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Simple Summary: Humans frequently interact with pigs and porcine meat is the most consumed
red meat in the world. In addition, due to the many physiological and anatomical similarities
shared between pigs and humans, in contrast to most mammalian species, pigs are a suitable model
organism and pig organs can be used for xenotransplantation. However, one major challenge of
porcine meat consumption and xenotransplantation is the xenoreactivity between red meat Neu5Gc
sialic acid and human anti-Neu5Gc antibodies, which are associated with certain diseases and
disorders. Furthermore, pigs express both α2-3 and α2-6 Sia linkages that could serve as viable
receptors for viral infections, reassortments, and cross-species transmission of viruses. Therefore,
pigs play a significant role in sialic acid research and, in general, in human health.

Abstract: Humans frequently interact with pigs, whose meat is also one of the primary sources
of animal protein. They are one of the main species at the center of sialic acid (Sia) research. Sias
are sugars at terminals of glycoconjugates, are expressed at the cell surfaces of mammals, and are
important in cellular interactions. N-glycolylneuraminic acid (Neu5Gc) and N-acetylneuraminic
acid (Neu5Ac) are notable Sias in mammals. Cytidine monophospho-N-acetylneuraminic acid
hydroxylase (CMAH) encodes the CMAH enzyme that biosynthesizes Neu5Gc. Although humans
cannot endogenously synthesize Neu5Gc due to the inactivation of this gene by a mutation, Neu5Gc
can be metabolically incorporated into human tissues from red meat consumption. Interactions
between Neu5Gc and human anti-Neu5Gc antibodies have been associated with certain diseases and
disorders. In this review, we summarized the sialic acid metabolic pathway, its regulation and link to
viral infections, as well as the importance of the pig as a model organism in Sia research, making it a
possible source of Neu5Gc antigens affecting human health. Future research in solving the structures
of crucial enzymes involved in Sia metabolism, as well as their regulation and interactions with
other enzymes, especially CMAH, could help to understand their function and reduce the amount
of Neu5Gc.

Keywords: CMAH; pig; Neu5Gc; Neu5Ac; sialic acid; red meat

1. Introduction

Research on sialic acids (Sias) is an integral and essential aspect in the field of glycobiol-
ogy, which is the study of the structure, biosynthesis, and biology of glycans (sugar chains).
Sias are negatively charged monosaccharides expressed on the mammalian cell surface and
are essential molecules of life due to their role in different cellular processes [1,2]. Sias are
made of 9-carbon backbone acidic sugars and are found at the terminals of glycan chains
of glycoconjugates, such as glycoproteins and glycolipids of vertebrate cell surfaces [3].
Sias play a crucial role in stabilizing membranes due to their terminal position. Conse-
quently, Sias are involved in cell–cell interaction and cell–microenvironment interaction
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(comprehensive details in Essentials of Glycobiology (2nd edition) by Varki and Schauer [2]).
They regulate receptor binding by controlling transmembrane signaling, fertilization, and
cell differentiation. Additionally, Sias are one of the primary molecules responsible for
conveying inhibitory signals during the innate immune response, e.g., the linkage between
sialylated glycans and Sia receptors on tumor cells can mediate the evasion of immune
surveillance [4]. Sias also serve as the primary contact between pathogens and host cells
because of their terminal position at the cell surface. For example, viral proteins, hemagglu-
tinin (HA), and neuraminidase (NA) interact with the Sias of host cells, making them critical
receptors for cell infections [5,6]. Sias can also serve as cell protectors against protease or
glycosidases [5–8].

One of the central focus in sialic acid research is the role of an essential sialic acid sugar
molecule known as N-glycolylneuraminic acid (Neu5Gc). Neu5Gc and N-acetylneuraminic
acid (Neu5Ac) are the most common Sias in mammals (Figure 1) [9–11]. Neu5Gc is biosyn-
thesized by the enzyme cytidine monophospho-N-acetylneuraminic acid hydroxylase
(CMAH), which is encoded by the CMAH gene [9,10].

