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Abstract

Fish intestine is the primary site where the interaction among dietary components,
microbiota and immune system takes place. Teleost gut-associated lymphoid tissue
differs from those of mammals morphologically and functionally; it has a diffuse and
complex structure. However, there is not much knowledge regarding the intestinal
cells of teleost, including Atlantic salmon. Therefore, | have characterized certain
intestinal cells and studied the inflammatory responses resulting from a common

problem associated with the salmon industry.

Imaging flow cytometry protocols were first optimized to examine the intestinal
immune cells and study phagocytosis. This approach helped to understand that salmon
intestinal cells have diverse cell populations. Focusing on the isolated adherent
intestine cells, | performed an integrative analysis of mRNA and small RNA to identify
the cell types. Based on their specific markers the adherent intestinal cells seem to
have polarized macrophages. The transcriptomic and cellular study on salmon fed soy
products revealed inflammation-induced disturbances in ion transport and metabolic

pathways as well as predominance of M2-macrophages during inflammation.

This thesis gives insights into the intestinal cell types, and the tissue responses to an
allergen. Future studies on the adherent cell population would cast light on how these

cells participate in intestinal defence.



1. Introduction

1.1. Fish immune system

Fishes are a diverse group of vertebrates, and their abundance, richness and
phylogenetic diversity make them excellent models for studying the immune system
(Gorman and Karr, 1978). From an evolutionary perspective, fishes seem to have
undergone a transition in reliance on their immune system. While the more primitive
and fundamental defence mechanism, the innate immune system, was mainly found
in most early fish, the mammalian-like adaptive immune system appeared first in
jawed fish 450 million years ago (Flajnik and Kasahara, 2010). Teleost fish, the largest
group of living vertebrates, possess both innate and adaptive immune systems, as in
mammals. Although there are similarities between the piscine and mammalian
immune systems, their structure and form are quite different (Scapigliati et al., 2018).
Generally, teleost fish lymphoid tissues have a diffuse and complex system. Fishes lack
bone marrow and lymph nodes which are the main lymphoid organs in mammals and
instead their key immunological organs are thymus, kidney and spleen. Among them,
anterior kidney (or head kidney), the key hematopoietic organ in fish has a role similar
to that of bone marrow in mammals. Hence, fishes have been proposed as a model to
understand human immune system. For example, zebrafish (Danio rerio) is an exciting
and popular animal model that has been employed for human disease research due to
several advantages such as a high genetic similarity to humans, rapid development,
and ease of genetic manipulation (Xu and Zon, 2010). Furthermore, carnivorous fishes
like Atlantic salmon (Salmo salar) have been spotlighted as an in vitro model to study
cardiac disease mechanism, host-pathogen interaction (Noguera et al., 2017) and

intestinal inflammation (Krogdahl et al., 2015).

The innate immune system is the first-line of defence that deploys components that
are effective against invading foreign substances such as bacteria, virus and parasites.

Smith et al. (2019) reviewed the fish immune system and categorized the innate



immune component into: (1) physical barriers, (2) cellular components, and (3)
humoral components. The major physical barriers include mucosal areas where the
host-pathogen encounter takes place. To prevent the entry of pathogens into the
epithelial layer, the system stimulates the goblet cells to secret mucus, which washes
out the invaders and act as both physical and chemical barrier (Esteban, 2012).
However, once pathogens evade the defence line, cellular components start to work
and respond to the pathogens by recognizing their typical pathogen-associated
molecular patterns and stimulating the signaling pathway to activate the adaptive
immune system (Smith et al.,, 2019). The innate immune cells also produce
macromolecules such as lysozyme, antimicrobial peptides and acute-phase proteins,
which are considered as humoral components (Smith and Fernandes, 2009, Ruangsri

et al., 2012).

The adaptive immune system in fish consists of humoral and cellular components
(Smith et al., 2019). B and T cells are essential components of the adaptive immune
system. Humoral components (antibody-mediated) are mainly activated by the
secretion of antibodies that are produced by plasma B cells (Chiaruttini et al., 2017). T
lymphocytes are important for both humoral and cellular responses. After the antigens
are presented by antigen presenting cell (APC), T cells are activated; after CD4* T cells
receive the exogenous antigens from MHC-Il and under the effect of inductive
cytokines, T cells differentiate and produce characteristic cytokines such as the
proinflammatory cytokines. Treg lymphocytes of the T cell subset have
immunosuppressive properties and produce regulatory cytokines. On the other hand,
cytotoxic CD8* T cells (antigen-specific cytotoxicity) are activated when endogenous

antigens are presented via MHC-I (Smith et al., 2019).

Like mammals, fish immune cells consist of T and B lymphocytes, granulocytes,
monocytes, macrophages and dendritic cells (DCs) (Neumann et al., 2001, Scapigliati
etal., 2018). Tissue-specific phenotypes of these immune cells are reported in fish, and

their numbers increase or decrease in response to various stimuli e.g. infection or



vaccination (Salinas, 2015). While B cells are present dominantly in most systemic
compartments such blood, spleen, and head kidney (Parra et al., 2015), T cells are
mainly linked to mucosa-associated lymphoid tissues (MALTSs) such as the skin, gills and
intestine (Koppang et al., 2010). A thorough understanding of the different immune
cell populations and their responses to antigens is necessary to advance our knowledge

of the fish immune system.

1.2. Mucosal immune system in mammals and fish

The mucosal immune system stands in the forefront of the defence system that is
responsible for protecting the mucosal surface against mainly potential viral, bacterial
and fungal pathogens. Three main roles ascribed to the mucosal immune system are:
1) serving as the first-line of defence against antigens and infection by activating
signaling pathways in epithelial barriers, 2) evoking local and systemic immune
responses to commensal bacteria and food antigens (oral tolerance) and 3) initiating
an immune response and stimulating other secondary lymphoid tissues (such as spleen,
lymph nodes) where lymphocytes are activated (Baumgart and Dignass, 2002, Montilla
etal., 2004). In humans, the mucosal immune system is localized in the oral-pharyngeal
cavity, gastrointestinal tract, respiratory tract and urogenital tract, as well as the
exocrine glands (Murphy and Weaver, 2016). Among them, intestine has the largest
population of microbes in human body, and hence this site has to effectively manage
antigen encounters than any other part (Whitman et al., 1998). The Gl mucosal
immune system consists of three compartments: epithelial layer, lamina propria (LP)
and gut-associated lymphoid tissues (GALTs) (Wu et al., 2014). The lymphoid elements
of GALT can be morphologically and functionally subdivided into two: 1) the organized
mucosa-associated lymphoid tissue including mucosal follicles and 2) the diffuse
mucosa-associated lymphoid tissue, consisting of leukocytes scattered throughout the
epithelium and lamina propria of the mucosa (Neutra et al., 1996). In higher

vertebrates, two main cell populations are present: intraepithelial lymphocytes (IELs)



and lamina propria leukocytes (LPLs). IELs reside between intestinal epithelial cells
(IECs) and are capable of a wide range of effector functions during infection, while LPLs
include T and B cells, plasma cells, mast cells and macrophages (Schley and Field, 2002).
DCs, one of APCs that are present both near the epithelial cells and in the LP capture
antigens by extending their dendrite through the epithelium. In addition, DCs near
microfold cells in Peyer’s patches receive antigen information and migrate to
mesenteric lymph nodes. Subsequently, antigen-specific T cells, after receiving antigen
information from APCs, become activated and get differentiated into effector cells

including helper, killer and regulatory T cells (Figure 1).
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Figure 1. Schematic diagram of the components of the mucosal immune system in the
gastrointestinal tract of mammals. LP, lamina propria; IEL, intraepithelial lymphocyte; M-cell,
microfold cell. Based on Wu et al. (2014).




Fish mucosal surfaces play critical roles in nutrition uptake, ion exchange, and
immune defence. Like mammals, teleost fish possess MALTs that take part in the
immune defence at the mucosal areas (Parra et al., 2015). The MALTs include the GALT,
skin-associated lymphoid tissue, the gill-associated Ilymphoid tissue and the
nasopharynx-associated lymphoid tissue. However, the knowledge about the fish
mucosal immune system is rather limited because of the following reasons: (1) the
essential mammalian immune components, such as Peyer’s patches, IgA- and IgM-
joining J chain are not yet reported in teleost fishes (Parra et al., 2016), (2) lack of
appropriate cell markers and intestinal cell isolation techniques and (3) incomplete
knowledge about other immune cells such as DCs and M-cells. For instance, the
existence of important immune cells like DCs in fish that respond to pathogens has not
been well understood although few studies have reported that fish dendritic-like cells
have similar morphological features as those of mammalian DCs and they express DC

marker genes (Lugo-Villarino et al., 2010, Haugland et al., 2012).

1.3. Key contributors of the intestinal immune defence in fish

Teleost fish have three intestinal segments that can be distinguished based on
morphological and functional traits. Each segment has different immune cell
populations and roles (Parra et al., 2015). Macronutrient uptake occurs through the
absorptive cells in the anterior intestine and uptake and transport of antigens take
place in the mid intestine. The distal intestine is the immunologically-relevant segment
where the antigens are sampled from lumen by the APCs (Rombout et al., 2011). In
one of the early studies on rainbow trout (Oncorhynchus mykiss), immune cells such as
lymphocytes, macrophages, and some plasma cells were found in the mid and distal
segments of the intestine (Georgopoulou and Vernier, 1986). In Atlantic salmon,
expression of several marker genes of T-lymphocytes (cd4-1, cd8a, tcra and tcrg) and
B-lymphocytes (slgm, mlgm, slgt and mligt) were relatively low in esophagus and

stomach, but higher in the pyloric caeca, mid- and distal intestine. Also, the messenger



RNA (mRNA) levels of igm and igt were found to increase from the pyloric caeca to the
distal intestine (Lgkka et al., 2014). In addition, in rainbow trout (Perdiguero et al.,
2019), percentage of IgD*IgM" cells was higher in the intestine compared to that in the
spleen. Therefore, special attention should be paid to the immunological roles of mid-

and distal intestine.

The first study on intestine cell isolation was performed on rainbow trout (McMillan
and Secombes, 1997). Later, many researchers put in effort to isolate and characterize
intestinal immune cells in other fish such as gilthead seabream (Sparus aurata) (Salinas
et al., 2007) and Atlantic salmon (Attaya et al., 2018). However, lack of monoclonal
antibodies and complexity of intestinal cell isolation procedures are still limiting our

understanding of immune cells in fish.

1.3.1. T cells

Teleost fish have mucosal T cells, and they express genes related to T cell receptors
(TCR) such as tcrab and tcrgb, cd3, cd4 and cd8, as well as mhcl and mhc2 genes (Toda
et al., 2011, Fischer et al., 2003). The presence of T cells in the intestinal epithelium
and LP of carp (Cyprinus carpio L.) was demonstrated nearly two decades ago
(Rombout et al., 1998). A later study on salmonids revealed the presence of more
CD3g* cells in the thymus, gills, and intestine (Koppang et al., 2010). Dietary
components may also influence the intestinal T cell populations - a significant increase
in expression of the genes cd3pp, cd4 and cd8b was reported in the distal intestine of
Atlantic salmon fed soybean meal (Bakke-McKellep et al., 2007). An induction of T cells
as an intestinal inflammatory response to dietary allergens has been reported in
humans (Sollid, 2002). It is worthwhile to monitor the changes in different T cell
populations in fish intestine to extend our understanding on intestinal immune system

of fish .



1.3.2. B cells and immunoglobulins

Antibody or immunoglobulin (Ig) is produced by differentiated B cells called plasma
cells. In teleost fish, three major Ig isotypes are expressed on the surface of B cells: IgM,
IgT or IgZ and IgD. In mammals, the J chain and polymeric Ig receptor (plgR) are
essential for the transportation of IgA and IgM across IECs (Johansen et al., 2000).
However, it has been suggested that the presence of J chain may not be a requirement
for the plgR-immunoglobulin interaction in fish (Zhang et al., 2010). Rainbow trout has
a plgR and its secretory component is similar to those of mammalian IgA and IgM
(Zhang et al., 2010) while fugu (Takifugu rubripes) plgR is associated only with IgM
(Hamuro et al., 2007). IgM is the main antibody in teleost fish, and probably its isotypes
could have similar functions as those of mammalian IgA, which is abundant in mucous
secretions (Cerutti et al., 2011). The latter neutralizes toxin and pathogenic microbes
and prevents the attachment of commensal microbiota on the epithelial cells
(Macpherson et al., 2008). Intestinal bacteria in rainbow trout was found to be coated
with IgT, which responded to intestinal parasites in the gut, indicating their special role

in mucosal immunity (Zhang et al., 2010).

The proportion of B cells within the GALT is different in teleost fishes. In carp
(Rombout et al., 1998) and rainbow trout (Zhang et al., 2010), about 2-12% B cells
among leukocytes isolated from LP of both anterior and posterior intestine were IgM*
cells. In Atlantic halibut (Hippoglossus hippoglossus), 1gM* cells were present within
the epithelium and LP (Grove et al., 2006). In addition to their role in adaptive immunity,
B-lymphocytes have been reported to perform phagocytosis. In the peritoneal cavity
of mice (Parra et al., 2012) around 10-15% B cells have phagocytic ability. In teleosts,
around 60% of B cells found in all systemic compartments perform phagocytosis (Li et

al., 2006).



1.3.3. Monocytes/macrophages

In mammals, there are two macrophage subsets; classically and alternatively
activated (Zhou et al., 2014). The classically activated macrophages that take part in
inflammatory or microbicidal responses belong to the M1 types that are primed by
interferon-gamma (IFNy) and tumor necrosis factor-alpha (TNFa). On the other hand,
the alternatively activated forms are called M2 macrophages and are involved in tissue
repair and wound healing. There are three M2-macrophage subtypes; M2a subset is
activated by interleukin-4 and/or interleukin-13; M2b is stimulated by immune
complexes or apoptotic cells and M2c is primed by interluekin-10 (IL-10), transforming
growth factor-beta (TGF-B) and/or glucocorticoid (Zhou et al., 2014). Although the
polarization and functionality of mammalian macrophage subsets are clearly described,
such details about fish macrophages are not yet reported. Nevertheless, Wiegertjes et
al. (2016), Grayfer et al. (2018) and Hodgkinson et al. (2015) have reviewed the

different types of fish macrophages.

Fish M1 macrophages that can phagocytize are classically polarized by colony
stimulating factor-1 (CSF-1), IFNy, IFNy-related (IFNy-rel) and TNFa.1/2. The M2 types
in fishes are believed to be primed by IL-4/1L-13, IL-10 and glucocorticoids (Grayfer et
al., 2018, Forlenza et al., 2011). Furthermore, Wiegertjes et al. (2016) reported reliable
markers for M1-macrophages (NOS-2) and M2-macrophages (arginase-2). A recent
study on transcriptome of carp macrophages revealed the potential markers for M1
(il1b, nos2b and saa) and M2 (timp2b, tgm2b and arg2), which indicate that fish
macrophages could have conserved functions and common transcripts to mammals
(Wentzel et al., 2020b). Macrophages in fishes are stimulated by CSF-1 (Rieger et al.,
2014, Rieger et al., 2013). However, the production of soluble CSF-1 receptor through
CSF-1 stimulation causes the polarization to M2 form (Rieger et al., 2013). This soluble
receptor evokes the expression of the anti-inflammatory cytokine IL-10 (Rieger et al.,
2015). However, it should be noted that some teleosts including the Japanese

pufferfish have more than one CSF1R (Williams et al., 2002), and it is not yet clear how



these act together to promote the differentiation of macrophages. Hence, the
polarization in mammals and fish cannot be presumed to be identical. Previous studies
have indicated possible IFNy-induced polarization to M1-like macrophages in goldfish
(Grayfer and Belosevic, 2009) and carps (Arts et al., 2010). Although fishes are known
to have two forms of this type Il interferon (IFNy and IFNy-rel), both of them can cause
M1-polarization and they have distinct and redundant functions in the differentiation
(Grayfer et al., 2010, Grayfer and Belosevic, 2009). It has also been reported that IFNy-
rel strongly influences macrophage phagocytosis and nitric oxide production (Grayfer
etal., 2010, Grayfer and Belosevic, 2009). In addition, carp M1-macrophages increased
nitric oxide production while the M2-macrophages increased oxidative
phosphorylation and glycolysis, suggesting that IFNy may influence macrophage
metabolic reprogramming (Wentzel et al., 2020a). Tumor necrosis factor alpha 1 and 2
(tnfal and tnfa2) in fishes are thought to have roles similar to TNFa of mammals

(Nguyen-Chi et al., 2015).

As for the phagocytosis in macrophage subsets, in mammals both M1- and M2-
macrophages are known to have higher phagocytic ability compared with that of naive
macrophages (MO0) (Lam et al., 2016). However, M2-macorphages showed higher
phagocytic affinities and capacities than M1-macrophages (Schulz et al., 2019).
Furthermore, a study in mice showed that phagocytosis of Porphyromonas gingivalis
by M1-macrophages produced higher expression levels of TNF-a, IL-12 and iNOS
compared to those of M0- and M2-macorphages, indicating that the activation of M1-
macrophages could contribute to the initiation of inflammatory responses (Lam et al.,
2016). Like mammals, fish inflammatory/M1-macrophages are well known to have
ability to phagocytose pathogens and produce pro-inflammatory cytokines, reactive
oxygen and nitrogen intermediates as reviewed by Grayfer et al. (2018). These studies
are mainly focused on head kidney-derived macrophages. As for the intestinal
macrophages in teleost fishes, some studies have suggested the presence of intestinal

macrophage-like cells in Atlantic cod (Gadus morhua) (Inami et al., 2009) and rainbow

10



trout (Georgopoulou and Vernier, 1986). In Atlantic salmon that were anally intubated
with fluorescent yeast, the microbial cells were found near the large nuclei of
macrophage-like cells that were located near the epithelium, indicating that intestinal
macrophage-like cells could sample antigens like mammalian macrophages (Lgkka et
al., 2014b). Thorough functional and morphological characterization using cell markers

are warranted in fish.

1.4. Intestinal homeostasis and inflammation

The intestine is one of the organs where interactions between the host and their
cohabiting organisms take place. It is known that the resident microorganisms and host
establish a mutually beneficial relationship to sustain the host’s health status. However,
failure to maintain an optimal microbial balance can lead to intestine dysfunction,
negatively impacting the local and systemic organ health in mammals (Garrett et al.,
2010). Under normal conditions, mucosal barrier avoids unnecessary immune
responses and keep the microbial balance in check without getting adversely affected
by environmental changes in the intestinal lumen (Okumura and Takeda, 2018). In
other words, impaired barrier functions allow bacteria to translocate across epithelium,
triggering massive cellular responses and causing the development of immune

disorders like inflammatory bowel diseases (IBD) (Okumura and Takeda, 2018).

Intestinal inflammation is a protective response against harmful stimuli that break
epithelial barriers, triggers localized tissue damages and then causes systemic response
(Maloy and Powrie, 2011, Okumura and Takeda, 2018). A study on IBD (Zhang et al.,
2017a) demonstrated that a breach in the mucus barrier and the increased intestinal
permeability allowed more bacteria to adhere to the intestinal epithelial cells in IBD
patients, which led to changes in both composition of microbiota and the expression
levels of pro-inflammatory cytokines. This indicates that the composition of intestinal
microbiota is influenced by environmental factors as in the case of IBD, and the

interaction between microbiota and intestinal immune cells is crucial to maintain
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intestinal homeostasis. However, it is largely unknown how dysbiosis occurs and leads

to intestinal inflammation.

