reveal 
any signal. Suzuki et al. also described the presence of 
Neu5Gcα2-3Gal in the equine trachea and established 
that the analogy of Neu5Acα2-3Gal to Neu5Gcα2-3Gal 
present in the trachea was at a ratio of 1 to 9 (Suzuki, 
Ito et al. 2000). In contrast, Yang et al. described the 
presence of Neu5Gcα2-3Gal in the canine tracheal ep-
ithelium, which is opposed to our findings. This can be 
explained by the use of a western blot analysis used 
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for the detection of Neu5Gcα2-3Gal in tissue lysate, 
which is more sensitive than the lectin histochemis-
try (Yang, Li et al. 2013). However, it is probable that 
Neu5Gcα2-3Gal is expressed in canine tissues but not 
as vividly as in the equine species. Taken together, 
the data supports the theory that H7N7 equine virus-
es were never transmitted to the canine population, 
since the first step of infection could not take place 
in natural environmental conditions. In conclusion, ca-
nids and equids share the Neu5Acα2-3Gal moiety in 
their respiratory tract, which would greatly benefit an 
interspecies transmission of equine specific influenza 
A viruses. The two species differ largely in the expres-
sion of the Neu5Gcα2-3Gal in their respiratory tissues, 
something that could create a barrier for transmission 
of equine viruses with such a receptor preference.

The expression of Neu5Acα2-3Gal and Neu5Acα2-6Gal 
in the majority of the porcine organs suggests that 
they are a potential target for Influenza A virus attach-
ment. In the digestive tract, Neu5Acα2-6Gal expres-
sion seemed to be dominant over the Neu5Acα2-3Gal, 
which is in agreement with previous reports (Nelli, Ku-
chipudi et al. 2010). Our data are indicative that the 
gastrointestinal tract can be available for the possible 
infection of Influenza A viruses from both types. For 
humans, it is well established that viral replication can 
occur in the gastrointestinal tract (Uiprasertkul, Putha-
vathana et al. 2005), and it is well described that gas-
trointestinal infections play a major role in the avian 
population as it is also a very efficient spreading mech-
anism for this species (Olsen, Munster et al. 2006, Bre-
ban, Drake et al. 2009). Unfortunately, the described 
cases in pigs do not clarify whether the gastrointes-
tinal symptoms can be appointed to the Influenza A 
infection, or to a possible synergy between the virus 
and other pathogens (Lange, Kalthoff et al. 2009). The 
general belief is that influenza A in swine is mostly re-
stricted to the respiratory tract and not to the digestive 
apparatus (Rajao, Anderson et al. 2014). Furthermore, 
presence of the sialic acids in the central nervous sys-
tem (CNS) suggests that this system is also vulnerable 
to a potential infection. The presence of both moieties 
indicates that both avian and human Influenza A virus-
es could infect the CNS in case of systemic infection. 
However, the expression of the receptor in that area 
does not necessarily mean that the virus can reach and 
infect it. A similar effect is suggested by the animal ex-
periments described by Munster & de Wit et al., which 
revealed that no viral load was detected in ferret 
brains, after inoculation with a pandemic H1N1 and a 
common seasonal H1N1 (Munster, de Wit et al. 2009). 
Despite the statement of Munster & de Wit, it seems 
that this is not applicable for all strains and possibly all 
species. Gu et al. described cases where an Influenza 
A virus (H5N1) was isolated in the brain of human in-
dividuals, which indicates that Influenza A viruses can 
replicate in the brain (and other organs) beside the re-
spiratory tract (Gu, Xie et al. 2007).  It is described that 
viral Influenza A RNA was detected in the brainstem of 
pigs, which, in combination with the lack of viremia, 

supported the hypothesis of neuronal spreading from 
the nasal mucosa to the neuronal pathways (De Vlee-
schauwer, Atanasova et al. 2009). Our findings support 
such a hypothesis, as the necessary receptors are pres-
ent on the neuronal tissues. In conclusion, avian and 
human type sialic acids are expressed in the central 
nervous system and the gastrointestinal tract of the 
swine, allowing the attachment of various influenza A 
viruses, although it seems not applicable to all Influen-
za A viruses or hosts. 