Neu5Gc is absent in poultry meat and fish, but high contents are found in red meats
(beef, pork, and lamb) and dairy products [12]. Although Neu5Gc is not endogenously
synthesized in humans due to the inactivation of the CMAH gene by a mutation [13], it can
be metabolically incorporated into human tissues from red meat and dairy products [12,14]
(for detailed information see Varki (2010) [3]). Interactions between the dietary-incorporated
Neu5Gc and the circulating human anti-Neu5Gc antibodies have been associated with red
meat diet-induced diseases, such as atherosclerosis, type 2 diabetes, and carcinogenesis [15].

Since the domestication of porcine species [16] and probably even before that
(i.e., hunting), porcine meat has been a significant source of animal protein. According to
the Organization for Economic Co-operation and Development and the United Nation’s
Food and Agriculture Organization (OECD-FAO) agricultural report in 2021, porcine meat
is the most consumed red meat in the world [17], despite the association of consumption to
different diseases. Additionally, pigs are indispensable in biomedical research as model
organisms and are also widely used for xenotransplantation [16]. Additionally, porcine
sialic acid plays a key role in viral cross-species transmission and xenosialitis, which could
be intensified by red meat consumption.
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Figure 1. Chemical structure of Neu5Ac and Neu5Gc. Neu5Gc differs by a single oxygen atom
that is added by the CMAH enzyme. Retrieved from PubChem [18] (Neu5Ac–CID 439197;
Neu5Gc–CID 440001).

2. The Sialic Acid Metabolic Pathway

Sias belong to the α-keto acid family with more than 50 sialic forms in nature. The
most common Sias in mammals are Neu5Ac and the non-human Neu5Gc [9–11]. A de-
tailed representation of the sialic acid metabolic pathway is shown in Figure 2. The
initiation of sialic acid biosynthesis in mammalian cells occurs in the cytosol [11]. It is
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catalyzed by a bifunctional enzyme, a key regulator of sialic acid metabolism, called
the uridinediphosphate-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase
(GNE/MNK or simply GNE) [19,20]. The GNE enzyme first catalyzes the conversion
of UDP-N-acetylglucosamine (UDP-GlcNAc) to N-acetylmannosamine (ManNAc). This
important starting compound also serves as a precursor in many glycan metabolic path-
ways [19]. The second step involves the phosphorylation of ManNAc to ManNAc-6-
phosphate (ManNAc-6-P) by GNE [20].

The following metabolic step is catalyzed by the Neu5Ac-9-phosphate synthase
(NANS) which condenses phosphoenolpyruvate with ManNAc-6-P to produce Neu5Ac-
9-P [10]. Neu5Ac-9-phosphate phosphatase (NANP) dephosphorylates Neu5Ac-9-P to
Neu5Ac [2]. Then, Neu5Ac is transferred into the nucleus from the cytosol, where cytidine
monophosphate-Sia synthase (CMAS) transfers cytidine monophosphate (CMP) residue
from cytidine triphosphate (CTP) to Neu5Ac to form CMP-Neu5Ac [21]. This activated
CMP-Neu5Ac is transported back to the cytosol [22]. In the cytosol, an additional metabolic
step takes place, where the CMP-Neu5Ac is converted to CMP-Neu5Gc by CMAH [23].
This particular step occurs in porcine species and other mammals, but is absent in humans
due to CMAH inactivation caused by a 92 bp deletion that occurred probably 2–3 million
years ago [13,24]. SLC35A1, a CMP sialic acid carrier, transports CMP-Neu5Gc [11] and
CMP-Neu5Ac [25] to the Golgi, where it forms glycoconjugates by transferring Sia residues
from its activated sugar cytidine 5′-monophosphate sialic acid (CMP-Sia) to various glyco-
conjugate terminals [26] catalyzed by different sialyltransferases (STs) [10].
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Figure 2. The sialic acid metabolic pathway. The schematic shows the different enzymes involved
and each step’s respective localization. Feedback inhibition by CMP-Neu5Ac on GNE is also shown.
The CMAH that biosynthesizes Neu5Gc is highlighted in green (CMAH). The pathway is modified
from the REACTOME sialic metabolic pathway [25]. Created with BioRender.com (accessed on
9 March 2022).