To maintain the intestinal homeostasis and safeguard the organ from inflammation-
caused complications, the resident microorganisms must communicate with immune
effectors in the epithelium, which are known to initiate metabolic/immunological
reactions (Forchielli and Walker, 2005). IECs in most vertebrates including teleost fish
express various pattern recognition receptors (Li et al., 2017). Of the receptors, toll-
like receptors (TLRs) play a pivotal role in initiating immune response by sensing
conserved molecular structures in bacteria, viruses, fungi and parasites known as
pathogen-associated molecular patterns (Nie et al., 2018). Teleost fishes have TLR1-5,
TLR7-9, TLR13-14, TLR18-23 and TLR25-28 (Sundaram et al., 2012, Nie et al., 2018).
Although fish TLRs have high structural similarities with those of mammalian TLRs, the
former types have very distinct functional features. For example, tir4, tir6 and tir10
that are associated with the recognition of bacterial lipids or proteins are absent in
most fish genomes (Palti, 2011). In zebrafish, unique TLR genes have been identified,
namely the tlr4-like paralogues tir4a and tirdb, which are not orthologous to their
mammalian counterparts (Sepulcre et al., 2009, Sullivan et al., 2009, Loes et al., 2019).
They cannot recognize LPS and these genes inversely regulate MyD88-dependent
signaling pathway, suggesting their unique roles in TLR4 signaling against pathogen-
associated molecular patterns (Sepulcre et al., 2009). These authors inferred that
mammalian-like TLR4s in zebrafish are specific to alternative ligands for the TLR-
mediated immune defenses. In mammals, bacteria-initiated signaling via TLR4/MyD88
stimulates the IECs to produce antimicrobial molecules (Vaishnava et al.,, 2011,
Kobayashi et al., 2005). Furthermore, compared to wild-type mice, mice with IELs
lacking MyD88 exhibited more tissue damage, barrier disruption, impaired goblet cell
responses, and in infected mice more pathogenic bacteria penetrated into the

intestinal epithelium (Bhinder et al., 2014).
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Studies in teleosts have revealed that environmental factors-induced immune
responses can influence intestinal homeostasis; the responses are dependent on the
type of foreign antigen. In rainbow trout the expression of il1b, il8, tnfa and ifnr
increased in the intestine after a challenge with Aeromonas salmonicida (Mulder et al.,
2007). Conversely, seabass (Lateolabrax japonicus) larva fed a probiotic diet
(Lactobacillus delbrueckii ssp.) had significantly higher number of intestinal T cells,
higher mRNA levels of tcr and lower levels of il1b and il10, cox2 and tgfb than those of
control, suggesting that probiotics may cause an expansion of immature T cells
(Picchietti et al., 2009). Furthermore, a study on salmon (Vasanth et al., 2015) reported
that dietary probiotics helped alleviate intestinal inflammation. It should be noted that
IECs in mammals play important roles in regulating not only nutrient absorption but
also barrier functions by sensing microbial stimuli and coordinating the subsequent
immune responses (Peterson and Artis, 2014). An intestinal epithelial cell line from the
gastrointestinal tract of rainbow trout, called RTgutGC, has been developed and the
authors found that their viability decreased in an LPS dose-dependent manner
(Kawano et al., 2011). A recent study employing this cell line showed that RTgutGC cells
expressed pro-inflammatory cytokines such as il1b and il8 in response to various
stimuli including LPS, nucleotides, mannan-oligosaccharides, and beta-glucans (Wang
et al., 2019a). Taken together, it is clear that pro-inflammatory cytokine responses are
triggered in the teleost intestine as a consequence of danger signals. However, cell-
specific immune responses and the signaling pathways that drive inflammation in the

intestine remain unclear.

Intestinal health in farmed fish is an active research area, propelled by the increasing
use of plant- and other novel ingredients in aquafeeds. For instance, the soy bean-
linked intestinal inflammation in fish is attributed to saponin. Such diet-induced
inflammation can reduce growth and nutrient utilization (Gu et al., 2018, Zhang et al.,
2018). Soybean-induced inflammation can alter the structure of lamina propria,
increase inflammatory cells and reduce the absorptive vacuoles in the enterocytes in

the distal intestine of fish (Bakke, 2011). Soy saponin is an antinutritional compound
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that is commonly present in soybean derived feed ingredient, which is a current
fishmeal replacer. It is well known that saponin could trigger inflammation process in
intestine (Johnson et al., 1986) and disturb digestion of proteins and lipids in mammals
(Francis et al., 2002). It has been shown in Atlantic salmon that the severity of
inflammation can increase with the dose of the compound (Krogdahl et al., 2015).
Several studies have delineated the gene expression in the intestine of fish fed soybean
or soy saponin containing diets, as presented in Table 1. In most studies, the expression
of inflammatory cytokines such as illb, il17 and tnfa increased in the intestine.
Furthermore, higher mRNA level of il8, a major mediator during inflammatory
responses was noted in the soy-fed groups. Studies have also reported that the
expression of anti-inflammatory cytokine i/10 are down-regulated in the intestine of
soybean fed fish. Considering the adverse effects of saponin, it is essential to study the
responses in the fish intestine at greater depth employing advanced sequencing and

cell-based approaches.

14



ST

(9T02) qfb1 pue zzj! (%S 10
‘le® no - ‘o/T|1 ‘Dful ‘gl ‘Tl Ia 8%99M | 0% ‘9¢) |edw ueaghos
(121p 3%/801
urisaysiy) o/
(ST0T) 'Ie (3/3 01
19 |yep3ouy 6423 crdww pue ggpAw 1a 0T Y°9M | ‘9 ‘v ‘¢ ‘0) uluodes Aos
ui9104d ead
(z102) 1B 01 uolleluswsa|ddns
19 JaUlI0Y ufi | toxup pue ‘pful ‘gyfu 1a 08 Aeq ujuodes Aos
(301p sassejow (%0¢€)
(0002) 'I® ueaqAos Ajuo) sassejow ueagAos Jo
12 |yepsouy - | aunsaul |eysip ul wbi Id ‘I €99 | (%0€) d1e3ud0u00 A0S
(TT02) bfu3 pue goxup
‘|e 39 J03nYS DZoYW pue ToYw | ‘poxup ‘coxup ‘Toxup 1a 1S AeQ (%02) |1esw ueaghos
uonouny
|13 g pue |3
(€T07) "|IR 10 sauag paie|al 1 Jo sauag uojejndau
uuew|yes -A}IA11OB JUBpIXO-13UY ‘s9ua8 paie|aJ-gy4N Ia| £2w9S‘e‘C‘TAeq (%0¢) |ledW ueagAos
uoinerea ysiy yum
paonpui Jou sem q1J/
(6007) |e
19 3UL9|IN qfb3 pue 116 qgpa pue bgpd Ia LB ETAea | (%9v) |edaw ueaghos
T¢R LT
8spAw pue ziod ‘qfby ‘vT ‘0T Aep -a1e
(zt02) '|e ‘8pa ‘oypa 6o} ‘bufi L7 (4pj0S ow|ps)
10 elefiey Wb | ‘pufi ‘qr)1 ‘bLTI ‘LTI Ia| S'v‘chep-Apes | (%0¢) [eaw ueagAos uouwljes dljue|ly
S90UaI9JRY | Sauad pale|ndal-umo(q saua3 paje|ndau-dn anssi| w3 Suldwes s121Q salnads

*s3a1p Suluiejuod-ujuodes Aos 1o -ueagqAos paj Ysiy Jo aullsaul Yy ul uoissaidxa auas uj saSueyd ay) pajesSnsanul 3eyy saipnis Jo isi T 3jqel




91

(8T02) '|E (ipjouopapw

19 epesanpy (v 3oom (%9 40 ¥ ‘2T ‘0) 0qpo30])

-S93UaNd | Ul %9 PUe %ty J04) 8/ (v 329m Ul %z7) 81! Ia 88 ¥ °99M |eaw ueagAos Bgeojof ajiuaanf

(snbup buupby))

(8102) (%S¢ 10 peayayeus

|e 32 oeIN - J£Ti1 pue oLy ‘qry! Ia €9 Aeq | ‘0§ ‘S) |eaw ueaghos UJayMON

(€ >199m) /b7

(8002) (T doam) (7 o1dupo snuidA))

‘e 19 uein (T %99m) o1 Tofuy pue qrj Ia €BTM | (%07) |ledw ueaghos dJes uowwo)

(sapror0o

snjaydauidy)

(£T02) (%001 Jadnous

‘e 12 Suem ot/ 9T/I pue qrJi | dullsalu| ocAeq | 4o Qg) |eaw ueaghos panods-a3uelQ
(%08)
ujuodes Aos 40 (%EP)

(€T02) "12 (321p %05 uluodes 91e|os! uiayoud Aos Jo (o114 otunq)

12 eJalpaH Aog oy Ajuo) o1 8/l pue qrji aenle] Jdp6 | (%0S) |leaw ueaghos ysijeiqaz

(snotuodnf

(8100) N3 piw (%SL Xp4q0j03107)

‘le 39 Sueyz il gl pue g/ ‘qryl ‘'vfur | pue aio4 8399M | Jo Qg) |[esw ueaghos sseqeas asaueder
(8107) (%ST 4o
‘83 NY - bfuy pue gji ‘qrji Ia 8399M | £ ‘'z) uluodes Aog

ydwnp pue biodd ‘qfb1 Qyfu pue pju Ia [AREEI (1 snwixow

(8102) snwjpy3ydods)

‘lew nn ydwnp pue biodd ‘qfb1 gyfu pue bfui ‘gt a ¥ 99 (%0t) |esw ueagAos 1004n1




1.5. Imaging flow cytometry

Flow cytometry (FC) is a technique to quantify information about cell phenotypes,
their characteristics and functions. However, conventional FC is not suitable to identify
small-sized particles (<300 nm) (Gorgens et al., 2019) and does not provide information
about the marker localization within the cells. Furthermore, another obstacle in
conventional FC is auto-fluorescence. Thus, the system is unable to distinguish

between false-positive and false-negative events (Barteneva et al., 2012).

Imaging flow cytometry (IFC), also called multispectral imaging flow cytometry, is a
powerful tool to collect the information from single cells, employing fluorescent
imaging. Unlike conventional FC, IFC offers various gating strategies to accurately
analyze the cells; based on real cell images and morphological information including
an aspect ratio of cells, diameter and cell volume, and other morphological features
(Barteneva et al., 2012). Another advantage of IFC is that it provides information about
not only single cell but also cell aggregates including doublets to study cell-cell
interaction (Terjung et al., 2010). For example, Ahmed et al. (2009) analyzed T cell—
macrophage conjugates to evaluate movements of molecules between immune cells

and/or between an immune cell and pathogen.

So far, few researchers have employed IFC to understand cells in fish species such as
zebrafish (Rességuier et al., 2017) and gold fish (Rieger et al., 2010). These studies have
used IFC for cell identification using nucleus staining dye and for measuring phagocytic

activity using fluorescent particles.

1.6. Transcriptomic approaches

Transcriptomic studies are important to reveal transcriptome profiles and identify
differentially expressed (DE) genes and the interaction between the genes.

Traditionally, to study fish immune responses, the abundance of target gene
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transcripts are measured using RT-qPCR. After the introduction of Next Generation
Sequencing techniques, RNA sequencing (RNA-Seq) has been widely employed to
explore the transcriptome profile in fish tissues or cells ie. Generally, RNA-Seq has four

steps, according to the work-flow described in Figure 2.

Experimental design () Data analysis ()

54

Treatment

Db 00

Library preparation (i)
Total RNA

1

—— — e RNA fragment

4
1 ==l ===l \ibrary

>
I =
Sequencing (iii) Up/downregulated II
genes
CATGTGCAAATCG 9
CGGTATAGCGTAC P thwal GO term
GGATCCTAACCGG i enrichment

Figure 2. Workflow of RNA-Seq-based transcriptome analysis. The four major steps are: (i)
Experimental design, (ii) Sample preparation and library generation, (iii) Next-generation
sequencing of the library, (iv) de novo assembly, annotation and read count determination
and (v) Bioinformatic analysis. In the fifth step, quality of RNA-Seq data is evaluated and then
the reads (quality score > 30) are aligned to a reference genome. Next, the read counts are
extracted, and then DE genes between the two experimental groups are obtained for further
interpretation. Functional analysis including KEGG pathway and GO term enrichment analysis
can then be performed employing the DE genes.

Earlier studies in fish focused on the immunological tissues such as liver, spleen and
head kidney to study transcriptome responses to infections and stresses (Martin et al.,
2016). However, with the growing interest on the interaction between nutrients/feed

ingredients, GALT and microbiota, investigations on gut transcriptome have gained
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importance in fish nutrition studies. Global gene profiles revealed by RNA-Seq allowed
researchers to understand soybean meal-induced inflammation in the distal intestine
of Atlantic salmon (De Santis et al., 2015, Krdl et al., 2016). In the study of De Santis et
al. (2015), a set of immune-related genes, namely T cell-related genes, tnf and nfkb
signalling pathways were up-regulated in the distal intestine of fish fed soybean meal
for 12 weeks. Krél et al. (2016) used a transcriptome profiling technique to study the
effects of dietary plant proteins (single or different plant ingredients as fishmeal
replacers) on the distal intestine of salmon, and found 78 potential biomarkers for diet-

induced enteritis.

Non-coding RNAs including microRNAs (miRNAs) regulate the expression of genes in
organisms. MicroRNAs bind to the 3’ UTR of mRNAs and negatively regulate their
target transcripts (Ambros, 2004). In teleost fish, studies have indicated that miRNAs
are involved in regulating growth (Yi et al., 2013, Campos et al., 2014), gonad
development (Presslauer et al., 2017), organ development (Yan et al., 2013) and cell
differentiation (Ramachandran et al., 2010). A recent study on salmon (Woldemariam
et al., 2019) has profiled the miRNAs from different tissues (including intestine) and
across developmental stages. The study showed that certain subsets of miRNAs are
abundant depending on tissues and embryonic development, suggesting important
biological functions of miRNAs. Furthermore, another study on salmon (Smith et al.,
2020) that examined the changes in miRNA expression in adherent head kidney cells
reported that miRNAs could influence macrophage differentiation; based on the
morphological changes of the cells on day 1 and day 5 of culture. However, there are
no studies that report the miRNA profile and their target gene regulation in the

intestinal cells of fish.
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2. Objectives

The intestine of fish is an important site where immunological responses to
environmental changes such as diet, stress and microbes take place. Our knowledge of
the fish intestinal immune system is rather limited. Hence, in this PhD project, | focused
on the intestine of Atlantic salmon to study different aspects at the tissue or cellular
level. For this, | employed two high-throughput technologies: (1) imaging flow
cytometry (IFC), to study intestinal cell counts and their phagocytic activity and (2)
transcriptomics, to characterize intestinal cells and tissue responses. The overall aim
of this thesis was to develop a protocol to isolate the different cell populations from
the intestine of Atlantic salmon and to study adherent cells and their phagocytic
activity, and characterize their transcriptomes. Then both these approaches were
employed to examine how intestinal inflammation influences transcriptomic and

cellular responses in the intestine of Atlantic salmon.

Specific objectives are as follows (Figure 3):

1. To optimize IFC protocols for examining cell counts of head kidney (HK) leukocytes

and phagocytic properties of HK macrophage-like cells in Atlantic salmon (Paper ).

2. Toisolate and characterize distal intestinal (DI) cells of Atlantic salmon at the cellular

and molecular levels (Paper II).

3. To study the mRNA and miRNA transcriptomes in DI cells of Atlantic salmon (Paper

n).

4. To understand whether intestinal inflammation influences cellular and

transcriptomic responses in DI tissues or cells of Atlantic salmon (Paper IV).
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Figure 3. Overview of the different studies undertaken in this dissertation.
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3. General discussion

Mucosal barriers in the fish intestine play critical roles in maintaining intestinal
homeostasis. Many intestinal cells are involved in the immune response, and they are
presumed to act in harmony to regulate the local (Okumura and Takeda, 2016) as well
as systemic responses (Biteau et al., 2011, Ramakrishnan et al., 2019). Thus, in-depth
knowledge of fish intestine is necessary to understand the crosstalk between antigen
and epithelium as well as the immunological functions of GALTs. | employed a
combination of IFC and transcriptomics to gather knowledge about the intestinal cells
in Atlantic salmon as there is lack of appropriate cell markers. Therefore, firstly IFC
protocols were optimized to differentiate the immune cells and study phagocytosis
(Paper 1). Then, to understand the characteristics of the intestinal cells, they were
isolated and studied employing two high-throughput techniques, IFC and
transcriptomics (Paper Il). In addition, | performed an integrative analysis of mMRNAs
and miRNAs in the adherent cells from the intestine and head kidney of salmon to
further understand their characteristics (Paper lll). Finally, | investigated how intestinal
inflammation influences transcriptomic and cellular responses in the intestine of

salmon (Paper IV).

3.1. Imaging flow cytometry protocols for studying immune cells

Imaging flow cytometry (IFC) that is frequently employed in cell analysis has many
advantages compared to conventional FC. The IFC method can accurately generate cell
information by distinguishing false positive and negative events employing image-
based analysis tools. IFC has been used in mammalian studies to understand
cell/nucleus morphology, cell-cell interaction, phagocytosis, and rare cell detection
(Barteneva and Vorobjev, 2016). For instance, a murine study (McGrath et al., 2017)
employed IFC to delineate morphological characteristics of red blood cells and their

nuclear size, and reported seven erythroid populations in bone marrow. The IFC
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protocol has now been employed for studying fish intestinal cells (Papers I, Il and V).
The molecular and cellular components of these cells are conserved across vertebrate
species (Scapigliati et al., 2018). Therefore, the cell types in mammals and teleost fish
are comparable to some extent (Figure 4). Zhao et al. (2014) detected doublets in mice
intestinal cells with the help of IFC and suggested the interaction between DCs and T
cells. In Paper Il, | observed several doublets as well as oval shaped phagocytes among
salmon intestinal cell populations. Another IFC study (Trapecar et al., 2014) quantified
STAT1 and NF-kB expression in human intestinal epithelial cells, which are oval-shaped
cells as observed in our study. It should be noted that mammalian endothelial cells are
also oval shaped as discussed in Paper Il. However, further investigation on their

identity should be undertaken by employing specific cell markers.

Mammals Teleost fish

(a) Mice intestinal T cell-dendritic cell doublets (c) Doublets among salmon intestinal cells
CD103/Th17/SBR-CTA2/B

Blue - DAPI (nucleus)
Orange - CD103 (DC)
Purple - CD4 (T cell)
Green - SBR of S. mutans

Pink - Bio-particles
from E. coli

(b) Human Intestinal epithelial cells

Blue - DAPI (nucleus)
Green - NF-kB

Figure 4. Intestinal doublets and epithelial cells in mammals and teleost fish. IFC images
showing intestinal doublet cells in mice (a) and salmon (c), and epithelial cells in human (b)
and salmon (d). Mammalian cell images are reproduced from Zhao et al. (2014) and Trapecar
et al. (2014) with the permission from the American Society for Microbiology (ASM) and PLOS
One, respectively.
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For comparative purposes | also examined the head kidney macrophage-like cells
(Papers Il and IV) using the procedure described in Paper I. Similar to my approach,
previous studies on salmon that employed conventional FC (Pettersen et al., 2008,
Ulvestad, 2017) used the FSC vs SSC plot to study the cell population. For further
understanding the head kidney cell populations, | used an IgM-specific antibody to
determine the lymphocyte-like cell area within the BF area vs SSC intensity plot. These
IgM* cells that were separated by MACS were placed in low BF area vs low SSCintensity
in the plot as shown by Jenberie et al. (2018) who used conventional FC. It should be
noted that the low BF area vs low SSC intensity area includes not only IgM* cells but
also other cell types such as T lymphocytes and natural killer cells. Hence, we named
the cells in the gate “lymphocyte-like cells”. Although around 90% of IgM* cells were
separated by MACS, they are not 100% pure IgM* cells since the Fc-part of
immunoglobulin M can bind to the Fc-receptors on macrophages. Jenberie et al. (2018)
have reported that salmon HK IgM* cells expressed macrophage markers, but their
expression levels were very low (Cq > 36). Future studies must therefore consider

blocking the immunoglobulins to Fc-receptors on other cells such as macrophages.