It is important to remember that our study demon-
strates the expression of sialic acids/viral receptors on 
various host tissues, thus confirming the ability of vi-
ruses to attach to their preferred sialic acids, though 
it does not answer any questions about actual cell in-
fection. This has been demonstrated previously using 
canine Influenza A viruses and equine hosts. Yang et 
al. reported an amino aciad substitution in canine in-
fluenza hemagglutinins, which is not present in equine 
or avian isoforms, and their data suggested that it 
comprised a specific host adaptation as it is highly 
conserved in canine viruses. The mutation appears at 
a position that is adjacent to the receptor binding site 
(Yang, Li et al. 2013). Since it enhances the binding af-
finity to Neu5Acα2-3Gal, it would be probable that it 
would also enhance binding, and therefore infection, 
to equine hosts. However, no symptoms, replication 
or further transmission was observed when equids 
were inoculated with canine isolates (Quintana, Hus-
sey et al. 2011). This emphasizes the fact that receptor 
specificity of a hemagglutinin is not the only factor de-
termining the host range of an Influenza A virus. An-
other study that promotes this theory revealed that 
a single amino acid substitution in the fusion domain 
of the hemagglutinin of canine but not equine viruses, 
could interfere with the stability of the hemagglutinin 
or the fusion process, partly explaining the one-way 
transmission of the virus (Collins, Vachieri et al. 2014). 
It is also known that the presence of a cell-secreted 
protease, which can cleave the inactive hemagglutinin 
precursor, is essential for the infectivity of a virus, as 
it allows the conformational change of the hemagglu-
tinin, which is necessary for the membrane fusion in 
the endosomes and thus for perpetuation of the infec-
tion (Klenk, Garten 1994, Chen, Lee et al. 1998, Skehel, 
Wiley 2000b, Russell, Gamblin et al. 2013). In short, 
our experiments setting, thus visualizing the binding 
of a recombinantly expressed hemagglutinin protein 
to tissues, does not directly ensure cell infection with 
the virus from where the attachment protein originat-
ed. This proces is dependent on various other factors 
which determine viral pathogenicity, and cannot be 
fully presented by our approach.

Unfortunately, we were yet unable to produce the HEF-
1 proteins of IDV as soluble recombinant proteins. As 
the method has been previously established and suc-
cessful for production of IAV HA and other viral attach-
ment proteins (de Vries, de Vries et al. 2010), it is most 
likely that an intrinsic characteristic of the HEF-1 gene 
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hampers its production. Song et al. described the re-
combinant production of the protein, with some alter-
ations in the procedure. The main differences between 
the two studies are the used cells and vectors, since 
they used Hi5 insect cells, and a baculovirus transfer 
vector to produce the soluble HEF-1 proteins (Song, Qi 
et al. 2016). Interestingly, a gp67 signal sequence was 
incorporated into the vector, which ensures the secre-
tion of the proteins out of the cells (Whitford, Stewart 
et al. 1989, Song, Qi et al. 2016). However, insect cells 
do not ensure the complex N-glycosylations which 
are present in mammalian expression cells, leaving 
the question whether the absence of this type of gly-
cosylation would interfere with the biological activity 
(Altmann, Staudacher et al. 1999, Palmberger, Wilson 
et al. 2012). Another possibility for the failure of our 
cells to excrete the protein, is the interference of the 
esterase-inactivating mutations with the folding of the 
protein. Inaccurate folded or incomplete folded pro-
teins are withheld and degraded within the cell by pro-
teases (Alberts, Bray et al. 2013), which could explain 
the absence of the protein in the cell culture superna-
tant. However, evidence of intracellular HEF-1 protein 
was presented in this study, which indicates that the 
issue is located at the secretion of the cells. This would 
indicate an irregularity in the CD5 sequence, which di-
rects the synthesis and the export of secreted proteins 
(Aruffo, Stamenkovic et al. 1990, Zeng, Langereis et 
al. 2008, Wickramasinghe, de Vries et al. 2011). How-
ever, no discrepancies were detected in the encoding 
sequence, leaving the unanswered question as why 
the protein is not being secreted out of the cells. An-
other study, investigating the esterase activity of the 
HEF protein of the Influeza C virus (ICV), described the 
disability to produce the protein in certain cell types 
(Pleschka, Klenk et al. 1995). It therefore might be 
interesting to approach the expression of the HEF-1 
protein in different cell types, since the two viruses 
share ±50% overall amino acid identity (Hause, Collin 
et al. 2014, Ducatez, Pelleter et al. 2015). In summary, 
we opted to analyze the tissue distribution of the viral 
receptor of the HEF-1 attachment protein by recombi-
nantly producing the protein. Unfortunately, no solu-
ble protein could be produced, which sabotaged our 
further intentions.
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A B C D E F

1

Upper Tra-
chea Duodenum Nasopharynx Conjuctiva Cerebellum Caecum

2 Kidney Primary 
Bronchus Colon Cranial side 

epiglottis Ovarium Blader

3 Lower Tra-
chea Jejunum Milt Bulbus olfac-

torius
Pharyngeal 

tonsil Sciatic nerve

4 Heart Stomach Oesophagus Nasal epithe-
lium Hypofyse Caudal side 

epiglottis

5 Liver Ileum Pancreas Uterus Adrenal 
gland Brain stem

6 Lung Lymphnode Larynx Cerebrum Thymus Soft palatum

Annex I, Table 1. Placement map of monospecies porcine TMA, containing various organs. 
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A B C D E F
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chea
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Upper Tra-
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Upper Tra-
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Trachea