Wickramasinghe and Medrano [11] reviewed a detailed description of the enzymatic
functions of the different STs. The STs are divided into four groups based on their Sia
linkages and acceptor specificity: ST3GAL, ST6GAL, ST6GALNAC, and ST8SIA. Neu-
raminidases play a vital role in regulating sialic acid degradation by removing glycosidic
links of Sia residues. Neuraminidase 3 (NEU3) located in the plasma membrane is a critical
regulator in transmembrane signaling and hydrolyses Neu5Ac from glycoconjugates. Neu-
raminidase 1 (NEU1) located in lysosomes and neuraminidase 4 (NEU4) also hydrolyze
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Sia residues from glycoconjugates, but in contrast to NEU1 and NEU3, NEU4 is located in
lysosomes, mitochondria, and the endoplasmic reticulum. In the cytosol, neuraminidase
2 (NEU2) breaks down α2-3 sialylated glycoconjugates. The sialin (SLC17A5) enzyme is
responsible for the co-transportation of free Sia from the lysosomal lumen to the cytosol,
where it can be reused or degraded. In a final step, Neu5Ac and Neu5Gc are cleaved
to pyruvate and ManNAc and ManGc, respectively, by N-acetylneuraminate pyruvate
lyase (NPL).

3. Porcine CMAH Structure

CMAH catalyzes the conversion of Neu5Ac to Neu5Gc. While this process is predom-
inant in most mammals, Neu5Gc is not endogenously synthesized in humans [23]. The
absence of Neu5Gc in humans is presumably associated with improved brain functions [24]
and positive influences on the immune system [27]. However, Neu5Gc is metabolically
incorporated into human tissues from red meat and dairy products. The interaction be-
tween the incorporated Neu5Gc and the circulating human anti-Neu5Gc antibodies [28,29]
has been associated with type-2 diabetes, carcinogenesis, and atherosclerosis [14]. The
CMAH gene is located on chromosome seven (SSC7) of the porcine genome. Porcine
CMAH (pCMAH) consists of 13 exons with the total annotated spliced exon length of
1734 bp (NM_001113015.1) encoding a protein with 577 amino acids (NP_001106486.1).
Song et al. [30] reported an additional exon (exon 14). Results obtained with the basic local
alignment search tool for nucleotide (BLASTn) show sequence homology of 92.62% and
92.20% with CMAH genes of other red meat species, such as Bos taurus (XM_024984024)
and Ovis aries (XM_027958397), respectively.

To better understand the pCMAH enzyme, knowledge of the 3D structure with its
binding sites is necessary; however, this remains a significant challenge in pCMAH research.
So far, a search in protein databases did not result in any matches of homologous sequences
with close identity. InterProscan has proven to be one of the most effective tools to predict
important binding sites and protein domains [31]. It gives a detailed functional analysis
of proteins by classifying them into families and predicting domains and important sites
using different predictive models provided by 14 different databases that make up the
InterProscan consortium [31]. The InterProscan prediction shows that CMAH contains a
Rieske domain between amino acid positions 6–112, and this supports the assumption that
the activity of CMAH is dependent on the cytochrome b5 system [32]. CMAH also pos-
sesses an iron-containing, Rieske-type prosthetic group. Its activity depends on NAD(P)H
(dihydronicotinamide adenine dinucleotide phosphate), which requires electron transport
proteins cytochrome b5 reductase and cytochrome b5 to be active [32]. Additionally, the
protein sequence has significant motifs for [2Fe-2S] cluster-binding sites at amino acid
positions 54, 56, 57, 75, 78, and 80 [31].

Song et al. showed that pCMAH mRNA expression is tissue- and organ-specific [30].
It was observed that pCMAH is highly expressed in the small intestine and spleen, and
moderately expressed in the rectum, tongue, testes, liver, and colon. The study identified
two alternative spliced forms of the 5′UTR (untranslated region), namely 5′UTR-1 and
5′UTR-2, having different expression patterns in various pig tissues, except for the rectum.
5′UTR-1 was mainly expressed in the small intestine and colon. However, 5′UTR-2 was the
dominant form in the spleen, tongue, testicle, kidney, and liver. In all mammals, the CMAH
gene is downregulated in the brain, which also had the lowest Neu5Gc amount compared to
other tissues of the body [33], but during the developmental stage, porcine skeletal muscle
contained the lowest concentration of Neu5Gc compared to other tissues [34]. Lepers
et al. [35] showed that CMAH is the primary factor determining the level of Neu5Gc in
cells. The study showed a correlation between enzyme activity and Neu5Gc concentration,
suggesting that the animal’s metabolic state might also affect the Neu5Gc concentration.
The mRNA level in developing pig jejunum correlated with variations in the enzyme
activity, implying that the formation of Neu5Gc is regulated by the transcription of the
CMAH gene [36].