Another aspect that | investigated employing the IFC protocol was phagocytosis,
which is a fundamental process in immunity and important for tissue homeostasis
(Rosales and Uribe-Querol, 2017). In Paper |, IFC protocols for phagocytosis were
established using the head kidney adherent cells or macrophage-like cells because they
are better known compared to the intestinal cells. Several authors (Jenberie et al., 2018,
Iliev et al., 2010) have already revealed that the adherent cells separated from head
kidney leukocytes express specific markers of macrophages including marco, csf1 and
mhc2b, which agrees with the results reported in Paper Il. IFC allowed us not only to
quantify the number of particles engulfed by the phagocytes but also to detect the
localization of the particles. Smirnov et al. (2015) also reported an IFC protocol to
discriminate the binding and internalization of bacteria labeled with fluorescent
particles by primary human neutrophils. In Paper I, two different types of particles,

non-degradable (microplastic) and degradable particles (bio-particles from Escherichia
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coli) were tested. Compared to microplastic particles, the bio-particles emit
fluorescence when engulfed by cells. However, this occurs only upon acidification
following ingestion by the cell. Thus, the brightness of the bio-particles within the cells
will not be the same. Hence, the present study recommends the use of the fluorescent
intensity feature rather than the spot count feature (commonly employed for
detecting non-degradable particles) for accurately assessing the counts of degradable
particles in phagocytes. The method of Smirnov et al. (2015) employed another
algorithm, namely bright detail similarity score, which works similar to the fluorescent
intensity feature to quantify the particles engulfed by human neutrophils. After
standardizing the protocols for quantification of phagocytosis by
monocytes/macrophages, the usefulness of this method for measuring phagocytosis
by cells from three different aquatic animals, Atlantic salmon, Nile tilapia and blue
mussel was demonstrated. From the study, it is clear that the phagocytic activity of
cells from salmon and tilapia are influenced by incubation temperature. Similarly, the
uptake of E. ictaluri by catfish peritoneal macrophages was significantly decreased at
4°C compared to 32°C (Kordon et al., 2018). Furthermore, uptake of E. ictaluri by
zebrafish kidney macrophages was higher at 30°C and 37°C compared to 4°C (Hohn et
al., 2009). The abovementioned studies indicate that the phagocytic activity of fish
macrophages will be higher at their optimum temperature compared to lower or
higher temperatures. The phagocytic activity of human leukocytes is also known to be
affected by incubation temperature (Peterson et al.,, 1977). Interestingly, the
phagocytic activity of hemocytes from mussel, a eurythermal species that can live in a
wide range of tempertatures, -1 to 20°C (Thyrring et al., 2015, Hiscock and Tyler-
Walters, 2006), was not affected by incubation temperature. Culture condition could
affect cellular functions including phagocytosis (Santos et al., 1995) and activity of
bacteria (Hohn et al., 2009, Oben and Foreman, 1988) that were used for phagocytosis
assay in Paper |. Furthermore, studies have indicated that the magnitude of phagocytic
ability of human retinal epithelial cells depends on the culture media. This finding

suggests that environmental factors including culture media could influence cell

25



functions as well as their phenotypes (Karl et al., 2006, Tian et al., 2005). In addition,
nutrient composition in culture media could influence the metabolic activity of cells. In
a salmonid study, the viability of RTgutGC cells reduced with increasing concentration
of zinc in the medium, indicating that intestinal cell viability is determined by the
nutrients in the medium (Antony Jesu Prabhu et al., 2018). Thus, future studies are
needed to determine the effect of different culture media on phagocytosis of fish
immune cells to optimize the culture condition and IFC phagocytosis assay. Cell
isolation methods and in vitro culture may alter cell phenotypes and their
transcriptional profiles. A mammalian study (Zhang et al., 2012) showed that adherent
cells enzymatically detached by trypsin-EDTA solution did not have significant
expression of receptors of tumor necrosis factor-related apoptosis-inducing ligand
compared to the expression in cells isolated with citric saline buffer. This result made
us aware that trypsinization could break off some receptors from cell surface and
hence, non-enzymatic solution was used in Papers |, Il and IV. Thus it is clear that the
optimum culture conditions should be clarified before conducting experiments with
adherent cells. | have already validated the phagocytosis assay (Paper 1), which can be
employed to unravel the effects of factors including temperature on phagocytic activity

of different fish immune cells.

In the four studies (Papers |, II, lll and IV) generated through this PhD project, the
information from the images of single cells were gathered; to understand their features
and functions. The methods have hardly been used before to study fish cells. Hence,
IFC methods should be used to shed new light on the different immune cells of fish and

their functions.

3.2. Characterization of salmon intestinal cells

Intestinal epithelium, immune cells and microbiota interact with each other to
maintain the homeostasis at the microenvironment. In Papers I, lll and IV, | succeeded

inisolating cells from the distal intestine of healthy salmon (>90% of viable cells). Using
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the established IFC protocols (Paper 1), | found that the intestinal leukocytes have a
diverse cell population compared to head kidney leukocytes (Paper Il). Many studies
have also reported that the intestinal cells are diverse in carp (Rombout et al., 1998),
gilthead seabream (Salinas et al., 2007), rainbow trout (Attaya et al., 2020) and Atlantic
salmon (Attaya et al., 2018). The cells with larger nucleus (lymphocytes and
monocyte/macrophages) and polymorphonuclear leukocytes (granulocytes) among
the intestinal leukocytes that were observed in Paper Il are similar to those reported
by Attaya et al. (2018). Other researchers were also able to isolate cell populations
from the intestine of Atlantic salmon (Attaya et al., 2018) and gilthead seabream
(Salinas et al., 2007), but they did not specifically examine adherent cells and their
phagocytic activity. In Paper Il, different types of phagocytes were observed in the
adherent intestinal cell population. In addition to many round-shaped phagocytic cells,
there were few oval-shaped phagocytes, which can be either epithelial or endothelial
cells. Lindell et al. (2012) reported that oval shaped skin epithelial cells in trout can
phagocytose Vibrio anguillarum. Furthermore, human endothelial cells were shown to
have the ability to internalize pathogenic bacteria (Rengarajan et al., 2016). Our
findings show that the intestinal adherent cell population includes mainly phagocytes,
and these various shaped cells have a different morphology compared to the head
kidney adherent cells. Jutras and Desjardins (2005) described that phagocytosis and
killing of pathogens by phagocytes is the basic form of host innate immune response,
and subsequently the antigenic peptides are presented by the phagocytes to specific
lymphocytes, which could activate adaptive immune system. This means that
phagocytes could act as a bridge between the innate and adaptive arms of the immune
system. Therefore, their characteristics need to be elucidated because early immune

response by phagocytes is crucial in regulating the intestinal immune system.

First to get an overview of the immune cell types among the phagocytes, | employed
RNA-Seq to profile the expression of selected immunologically-relevant genes from the

isolated adherent intestinal cells of Atlantic salmon (AIC). Here, | compared their gene
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expression with those of the adherent cells in head kidney (AKC), which are considered
as monocyte-derived macrophage-like cells (Paper 1). In Paper Il, | found that AIC
express genes associated with macrophages, T cells, and endothelial cells. Similarly,
the known adherent cells in mammals are macrophages (Selvarajan et al., 2011), T cells
(Bierer and Burakoff, 1988, Shimizu et al., 1991), endothelial cells (Braniste et al., 2016),
epithelial cells (Kihara et al., 2018) and DCs (only upon antigen exposure) (Yi and Lu,
2012). The morphological differences also suggest the heterogeneous population
among adherent distal intestinal cells (Paper Il). They include different cell types that
communicate with one another (Paper Ill) to maintain intestinal homeostasis. For
example, | observed doublets (of which one was a phagocytic cell) in the adherent cells
from salmon intestine (Paper Il). Furthermore, both IFC and transcriptome results
indicated the presence of oval-shaped cells among the intestinal phagocytes (Paper II).
The transcriptome analysis revealed expression of genes that are associated with
structural cells, such as endothelial (segn and scg3) and epithelial cells (epcaml, tm4sf4
and t4s1) (Pipp et al., 2007, Li et al., 2018, Litvinov et al., 1994, Allioli et al., 2011,
Subramanian et al., 2014). These findings in Paper lll are consistent with the results of
Paper IlI; supporting the evidence of the presence of endothelial cells and epithelial

cells among the adherent cell population.

In addition to epithelial and endothelial cells, AIC and AKC had different shaped
phagocytes. Both had apparently higher expression of macrophage-related markers
(h2-eb1, cd74, cd68, marco, capg, mpegl, cd200rl1 and csflr) than markers of other
cell types including T and B cells (Paper IlI). This shows that macrophages could be a
major cell type in the adherent cells and their increased number could contribute to a
higher phagocytic activity. Many of DEGs and DE miRNAs that were upregulated in AIC
were linked to both mammalian M1 and M2 macrophages (Paper lll). For instance, the
upregulated genes such as stcl, rinl, ssa-miR-210-5p, ssa-miR-125a-5p, ssa-miR-429-
3p and ssa-miR-194a-5p point to the existence of M1 macrophages in AIC (Melton et
al.,, 2016, Xiao et al.,, 2015, Kong et al.,, 2018). LPS/IFNy-induced M1 human

macrophages was found to have higher expression levels of STC1 (Leung and Wong,
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2021) and RLNL significantly increased pro-inflammatory cytokine IL-6 in human
macrophages (Horton et al.,, 2011). These evidences indicate the presence of M1
macrophages in the AIC populations. However, the downregulation of ssa-miR-181a-
5p, ssa-miR-155-5p and cd147 that are associated with M1 macrophages does not have
a clear explanation. For instance, p2rx is a target gene of ssa-miR-181c-5p that acts as
a danger signal (Burnstock, 2016) and this points to the presence of M1 macrophages.
Mammalian M1 macrophages are known to act as inflammatory mediators and play a
critical role in host defense against infection (Liu et al., 2014a). Thus, from these results
| assume that there are distinct roles for teleost M1 macrophages under certain
immune conditions, especially during inflammation in different mucosal and systemic

tissues.

The upregulated genes, adcyapl, ssa-miR-100a-5p, ssa-let-7a-5p, ssa-miR-125a-5p
and ssa-miR-192a-5p are linked to M2 polarization (Wang et al., 2018, Hashemi et al.,
2018, Zhang et al., 2013, Zhang et al., 2020). A gene, namely glucagon family
neuropeptides precursor (adcyapl) increases M2 polarization during chronic
inflammation (Wan and Sun, 2019). In mammals, the tissue-resident macrophages are
predominately M2 phenotypes (Davies et al., 2013, Murray and Wynn, 2011), which
have fundamental roles in maintaining tissue homeostasis and resolution of
inflammation (Mantovani et al., 2013, Mantovani et al., 2005). Replenishment of
tissue-resident macrophages takes place locally and is maintained independently of
circulating monocytes (Hashimoto et al., 2013, Yona et al., 2013, Ginhoux and Jung,
2014), which contradicts the notion that tissue macrophages are recruited from
circulating monocyte precursors (van Furth et al., 1972). Tissue-resident macrophage-
like cells with typical migratory behaviour were observed in zebrafish that lacks c-mab
(Soza-Ried et al., 2010). The self-renewal of the tissue resident macrophages could be
a conserved process in vertebrates including teleost fishes. Our results indicate that
the morphology and functions of intestinal macrophages (resident macrophages) may
be different from those of head kidney-derived macrophages (newly produced

macrophages), as shown in human and murine studies (Bain and Schridde, 2018).
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Moreover, Gordon et al. (2014) demonstrated that unlike mice bone marrow-derived
macrophages, intestinal macrophages express distinct markers such as receptors for
collagens and several connective tissue-related genes including elastin and
proteoglycans, indicating the presence of M2 macrophages that perform specialized
functions in different tissues. Thus, | believe that intestinal-resident macrophages of
salmon have more M2-macrophage characteristics than monocyte-derived
macrophages, and the above mentioned miRNAs could be involved in switching of
macrophage phenotypes. On the other hand, the downregulation of certain genes (e.g.,
mrc2l, Itb4rl, eif5 and Irplaa) that are also associated with mammalian M2
macrophages are puzzling findings (Madsen et al., 2013, Zhang et al., 2017b, Puleston
et al., 2019).

M1- and M2-like subsets were revealed in the gut of zebrafish (Nguyen-Chi et al.,
2015), and only M1-like macrophages were characterized by the expression of
cytokines such as tnfa, tnfb, il1b and il6. However, specific macrophage subsets could
not be identified due to lack of available cell surface antibodies. Furthermore, | found
differences and similarities between the macrophages in the adherent intestinal and
head kidney cells. Four major macrophage-related markers—mstira, romol, prdx4
and calm1 (Stella et al., 2001, Brunelleschi et al., 2001, Lee et al., 2017, Tan et al., 2016,
Hanaka et al., 2019, Zhang et al., 2011), were expressed in both the populations (Paper
). In addition, there were five macrophage-related miRNAs that were equally
abundant in AIC and AKC; let-7b-5p, ssa-miR-125b-5p, ssa-miR-462a-5p, ssa-miR-150-
5p and ssa-let-7c-5p. These miRNAs are known to be involved in macrophage
polarization and monocyte-to-macrophage differentiation (Wang et al., 2016, Banerjee
etal., 2013, Chaudhuri et al., 2011, Smith et al., 2020). Similarly, a salmon study (Smith
et al., 2020) has reported the presence of many mammalian (miR-155) and teleost-
specific miRNAs (miR-2188, miR-462 and miR-731) in cultured head kidney adherent
leukocytes wherein they observed differentiation of monocytes to macrophages.
These miRNAs were also detected in Paper lll, suggesting a link between the adherent

intestinal cells and macrophage differentiation. Nevertheless, there are differences in
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expression of these macrophage-related genes or miRNAs in AIC and AKC, which could
be attributed to the organ-linked diversity of macrophages (Gautier et al., 2012). The
miRNAs, ssa-miR-192a-5p and ssa-miR-194a-5p, that had higher expression in AIC,
were reported to be abundant in salmon intestine (Woldemariam et al., 2019). In
humans and mice, miR-192 and miR-194 are dominantly expressed in the
gastrointestinal tract (Beuvink et al., 2007, Takada et al., 2006). The teleost-specific
mMiRNA, ssa-miR-2188-3p, is the dominant type in salmon HK macrophage-like cells
(Smith et al., 2020). In our study, the expression of saa-miR-2188-5p was higher in AIC.
Moreover, some miRNAs that were upregulated in AIC were linked to mammalian
macrophage activation: miR-196b-5p, miR-196, miR-194a-5p, and miR-10b-5p (Yuan et
al.,, 2018, Velu et al., 2009, Zhang et al., 2017c). Among the miRNAs that were
downregulated in AIC, ssa-miR-155-5p and ssa-miR-21b-5p were detected in salmon
head kidney macrophage-like cells (Smith et al., 2020) while ssa-miR-731-5p, which is
a teleost specific miRNA, was found in cod head kidney macrophages (Eslamloo et al.,
2018). ssa-miR-128-1-5p was also downregulated in AIC, and this miRNA was found to
downregulate colony stimulating factor-1 (CSF1) in human ovarian cancer cells (Woo
et al., 2012). Colony stimulating factor-1 induces monocyte differentiation into
macrophages, which produces soluble CSF-1 receptors (Rieger et al., 2014, Rieger et
al., 2013). Mature macrophages express these receptors through M2-polarizing
responses (Rieger et al., 2013). In Paper Il, | found that the expression of csf1ris higher
in AKC compared to AIC. Considering the expression levels of miR-128-1-5p and csf1r

in Papers Il and lll, | speculate macrophage differentiation in AKC.

The differences between AIC and AKC populations were inferred by considering the
genes that they express. For example, mip2a (macrophage inflammatory protein 2),
was downregulated in AIC. During acute inflammation, human macrophages that
expressed MIP2A bind to CXCR1 and CXCR2 to stimulate neutrophil recruitment and
activation (Qin et al., 2017). The expression level of cxcrl was significantly lower in AIC
compared to those of AKC (Paper Il). Thus, | suggest that these genes should be studied

together to find their potential roles during inflammation. Both AKC and AIC have M1
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macrophage characteristics; AKC had high levels of il1 and il6, as observed in
mammalian M1-macrophages (Luckett-Chastain et al., 2016) while AIC had high levels
of TNF-related genes (Luckett-Chastain et al., 2016). The high levels of TNF-related
genes in AIC also point to the activation of T cells (Mehta et al., 2018). ffar2 (free fatty
acid receptor 2-like) was upregulated in AIC, and mammalian macrophages express this
gene, which regulates inflammatory responses and controls intestinal epithelial
integrity (Alvarez-Curto and Milligan, 2016). These results indicated the possible

presence of M1-M2 phenotypes in both the adherent cells.

Dietary components and microbiota are also known to maintain intestinal epithelial
integrity. Depending on stimuli from for example cytokines, microbes and other
modulators (Murray et al., 2014), macrophage polarization occurs in the intestinal
milieu of mammals (Belizario et al., 2018, Kim et al., 2014, Wu et al., 2020). In fish,
macrophage polarization could be dependent on sensing microbial/parasite infection
or other signals such as innate damage and the later amplification of macrophage
phenotypes could be by cytokines produced by T-lymphocytes (Wiegertjes et al., 2016,
Joerink et al., 2006a). Bain et al. (2014) reported that colonic macrophages isolated
from germ-free mice had significantly lower number of macrophage subsets including
Ly6C"MHCII, Ly6C*MHCII* and Ly6C  cells compared to those isolated from
conventionally housed control mice. This indicates that: (1) microbiota could drive
constant replenishment from circulating monocytes to maintain intestinal macrophage
pool and (2) the demands of local microorganisms could alter niche-specific
macrophage functions. Although teleost fishes have functional analogues of the
mammalian M1- and M2-macrophages, the population of fish macrophage subsets and
molecular mechanisms of macrophage polarization in mucosal and systemic tissues
remain unclear. Hence, | assumed that AIC express distinct tissue-specific macrophage-
related genes and miRNAs that are different to those expressed in AKC. It has also been
reported that mammalian intestinal macrophages play a critical role in shaping host-
microbiota symbiosis to maintain intestinal homeostasis by expansion of regulatory T

cells (Wang et al., 2019b). Thus, dietary components, which can modulate the
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composition of microbiota, may also be involved in the regulation of the functions of

intestinal macrophages.

Cell adhesion-related genes also provided evidence on macrophage activation. For
example, bcam and ceacam18 are equally expressed in AIC and AKC (Paper Ill) and
have been linked to macrophage activation (Huang et al., 2014, Samieni et al., 2013).
In addition, AIC had higher expression of mucin genes (muc13/, mucl, cd164/2, muc2/
and muc5acl). In salmon, muc2 and muc5h are expressed in the distal intestine (Sveen
et al., 2017). A study on gilthead sea bream (Pérez-Sanchez et al., 2013) indicated that
muc2 and muc13 are highly expressed in the posterior intestine. In mice, mucl is also
expressed in the intestine (McAuley et al., 2007). The presence of the mucin-like
receptor, cd164 is known to indicate the ability of adherent cells to communicate with
the endothelial cells (Havens et al., 2006). Chi and Melendez (2007) reported that an
interplay between monocytes and endothelial cells is mediated by intercellular or
vascular cell adhesion molecules, and their interaction triggers cell migration. The
targets of the upregulated miRNAs in AIC included enc3 and /bh (Paper Ill), indicating
the presence of epithelial cells. LBH, a stem-A-associated gene, is expressed in Lgr5-
positive cells and is a marker of epithelial stem cells in human colon (Shiokawa et al.,
2017). Furthermore, ectodermal-neural cortex 3 (ENC3) is involved in suppressing
differentiation of human colonic epithelial cells during carcinogenesis (Fujita et al.,
2001). Studies in mammals demonstrated that interaction between the intestinal
epithelial cells and macrophages plays an important role in intestinal homeostasis
(Powell et al.,, 2011, Al-Ghadban et al., 2016). Macrophage activation requires
interaction with epithelial cells (Lee et al., 2010), and contact with endothelial cells is
necessary for M2 polarization and macrophage colony maintenance (He, 2013).
Furthermore, when co-cultured with enteroid monolayers, epithelium-macrophages
communication occurs through the ensuing morphological changes and cytokine
production (Noel et al., 2017). Thus, epithelial cells, macrophages and endothelial cells
seem to act in harmony, through adherence and interaction, to maintain intestinal

homeostasis. The adherent cells from salmon that are comprised of macrophages,
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endothelial cells and epithelial cells could be used to understand the epithelial barrier
functions triggered through external stimuli. Although | did not stimulate the adherent
cells, the abovementioned mRNAs or miRNAs could be indicating that fish macrophage
polarization occurred during the cell culture; this differentiation could be a result of
the communication between macrophages and structural cells such as epithelial and
endothelial cells (Lee et al., 2010, He, 2013). The cell culture dish that | used in Paper
I, I and IV has a fully synthetic energy-treated surface that is appropriate for cell
attachment and growth. However, this product does not constrain the adherence of
only one cell type, and hence it is not suitable to specifically differentiate one cell type
from another. Thus, for future studies, | plan to employ Type | collagen-coated dish to
culture intestinal epithelial cells since Type | collagen, which is commonly found in
connective tissues, is known to support long-term in vitro maintenance of mammalian
intestinal epithelial cells (Jabaji et al., 2014). Mammalian studies have already
indicated that type | collagen could affect epithelial cell behaviour via adhesion
signalling (Provenzano and Keely, 2011, Liu et al., 2004, Wozniak et al., 2003). Thus,
this could be an alternative way to separate macrophages from structural cells that
could selectively attach to collagen-coated plate. The ideal way to study the
characteristics of a cell type is to sort them using a monoclonal antibody and then
perform single-cell sequencing. This approach will help reveal sequence information of
individual cells, thereby providing a better understanding of their populations and
functions. However, there are some challenges linked to sequencing of single-cells
from fish intestine: (1) lack of available fish monoclonal antibodies and (2)
unstandardized intestinal cell isolation protocols especially for cold water fish like
salmon; for example lower temperature culture condition reduces efficacy of DTT and
collagenase that helps to prevent cell clumping by removing the mucus from the
harvested cells. Depending on the epitope, cross-reactivity between species of a
particular antibody would allow the detection of an antigen in phylogenetically closely
related species. For example, two antibodies, anti-human TCR y6 and CD3 cross-react

with all genera except those within the superfamily Lemuroidea, which is least linked
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to humans among primates (Conrad et al., 2007). Furthermore, polyclonal anti-human
CD3 cross-reacted with both salmon T-cells and Ig* cells, and hence they were used for
immunohistochemistry (Bakke-McKellep et al., 2007) and flow cytometry (Haugland et
al., 2012) studies. Thus, antibodies developed for different species can be employed in
flow cytometric studies until fish-specific monoclonal antibodies are available. It
should also be noted that as an alternative approach to single-cell sequencing, single-
nucleus sequencing which avoids requiring enzymatic dissociation and isolation of
single-cell suspensions can be employed to classify the cell type and transcriptional

state (Grindberg et al., 2013, Hu et al., 2017).