39.2
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Trachea

40.2
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Trachea

41.2

Mid

Trachea

42.2

Mid

Trachea

3
37.3

Lower Tra-
chea

38.3 

Lower Tra-
chea

39.3

Lower Tra-
chea

40.3

Lower Tra-
chea

41.3

Lower Tra-
chea

42.3

Lower Tra-
chea

4
37.4

Primary 
bronchus

38.4

Primary 
bronchus

39.4

Primary 
bronchus

40.4

Primary 
bronchus

41.4

Primary 
bronchus

42.4

Primary 
bronchus

5
37.5

Bronchioli

38.5

Bronchioli

39.5

Bronchioli

40.5

Bronchioli

41.5

Bronchioli

42.5

Bronchioli

6
37.6

Alveoli

38.6

Alveoli

39.6

Alveoli

40.6

Alveoli

41.6

Alveoli

42.6

Alveoli

Annex I, Table 2. Placement map of monospecies porcine TMA, containing respiratory organs from six different individuals. 
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A B C D E F

1 EMPTY

Canine

Nasal epi-
thelium

Canine

Prim bron-
chus

Equine

Nasal epi-
thelium

Equine

Prim bron-
chus

EMPTY

2 EMPTY

Canine

Laryngeal 
epithelium

Canine

Lung

Equine

Laryngeal 
epithelium

Equine

Lung
EMPTY

3 EMPTY
Canine

oropharynx

Canine

Bulbus 
olphacto-
rius

Equine

oropharynx

Equine

Bulbus 
olphacto-
rius

EMPTY

4 EMPTY

Canine

Upper tra-
chea

Canine

Kidney

Equine

Upper tra-
chea

Equine

Kidney
EMPTY

4 EMPTY

Canine

Lower tra-
chea

Canine

Soft palate

Equine

Lower tra-
chea

EMPTY EMPTY

6 EMPTY EMPTY EMPTY EMPTY EMPTY EMPTY

Annex I, Table 3. Placement map of equine & canine respiratory organs TMA. 
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Damaged/unavailable core

Adrenal 
gland Bladder Brainstem

Annex I, figure 1. MALI staining on the porcine TMA consinstig of multiple organs and tissues.
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Annex I, figure 1 (continued). MALI staining on the porcine TMA consinstig of multiple organs and tissues.
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Damaged/unavailable core

Adrenal 
gland Bladder Brainstem

Annex I, figure 2. MALII staining on the porcine TMA consinstig of multiple organs and tissues.
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Annex I, figure 2 (continued). MALII staining on the porcine TMA consinstig of multiple organs and tissues.
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Damaged/unavailable core

Adrenal 
gland Bladder Brainstem

Annex I, figure 3. SNA staining on the porcine TMA consinstig of multiple organs and tissues.
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Annex I, figure 3 (continued). SNA staining on the porcine TMA consinstig of multiple organs and tissues.
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Upper 
trachea 
indivdual 
nr 1

Annex I, figure 4. MALI staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 4 (continued). MALI staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Upper 
trachea 
indivdual 
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Annex I, figure 5. MALII staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 5 (continued). MALII staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Upper 
trachea 
indivdual 
nr 1

Annex I, figure 6. SNA staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 6 (continued). SNA staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 7. MALI staining on the respiratory tract tissues of equine and canine individuals. 
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Annex I, figure 7 (continued). MALI staining on the respiratory tract tissues of equine and canine individuals. 
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Annex I, figure 8. MALII staining on the respiratory tract tissues of equine and canine individuals. 

Equine Canine
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Annex I, figure 8 (continued). MALII staining on the respiratory tract tissues of equine and canine individuals. 

Equine Canine
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Annex I, figure 9. SNA staining on the respiratory tract tissues of equine and canine individuals. 

Equine Canine
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Annex I, figure 9 (continued). SNA staining on the respiratory tract tissues of equine and canine individuals. 

Equine Canine
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Damaged/unavailable core

Adrenal 
gland Bladder Brainstem

Annex I, figure 10. H&E staining on the porcine TMA consinstig of multiple organs and tissues.
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Annex I, figure 10 (continued). H&E staining on the porcine TMA consinstig of multiple organs and tissues.
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Annex I, figure 11. H&E staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 11 (continued). H&E staining on the porcine TMA consinstig of respiratory tract organs from six different individuals.
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Annex I, figure 12. H&E staining on the respiratory tract tissues of equine and canine individuals. 
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Annex I, figure 12 (continued). H&E staining on the respiratory tract tissues of equine and canine individuals. 
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