Biology 2022, 11, 903 5 of 17

Another critical activity that generally regulates the functions of enzymes is the
protein–protein interaction network. In addition to the unresolved 3D structure of pCMAH,
another main challenge yet to be resolved is the enzyme’s interactions with other pro-
teins. We used a popular protein–protein interaction prediction tool (STRING), which is
an efficient database that computationally predicts protein–protein associations by inte-
grating all publicly available protein–protein interaction information sources and covers
up to 14,094 different organisms. Additionally, STRING has essential features to perform
gene-set enrichment analysis using popular classification systems, such as Gene Ontol-
ogy and the Kyoto Encyclopedia of Genes and Genomes (KEGG) [37]. The interaction
prediction showed that pCMAH probably interacts with 10 different proteins (Figure 3).
CMAH interaction with CMAS, NANP, and NANS might be a result of their direct in-
volvement in sialic acid metabolism. The predicted interaction between CMAH and the
cytochrome b5 proteins (CYB5R1, CYB5R3, CYB5R4, and LOC100622386) could be a result
of CMAH dependence on NAD(P)H cofactor and electron transport proteins (cytochrome
b5 reductase and cytochrome b5) for CMAH activity (Kozutsumi et al., 1990). β-1,4-N-
acetyl-galactosaminyl transferase 2 (B4GALNT2), gamma-glutamyltransferase 1 (GGTA1),
and CMAH are categorized as xenoreactive antigen proteins [38]; therefore, their interac-
tion prediction could just be a result of their co-occurrence in the scientific literature. The
interaction between N-acetylneuraminate 9-O-acetyltransferase (CASD1) and CMAH could
be a result of the role of CASD1 in the modification of sialic acids [39]. Nevertheless, the
STRING prediction might serve as a basis for future research in understanding CMAH
protein–protein interactions.
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fusions, gene co-occurrence, text mining, co-expression, and protein homology. The STRING database
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4. Pigs as a Supply for Food Protein

One of the main drivers for the domestication of pigs was the supply of meat as a food
protein. The majority of today’s breeds emanated from the breed development’s contribu-
tion due to European and Chinese breeding efforts [40–42]. In recent years, there has been
an increase in the dietary transition towards animal protein, driven by rising population
growth [43,44], resulting also in an increasing demand for pig products. According to the
Organization for Economic Co-operation and Development and the United Nation’s Food
and Agriculture Organization (OECD-FAO) agricultural report in 2021, the top ten pork-
meat-consuming nations are Korea, Vietnam, Chile, United States, China, OECD (includes
all European countries, excluding Iceland), Switzerland, Paraguay, Norway, and Russia
with 31.6, 25.9, 25.0, 23.9, 23.7, 22.8, 22.4, 21.6, 21.1, and 20.9 kg/capita, respectively [17].
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Economically, the meat industry also provides a source of livelihood for many people.
Poultry meat and red meat consumption account for approximately 43% and 57% of the
global meat consumption, respectively (Figure 4A). In terms of red meat consumption, pork
meat accounts for the highest proportion with 59%, while beef (veal included) and sheep
account for 32% and 9%, respectively (Figure 4B).
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Red meat contains high biological value protein with micronutrients essential for
healthy living. Red meat comprises essential omega-3 polyunsaturated fats, niacin, vitamin
B6, vitamin B12, phosphorus, zinc, and iron. It provides the body with all essential amino
acids and a higher concentration of vitamins compared to other protein sources [45,46].
In addition, red meat serves as a significant source of choline, an important compound
that serves as a precursor to many molecules, such as neurotransmitters and membrane
phospholipids [45,46]. Despite all the nutritional value, research studies have continuously
associated red meat with different diseases and disorders [47–51]. This is mainly due
to the metabolic incorporation of Neu5Gc into human tissues from red meat. The daily
consumption of red meat products containing Neu5Gc can be metabolized by human
cells and incorporated into glycoconjugates, and might be a potential xeno-autoantigen
in humans [52], which has been linked to an increased risk of cardiovascular disease and
carcinomas [3]. Ji et al. [34] looked at Sia concentrations in different porcine organs and
found that the Neu5Gc concentration varies between 21.5% (kidney) and 81.5% (spleen). A
study by Samraj et al. [14] provides a summary of the Neu5Gc concentration in various
diets. Poultry (hen egg, turkey, and chicken) and dairy products, such as butter containing
no Neu5Gc; however, whole milk, cow’s milk cheeses, and goat’s milk cheeses contain 2,
10–22, and 43 µg Neu5Gc per g, respectively. In addition, lamb, beef, and pork contain 14,
25–231, and 7–40 µg Neu5Gc per g, respectively [14].