To sum up, intestinal cells have diverse cell populations that differ from those of
head kidney. Adherent intestinal cells had higher phagocytic ability and apparently
higher expression levels of major macrophage-related markers. The integrative
analyses of mRNA and miRNA data revealed the possible existence of both M1 and M2
macrophages among the adherent intestinal cells of salmon. | also found that the
intestinal macrophages could communicate with structural cells such as epithelial and

endothelial cells through their adhesion molecules.

Through mapping and annotation of the salmon transcriptome (Papers i, lll and IV),
| could understand certain biological processes linked to the differentially expressed
genes in the distal intestine as well as the differences in expression of macrophage-
linked genes in the adherent cells from the head kidney and distal intestine of salmon.
Nevertheless, there will be some shortcomings attached to any approach, and RNA-
Seq is no exception. Here | mention two: (1) Concerning sample size: Although through
power analysis we determined the sample size for the RNA-Seq study, insufficient
sequence depth can reduce the sample size for the downstream analysis. This is the
case, especially when multiple samples generate low read counts; this results in low
statistical power and the sequencing resource use will be unfruitful (Liu et al., 2014b).
In addition, the low read counts are often ignored from DE analyses (based on the

algorithm), which results in inappropriate interpretation of results (Raithel et al., 2016).
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Optimum number of replicates for RNA-Seq studies is still a contentious subject. A
study reported that sequencing less reads and having more biological replicates can be
a good strategy to increase statistical power and accuracy in RNA-Seq studies (Liu et
al., 2014b). In addition, Schurch et al. (2016) suggested that at least six biological
replicates per treatment should be used, and for identifying the rare DEGs, at least 12
replicates are needed. In my studies, 6 was the sample size (Papers I, lll and IV). (2)
Verification of RNA-Seq data by qPCR: although many studies already revealed the
strong gene expression correlation between RNA-Seq and RT-qPCR data with a sample
size greater than 6 (Li et al., 2016, Everaert et al., 2017), researchers are still unsure
about the verification. Considering the biases due to low quality bases from mapping
artefacts or contaminations (Conesa et al., 2016), | verified the transcripts of selected
genes (using 6 biological replicates) by gPCR (Paper IV). The results showed that the
mMRNA levels of 15 DEGs correlated positively with the read counts from the RNA-Seq
study. Fang and Cui (2011) have pointed out that verification of same RNA samples
(that were used for RNA-Seq) by gPCR is not verifying biological conclusions but
techniques. Thus, gqPCR verification using different biological replicates is more

meaningful to verify findings from RNA-Seq.

3.3. Link between inflammation and the intestinal adherent cells

Inflammation has been studied using chemical-, food- and pathogen-induced animal
models. Transcriptome and cell-based approaches have been employed to understand
intestinal inflammation in humans (van Baarlen et al., 2011) and mice (Beattie et al.,
2013). However, there are not many publications that report inflammation-related
transcriptomic or cellular responses in fish. Hence, | performed an experiment to
investigate the impacts of diet-induced inflammation on the transcriptome and cells in
the intestine of Atlantic salmon (Paper IV). Here, | hypothesized that soybean

products-induced inflammation disturbs ion transport metabolism and elicits
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inflammatory cytokine secretion, which may in turn influence macrophage polarization

in adherent intestinal cells.

Soybean products are known to cause inflammation in carnivorous fishes (Buttle et
al., 2001, Refstie et al., 2000, Gu et al., 2018, Knudsen et al., 2008). High levels of
soybean meal in diets or the presence of anti-nutritional factors are reported to be the
main reasons for the inflammatory condition (Hu et al., 2016, Buttle et al., 2001). In
the present study, through histology, | first confirmed the inflammation characteristics
in the distal intestine of Atlantic salmon fed soybean-products (Paper IV). In addition,
this group had poor growth as shown in other fish studies (Gu et al., 2018, Wang et al.,
2017). | also explored the effects of inflammation on the transcriptomic and cellular
changes employing an RNA-Seq technique and IFC. The transcriptome of the distal
intestine tissue was altered by diet-induced inflammation, and several of the genes
(cath1b, cath2, gal3, tnfrsfib, lysc2, and anxa2) were inflammation-associated, as
discussed in Paper IV. It has been reported that inflammation triggers the
transcriptional activation of inflammation-related genes (Ahmed et al., 2015). In
addition, intestinal inflammation in salmon altered the expression of many genes
linked to ion transport. Some genes connected to chloride channel proteins were
down-regulated while the others encoding solute carrier families were up-regulated in
the inflamed intestine. Similarly, Ramanan and Cadwell (2016) reported that intestinal
inflammation in mammals can cause dysregulation of transport via epithelial barrier.
Furthermore, in humans (Eisenhut, 2006) mediators of intestinal inflammation alter
the epithelial ion transport system through the release of specific messengers including
prostaglandins, nitric oxide and histamine. The enriched GO terms in the present study
included transmembrane transporter, channel and binding activities. Soybean feeding
is known to influence proteins related to transporters, tight and adherens junctions,

which in turn will affect the transport of nutrients via epithelia (Hu et al., 2016).

In addition, genes associated with the intestinal adherent cells (Papers Il and Ill) can

be employed to study the interaction between macrophage regulators and ion
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transporters during inflammation. A gene, namely lipoprotein receptor-related protein
(Irp) is linked to ccr7 which is involved in macrophage polarization (Mueller et al., 2018).
The ccr7 is known to control sodium absorption and colonic chloride secretion during
intestinal inflammation (Schumann et al., 2012). Although ccr7 was not expressed in
the intestinal adherent cells, other possible chemokines which had higher expression
could be potential markers of macrophage differentiation: ccr9l, cc/20/ and ccré6/ (Paper
I). Furthermore, P2X purinoceptors are known to be ligand-gated Na*, K* and Ca?*
channels (Burnstock et al., 2017). The expression of p2rx8 which is one of P2X
purinoceptors was significantly higher in the adherent intestinal cells as discussed in
Paper lll. The receptors that are expressed in the intestinal epithelial cells are markers
of inflammation (Roberts et al., 2012). Some other genes detected in the intestinal
adherent cells are also linked to ion transport, for example, two solute carrier families,
monocarboxylate transporter 4-like (slc16a3) and choline transporter-like protein 2
(ctl2). Intestinal inflammation in salmon disturbs ion transport mechanisms and
therefore, it is not surprising that the adherent cell types we studied expressed several
of the associated genes. In addition, it should be noted that there are growing
evidences of interaction between commensal bacteria and ion transport (Engevik et al.,
2013, Kuwahara et al., 2018, Lomasney et al., 2014). Casadei et al. (2019) reported that
the olfactory organ of germ-free zebrafish and mice had higher expression levels of
genes linked to sodium and potassium channels compared to those of control,
suggesting that microbiota could regulate host transcriptional programs in the mucosa.
Thus, future studies are needed to identify the regulatory role of gut microbiota and

ion transport and their interaction with intestinal macrophages during inflammation.

Enriched pathways for the up-regulated genes in the intestine of soybean product
groups included taurine and hypotaurine metabolism, drug metabolism — cytochrome
P450, metabolism of xenobiotics by cytochrome P450, steroid biosynthesis and
glutathione metabolism. For instance, hypotaurine is essential for the biosynthesis of
the abundant free amino acid taurine, which has roles in innate immunity of mammals

(Schuller-Levis and Park, 2004). High levels of this semi-essential amino acid reduce
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oxidative stress due to their antioxidant properties (Oliveira et al., 2010). In addition,
steroid biosynthesis and xenobiotic metabolism are characteristics of soybean
products-altered metabolic pathways in salmon (De Santis et al., 2015, Kortner et al.,
2012). Although in the present study cytochrome P450-related pathways were
enriched based on up-regulated genes in the inflamed intestine of salmon, in a mice
study, down-regulation of hepatic cytochrome P450s and other drug-metabolizing

enzymes were linked to inflammation (Morgan, 2009).

The altered genes associated with adherent cells from the intestine of the soy
saponin-fed salmon (Papers Il and Ill) could be linked to inflammation-related
macrophage phenotypes. Comparison of the expression levels of 48 macrophage-
related genes in the intestine of salmon belonging to the soy saponin and control
groups at 4 weeks revealed polarization of macrophage phenotypes (Figure 5). These
genes were selected based on Papers Il, Ill and literatures in fish and mammals
(Wiegertjes et al., 2016, Wentzel et al., 2020a, Grayfer et al., 2018, Hodgkinson et al.,
2015, Lu and Chen, 2019). Five genes (il1bl, il12b, il15], nos1 and cxcr3-1) associated
with M1-macrophages (Wentzel et al., 2020b, Lu et al., 2017, Martinez et al., 2008)
were downregulated in the inflamed intestine of salmon. However, six genes (gcgal,
gcga2, tgfbrapl, cxcr3-2, csflr and eif5) that are linked to M2-macrophages (Wan and
Sun, 2019, Lu et al., 2017, Sica and Mantovani, 2012, Puleston et al., 2019, Grayfer et
al., 2018, Joerink et al., 2006b) were upregulated. Wentzel et al. (2020b) suggested the
candidate markers for carp M1- (il1b, nos2b and saa) and M2-macrophages (timp2b,
tgm2b and arg2). Interestingly, higher expression levels of two nitric oxide synthase-
related genes, nosip and nostrin, and saall were found in AIC while AKC expressed the
M2-macrophage markers, tgm2 and arg2 (Paper lll). However, the expression of these
genes did not show any significant differences in the inflamed intestine except for the
expression of il1b (Figure 5). Future studies should employ transcriptome approach to
understand the differences in genes related to M1 and M2 macrophages in adherent
intestinal cells from fish fed soy saponin diet. Generally, M1 macrophages are

responsible for inflammatory signaling by expressing pro-inflammatory cytokines like
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il1b, while M2 macrophages are involved in tissue repair and produce anti-
inflammatory cytokines (Saqib et al., 2018). It has been reported that unlike monocyte-
derived macrophages and other tissue-resident macrophages, human intestinal
macrophages produce more anti-inflammatory cytokines than pro-inflammatory
cytokines (Smythies et al., 2005, Denning et al., 2007). In addition, the vitamin A
metabolite (retinoic acid) plays important roles in maintaining intestinal immune
tolerance and is also involved in shifting M1- to M2-macrophages of mice (Vellozo et
al., 2017). In mice infected with Schistosoma mansoni, vitamin A deficiency reduced
CD11b*MHCII* macrophages in gut and liver, resulting in dysregulated inflammation.
In Paper lll, rail, retinoic acid-induced protein 1-like was equally expressed in AIC and
AKC. In addition, ssa-miR-92a-3-5p was downregulated in AIC, and miR-92a in mice
modulated macrophage activation by targeting retinoic acid inducible gene-I (Sheng et
al., 2018). Although intestinal macrophages are in close proximity to commensa
bacteria, they are characterized by strong phagocytic ability and inflammatory anergy
(Smythies et al., 2005). The co-existence with commensal bacteria without producing
pro-inflammatory cytokines is due to TLR ligation of tissue-resident anti-inflammatory
phenotype (Isidro and Appleyard, 2016). There are also unique CD14* intestinal
macrophages subsets that can induce abnormal immune responses to cause
pathogenesis of Crohn disease, and this is done via IL-23/IFN-y axis (Kamada et al.,

2008).

40



adcyap1 arg2 calm1* ca, cd200r1 cd206 cd68
apo2EYEP 9 12000J 250 29 % 500 :
350 30 - 10000 * 200/ B3 400 7000
300 == 20 | 20 6000
! 8000 150{ s o * =
10 6000 = 100 10 ==
Cco SO co so co so CcoO SO Cco soO co so co so
cd74 csfir | cxer3-1* cxcr3-2* eif5 gcgatl gcga2*
. 60- . O
15000 500 800 1000
150 eag 700 800
12500 400 401
e 1100 600
10000 300 600 =
100 500
7500 200 == T == * 1000 400 400 =m0
5000 : s
co so co so co so Cco SO co sO co so co so
h2-eb1 ido [ iz il13ra2l il15 i51* ilb
25000 = 100 a7 — 90 :
20000 80 900 80 150 10.0
401
15000 - = 700, 70 120 F ;Z =
v e T e M oW e
Cco SO co so co so CO SO Co sO co so “° co so
i1bI* ilrl [ ilzar ilai1 ildra il6ra Irptaa*
70 1000 . | 160 1000 | 200 1000
60 800
50 e 200 120 800 160 800
40 600
30 | ago| == - 1004* - 80 . - = B * 120 600 =
20 == 40
200 80 400
co SO co so co so CO SO Cco sO co soO co so
1 1ra* 1 2
500, marco - md | mmd 4500, MPe9 400,_mstira " nost_| . o[ noszb
- s 1000+ 4000 350 * 70 75
800/ 3500 300 60 5.0
ol alls B 2T,
300 700 2500 200 30 0.0
CcoO sO co SO co so CoO SO Cco sO co soO co so
nosip nostrin \ P2rx8 prdx4 rinl romo1 saal1
4401 ° 1750 ! o 1= ‘600 5001 . 1600 :;g
420 1500 1 800 4001 == 1500 -
400 12501 B ig. 3001 . 1300 130
380 - 1328 * 30, B9 700 200 ﬁgg 10| =
CO SO Cco SO Cco SO CoO SO Cco soO co soO co so
ste1 b1 fbrap1* tgm2 timp2 tnfa
200 ¥ 400 v 210-‘ e 4 1250 o L 8
150 : 1801 1000 100 6
100 75 =9 1500 M| 750 80 LI
50 5.0 IP==3 5001 == 60 2 *
= - : 120 . ; =
0 25 250 40 0
Cco SO co SO co so CO SO Cco sO co soO

Figure 5. The expression of genes linked to

fed soybean products or control diets. Employing the normalized read counts from DESeq2
analyses, the expression levels of 48 selected macrophage-related genes were compared to
understand the differences between soybean (SO) and control (CO) groups at 4 weeks.
Statistically significant differences (p < 0.05) are indicated using asterisks. Boxplots show the

macrophages in the distal intestine of salmon

median, minimum and maximum values in the data (n = 6).

Emerging evidence also points to the activation of macrophages by gut microbiota:
human macrophages acquire pro-inflammatory or anti-inflammatory features by
responding to bacterial LPS or microbiota-derived metabolites such as short-chain

fatty acids, respectively (Wang et al., 2020). The gene tnfrs1, tumor necrosis factor
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receptor superfamily member 1B-like that was upregulated in the inflamed intestine
of salmon (Paper IV) is known to have critical roles in modulating inflammatory
responses after binding with TNFa, which could activate macrophage via stimulation
of TLR signaling by microbes or endogenous ligands (Parameswaran and Patial, 2010).
It should be noted that TNFa plays a crucial role in both initiating and resolving
inflammation by activating human macrophages (Michlewska et al., 2009). Several
TNF-related genes were upregulated in AIC (Paper Il): tnfsf10a, tnfsfl1, traf2, tnfa2
and tnfrsféb. Furthermore, a study demonstrated the close relationship between M2
macrophage and ion transport during inflammation (Beceiro et al., 2017). Mice lacking
TRPM27, a gene associated with ion channels, reduced M2-specific marker like Arg1
but increased several M1 associated markers when chronically infected with
Helicobacter pylori. The target gene of ssa-miR-19d-5p, eif5 that was downregulated in
AIC compared to AKC (Paper lll) and upregulated in the inflamed intestine of salmon
(Paper IV) is known to have critical roles in regulating inflammatory cell activation, and
elF5A siRNA significantly reduced IL-1A and MIP1A levels (Moore et al., 2008). It should
be noted that il1b and mip2a were downregulated in inflamed intestine (Paper IV) and
AIC (Paper lll), indicating the anti-inflammatory property of eif5. Thus, these genes
could be potential regulators of macrophage polarization and intestinal inflammation.
Other studies have also described the different macrophage phenotypes that come
into play during inflammation. In an experimental inflammation mice model,
significant number of Ly6C"'CD11b*CD68* blood monocytes expressed IL-1B (Jones et
al., 2018). The migrating monocytes that reach the lamina propria will be first
converted to pro-inflammatory phenotypes, but soon it will obtain anti-inflammatory
and pro-tolerogenic properties after receiving the signals form IL-10, regulatory T cells,
GM-CSF (CSF2) and innate lymphoid cells (Italiani and Boraschi, 2014, Castro-Dopico et
al., 2020). Reduction in CD68* cells was reported to be a sign of healing mucosa in
intestinal bowel disease patients (Caprioli et al., 2013). In addition, CD74 signaling is
crucial in mucosal healing and barrier integrity (Farr et al., 2020). The expression of

macrophage-related marker genes, namely cd68, cd74 and capg, was the highest in

42



the adherent intestinal cells as pointed out in Paper Il. In addition, the expression levels
of cd68 and cd74 were apparently higher in the distal intestine of SO group compared
to the CO group although our analysis did not indicate significant differences (Figure

5).

In the present thesis, | employed the IFC protocols to gain insight into the changes
in the intestinal cell counts and their phagocytic activity under soybean products-
induced inflammation (Figure 6). According to the concept of inflammation and wound
healing in mammals by Koh and DiPietro (2011), Placek et al. (2019) and Feehan and
Gilroy (2019), a tissue injury activates the innate immune system immediately, after
which local inflammatory responses are triggered to initiate the next process. The
ensuing recruitment of circulating inflammatory cells and secretion of pro-
inflammatory cytokines activate local immune cells including resident macrophages to
start the healing process. According to Koh and DiPietro (2011) macrophages and
neutrophils are dominant during the early inflammation phase, T lymphocytes and
mast cells appear from the late inflammation stage for resolution/remodeling. The
percentage of lymphocyte-like cells in intestine of salmon that consumed soy products
(Paper IV) for 8 weeks was increased compared to those of the control group (Figure
6). A study found that mice y6 T cells contributed to wound healing by producing
epithelial growth factors and inflammatory cytokines (Havran and Jameson, 2010), and
the cells in humans are known to have the ability to phagocytose Escherichia coli (Wu
et al., 2009). Considering the differentially expressed genes that were linked to M2-
macrophages in the inflamed intestine tissue (4 weeks, Figure 5) and increased blood
lymphocyte counts in the soybean group (4 weeks, Paper IV), | assume that the fish fed
soybean products were at a phase between early and late inflammation stages. As for
the 8 weeks’ results, the fish might have been at the resolution/remodeling phase or
the long-term accumulated inflammation stage (or chronic inflammation), as shown in

Zhou et al. (2016) and Feehan and Gilroy (2019).
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Figure 6. Diet-induced changes in intestinal cell population and phagocytic activity in salmon.
After 8 weeks feeding trial, intestinal cell populations and phagocytic activity between
soybean (SO) and control (CO) groups were. Three gates of the intestinal cells were identified
based on viability and nuclei morphologies (A) as shown in Papers | and II: lymphocytes (B),
monocytes/macrophages (C) and macrophage-like cells (D). Percent of phagocytic cells or
phagocytic ability (E) and mean number of bio-particles (BP) ingested per phagocytic cell or
phagocytic capacity (F) are shown to compare between SO and CO groups. (G) Representative
cell images show cells with no BP, and 1BP, 2BP, and > 3BP. Statistically significant differences

BF area

150

No BP

1BP

2 BP

>3 BP

44

DIlymphocyte-like cell

% Lymphocyte
il i R
3 38 8 3

o)

so

@)

% Monacyte/macrophage
e
2 8888

o

BF BP Overlay
141

B
223
e 0
5505

@ _
6639
R 2

s

o
11407

o ICEE



(p < 0.05) are indicated using asterisks. All plots show the mean = SD (n = 8). All cell images
were captured with 40 x objective. Scale bar = 10um. LYM, lymphocytes; MON,
monocytes/macrophages; R, region; R1, macrophage-like cells; BF, brightfield; 1 BP, 2 BP, and
>3 BP, 1-3 internalized bio-particles.

The 8-week results indicated that the phagocytic activity of adherent intestinal cells
from the soybean group was reduced compared to the control group (Figure 6). It is
likely that the reduced macrophage and increased lymphocyte counts could be
attributed to the decreased phagocytic ability of the cells in the inflamed intestine.
Likewise, bisphenol A exposure triggered inflammation and impaired macrophage
phagocytic in mice (Berntsen et al., 2018). In addition, in a diabetic mice model, the
impaired clearance of apoptotic cells by tissue resident macrophages increased
activation of autoreactive T-cells and led to a subsequent increase in insulitis and type
1 diabetes mellitus development (Jansen et al., 1994). Furthermore, in humans,
phagocytosis of Streptococcus pneumoniae and Haemophilus influenza by
macrophages isolated from chronic obstructive pulmonary disease (COPD) patients
was significantly reduced compared to the control group (Taylor et al., 2010). Another
study indicated that persistence of bacteria in an inflamed site could act as a chronic
antigenic drive for inflammation and this could lead to an increase in T- and B-
lymphocyte counts in the COPD patients (Hogg et al., 2004). From these findings, |
assume that long-term soybean products feeding can cause chronic inflammation in
the intestine of salmon. It should be noted that plant-based feeds can increase
intestinal cancer during the first 4 months of feeding; the authors claimed that the
feeds provoked first inflammation, and then dysplasia and carcinogenesis (Dale et al.,
2009). Chronic inflammation against tumors in humans can increase Th2, Treg and B
lymphocyte counts and these cells produce several growth factors including IL-4, IL-6,
IL-10, and TGF-B and regulate M2-macrophages activation, indicating that chronic
inflammation could influence the differentiation of T lymphocytes (Moro-Garcia et al.,
2018). In Paper I, higher expression levels of macrophages and T cells in adherent

intestinal cell populations likely point to their profound roles in maintaining intestinal
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homeostasis. Thus, the expression of different subsets of T lymphocytes together with
M2-macrophages should be examined in future inflammation studies to reveal their

effects on tissue repair.

Thus, intestinal inflammation disturbs ion transport functions and alters
inflammatory cytokine expression. In addition, this condition influenced macrophage-
polarization in the intestine and a tendency for M2-macrophage predominance based
on their markers. The link between the inflammation study (Paper IV) and the adherent
cell study (Papers Il and Ill) points out the intricate involvement of the adherent

intestinal cells in combating inflammation at the mucosal barrier.

Here, I should also mention the caveats of the IFC protocols. | stained the cell nucleus
employing propidium iodide to identify the cell types (Papers |, Il and IV). Nevertheless,
the ideal way to ascertain the cell phenotypes should be through antibody labelling.
The protocols and the comparisons based on cell size and complexity described in the
Paper IV gave us evidences about the alteration in intestinal cell populations during
inflammation. Caution should be taken especially when gating areas of intestinal cell
populations because plasma cells or natural killer cells can be detected along with
monocyte/macrophages or lymphocytes, respectively (Jeong et al., 2012, Li et al.,

2013).
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4. Conclusions

This study provided insights into the transcriptomic and cellular responses in the
intestine tissue and cells of Atlantic salmon employing high-throughput techniques; IFC
and RNA-Seq (Figure 7). | have succeeded in isolating and characterizing adherent
intestinal cells of salmon, and mRNA and miRNA transcriptome analysis of the cells
provided further information about their characteristics. Furthermore, | investigated
the impacts of soybean products-induced intestinal inflammation on the gut
transcriptome and the affected cell functions. Based on the main objectives, the

following conclusions are made:

The IFC protocols developed in this PhD project enabled me to explore salmon
intestinal cells. The intestine hosts diverse cell populations that are different from
those in head kidney and blood, and their phagocytes include macrophages, T cells and
endothelial cells. Focusing on the mRNA and miRNA transcripts of intestinal adherent
cells, | observed the presumptive occurrence of macrophage phenotypes. An intestinal
inflammation study pointed to the disturbances in the ion transport functions and
alterations in cytokine expression. Although the cytokines were increased in salmon
that developed distal intestinal inflammation, the macrophage-related mRNA levels
suggested the predominant presence of M2-macrophages even though | have not
examined intestinal cells per se. This basic information enhances our understanding of
the immune components in salmon intestine, and shows that the mechanistic
processes of immune defence at the intestinal level are comparable to those described

in mammals.
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5. Contribution to the field

Knowledge on the fish mucosal immune system and the cells that orchestrate host
defence is rather limited. However, different research groups have shown great
interest in this emerging topic, particularly because the aquaculture industry has a
strong focus on intestinal health of farmed fish. Through my research | have made a

preliminary but sound attempt to characterize the intestinal cells.

Imaging flow cytometry has several advantages over the conventional type to
effectively detect dim and small particles as well as aggregates. Although IFC protocols
were introduced earlier by other groups in the field of fish immunology (Rieger et al.,
2012, Parra et al., 2012), | made use of the special features of IFC and refined their
protocols to successfully detect fluorescent degradable and non-degradable particles
in phagocytes of salmon. Then, the optimized protocol was used to isolate and
characterize intestinal macrophages in salmon. | expect that the protocols applied in

this thesis could open new lines of investigation in intestinal immunology.

This thesis also provided information about the presence of M1- and M2-
macrophages among the adherent intestinal cell populations. The mammalian
macrophage-related markers that were employed to reveal the functions and
phenotypes of salmon intestinal macrophages could expand our limited knowledge of
teleost intestinal macrophages. In addition, the gathered information about the
interaction between macrophages and structural cells gives more understanding of
mucosal barrier functions. Further studies on mRNA-miRNA interaction within a
specific cell type could reveal the mechanism of gene regulation in different intestinal

cells.

For the first time, RNA-Seq was employed to reveal the intestine transcriptome of
salmon fed with a diet containing soybean products. | found that many ion transport-
related genes were regulated in the inflamed intestine. Along with this, genes related

to M2-macrophages were highly expressed. This novel information could help
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researchers to focus on intestinal health when screening novel ingredients for

aquafeeds.
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6. Future perspectives

The present thesis provided important baseline knowledge about the characteristics
of the adherent cells and tissue from the intestine of Atlantic salmon. To expand our
understanding of the crosstalk between antigens and intestinal epithelium, further
efforts are needed to obtain more evidence on transcriptomic responses of the
intestinal cells to different antigens or changes in the resident intestinal
microorganisms, which could modulate intestinal immune cell responses (Uribe-
Herranz et al., 2020, Di Gangi et al., 2020). A more focused approach on specific cell
types, isolated employing monoclonal antibodies will clarify the presence of various
members of the cell population, including different subsets of intestinal macrophages.
Considering the evidence on the presence of M1- and M2-macrophages based on
MRNA and miRNA transcriptome of the cells (Papers Il and Ill), future studies can
explore the alteration of gene expression in these phenotypes in response to various
microbes; the results could give us more knowledge of intestinal macrophage functions
since gut microbiota may alter the gene expression in host immune cells (Richards et
al., 2019). Furthermore, a study on the roles of cell adhesion molecules involved in the
communication between macrophages and structural cells will help expand our
understanding of the epithelium barrier functions in fish because the importance of
such interactions has already been revealed in mammalian studies (Martin et al., 1998,

Al-Ghadban et al., 2016).

This thesis also gives insight into certain relevant information on the responses of
teleost intestine to inflammation. To broaden our understanding of the intestinal
inflammation in fish, in-depth investigations should be conducted on the dysregulation
in intestinal barrier functions. Future studies should explore the biomarker genes
associated with intestinal inflammation to screen novel aqua feed ingredients. It is
necessary to study immunological roles of different subsets of intestinal macrophages
during the inflammation. Furthermore, profiling miRNAs in intestinal tissue affected by

inflammation could give us a clear understanding of the regulation of this process at
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the post-transcriptional level, particularly through interaction between miRNA and
their target mRNA. While many differentially expressed genes were observed in the
intestine of soy saponin-fed group, the statistical analysis did not reveal any significant
differences in the transcripts of head kidney. Hence, future investigations should
consider changes in the liver transcriptome to reveal systemic responses to intestinal

inflammation.
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Imaging flow cytometry (IFC) is a powerful tool which combines flow cytometry with digital
microscopy to generate quantitative high-throughput imaging data. Despite various
advantages of IFC over standard flow cytometry, widespread adoption of this technology
for studies in aquatic sciences is limited, probably due to the relatively high equipment
cost, complexity of image analysis-based data interpretation and lack of core facilities
with trained personnel. Here, we describe the application of IFC to examine phagocytosis
of particles including microplastics by cells from aquatic animals. For this purpose, we
studied (1) live/dead cell assays and identification of cell types, (2) phagocytosis of
degradable and non-degradable particles by Atlantic salmon head kidney cells and (3)
the effect of incubation temperature on phagocytosis of degradable particles in three
aquatic animals—Atlantic salmon, Nile tilapia, and blue mussel. The usefulness of the
developed method was assessed by evaluating the effect of incubation temperature
on phagocytosis. Our studies demonstrate that IFC provides significant benefits over
standard flow cytometry in phagocytosis measurement by allowing integration of
morphometric parameters, especially while identifying cell populations and distinguishing
between different types of fluorescent particles and detecting their localization.
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INTRODUCTION

Flow cytometry (FC) is widely employed for studying mammalian cells in particular and detecting
biomarkers in clinical studies. FC systems quantify cell data within seconds and can provide
information on cell phenotypes and functions. However, conventional FC is not designed to
measure morphological and spatial information of single cells, and the technology is not able
to efficiently detect dim and small particles (<300nm) (1) as well as to distinguish aggregates
of these small particles. Furthermore, although conventional FC can measure intra- and extra-
cellular marker expressions, it does not provide information on marker localization. Another
obstacle connected to conventional FC is auto-fluorescence. While the system cannot always
precisely distinguish between false-positive and false-negative events (2), fine-tuning of instrument
settings and protocol optimization can minimize the problem (3). Nevertheless, cell phenotype
identification and functional analyses using conventional FC cannot be entirely objective as
the equipment lacks image-capturing features. To overcome inaccuracies in acquiring cell data,
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quantitative studies preferably rely on both conventional FC and
fluorescent cell imaging.

Imaging flow cytometry (IFC), also called multispectral
imaging flow cytometry, is a powerful tool that enables us
to collect information from single cells, including those from
fluorescent images. Major advantages of IFC are (1) high
fluorescence sensitivity, (2) high image resolution capability,
(3) high speed processing, (4) ability to analyse changes in
cell or nuclear morphology, (5) rare cell detection ability, and
(6) capacity to understand cell-cell interaction (2). Certain
disciplines of biology, namely hematology (4), immunology (5),
cell biology (6), and microbiology (7) have already benefited from
IFC. However, application of IFC is still in its infancy when it
comes to studies in aquatic sciences.

Researchers have reported IFC-based analyses of fish cells,
using nucleus staining to understand cell morphology and
employing fluorescent particles to determine phagocytic activity
in goldfish (8, 9). Different particles such as fluorescent latex
beads (10), zymosan-APC (8), and nanoparticles (11) have
been used to analyse phagocytosis using IFC. These methods
can be further optimized, depending on the characteristics
of the particles, e.g, latex beads that are not degraded
vis-a-vis pHrodo™ BioParticles® that emit fluorescent light
upon acidification following ingestion by the target cells (10).
Researchers have also improved the protocol for measuring
particles” intensity in IFC (12). Overall, these studies provide
the first information on the use of IFC to identify different
cells and understand cell functions such as phagocytosis and the
localization of markers of interest in cells from aquatic animals.

Though previous studies on aquatic animals have reported
phagocytosis, here we present (1) basic, but optimized protocols
for live/dead cell assay and identification of cell types
(2), an improved protocol for examining phagocytosis of
non-degradable (microplastic) and degradable (bioparticles)
particles by immune cell types of fish, and (3) an optimized
phagocytosis assay using cells harvested from three very
different aquatic animals: cold water-adapted carnivorous marine
fish (Atlantic salmon, Salmo salar), warm water-adapted
omnivorous, freshwater fish (Nile tilapia, Oreochromis niloticus)
and a cold water-adapted detritivorous/planktivorous marine
mollusc (blue mussel, Mytilus edulis). Effect of incubation
temperature was studied to verify the sensitivity and usefulness
of the optimized phagocytosis assay.

METHODS

Ethics Statement

The studies were approved (Atlantic salmon: FOTS ID 10050,
Nile tilapia: FOTS ID 1042) by the National Animal Research
Authority in Norway (Mattilsynet). The fish rearing and handling
procedures were according to the approved protocols of FDU.

Animals

Atlantic salmon (S. salar) in the weight range 700-900g
were used in this experiment. They were purchased from a
commercial producer (Sundsfjord Smolt, Nygardsjeen, Norway)
and maintained at the Research Station of Nord University,

Bode, Norway. Fish were fed a commercial feed (Ewos AS,
Bergen, Norway) and reared in a flow-through sea water system
(temperature: 7-8°C, dissolved oxygen saturation: 87-92%, 24-h
light cycle).

Nile tilapia (O. niloticus, 400-600g) were bred and reared
at the Research Station of Nord University in a freshwater
recirculating aquaculture system (temperature: 28°C, pH: 7.6,
dissolved oxygen saturation: 80% in outlet and 115% in inlet,
11h dark/13 h light cycle). The fish were fed commercial feeds
(Skretting, Stavanger, Norway) during the rearing period.

Adult blue mussels (M. edulis) were collected from a beach
along the Saltenfjorden, Bode, Norway (67°12'01” N 14°37'56"
E) and transported to the Research Station, Nord University.
Prior to isolation of hemocytes, they were kept for 2 days in
running seawater at 7-8°C.

Cell Isolation
Cells from salmon and tilapia head kidney (HK) were grown in
Leibovitz’s L-15 Medium (L-15; Sigma-Aldrich, Oslo, Norway),
supplemented with 100 jg/mL gentamicin sulfate (Sigma), 2 mM
L-glutamine (Sigma) and 15mM HEPES (Sigma). Osmolality
of medium was adjusted by adding a solution consisting of 5%
(v/v) 0.41 M NaCl, 0.33 M NaHCO3, and 0.66 (w/v) D-glucose.
Cell culture media were adjusted to 380 mOsm for salmon and
320 mOsm for tilapia. To culture the mussel hemocytes, filtered
(through a 0.2 um mesh) sea water was used as the medium.

Head kidney from salmon (n = 6) were sampled after the
fish were killed with an overdose of MS-222 (Tricaine methane
sulphonate; Argent Chemical Laboratories, Redmond, USA; 80
mg/L). Thereafter, the HK cells were isolated as described
previously (13) with minor modifications. Briefly, HK was
dissected out, and the tissues were transferred to 15 mL centrifuge
tubes to make a total volume of 4mL in ice-cold L-15+ (L-
15 medium with 50 U/mL penicillin, 50 ug/mL streptomycin,
2% fetal bovine serum (FBS) and 10 U/mL heparin). The
tissue was placed on a sterile 100 uM cell strainer (Falcon) and
the cells were disrupted with the help of a syringe plunger.
The harvested cells were washed twice in ice-cold L-15+. The
cell suspension from salmon HK was then layered on 40/60%
Percoll (Sigma) to separate HK leukocytes for magnetic-activated
cell sorting (MACS) or layered on 34/51% Percoll to separate
monocytes/macrophages for subsequent phagocytosis assays.
After centrifugation (500 x g, 30min, 4°C), the cells at the
interface between the two Percoll gradients were collected and
washed twice with ice-cold L-15-FBS free (L-15 medium with
50 U/mL penicillin, 50 jLg/mL streptomycin) by centrifugation
(500 x g, 5min, 4°C). Cells were then kept in L-15+. HK
phagocytic cells that were separated based on 34/51% Percoll
gradient, were allowed to adhere on a petri dish for 3 days at
12°C. After removing the supernatant containing non-adherent
cells, the petri dish with the adherent cells was placed on ice for
10 min, and the cells were collected by washing three times with
1.5mL ice-cold PBS supplemented with 5mM EDTA. Next, these
collected cells were centrifuged (500 x g, 5 min, 4°C) and used for
further analyses.

Head kidney from tilapia (n = 6) were collected after killing
the fish with an overdose of clove oil (Sigma Aldrich, St. Louis,
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MO, USA), and cells were harvested as described previously
(14, 15), with minor modifications. Briefly, the HK tissues were
transferred to 15 mL centrifuge tubes to make a total volume of
4mL in ice-cold L-15+. The cells were harvested from the HK
and washed twice as described for salmon. The cell suspension
was layered on 34/51% Percoll to separate phagocytic cells, and
then after centrifugation, cells at the interface were collected and
washed twice in L-15-FBS free. The cells in the suspension were
allowed to adhere on a petri dish containing L-15+ for 3 days at
25°C. After removing the supernatant containing non-adherent
cells, the petri dish with the adherent cells was placed on ice for
10 min, and the cells were collected by washing three times with
1.5mL ice-cold PBS supplemented with 5mM EDTA. Next, the
collected cells were centrifuged (500 x g, 5min, 4°C) and used
for further analyses.

In the fish experiments, the cells were counted using a
portable cell counter (Scepter™ 2.0 cell counter, EMD Millipore,
Darmstadt, Germany).

Hemocytes from adult mussels (n = 6) were isolated as
described previously (16) with minor modifications. Briefly,
hemolymph was drawn from the posterior adductor muscle using
a2mL syringe equipped with a 23G-needle. The hemocytes from
each mussel were counted using a Neubauer chamber, and 0.2 x
10° cells per sample were collected and re-suspended in 1 mL of
filtered sea water to avoid formation of clumps.

Magnetic-Activated Cell Sorting (MACS) of

Salmon IgM* Cells

The isolated salmon HK leukocytes (2 x 10° cells) were
incubated with mouse anti-trout/salmon IgM (6.06 jLg/mL;
Aquatic Diagnostics Ltd, Sterling, UK) for 60 min at 4°C. After
two washes with L-15+, the cells were incubated for 15min at
4°C in a cocktail with a total volume of 100 L, which contained
L-15+, 1 pL of goat anti-mouse IgG-FITC (0.75 mg/mL; Thermo
Fisher Scientific, Oslo, Norway) and 40 pL of goat anti-mouse
IgG microbeads as per the instructions of the manufacturer
(Miltenyi Biotec, Bergisch Gladbach, Germany). First, MACS
LD columns (Miltenyi Biotec) that were placed in a magnetic
separator of the multistand were washed using L-15+. The cell
suspension was then transferred into the LD column. Following
cell sorting, the positive cells were harvested and re-suspended
in L-15+.

Live/Dead Cell Assay

In the studies on cells from salmon and tilapia, aliquots
containing 1 x 10° cells in 50 |LL PBS were transferred to 1.5 mL
microcentrifuge tubes. Then 1 pL of propidium iodide (PI; 1
mg/mlL, Sigma) was added to each sample to detect the dead cells
in the cell suspension. In the case of mussel, aliquots containing
0.2 x 10° cells in 50 pL filtered sea water were transferred
to 1.5mL microcentrifuge tubes, and then 1 pL of DRAQ5™
(25 mM, Thermo Fisher Scientific) was added to each sample to
detect the dead cells in the cell suspension. The tubes were gently
mixed before the samples were run through the ImageStream®*
Mk II Imaging Flow Cytometer (Luminex Corporation, Austin,
TX, USA). Cell analyses were performed on 10,000 cells acquired
ata rate of 300 objects/second at low speed and a magnification of

40x. Dead cells were estimated as the percent of cells positive for
either PI or DRAQ5™ (red fluorescent cells). After excluding the
dead cells, viable cells were analyzed to generate brightfield (BF)
area (size) vs. side scatter (SSC) intensity (complexity) dot plots.
Instrument settings were kept identical throughout the study.