5. Pigs as a Model Organism

Commonly, mice are used as a model organism due to their body size, life cycle
span, reproduction time, and availability. In comparison to pigs, mice lack basic features
of human disorders [53]. Pigs share a high number of physiological and anatomical
characteristics with humans [16,54,55]. These shared features make pigs a suitable model
organism for surgical, histological, and pathophysiological studies; therefore, in clinical
studies, pigs have replaced dogs for surgical training [16,55]. In addition, studies on human
skin wounds and diseases using pigs as model showed highly concordant results [56].
The pig is also a useful animal model in studies of inherited disorder, such as Schmid
metaphyseal chondrodysplasia (SMCD) in humans, which is associated with dwarfism.
This is caused by a similar mutation in the COL10A1 gene [57]. Lastly, pigs are also the best
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suitable animal model for human atherosclerosis, due to similarities in porcine and human
lipoprotein metabolism [55] and human ventricular septal defect [58].

Many challenges posed by the use of large animals as a model organism are due
to their body size and cost in maintenance. For pigs, this was addressed by breeding
specialized minipigs for research purposes [16,59]. Many minipig strains, which have been
bred using crossbreeding programs, exist [16,54,59]. In dermatological and ocular studies,
minipigs serve as a suitable replacement for rabbits and guinea pigs [60–62]. The advantage
of minipigs might not only be that they are mostly outbred strains, but also have other
unique characteristics, such as the lack of skin pigmentation, a smaller body size compared
to other pigs, and their age at sexual maturity [60].

Significance for Xenotransplantation

Xenotransplantation involves the use of animal tissues or organs in humans [63]. In
recent years, there has been an increase in the use of animal organs as a replacement
for failed human organs. In 2017, according to data from the European Committee on
Organ transplantation (CDPTO), more than 144,000 patients were recorded on transplant
waiting lists. At least six new patients were added every hour across Europe, while just
43,000 patients are receiving a transplant yearly [64]. Shared similarities and features
of porcine organs and their metabolism with humans make pigs a promising target for
xenotransplantation [65,66].

So far, different pig tissues or organs (such as kidney, heart, liver, spleen, bone mar-
row, skin graft, and hepatocytes) have been transplanted to humans [7]. Figure 5 shows
different diseases and disorders for which xenotransplantation could be used as an al-
ternative therapy. Aside from organ transplantation, xenotransplantation also includes
transplantation of pig cells (such as neuronal and pancreatic islet cells) and the use of
viable pig cells or organs as biomedical devices (such as bioprosthetic heart valves) [7].
Despite the numerous applications of pig tissues and organs in xenotransplantation, the
main challenge is graft rejection caused by the interaction of the porcine xenoantigens with
human xenoreactive antibodies.

Most of the xenoreactive antibodies in human serum bind to the α-galactose (αGal)
glycoprotein epitope [67]. This particular molecule is biosynthesized by the α-1,3-
galactosyltransferase enzyme (GGTA1) in pigs [68] encoded by the GGTA1 gene, which
is absent in humans [69,70]. Although the knockout (KO) of GGTA1 in pigs improved
kidney transplant survival in pig to non-human primates, xenoreactivities were still
observed [71,72]. According to Chen et al. [73], the KO of other xenoantigen genes is
imperative to eliminate graft rejection. A study by Byrne in 2015 indicated that porcine
beta-1,4-N-acetyl-galactosaminyltransferase 2, encoded by B4GALNT2, also acts as an
immunogenic xenotransplantation antigen in pig-to-baboon xenotransplantation [74,75].

In 2010, Song et al. [30] observed that the biosynthesis of Neu5Gc by pCMAH could act
as a xenoantigen in humans. Additionally, they showed that the increase in xenoantigenicity
in pig-transfected cell lines does not depend on the αGal antigen, concluding that Neu5Gc is
a significant xenoantigen. Furthermore, after porcine skin grafting for patients that suffered
from severe burns, Neu5Gc was the main non-αGal xenoantigen recognized [76]. Unlike
αGal antigen, the anti-Neu5Gc effect is not easily degraded in the body or suppressed by
immunosuppressive drugs in patients [77]. The continuous exposure to Neu5Gc residues
used as biodevices in various medical treatments may elicit inflammation or xenosialitis.
Aside from the Neu5Gc antigen that arises directly from the transplant, preformed anti-
Neu5Gc circulating antibodies (i.e., as a result of red meat consumption) might also affect
graft acceptance [52].

Due to the advancement in genomic research in recent years, tools for precise genome
editing using specific nucleases to edit gene sequences (such as zinc-finger nucleases
(ZFN); transcription activator-like effector nucleases (TALEN); and clustered, regularly
interspaced, short palindromic repeats (CRISPR) with (Cas) nucleases (CRISPR/Cas)) are
having a huge impact on science [78–80]. With regards to the KO of the CMAH gene, the
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pig is the species of interest [73,75,80–86]. The work by Phelps et al. [68] was regarded as
the first to inactivate the αGal antigen in pig cells. As stated earlier, the KO of GGTA1 did
not eradicate xenoreactivity. Instead, an increase in the expression of Neu5Gc was observed
when a heart with αGal KO was transplanted to humans [71,87].

To improve the efficiency of xenotransplantation, most studies combine the KO of
CMAH with other xenoantigen genes [66,81,82,88]. The KO of CMAH in combination with
GGTA1 has been shown to reduce antibody binding of human serum compared to a single
KO of GGTA1 [82,89]. Other studies targeted three xenoantigen genes simultaneously
(GGTA1, B4GALNT2, and CMAH) by inactivating these genes with CRISPR/Cas9 [38,89].
It was observed that pig valves showed a reduction in both human IgM and IgG binding,
when these three xenoreactive antigen genes were deleted [85].
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6. Porcine Sialic Acid in Infection, Cross-Species Transmission, and Emergence of
Novel Viruses

Due to close interactions between animals and humans, challenges arose concerning
zoonotic infections, especially of viral nature. These interactions take place between
humans and majorly livestock species. Aside from humans frequently interacting with pigs
in regards to meat production, certain minipig and pig breeds are also kept as pets.

There are several types of zoonotic viruses that could potentially be pathogenic. Some
of these virus families are Orthomyxoviridae, Coronaviridae, Paramyxoviridae, Caliciviri-
dae, Picornaviridae, Reoviridae, Polyomaviridae, Adenoviridae, and Parvoviridae [6].
Orthomyxoviridae is one of the most common families of negative-sense single-stranded
RNA viruses [91], consisting of five genera (influenza virus A, B, and C; Thogotovirus; and
Isavirus), which are significant pathogens of humans and animals [92]. Influenza virus A,
a pathogenic virus common in multiple species, is further categorized based on the type
of antigenicity of their surface glycoproteins: hemagglutinins (HA) and neuraminidases
(NA). Both HA and NA proteins recognize the same host cell Sias; while the HA (a lectin)
is needed for viral attachment to the host cells to initiate virus infection, NA detaches the
virus from the cell surface glycoproteins to facilitate the release of the virus progeny and to
promote the viral infections of other cells [93].
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The world has witnessed many influenza pandemics. An unforgettable pandemic is
that of the Spanish flu in 1918, which killed more than 20 million people [94]. Sias in host
cells have always played a significant role as receptors for viral attachment due to their
terminal position in glycoconjugates [95–99]. Another vital factor in Sias viral interactions
is the type of Sia linkage. The common connection of Sias to another residue is via α2-3
or α2-6 linkage to either galactose (Gal) or N-acetylgalactosamine (GalNAc) and α2-8
linkage. Most influenza viruses preferably bind to α2-3- or α2-6-linked Sias in the form of
Neu5Acα2-3/6Gal, Neu5Acα2-3/6GalNAc, and Neu5Acα2-6GlcNAc [6].