Phagocytosis Assay
In the first phagocytosis experiment, phagocytic cells from
salmon HK were employed to study the uptake of two types
of particles; non-degradable fluorescent polystyrene microplastic
beads (2.1 m; Magsphere Inc., California, USA) and degradable
fluorescent bio-particles (>0.2 wm; pHrodo™ Red Escherichia
coli Bioparticles, Thermo Fisher Scientific). In the second
experiment, we used degradable fluorescent bio-particles only;
to determine phagocytic ability and capacity of the cells
from salmon, tilapia and mussel at two different incubation
temperatures. Phagocytic ability was measured as the percent
of phagocytic cells among the total macrophage-like cells or
hemocytes. On the other hand, phagocytic capacity was measured
as the mean number of particles per phagocytic cell. Phagocytic
index (PI) or phagocytic activity was determined employing the
equation (17, 18):

Phagocytic index (PI) = [% phagocytic cells containing at least
one particle] x [mean particle count per phagocytic cell].

Briefly, fluorescent bio-particles were added at a cell:particle
ratio of 1:5 per sample, both in the case of HK macrophages
(0.5 x 10° cells) and hemocytes (0.2 x 10° cells). Cells
suspensions and bio-particles were mixed and incubated for 2h
at different temperatures. Following incubation, cell suspensions
were washed twice with 500 WL L-15+ by centrifugation (500 x
g, 5min, 4°C). The supernatant was discarded, and the resulting
cell pellets were re-suspended in 50 WL PBS. The cell samples
were run in an imaging flow cytometer (Luminex), equipped
with a 10 mW 488 nm argon-ion laser, to detect the bio-particle
fluorescence (577/35 nm bandpass; Channel 3). Thereafter, the
images were analyzed using IDEAS 6.1.822.0 software (Luminex).

Data and Statistical Analyses

Statistical analysis was performed in RStudio version 1.1.463.
Normality of the data was tested by Shapiro-Wilk Test, and the
assumption of equal variance was checked by Bartlett’s Test.
Comparisons between the two groups were performed using
unpaired Student’s ¢-test. Statistically significant differences (p <
0.05) are reported for the phagocytosis data.

RESULTS

Live/Dead Cells and Leukocyte
Populations From Salmon Head Kidney

To determine single cell area and to identify cell populations,
we employed a basic gating strategy using the Brightfield
Gradient Root Mean Square (RMS) feature of the imaging
flow cytometer (see Figure1). This strategy helped us to
select the cells in best focus, i.e., this allowed us to obtain
high quality images with RMS values >50 (Figure 1A). Next,
we separated single cells from others (debris, doublets and
aggregates; Figure 1B). Dead cells were excluded based on
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adherent cell (macrophage-like cell) population is shown in a BF area vs. SSC intensity plot. All cell images were captured with 40 x objective. Scale bar = 10 um.
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positivity for PI (Figure 1C). The percentage of live cells
were 98.5%. The brightfield (BF) area and side scatter (SSC)
intensity of the live, single cells were assessed. We prepared
a BF area vs. SSC intensity dot plot to show the salmon HK
leukocyte populations (Figure 1D). Cells with smaller size (low
BF area) and low SSC intensity were possibly lymphocyte-like
cells (19.2%; R1 in Figure 1D) while those with larger size
(BF area) and higher SSC intensity compared to lymphocyte-
like cells were considered as monocytes/macrophages (35.5%;
R2 in Figure 1D). Figure 1E shows salmon HK adherent
cell populations in a BF area vs. SSC intensity dot plot;
here, R3 is probably HK macrophage-like cells (45.2%). We
conclude that using IFC, dead cells can be excluded, and
different single cell populations can be better detected than in
conventional FC.

Salmon Head Kidney IgM* Lymphocyte

Identification

Salmon head kidney IgM™ lymphocytes separated using MACS
were used to ascertain their localization in a BF area vs.
SSC intensity dot plot (Figure 2). For this purpose, cells were
extracellularly stained with IgM-FITC, which enabled us to
identify areas of negatively- and positively-stained B lymphocyte
populations. Before MACS (Figure 2A), all cells were located
in the IgM™ area (right panel Figure 2A). After staining with

IgM-FITC and performing MACS (Figure 2B), most cells were
located in the IgM™ area (89.8%; right panel Figure 2B). These
data confirmed that the IgM™ cells matched the location of the
lymphocyte-like cells (R1 population in Figure 1D). Thus, we
confirmed the localization of salmon IgM™ cells using IFC.

Examining Phagocytosis Using
Non-degradable Fluorescent Microplastic
Beads

To determine the phagocytosis of microplastics by salmon HK
cells, first, we plotted histograms of fluorescence intensity of non-
degradable fluorescent polystyrene microplastic beads in live cells
(Figure 3A). Because all the polystyrene beads were of similar
size, we assumed that fluorescence intensity is proportional to the
number of beads taken up by each phagocytic cell. Using IFC, we
could exclude auto-fluorescence and could gate images with more
pixels and higher intensity (phagocytic images with pixel value >
30 were considered to be of high quality) (Figure 3B). Caution
was taken to exclude aggregates; addition of many microplastic
beads can cause bead aggregation, leading to false identification
of aggregates as phagocytic cells, especially in conventional FC.
Next, we gated phagocytic cells that engulfed microplastic beads
using an internalization score (Figure 3C). This score is the
ratio of the particle intensity inside a cell to the intensity of the
whole cell, and it is calculated after masking (which selects pixels
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within an image based on their intensity and localization) with
the following mask function [Erode (M01, 4)_Ch03]. The ratio
indicated the proximity of microplastic to the center of the cell;
cells with a score of > 0.3 were considered to have internalized
particles and those with a score of < 0.3 were considered to have
surface-bound particles (11). Finally, only cells with internalized
particles were presented in a histogram of spot count feature,
which is an ideal approach to quantify the masked spots in
the cell (Figure 3D). Overall, IFC can be applied for detecting
non-degradable microplastic beads inside the phagocytic cells
and quantifying the number of beads. In addition, salmon HK
phagocytic cells could recognize microplastics as foreign bodies
although we observed only few phagocytosed particles.

Examining Phagocytosis Using Degradable

Fluorescent Bio-particles

To determine phagocytosis of degradable bio-particles by salmon
HK cells compared with non-degradable microplastics, first, we
plotted histograms of fluorescence intensity of degradable bio-
particles (Figure 4A). In comparison to the histogram of the non-
degradable microplastic beads described above (Figure 3), it was
more difficult to distinguish the number of bio-particles in this
histogram. To exclude auto-fluorescence and obtain high-quality
images, we adopted a gating strategy based on high pixel (pixel
value > 30) and intensity of images (Figure 4B). We created

two gates, one to include particles with high pixel and high
intensity and the other one with negative or auto-fluorescence
(histogram in Figure 4B). From the histogram, it is clear that
overlapping particle intensity (orange) and auto-fluorescence
(blue) curves can cause detection errors. Cells that had engulfed
the bio-particles were gated using the internalization score as
described in the previous section (Figure 4C). Finally, only cells
with internalized particles are presented in a histogram of particle
intensity to understand the number of particles in the phagocytic
cells (Figure 4D). We found that to quantify the number of
degradable particles, particle intensity-based protocol is a better
strategy compared to the method employing spot count feature.

Optimizing IFC-Based Method for

Phagocytosis Assay

To verify the validity of our IFC-based method, we used
degradable fluorescent bio-particles from E. coli to assess the
effect of incubation temperature on the phagocytic activity
and capacity of phagocytic cells from three aquatic animals.
The phagocytic ability of HK phagocytic cells from salmon
(Figure 5A) and tilapia (Figure 6A) incubated at 12 and 25°C,
respectively, was significantly higher compared to cells incubated
at 4°C, but temperature did not significantly affect the phagocytic
ability of hemocytes from blue mussel (Figure 7A). In contrast,
the phagocytic capacity of none of the aquatic species tested
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was significantly affected by temperature (Figures 5B,D, 6B,D,
7B,D). The phagocytic index of only the salmon cells incubated
at 12°C was significantly higher compared to cells incubated at
4°C (Figure 5C). This temperature effect could not be detected
for the phagocytic index of tilapia HK cells (Figure 6C) and blue
mussel hemocytes (Figure 7C) although the cells were incubated
at higher values, i.e., 12 and 25°C, respectively. The optimized
method for phagocytosis assay was well-applied to phagocytic
cells from three aquatic animals. The results showed that unlike
that of phagocytic cells from fishes, phagocytosis of the cells from
mussel was not significantly affected by incubation temperature.

DISCUSSION

The major advantage of imaging flow cytometry (IFC) over
conventional flow cytometry (FC) is its ability to distinguish
between false-positive and false-negative events by considering
additional features of the captured cellular images (2). The two
systems share the basic principle (19). Although IFC has been
widely adopted to study mammalian cell types, it is not yet

commonly employed to investigate other organisms, including
aquatic animals. There is a paucity of appropriate tools such
as cell-specific markers, which hampers the wider adoption of
new technologies like IFC. Furthermore, the associated protocols
require thorough refining before IFC can be used to study
cell types from aquatic animals. For example, as the weak and
small fluorescence cannot be detected by the system, we employ
masking and features within IDEAS software to accurately select
the area of interest during image analysis (20). Our study
describes procedures to accurately identify cellular phenotypes
and quantify phagocytosis by cells from three very different
aquatic animals.

In the present IFC study, we could successfully exclude dead
cells and cell aggregates and could identify single leukocytes from
Atlantic salmon HK based on bright field (BF) area and SSC
intensity. We observed two distinct populations: cells located in
the low BF area and low SSC intensity, and cells located in the
high BF area and high SSC intensity. Our IFC results are in
agreement with conventional FC data on HK leukocytes from
salmon (21). A study on goldfish primary kidney macrophages
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also compared IFC results with those from conventional FC
data; both systems were used to identify cell sub-populations.
Similar dot plots were generated for both flow cytometry systems,
indicating that the replacement of forward scatter (FSC) which
measures cell size in conventional FC by BF area in IFC (22) is a
reliable approach, independent of fish species.

Interestingly, adherent cells from Atlantic salmon HK (R3,
macrophage-like cells) were located in a higher BF area
than R2 cells from the same organ (Figures 1D,E). The
proportion of macrophage-like cells was approximately 45.2%.
The macrophage-like cells in the R3 region displayed a similar
morphology to that of the adherent TO cells, a cell line
originating from salmon HK leukocytes (23). Furthermore,
in another study that employed conventional FC, salmon
macrophage-like cells were presented in an FSC vs. SSC plot
(24). Similar to our gating, the author gated three regions in
the plot and assumed that the two higher FSC regions contained
macrophage-like cells which was ~56% out of the total number
of cells.

After optimizing the method to distinguish between
lymphocytes from monocytes/macrophages, magnetic cell

sorting (MACS) was performed to sort target lymphocytes using
an IgM-specific antibody. The purity of IgM™ cells after MACS
was 89.8% which is similar to 92% in a salmon study (25).
MACS enabled us to ascertain the area of lymphocyte-like cells
as defined/interpreted from the BF area vs. SSC intensity plots.
The sorted salmon IgM™ cells were located in the low BF area
and low SSC intensity gate, confirming a close area match to
that of the lymphocyte-like cells. Similarly, a previous study on
trout HK confirmed lymphocyte localization (low FSC and low
SSC) using conventional FC, based on CD4 " T cell markers (26).
In addition, employing conventional FC, percentage of IgM™*
and IgT™" B cells in salmon HK cells were determined by gating
the same area (25). The gate areas in Figures 1, 2 confirm the
presence of lymphocytes.

After confirming the identity of the B lymphocytes in
the low BF area vs. low SSC intensity gate, we explored
the phagocytosis of the adherent monocytes/macrophages HK
fraction. Phagocytosis is an important initial immune response
with final entry of antigens into the phagosomes/lysosomes
that stimulates the production of reactive oxygen species (27).
Phagocytic activity is influenced by many factors such as cell
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maturity, cytokine response, antigen presenting cell activation
status (28) and the characteristics of phagocytosed antigens or
particles (29). We explored the phagocytic activity of salmon
HK cells using IFC, which allowed for not only quantification
of the number of cells with internalized particles but also
the localization of particles inside the cells. The IFC methods
for assessing phagocytosis are complex, and researchers are
yet to standardize them for different particle types. In the
present study, we tested two different types of particles, non-
degradable and degradable particles. This is the first IFC study
that reports the use of microplastic as non-degradable particles
and bio-particles from E. coli as degradable particles. Considering
the growing debate on microplastic pollution of the marine
ecosystem, studying phagocytosis of microplastics by immune
cells from aquatic animals can be of particular interest from
an environmental perspective. In our studies, with our sensitive
IFC methodology, we could clearly detect microplastic particles
engulfed by salmon macrophages, although only few particles
were detected inside these cells. We, therefore, assume that these
cell types can phagocytose microplastics as (foreign) particles.
It should be pointed out that the salmon HK phagocytic cells

were not able to uptake more microplastics; the reason could be
that the cells can efficiently recognize microbe-derived particles
(bio particle from E. coli) due to their natural antigenicity and
phagocytose it more easily than an “unknown particle” such as
the microplastic. Furthermore, the microplastic beads are not
coated with any compound recognizable by the phagocytic cells,
and they are larger compared to the bioparticles.

Compared to microplastic particles, the bio-particles are
known to emit fluorescence within cells. However, this occurs
only upon acidification, i.e., they emit fluorescence of a particular
wavelength, depending on the pH level that the particle
encounters. Hence, we suggest the use of fluorescent intensity
feature rather than spot count feature to accurately assess the
counts of degradable particles in phagocytes. Although a different
feature was used to count the number of particles per phagocytic
cell, a publication (12) has reported an IFC method for counting
internalized fluorescent-labeled bacteria. The author succeeded
in distinguishing between cells with high bright detail similarity
score and those with low bright detail similarity score; the former
one had internalized particles while other cells had external
particles. Although the method of Smirnov et al. (12) gives
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information on the overall degree of phagocytosis in phagocytic
cells, it cannot accurately count the internalized particles. Thus,
the bright detail similarity score and fluorescent intensity feature
are effective in detecting and counting (as in this report) the mean
number of internalized particles per phagocytic cell.

Although we did not perform a direct comparison between
IFC and conventional FC, from our results we understand that
false events such as auto-fluorescence and aggregated particles
can be misinterpreted in the case of conventional FC. Pixel and
intensity features were adjusted carefully in the present study
to exclude the false-positive events. Caution should be exercised
when gating phagocytic cells using these features because in IFC,
cell size is measured based on pixels, and the sensitivity of the
measurement is dependent on the cell size (19). Thus, in order to
include the region of interest for analysis, the mask that identifies
the intracellular compartment has to be adjusted for different
types of cells and particles.

After standardizing the protocols for monocytes/macrophage
phagocytosis, we optimized the methods for measuring
phagocytosis, using degradable bio-particles, by cells from
three very different aquatic animals—two fishes, Atlantic
salmon and Nile tilapia and a mollusc, blue mussel—
to evaluate the effect of incubation temperature on their
phagocytic abilities and capacities. Our results indicated that
phagocytosis of cells from the fishes can be affected by the
incubation temperature. Although not directly comparable,
phagocytosis of human leukocytes was reduced at higher and
lower temperature compared to the normal host temperature
range (30). Interestingly, the phagocytosis by hemocytes from
blue mussel, a eurythermal species that can tolerate a broad
temperature range from —1 to 20°C (31, 32), was not affected by
incubation temperature.

In summary, IFC was used to study phagocytosis in fish
and mussel cells. We were able to identify cell populations and
determine the phagocytosis of different kinds of particles by
quantifying the number of internalized particles and detecting
the localization of particles in the phagocytes. This study provides
important information about how IFC can be used in the
field of fish immunology and ecotoxicology. Furthermore, the
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Our knowledge of the intestinal immune system of fish is rather limited compared to
mammals. Very little is known about the immune cells including the phagocytic cells
in fish intestine. Hence, employing imaging flow cytometry and RNA sequencing, we
studied adherent cells isolated from healthy Atlantic salmon. Phagocytic activity and
selected gene expression of adherent cells from the distal intestine (adherent intestinal
cells, or AIC) were compared with those from head kidney (adherent kidney cells, or
AKC). Phagocytic activity of the two cell types was assessed based on the uptake
of Escherichia coli BioParticles™. AIC showed phagocytic ability but the phagocytes
were of different morphology compared to AKC. Transcriptomic analysis revealed that
AIC expressed genes associated with macrophages, T cells, and endothelial cells.
Heatmap analysis of selected genes indicated that the adherent cells from the two
organs had apparently higher expression of macrophage-related genes. We believe
that the adherent intestinal cells have phagocytic characteristics and high expression
of genes commonly associated with macrophages. We envisage the possibilities for
future studies on enriched populations of adherent intestinal cells.

Keywords: adherent, intestinal cells, ImageStream®X, Atlantic salmon, phagocytosis, RNA-Seq, macrophages

INTRODUCTION

Teleost fishes have both organized and diffuse lymphoid tissues. However, these tissues differ
from those of mammals morphologically and functionally. Fish lack bone marrow and lymph
nodes found in mammals. Therefore, they rely on thymus, (head) kidney and spleen as
their key lymphoid organs. The head kidney (or anterior kidney), is the main source of
cytokine-producing lymphoid cells (Geven and Klaren, 2017), macrophages, and plasma cells,
which find their way to specific sites, including those in the intestine, to replenish tissue-
resident cell populations (Kratofil et al., 2017). Furthermore, the head kidney recruits specific
cell types during disease conditions like inflammation (Parra et al., 2015). The head kidney
is also a well-known primary B cell organ in fishes (Li et al, 2006; Parra et al, 2015).
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This makes the head kidney the main hematopoietic organ
in teleost fish. In addition, fish possess mucosa-associated
lymphoid tissues (MALTs), but these tissues are more diffuse
compared to those in mammals (Parra et al, 2015). Among
these MALTSs, gut-associated lymphoid tissues (GALTs) contain
two main populations of immune cells: (1) intraepithelial
lymphocytes, which include mainly T cells located between
the epithelial cells; and (2) lamina propria leukocytes, which
are comprised of lymphocytes, macrophages, granulocytes and
plasma cells (Rombout et al, 2011). In-depth knowledge of
these immune cells present in GALT is necessary to understand
the crosstalk between antigens and the epithelium as well as
the immunological functions of both the key lymphoid organs
and GALT. However, the lack of appropriate cell markers and
complexity of isolation protocols are still hampering the progress
of research on leukocyte cell populations in the fish intestine.

The most common practice is to collect adherent cells
from specific organs in order to characterize them through
further analysis. Cell adhesion refers to the ability of cells
to adhere to other cells or extracellular matrix (Khalili and
Ahmad, 2015). This process not only stimulates communication
between cells but also helps to retain the tissue structure
and functions (Khalili and Ahmad, 2015). The cells isolated
from tissues or organs are mostly adherent types, and the
known mammalian adherent cells are macrophages (Selvarajan
et al, 2011), T cells (Bierer and Burakoff, 1988; Shimizu
et al., 1991), endothelial cells (Braniste et al., 2016), epithelial
cells (Kihara et al,, 2018) and dendritic cells (DC, only upon
antigen exposure) (Yi and Lu, 2012). Mammalian cell culture
methods are frequently adopted to culture and study monocyte-
derived macrophage-like cells from fish immunological tissues
such as spleen (Iliev et al., 2013) and head kidney (Joerink
et al, 2006; Iliev et al, 2019). However, our knowledge of
the cell types including phagocytic cells that are involved
in the fish intestinal immune response is rather limited
compared to mammals.

As for the intestinal cells of fish, McMillan and Secombes
(1997) were the first researchers to describe protocols to isolate
them from rainbow trout, Oncorhynchus mykiss. After a decade,
several research groups put in effort to effectively isolate and
characterize intestinal immune cells from different fish species
such as rainbow trout (Bernard et al., 2006), gilthead seabream,
Sparus aurata (Salinas et al., 2007) and Atlantic salmon, Salmo
salar (Attaya et al., 2018). Although there is ample information
about the adherent cells from the head kidney in teleost fishes,
knowledge about the intestinal cells has to be gathered by
employing next generation techniques.

Therefore, this study investigated the adherent cells isolated
from the distal intestine by employing the cells from the head
kidney of Atlantic salmon as reference. We adopted two high-
throughput techniques, imaging flow cytometry (IFC) and RNA
sequencing. First, using IFC we explored the adherent cells from
the aforementioned organs to decipher the characteristics of
the populations and their phagocytic activity. Subsequently, a
transcriptomic study was carried out to profile the expression of
(1) cell type (macrophage, dendritic cell, endothelial cell, T and
B cells)-related genes and (2) other immune genes (cytokines,

chemokines, mucins and toll-like receptors) to delineate if the
adherent cells expressed genes associated with phagocytes.