While human influenza viruses preferentially bind to α2-6-linked Sias, most of avian
and equine influenza viruses prefer α2-3-linked Sias as receptors [5,100,101]. A study in
1998 by Ito et al. [100] first showed that the pig trachea expresses both receptors for α2-3
and α2-6 Sia linkage. In 2010, Nelli et al. [101] also detected the extensive expression
of both α2-3-Gal and α2-6-Gal receptors in different pig organs. These studies showed
that porcine sialic acids could serve as receptors for viruses from avian or/and human
origin, thereby providing a potential link to other mammals and serving as a reassortment
vessel for influenza viral cross-species transmission. In addition, pigs express both Sias,
i.e., Neu5Gc and Neu5Ac.

Three primary conditions must be met for pandemic influenza to occur. Firstly, a
new influenza virus strain must emerge to which the human population has little or no
immunity. Secondly, the new strain must be able to replicate efficiently in humans and
result in disease, and lastly, the virus must be transmittable from human to human. For a
novel or modified virus to emerge, reassortment of viral genes (also known as antigenic
shift) or antigenic drift must occur [98,102,103]. On the one hand, antigenic shift involves
reassortment between different subtypes, and large RNA sequence changes, creating a
novel virus. During this process segmented RNA viruses, such as influenza, can exchange
their genome segments during co-infection, resulting in different subtypes of viruses that
the human population lacks immunity against [98]. On the other hand, antigenic drift is a
result of small accumulations of mutations of the virus RNA, which cause changes in the
HA and NA of the virus resulting in a new virus strain [102].

Studies have shown that both human and avian influenza viruses can be naturally
transmitted to pigs [101,104,105]. Pigs, as influenza virus mixing vessels, were first pro-
posed by Scholtissek et al. in 1990 [106], and since then, several studies came to a similar
conclusion [101,104,105,107]. Previous evidence from the H5N1 outbreak in Hong Kong
showed that avian viruses could be directly transmitted from birds to various mammals,
including pigs [100,108,109]. H1N1 avian influenza viruses (AIV) have been isolated from
pigs in the past and were the first detectable AIVs in European pigs since 1979 [110]. The
pig’s role as a mixing vessel was further elucidated, when a novel triple reassortant of
H3N2 was detected in the late 1990s with the combination of human seasonal H3N2, avian
influenza, and the classical H1N1 swine influenza virus [111]. In the early 2000s, this mixed
virus further reassorted with classical H1N1 viruses to produce novel viruses H1N1 and
H1N2 [112,113]. In 1993, when Castrucci et al. [114] analyzed the internal protein genes of
classic H1N1, avian-like H1N1, and human-like H3N2 viruses in Italian pigs, their results
showed that human-like H3N2 strains had the internal protein genes of avian-like H1N1
viruses, suggesting a possible reassortment between the avian and human-like viruses.
Furthermore, other studies also detected the presence of influenza viruses of avian origin
in North American and Asian pigs [112,115].

Evidence of reassortments of viruses taking place in pigs was also established in
Argentina in 2011, when a study showed that two independent reassortments occurred
between the H1N1 pandemic influenza virus (H1N1pdm) and the human-like swine
influenza virus [116]. In 2015, two novel reassortant viruses of human-like H3N2 and
H3N1 influenza A viruses were identified in pigs in the USA [105]. The study showed that
HA genes were similar to those of human seasonal H3 strains and closely related to the
2009 H1N1 pandemic virus. While the NA of H3N2 showed similarities with human N2
lineage, the H3N1 was of classical porcine N1 origin [105]. In 2016, in Tianjin, China, novel
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triple-reassortant H1N1 swine influenza viruses were also detected in pigs. The study’s
phylogenetic analysis showed that these novel viruses contained viral proteins from the
2009 pandemic H1N1 and the viral proteins from Eurasian swine and triple-reassortant
swine lineages [117]. Figure 6 shows how pigs act as a “mixing vessel” between avian
species and humans for influenza viruses.
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Furthermore, a study from 2018 looked at H1N1 and H3N2 influenza A viruses of
swine origin from pigs, which were isolated between 2013 and 2015 [118]. The study
showed that the viruses contained proteins from the Eurasian avian-like (EA) or H1N1
seasonal human-like virus (H3N2), and those from the H1N1/2009 pandemic or EA H1N1,
viral proteins from classical swine, and some components from the H1N1 pandemic virus
in 2009. The study identified a similar genetic factor that could result in significant trans-
mission and stability in the human population, thereby posing a potential danger for
pandemics [118]. Although pigs commonly transmit the influenza virus to humans, the
stability within the human population is rare, even though a case of death in a human was
reported in 1993 in the USA [119]. Considering all this information, the susceptibility of
pigs to different influenza viral infections, and the fact that pigs express both Sia linkages
and types, pigs serve as an agent for cross-species transmission of novel influenza viruses.