MATERIALS AND METHODS

Experimental Fish and Sampling
Procedure

Atlantic salmon post smolts of about 70 g were purchased from a
commercial producer (Sundsfjord Smolt, Nygardsjoen, Norway)
and maintained at the Research Station of Nord University,
Bode, Norway. Fish were fed a commercial feed (Ewos Micro,
Ewos AS, Bergen, Norway) to satiation, and reared in a flow-
through sea water system (temperature: 7-8°C, dissolved oxygen
saturation: 87-92%, 24-h light cycle). Fish (of the weight range
510-590 g) was used in this study. The fish were starved for
24 h and were killed with an over dose of MS-222 (Tricaine
methane sulfonate; Argent Chemical Laboratories, Redmond,
United States; 80 mg/L). Head kidney (HK) and distal intestine
(DI) samples were then collected.

Cell Isolation and Culture

Immune cells from the head kidney (HK) and distal intestine
(DI) were isolated and grown at 12°C in Leibovitz’s L-15 Medium
(L-15; Sigma-Aldrich, Oslo, Norway) as described previously by
Park et al. (2020) and Salinas et al. (2007), respectively. The
osmolality of cell culture media was adjusted to 380 mOsm by
adding a solution consisting of 5% (v/v) 0.41 M NaCl, 0.33 M
NaHCOj3 and 0.66 (w/v) D-glucose (Sigma).

Briefly, HK from salmon (n = 6) were sampled and transferred
to 15 mL centrifuge tubes to make a total volume of 4 mL
in ice-cold L-15 + [L-15 medium with 50 U/mL penicillin
(Sigma), 50 pg/mL streptomycin (Sigma), 2% fetal bovine serum
(FBS; Sigma) and 10 U/mL heparin (Sigma)]. The tissues were
passed through a sterile 100-pM cell strainer (Falcon, New York,
United States) with ice-cold L-15 + . Thereafter, the cell
suspensions were layered on 40%/60% Percoll (Sigma) to separate
HK leukocytes and centrifuged at 500 x g for 30 min, at 4°C. Cells
at the interface were collected and washed twice with ice-cold L-
15-FBS free (L-15 medium with 50 U/mL penicillin, 50 pug/mL
streptomycin) by centrifugation (500 x g, 5 min, 4°C).

For intestinal cell isolation, DI samples from salmon (n = 6)
were transferred to a cell culture dish (Nunc EasyDish, Thermo
Fisher Scientific, Oslo, Norway) with 2 mL ice-cold PBS. The
tissues were cut open longitudinally and washed with ice-cold
PBS to remove gut contents. After washing they were cut into
small pieces (1-2 cm fragments) and transferred to 15 mL
centrifuge tubes to make a total volume of 4 mL in DTT
solution (0.145 mg/mL dithiothreitol 4+ 0.37 mg/mL EDTA
in Ca?t and Mg?" free HBSS, Sigma) at room temperature
for 20 min to break disulfide bonds in the mucus. Next,
the tissue fragments were washed with L-15 + supplemented
with DNAse (0.05 mg/ml; Sigma) to prevent cell clumping
and wash out excess DTT. Thereafter, the washed fragments
were transferred to 15 mL centrifuge tubes to make a total
volume of 6 mL in the digestive solution (0.37 mg/mL
collagenase IV, Thermo Fisher Scientific). The centrifuge tubes
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were incubated in a shaking incubator (200 rpm) at RT for
60 min. The tissue fragments and supernatants were then
passed through a sterile 100-uM cell strainer with ice-cold L-
15 + , and the cell suspensions were layered on 25%/75%
Percoll. The tubes containing the cells and Percoll were
centrifuged at 500 x g for 30 min, at 4°C to separate DI
leukocytes. Cells at the interface were collected and washed
twice with ice-cold L-15-FBS free by centrifugation (500 x g,
5 min, 4°C).

Both HK and DI leukocytes (mentioned under flow cytometry
studies) were allowed to adhere on a cell culture dish
with 2 mL L-15 4+ for 2 days at 12°C. After collecting
the supernatant containing non-adherent cells, the dish with
the adherent cells was placed on ice for 10 min, and the
cells were detached by washing three times with 1.5 mL
ice-cold PBS supplemented with 5 mM EDTA. The cells
obtained were centrifuged (500 x g, 5 min, 4°C) and re-
suspended in 1 mL L-15 4 . Then, the cells were counted
using a portable cell counter (Scepter 2.0 cell counter, EMD
Millipore, Darmstadt, Germany). To confirm the quality of
the harvested cells, we observed the cells using a live
cell imager (ZOE Fluorescent Cell imager, Bio-Rad, Oslo,
Norway). With our improved protocols, we were able to
harvest many cells with high viability. We checked the
quality of the isolated cells by observing them through
microscope and with the help of live/dead cell assays using
propidium iodide.

Flow Cytometry Studies

To understand the cell populations and their functions we
isolated and cultured cells from HK and DI. These cells were
studied employing the ImageStream®® Mk II Imaging Flow
Cytometer (Luminex Corporation, Austin, TX, United States)
equipped with two argon-ion lasers (488 and 642 nm) and
a side scatter laser (785 nm). The acquired cell data were
analyzed using IDEAS 6.1.822.0 software (Luminex). All flow
cytometry assays were performed as described previously
(Park et al., 2020).

Cell Population

To study the cell populations — (i) whole leukocytes, (ii)
supernatants and (iii) adherent cells — from three cell
suspensions from HK or DI, aliquots containing > 5 x 10°
cells were washed with 500 wL PBS by centrifugation (500 x g,
5 min, 4°C) and resuspended in 50 wL PBS. Prior to loading
the tubes containing the cells in the flow cytometer, 1 pL
of propidium iodide (PI, 1 mg/mL, Sigma) was added to
differentiate between the dead and live cells as well as to estimate
the cell types based on the morphology of their nucleus. From
each sample, more than 10,000 cell images were acquired using
two lasers with optimized voltage levels, 488 nm (1 mW) and
785 nm (0.47 mW). Thereafter, using IDEAS software, dead
cells were excluded based on PI positivity; both are shown in a
brightfield (BF) area (cell size) vs. side scatter (SSC) intensity (cell
granularity) plot.

Phagocytosis Assay

To compare the phagocytic activity of whole leukocytes and
adherent cells (i and iii mentioned under flow cytometry
studies), aliquots containing 0.5 x 10° cells in 100 pL L-
15 4 were incubated with fluorescent bio-particles (pHrodo™
Red Escherichia coli Bioparticles, Thermo Fisher Scientific), at a
cell and particle ratio of 1:5 for 2 h at 12°C. After incubation,
the cells were washed once with 500 nL PBS by centrifugation
(500 x g, 5 min, 4°C) and resuspended in 50 wL PBS. Thereafter,
the tubes containing cells were loaded in the flow cytometer and
more than 10,000 cell images were acquired using two lasers
with optimized voltage levels, 488 nm (50 mW) and 785 nm
(0.47 mW). Data analyses were performed following our previous
protocol (Park et al., 2020). Phagocytic ability was measured as
the percent of phagocytic cells in total cells while phagocytic
capacity was calculated as the mean number of particles in each
phagocyte as described previously (Park et al., 2020).

Transcriptomic Analysis

The main aim of the RNA-Seq analysis was to obtain a snapshot
of the expression profiles of selected genes. To compare the
expression of genes linked to the adherent cells from HK and
DI, 12 libraries were prepared (n = 6). The list of selected genes
used in this study is comprised of (1) 34 cell type (macrophage,
dendritic cell, endothelial cell, T and B cells)-related genes and
(2) 42 other immune-related (cytokines, chemokines, mucins and
toll-like receptors) genes, as shown in Tables 1 and 2, respectively.

RNA Isolation, Library Preparation and
lllumina Sequencing

Total RNA was extracted from the adherent cells that were
isolated from HK and DI (<500,000 cells) using the PicoPure
RNA isolation kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol. The quality and quantity of total
RNA were assessed using Agilent RNA high sensitivity screen
tape kits and Bioanalyzer 2200 TapeStation system (Agilent
Technologies, Santa Clara, CA, United States). RNA sequencing
libraries were prepared using the NEBNext Ultra II Directional
RNA library preparation kit with poly (A) mRNA magnetic
isolation module (NEB #E7490; New England BioLabs® , Herts,
United Kingdom), according to the manufacturer’s protocol. For
the first and second strand ¢cDNA synthesis, 50 ng of total RNA
having high RNA integrity number (RIN > 8) was enriched
with Oligo(dT)-conjugated magnetic beads and fragmented to
~200 nt. Thereafter, the resulting cDNA were end-repaired
for adaptor ligation. The ligated cDNAs were amplified with
barcoded primers on a thermal cycler for 14 cycles. The PCR
products were purified using AMPure XP beads (Beckman
Coulter Inc., Brea, CA, United States) to avoid contamination
from residual adapter dimers and unwanted (smaller) fragments.
After library preparation, the quality and quantity of individual
libraries were assessed using Agilent DNA high sensitivity
screen tape kits and Bioanalyzer 2200 TapeStation system. These
barcoded individual libraries were pooled at equimolar ratios and
sequenced as single—end reads (75 bp) on an Illumina NextSeq
500 sequencer (Illumina, San Diego, CA, United States) with
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TABLE 1 | List of abbreviations and details of genes expressed in macrophages, dendritic cells, endothelial cells, T and B cells.

Abbreviations Gene name Ensembl/GenBank ID
cd68 CD68 ENSSSAG00000002993
cd200r1 CD200 receptor 1A-like ENSSSAG00000039924
mmd monocyte to macrophage differentiation protein ENSSSAG00000001828
csfir macrophage receptor MARCO-like ENSSSAG00000063051
marco macrophage colony stimulating factor receptor-like protein ENSSSAG00000061479
mpeg1 macrophage expressed 1 ENSSSAG00000076214
capg macrophage-capping protein-like ENSSSAG00000003660
h2-eb1 H-2 class I histocompatibility antigen, I-E beta chain XM_014133067

cd74 HLA class Il histocompatibility antigen gamma chain-like ENSSSAG00000004635
cd80 CD80-like ENSSSAG00000056420
cd83 CD83 antigen ENSSSAG00000057240
cd209 CD209 antigen-like XM_014194638

cd3gda CD3gammadelta-A ENSSSAG00000009995
cd3z CD3zeta-1 ENSSSAG00000055061
cd42al truncated CD4-2A-like protein ENSSSAG00000076595
cd8a CD8 alpha ENSSSAG00000065860
cdsb CD8 beta ENSSSAG00000045680
cd28 T-cell-specific surface glycoprotein CD28-like ENSSSAG00000060163
cdzl T-cell surface antigen CD2-like XM_014129565

cdo6 T-cell surface protein tactile-like XM_014129863

trbc1 T-cell receptor beta-1 chain C region-like NC_027300

trgc2 T-cell receptor gamma chain C region C10.5-like NC_027319

cdél T-cell differentiation antigen CD6-like ENSSSAG00000057293
tcd80! T-lymphocyte activation antigen CD80-like ENSSSAG00000056420
tagap T-cell activation GTPase activating protein ENSSSAG00000061533
igm lgm XM_014203125

cd48l CD48 antigen-like ENSSSAG00000064252
cd79a B-cell antigen receptor complex-associated protein alpha chain-like ENSSSAG00000003014
bink B-cell linker ENSSSAG00000065613
bcap29 B cell receptor associated protein 29 ENSSSAG00000074312
bclol B-cell CLL/lymphoma 9 protein-like ENSSSAG00000063108
ecscr endothelial cell-specific chemotaxis regulator-like XM_014129374
cd151al CD151 antigen-like ENSSSAG00000065694
pecam platelet endothelial cell adhesion molecule-like ENSSSAG00000001458

NextSeq 500/550 high output v2 reagents kit (Illumina) at the
sequencing facility of Nord University, Bode, Norway.

Bioinformatics Analyses

All bioinformatics analyses of RNA-Seq data were performed as
described previously by Zhang et al. (2018). The obtained raw
sequencing data was deposited in the Gene Expression Omnibus
(GEO, NCBI); the accession number is GSE154142. Briefly, raw
sequence data were converted to FASTQ format with bcl2fastq2
(v2.17, llumina). The adapter sequences were removed using
cutadapt (version 1.12) with the following the parameters: -q 20 -
quality-base = 33 -m 20 -trim-n. The quality of the trimmed
fastq files (clean reads) was then assessed using FastQC (Andrews,
2010), and the reads with quality > Q30 were mapped to the
Atlantic salmon genome ICSASG_v2 from RefSeq'. The mapped
reads were quantified and then annotated using gff3 annotation

!https://www.ncbi.nlm.nih.gov/assembly/GCF_000233375.1/

file. The generated data was normalized using DESeq2 (Love
et al,, 2014), and the normalized data was used for statistical
comparisons, i.e., to determine the differences in the expression
of selected immune-related genes in AIC and AKC. The package,
DESeq2 employs shrinkage estimation for dispersions and fold
changes. The R packages ggplot2 version 3.1.1 (Wickham, 2016)
were employed to prepare and format the graphs. A heatmap was
prepared using the functions from the package ComplexHeatmap
(Gu, 2015).

Statistical Analyses

Statistical analysis was performed using RStudio version 1.1.463.
Normality of the flow cytometry and gene expression data
was tested by Shapiro-Wilk Test, and the assumption of equal
variance was checked by Bartlett’s Test. Comparisons between
groups were performed using unpaired Students t-test. The
differences were considered significant at p < 0.05.
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TABLE 2 | List of abbreviations and details of genes coding for selected cytokines, chemokines, mucins, and toll-like receptors.

Abbreviations Gene name Ensembl/GenBank ID
tgfbr1 Transforming growth factor beta receptor type-1-like ENSSSAG00000079756
tgfbr2 Transforming growth factor beta receptor type-2 ENSSSAG00000071570
tab2 Transforming growth factor beta-activated kinase 1 and MAP3K7-binding protein 2-like ENSSSAG00000074549
traf2 Tumor necrosis factor receptor associated factor 2 ENSSSAG00000046864
tnfa2 Tumor necrosis factor alpha-2 precursor ENSSSAG00000053783
tnfaip2 Tumor necrosis factor alpha-induced protein 2-like XM_014143804

tnfrsfeb Tumor necrosis factor receptor superfamily member 6b ENSSSAG00000044783
tnfrsf10a Tumor necrosis factor receptor superfamily member 10A-like ENSSSAG00000049387
tnfsf11 Tumor necrosis factor superfamily member 11 ENSSSAG00000053734
tnfrsf13b Tumor necrosis factor receptor superfamily member 13B-like ENSSSAG00000079103
il1b-like Interleukin-1 beta-like ENSSSAG00000060993
irak3-like Interleukin-1 receptor-associated kinase 3-like ENSSSAG00000051931
it Interleukin-1 receptor-like protein ENSSSAG00000069876
ilTrap Interleukin 1 receptor accessory protein ENSSSAG00000043510
iler Interleukin-6 receptor subunit alpha ENSSSAG00000052467
ilerb Interleukin-6 receptor subunit beta-like ENSSSAG00000061284
i18 Interleukin 8 ENSSSAG00000006498
i2rb2 Interleukin-12 receptor beta-2 chain ENSSSAG00000042273
il 7rel Interleukin-17 receptor C-like ENSSSAG00000007189
il7rel Interleukin-17 receptor E-like XM_014134812

i81ra Interleukin-31 receptor A ENSSSAG00000062925
cxerll C-X-C chemokine receptor type 1-like ENSSSAG00000042001
ccl2l C-C motif chemokine 2-like XM_014191804

cxer3l C-X-C chemokine receptor type 3-like ENSSSAG00000051147
ccr3 C-C chemokine receptor type 3 ENSSSAG00000042484
cxcrdl C-X-C chemokine receptor type 4-like ENSSSAG00000050781
cxcrsl C-X-C chemokine receptor type 5-like ENSSSAG00000040121
cerbl C-C chemokine receptor type 5-like ENSSSAG00000072678
ccrél C-C chemokine receptor type 6 ENSSSAG00000076547
ccrol C-C chemokine receptor type 9-like ENSSSAG00000070198
ccl19l C-C motif chemokine 19-like ENSSSAG00000002773
ccl20l C-C motif chemokine 20-like ENSSSAG00000051350
ccl2s C-C motif chemokine 25 ENSSSAG00000071212
muct mucin 1, cell surface associated XM_014160723
mucbacl Mucin-5AC-like ENSSSAG00000080927
muc13/ Mucin-13-like ENSSSAG00000069082
muc7! Mucin-17-like ENSSSAG00000047784
cd16412 CD164 sialomucin-like 2 protein XM_014143111

tr2 Toll-like receptor 2 ENSSSAG00000003781
tr6 Toll-like receptor 6 ENSSSAG00000079217
tr8 Toll-like receptor 8 ENSSSAG00000074528
tr13 Toll-like receptor 13 ENSSSAG00000077966
RESULTS the DI cell population in Figure 1. The gating strategy that

Diverse Cells Among Salmon Distal

Intestine Cell Population

We explored the cell populations from salmon DI by employing
IFC. After dead cell exclusion, approximately 90% of viable cells
(negative for PI) were obtained; shown in a BF area (cell size)
vs. SSC intensity (cell granularity) plot (Figure 1A). Because
we have already revealed the identity of the HK cell population
in our previous study (Park et al., 2020) here we show only

was developed previously by Park et al. (2020) was employed
for DI cell populations (Figure 1A: LYM, lymphocyte; MON,
monocyte/macrophage; R1, macrophage-like cells). Nucleus
morphologies were revealed through PI staining (Figures 1B,C).
Only PI negative live cells (Figure 1B) were considered for the
gating shown in Figure 1A; cells in the gates LYM, MON, and
R1 had spherical and fairly rigid nuclei while those in the gate R2
had relatively smaller and different shaped nuclei. We found that
there are diverse cells in the isolated salmon DI cell population.
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FIGURE 1 | Cell populations from Atlantic salmon distal intestine. (A) Live cells are shown in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity plot (cell
granularity). Representative images (40 x objective, scale bar = 10 pm) from each gate are shown separately. Intestinal cells were identified based on nucleus
morphologies. Using propidium iodide, live or no-stained cells (B) and dead or nucleus-stained cells (C) are shown. (D) A representative image captured by
fluorescent imager (20 x objective, scale bar = 25 um) shows salmon intestinal cell population. LYM, lymphocytes; MON, monocytes/macrophages; R, region: R1,
macrophage-like cells; R2, unknown cells; R2-1, R2-2, presumptive granulocytes; R2-3, presumptive vacuolated cells.

A representative image of the DI cell images from among 6 suspensions from HK or DI are shown in Figures 2A-C and
images captured (to confirm the quality of the harvested DI cells) ~ Figures 2E-G, respectively. The reference AKC had macrophage

by the fluorescent imager is shown in Figure 1D. population, located in higher BF area and higher SSC intensity

. compared to those of head kidney supernatant-derived cells (HS,
Adherent Cells From Salmon Distal red gates; Figures 2B-D). In the DI cells, the cell populations
Intestine Exhibit Phagocytic Ability were more scattered, as evident in the dotplot (considering the

The cell populations — whole leukocytes (HKL and DIL, BF area values). However, AIC apparently had a lower percentage
respectively), supernatants (HS and DS, respectively) and of the cells in the gated area compared to those of distal intestine
adherent cells (AKC and AIC, respectively) — from three cell ~supernatant-derived cells (DS, red gates; Figures 2F-H).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 October 2020 | Volume 8 | Article 580848



Park et al

Phagocytic Cells From Salmon Intestine

HK leukocytes

2 days

SSC intensity

60/ D
240
S
3
['4
®20
0
E

SSC intensity

Ds AIC

using asterisks. Bar plots show the mean + SD (n = 6).

Supernatant B

Jo4 -
&
S 24
H
Q
a
Ted
o
© ™ 10 10 210
BF area
Adherent cells c
&
2
£
{3
Q
g
a

Supernatant F

SSC intensity

BF area

Adherent cells G

SSC intensity

BF area

FIGURE 2 | Examination of adherent cell population from Atlantic salmon head kidney and distal intestine by imaging flow cytometry. We compared cell populations
from three cell suspensions; (A and E) whole leukocytes (HKL and DIL, respectively), (B and F) supernatants (HS and DS, respectively) and (C and G) adherent cells
(AKC and AIC, respectively) in a brightfield (BF) area (cell size) vs. side scatter (SSC) intensity plot (cell granularity) using IFC. The bar plots (D and H) indicate percent
of the cells in the red gates in supernatants (B and F) vs. those in adherent cells (C and G, respectively). Statistically significant differences (p < 0.001) are indicated
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To compare the phagocytic activity of whole leukocytes and
adherent cells from HK (Figures 3A-C) and DI (Figures 4A-
C), we quantified the uptake of E. coli BioParticles™ by the
cells (Park et al., 2020). The phagocytic abilities of AKC and
AIC were significantly higher than those of HKL and DIL
(Figures 3A, 4A), respectively. The phagocytes from AIC had
different morphologies compared to AKC (Figures 3C, 4C).
Among AICs, along with single and round shaped phagocytes,
we found oval shaped (5.69% of total phagocytes, Figure 4D) and
doublets consisting of a phagocytic cell and an interacting cell
(1.15% of total phagocytes, Figure 4E).