In addition, studies have shown that porcine Sias could act as an attachment receptor
for coronaviruses and could also present varieties of Sia linkages or structures as receptor
bindings for coronaviruses from different species [97,120,121].

At present, the world is experiencing a pandemic caused by the novel severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV2). This novel SARS-CoV2 belongs to the fam-
ily of Coronaviridae, families of positive-sense single-stranded RNA viruses. Four genera
make up this family: Alphacoronavirus, Betacoronavirus, Deltacoronavirus, and Gam-
macoronavirus [91]. While the Deltacoronavirus can infect both mammals and birds,
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the Alphacoronavirus and Betacoronavirus are peculiar to mammals and Gammacoron-
aviruses to birds [122]. A unique attribute of this family is that they possess larger genomes
compared to other single-stranded RNA viruses, which makes them susceptible to mu-
tations and recombination events that can result in different variants or novel strains of
these viruses [123,124].

Opriessnig and Huang [125] reviewed the potential role of pigs in this current pan-
demic. They discussed the susceptibility of pigs to coronaviruses from different genera.
They also stated that, while the human coronavirus targets the respiratory tracts just like
SARS-CoV2, intestines are the main targets of the most porcine coronaviruses [125].

Numerous studies have investigated the possibility of cross-species transmission of
coronaviruses [123,124,126–128]. In 2005, a study by Chen et al. [126] analyzed the cross-
species transmission of SARS-associated coronavirus from humans to pigs and showed
that human SARS-CoV can infect pigs. Furthermore, sequence analysis carried out by
Woo et al. [128] showed that porcine deltacoronavirus (PDCoV) could have emanated from
a recombination between sparrow coronavirus and bulbul coronavirus. PDCoV can also
infect other species, including calves, chicken, turkeys, mice [129–132], and humans [133].
Unlike the evidence of cross-species transmission of SARS-CoV between humans and
pigs, as of the time of writing this review, there is no clear evidence of transmission of the
current novel SARS-CoV2 between humans and pigs. However, due to the susceptibility of
coronaviruses to mutations and recombination events, as well as the fact that pigs have
both Sia linkages and structures, it should not be neglected that pigs serve as a potential
agent for cross-species transmission of novel coronaviruses.

7. Conclusions

Pigs are among the common mammalian species with direct and frequent interactions
with humans, aside from being one of the primary sources of animal protein. The role of
pigs as model organisms, their significance for xenotransplantation coupled with their roles
in cross-species transmission and the possibility of the emergence of novel influenza viruses
and coronaviruses, as well as their uniqueness in terms of possessing both α2-3 and α2-6 Sia
linkages and the two main Sia structures, Neu5Gc and Neu5Ac, give them an important and
fundamental role in sialic acid research and, in general, in human health. Although, over
the years, numerous studies have been carried out with different approaches concerning Sia
linkages and structures, the three-dimensional (3D) structural information of the enzymes
directly involved in the synthesis of Sias is still unknown. The 3D structures can be resolved
using different approaches, such as X-ray crystallography, nuclear magnetic resonance,
and cryo-electron microscopy. This information could provide a better understanding of
the domains, motifs, and folds in protein structure. Furthermore, details on binding sites,
ligands, and protein interactions, as well as the impact of mutations and druggability, could
be studied. Hence, porcine meat and organs with reduced or even absence of Neu5Gc
might become available in the future.
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