Adherent Cells From Distal Intestine of
Salmon Express Macrophage and

Immune-Related Genes

To understand the identity of cell types in AIC, the expression
of selected genes in AIC was compared with those of AKC. We
obtained over 312 million cleaned reads from 12 (6 from AIC
and 6 from AKC) samples after adapter trimming and quality
filtering. Of them, over 285 million reads were mapped to Atlantic
salmon genome. Average mapping percentage among samples
was 91.36% (Supplementary Table 1). The dispersion of the

genes decreased with increase in mean of normalized counts
(Supplementary Figure 1).

Employing the normalized read counts from DESeq?2 analyses,
we describe the expression of 34 cell-specific (macrophage,
dendritic cell, endothelial cell, T and B cells) genes and
42 immune-related (cytokines, chemokines, mucins and toll-
like receptors) genes in AIC compared to AKC. Lack of
appropriate cell markers and unavailability of easy intestinal cell
isolation techniques hamper the characterization of adherent
cells. Therefore, we adopted the targeted analysis strategy to
delineate the cell types by linking them to known genes.

The expression of 34 genes associated with macrophages,
dendritic cells (DC), endothelial cells, T and B cells in AIC
were compared to those in AKC (Figures 5, 6). Among the
9 macrophage-related genes, the expression of 8 genes (h2-
ebl, cd74, cd68, marco, capg, mpegl, cd200rl, and csflr) was
significantly lower in AIC compared to AKC (Figure 5A). As for
the DC specific genes (Figure 5B), AIC had significantly lower
expression of ¢d209 and cd83 than those of AKC. As for the
endothelial cell-related genes, the expression of ecscr and cd1511
was significantly higher in AIC than in AKC though this was not
the case for the pecam gene (Figure 5C).

FIGURE 3 | Phagocytic activity of whole leukocytes and adherent cells from Atlantic salmon head kidney. Percent of phagocytic cells or phagocytic ability (A) and
mean number of bio-particles (BP) ingested per phagocytic cell or phagocytic capacity (B) are shown. (C) Representative cell images show cells with no BPF, and
1BP, 2BP, and >3BP. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean + SD (n = 6). All cell images were
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FIGURE 4 | Phagocytic activity of whole leukocytes and adherent cells from Atlantic salmon distal intestine. Percent of phagocytic cells or phagocytic ability (A) and
mean number of bio-particles (BP) ingested per phagocytic cell or phagocytic capacity (B) are shown. (C) Representative cell images show cells with no BP, and
1BP, 2BP, and >3BP. Statistically significant differences (p < 0.05) are indicated using asterisks. In addition, oval shaped phagocytes (D) and doublets containing a
phagocyte that interacts with a lymphocyte-like cell (E) were found among the adherent intestinal cells. Bar plots show the mean + SD (n = 6). All cell images were
captured with 40 x objective. Scale bar = 10 pm. BF, brightfield; 1 BP, 2 BP, and >3 BP, 1-3 internalized bio-particles.
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Regarding the T and B cell-specific gene profile (Figure 6),
AIC had significantly higher expression of most T cell-related
genes (cd96, tagap, cd3gda, cd8b, cd8a, cd6l, cd42al, cd28, trbcl,
cd2l, and trge2), but significantly lower expression of B cell-
related genes (igm, blnk, and cd79a).

The expression of 21 immune-related cytokine genes
were also considered for the AIC vs. AKC comparisons
(Figure 7). AIC had significantly lower expression of
interleukin 1 and 6 receptors (illrap and il6r) while the
expression of tumor necrosis factor (TNF)-related genes
(tnfrsfl0a, tnfsfl1, traf2, and tnfrsféb) was significantly
higher. Among the transforming growth factor (TGEF)-
related genes, the expression of TGFP receptors (tgfbrl
and tgfbr2) were significantly higher, while the expression
of TGFP activated kinase binding protein (tab2) was
significantly lower in AIC.

Twelve immune-related genes of chemokines were also
studied in AIC and AKC (Figure 8A). The expression levels of
cer9l, ccl20l, ccr6l, and ccr5l were significantly higher, while the
expression of, cxcr3l, ccr3, ccl25, cxcrdl, cxcrll, and cxcr5] was
significantly lower in AIC.

The expression of 9 immune-related genes for mucin and
toll-like receptor (TLR) were also compared to understand the
differences in AIC and AKC (Figures 8B,C). Mucin-related genes
(mucl3l, mucl, cd16412, and muc5acl) were mainly expressed in
AIC but several TLR genes (tlr13, tIr8, tlr2 and tlr6) were not
predominantly expressed in AIC.

Hierarchical clustering-based heatmap along with the boxplot
annotation shown in Figure 9 reveals the gene profiles associated
with AIC and AKC. Although the expression of the genes
associated with AKC macrophages was significantly higher than
those of AIC, both showed predominantly higher expression of
the macrophage-specific genes than those of other cell types such
as T and B cells.

DISCUSSION

The intestine has a key role in sustaining the health of fishes.
Various cells in the intestine act in harmony to maintain the local
(Okumura and Takeda, 2016) as well as systemic homeostasis
(Biteau et al., 2011; Ramakrishnan et al., 2019). Of these cells,
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FIGURE 5 | The expression of genes linked to macrophages, dendritic cells and endothelial cells in the adherent cells from Atlantic salmon distal intestine and head
kidney. Employing the normalized read counts from DESeq2 analyses, the expression of genes related to macrophages (A), dendritic cells (B) and endothelial cells
(C) were determined, and the expression levels between the adherent cells from salmon distal intestine (AIC) and head kidney (AKC) were compared. Statistically
significant differences (o < 0.05) are indicated using asterisks. Bar plots show the mean + SD. Sample size = 6.
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FIGURE 6 | The expression of genes related to T and B cells in the adherent cells from Atlantic salmon distal intestine and head kidney. Employing the normalized
read counts from DESeq?2 analyses, the expression of T (A) and B cells (B) associated genes in the adherent cells from salmon distal intestine (AIC) and head kidney
(AKC) were compared. Statistically significant differences (p < 0.05) are indicated using asterisks. Bar plots show the mean + SD (n = 6).

the GALT cells are imperative in responding to antigens, both
benign and pathogenic. The immune cells that are developed in
the main lymphoid site enter the circulation, and along with the
GALT cells they surveil the host immune status. In the present
study, we obtained leukocytes from DI and HK of Atlantic
salmon and then separated the adherent cells from the two
cell populations.

Employing IFC, we examined the phagocytic activity of
the adherent intestine cells and compared it with those of
adherent head kidney cells. We also examined the expression of
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FIGURE 7 | The expression of cytokine-related genes in the adherent cells
from Atlantic salmon distal intestine and head kidney. Employing the
normalized read counts from DESeq?2 analyses, the expression of
cytokine-related genes in the adherent cells from salmon distal intestine (AIC)
and head kidney (AKC) were compared. Statistically significant differences

(p < 0.05) are indicated using asterisks. Bar plots show the mean + SD
(n=6).

immunologically relevant genes through RNA-Seq of the cells
from the two key immune organs of Atlantic salmon.

AIC had distinct cell population; the cells were less diverse
than the whole leukocyte population. Other researchers were
also able to isolate cells from the intestine of Atlantic
salmon (Attaya et al, 2018) and gilthead seabream (Salinas
et al,, 2007), but they did not specifically examine adherent
cells. The major phagocytes in vertebrates are neutrophils,
monocytes, macrophages, mast cells, and immature dendritic
cells (Robinson and Babcock, 1998). In the present study, we
confirmed the phagocytic ability of AIC, which had different
shapes compared with those of AKC. Unlike monocyte-derived
macrophages which have mainly stretched shapes, the AIC
appeared larger and rounded as shown in a mice study (Vereyken
et al, 2011). Rombout et al. (1998) reported that the carp
intestinal cells are diverse compared to the cells from other
immunological tissues such as spleen and head kidney. In
addition to many round-shaped cells, the oval shaped phagocytes,
similar to the ones we observed, are reported as endothelial
cells in mammals, and they were shown to have the ability
to internalize pathogenic bacteria (Rengarajan et al, 2016).
Furthermore, Lindell et al. (2012) showed that oval-shaped skin
epithelial cells in trout can perform phagocytosis of Vibrio
anguillarum. However, their identity has to be validated by
employing specific cell markers. As for the doublets in the
adherent cells, the phagocytes in them resembled macrophage-
like cells (R1, Figure 1A) while the interacting small cells had
a morphology similar to that of lymphocytes. A study that
investigated mouse intestinal cells using imaging flow cytometry
(Zhao et al., 2014) indicated that similar doublets consisted
of CD103% intestinal dendritic cells and CD4™ T cells. From
our results, we infer that the oval-shaped cells similar to
endothelial cells or epithelial cells with phagocytic ability may
have special roles in mucosal immune system. In addition,
the presence of the doublets indicates the interaction between
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phagocytes and lymphocyte-like cells that cooperate with them
in immune defense.

In the present study, considering the phagocytic ability
and high expression levels of macrophage genes in AIC we
presume that majority of cell types in AIC are macrophages.
Salmon macrophages can be effectively harvested after culturing
adherent cells from HK (Paulsen et al., 2001). The presence
of macrophages in adherent cells from fish intestine and their
phagocytic properties have not been reported yet. In the present
study, high levels of TNF-related genes (tnfrsfl0a, tnfsfll, traf2
and tnfsf6b) and TGFp receptors (tgfbrl and tgfbr2) in AIC can be
linked to activation and proliferation of macrophages (Luckett-
Chastain et al., 2016; Yu et al,, 2017) and T cells (McKarns
and Schwartz, 2005; Mehta et al, 2018) while high levels of
ill and il6 in AKC can be linked to the classical activation of

macrophages (Luckett-Chastain et al., 2016). We have also found
that the expression of eight macrophage-related genes (h2-ebl,
cd74, cd68, marco, capg, mpegl, cd200r1, and csflr) was highest in
AIC among selected cell type linked genes (Figure 9) although
the expression in AKC was significantly higher than those of
AIC (Figure 5). Our results are in agreement with another
HK transcriptomic study; carp HK macrophage-like cells had
higher expression of cd68 and mcsfr compared to those of HK
leukocytes (Hu et al,, 2018). Furthermore, a study conducted
by Jenberie et al. (2018) revealed the higher expressions of csflr
and marco in HK macrophage-like cells. Another salmon study
indicated the higher expression of MHCIIB in the adherent
cells from the head kidney (Iliev et al, 2019), and we found
that the expression of h2-ebl gene was higher in AKC. This
gene in association with MHC class II plays a role in the
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processing and presentation of antigens (Adamus et al., 2012),
and teleost mucosa has major T cells receptors (TCR) such as
TCRof and TCRyS, and their respective co-receptors, namely
CD4 and CDS8, which facilitate antigen recognition (Toda et al.,
2011). The presence of T cells in fish intestine was reported
years ago by Rombout et al. (1998). Another study (Romano
et al,, 2007) also indicated the abundance of T cells and TCR3*
lymphocytes in the posterior intestine and mid-intestine of
seabass, respectively. In addition, CD3et cells are abundant in
salmonid immune organs including intestine (Koppang et al.,
2010). Our results about the higher expression of T cell-related
genes and h2-ebl in AIC and the doublets could be pointing
to the cooperation between the adherent cell populations. AIC
had higher expression of chemokines, probably those related
to T cells. Furthermore, three chemokines (ccr9l, ccl20l, and
ccr6l) were dominantly expressed in AIC. It has been reported
that mammalian CD4" T cells express ccr9 (Cosorich et al.,
2019) while ccl20 and ccr6 are expressed on CD8' T cell
(Kondo et al,, 2007; Kish, 2015). The chemokines that are
highly expressed in AKC are related to macrophage activation:
teleost macrophage-like cells express cxcr3l (Lu et al., 2017),
ccl25 (Aquilino et al., 2016) and cxcr4l (Chia et al., 2018) while
mammalian macrophages express ccr3 (Park et al, 1999). In
present study, higher expression levels of ccr9l, ccl20l, and ccrél
may be indicating the presence of T cells in AIC. Furthermore,

considering our hypothesis that the adherent cells could be
mainly phagocytes, the expression of T cell-related genes in the
intestine could be suggestive of their critical role in mucosal
immune system. A study on zebrafish (Wan et al, 2017)
showed that y8 T cells which are generally abundant in the
intestinal epithelium have potent phagocytic ability. In addition,
the phagocytic activity of AIC and the finding of a previous
study on the ability of oval-shaped mammalian endothelial
cells to internalize pathogens (Rengarajan et al., 2016) likely
indicate the phagocytic property of endothelial cells in AIC.
We found that AIC had significantly higher expression of
endothelial genes (ecscr and c¢d151]) while AKC had higher
expression of pecam gene. Both ecscr and c¢d151 are known
as general signatures of mammalian endothelial cells (Verma
et al, 2010; Yang et al.,, 2017) though they have not yet been
reported in fish. On the other hand, pecam (or cd3I) is a
gene associated with endothelial cell adhesion molecule and
it was highly expressed within blood vascular compartment
(Privratsky and Newman, 2014). Furthermore, the presence of
the mucin-like receptor, cd164 could be an indication of the
ability of certain cells in AIC to adhere to endothelial cells
(Havens et al., 2006).

In summary, employing IFC and transcriptomics, we were
able to characterize the adherent cell populations from DI,
based on the genes reported as specific to certain cell types.
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AIC had different-shaped phagocytes and expressed genes
associated with macrophages, T cells, and endothelial-like cells.
Overall (selected) gene profiles show that AIC predominantly
express macrophage-related genes. Further investigation on the
transcriptomic responses of the intestinal cells to different
antigens will help to expand our understanding of their crosstalk
at the mucosal surfaces in teleosts.
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Abstract

The intestine has many types of cells that are present mostly in the epithelium and
lamina propria. The importance of the intestinal cells for the mammalian mucosal
immune system is well-established. However, there is no in-depth information about
many of the intestinal cells in teleosts. In our previous study, we reported that
adherent intestinal cells (AIC) predominantly express macrophage-related genes. To
gather further evidence to demonstrate that AIC are macrophage-like, we compared
the equally abundant as well as differentially expressed mRNAs and miRNAs in AIC with
those in adherent head kidney cells (AKC), which have been previously characterized
as macrophage-like cells. There were 18309 mRNAs, and 59 miRNAs that were equally
abundant between AIC and AIC. Integrative analysis of the mRNA and miRNA
transcriptomes revealed 5 pairs with significant negative correlations that are linked to
macrophages and epithelial cells. The integrated analysis revealed that AIC is
comprised of macrophages and structural cells such as endothelial cells and epithelial
cells. Based on the abundance of macrophage-specific mMRNAs and miRNAs in AIC and
AKC, we suggest macrophage heterogeneity in adherent intestinal cells.

Keywords: adherent cells; intestinal cells; macrophages; RNA-Seq; miRNAs;
Atlantic salmon
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1. Introduction

Gut-associated lymphoid tissue (GALT) has a significant role in host defence and
accounts for almost 70% of cellular components of the entire immune system.
Furthermore, about 80% of plasma cells are found in GALT, at least in mammals (Vighi
et al., 2008). Fish GALT consists of various immune cell types such as macrophages,
dendritic-like cells, B and T cells, and intraepithelial lymphocytes; they are present
either between the epithelial cells or in the lamina propria of the intestine (Martin et
al., 2016). The cells of the GALT are assumed to work together as a mucosal barrier,
supporting the immune system in the intestine (Turner, 2009), which is the largest
interface between the external environment and the host.

Cell adhesion is one of the inherent functions of intestinal cells. This fundamental
characteristic is essential for stimulating cell-cell communication and sustaining tissue
structure (Bachir et al., 2017). The ability of cells to adhere to one another can be
exploited to obtain a highly enriched cell population. In mammals, this characteristic
has been used to study adherent cell types, such as macrophages (Golder and Doe,
1983), epithelial cells (Ren et al., 2017) and endothelial cells (Margiotta et al., 1995). In
fish, the head kidney is a key immune organ and adherent cells from this tissue (AKC)
of Atlantic salmon (Salmo salar) were previously described as monocyte-derived
macrophages (Park et al., 2020a). Recently, we also reported that the adherent cells
from the intestine (AIC) of Atlantic salmon express a number of genes typical of
macrophages and the cells have phagocytic ability (Park et al., 2020b), suggesting that
AIC contain macrophages.

MicroRNAs are a group of small RNAs that are able to bind to the 3° UTR of messenger
RNAs (mRNAs) and negatively regulate target transcripts by silencing mRNA translation
or promoting their degradation (Ambros, 2004). Studies have revealed the negative
correlations between the expression of miRNA and mRNA in mammals, based on the
fact that up/downregulated miRNAs give rise to down/upregulated mRNA (De Cecco
et al., 2017; Diaz et al., 2015). miRNA-mRNA interactions have also been studied to
understand the miRNA targeting specificity in other organisms such as insects (Fu et
al., 2020). A recent study profiled the miRNAs from different tissues and
developmental stages of Atlantic salmon (Woldemariam et al., 2019). Furthermore,
Smith et al. (2020) reported that miRNA expressions in adherent head kidney cells
could influence macrophage differentiation. However, corresponding observations on
fish intestine cells do not exist.

Macrophages can display different activation states, reflecting different phenotypes
acquired in response to distinct environmental signals. Macrophage heterogeneity can
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be influenced by dietary components and microbiota (Belizario et al., 2018; Kim et al.,
2014; Wu et al., 2020), among other factors. The degree to which macrophages can be
polarized is based on various stimuli such as cytokines, microbes and other modulators
(Kim et al., 2016; Mohammadi et al., 2019). It has also been reported that the local
environment of intestine could imprint the phenotypes and functions of human
macrophages (Bain and Schridde, 2018). The demands of local microorganisms can
alter niche-specific macrophage functions since microbiota could drive constant
replenishment from circulating monocytes to maintain the intestinal macrophage pool
(Bain et al., 2014). Furthermore, self-replenishment of tissue-resident macrophages is
considered as a conserved process (Soza-Ried et al., 2010). On the other hand, it is also
known that miRNAs have roles in differentiation of intestinal epithelial cells, dendritic
cells and macrophages, and even polarization of macrophages (McKenna et al., 2010;
Peng et al., 2016; Zhou et al., 2015). We suggest that the capacity of fish macrophages
to differentiate into extremes such as M1 or M2-like macrophage types can be
influenced by initial immune responses and danger signals, and that this polarization is
amplified via positive feedback from T-lymphocytes, especially later in evolution of the
macrophages (Wiegertjes et al., 2016). Fish M1 and M2-like macrophages, examples of
heterogeneous macrophages polarized into extreme phenotypes, are believed to
produce antimicrobials (nitric oxide and pro-inflammatory cytokines)(M1) or
molecules associated with tissue regeneration (arginase and anti-inflammatory
cytokines)(M2) similar to their mammalian counterparts (Wentzel et al.,, 2020a;
Wentzel et al., 2020b; Wiegertjes et al., 2016). Although we reported the presence of
macrophages in AIC in our previous study (Park et al., 2020b), we could not ascertain
conclusively the macrophage heterogeneity in AIC.

Here, we investigated both mRNA and miRNA transcriptomes in adherent cells from
the intestine (AIC) of Atlantic salmon and adherent cells from the head kidney (AKC).
We examined (1) equally abundant macrophage-related mRNAs and miRNAs in AIC and
AKC, (2) differentially expressed mRNAs (DEGs) and miRNAs (DE miRNAs) in AIC
compared to AKC, and (3) negative correlations between DE miRNA and DE target
MRNAs. We discuss the observation that adherent cells from the intestine display gene
profiles that fit with the presence of heterogeneous macrophage phenotypes.

2. Materials and methods

2.1. Ethics statement

The present study was approved by the National Animal Research Authority in Norway
(Mattilsynet; FOTS ID 10050) and executed according to its guidelines.
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2.2. Experimental fish and sample collection

In this study, Atlantic salmon (Salmo salar) post smolts were purchased from a
commercial producer (Sundsfjord Smolt, Nygardsjgen, Norway). These fish were raised
in a flow-through sea water system (temperature: 7-8°C, dissolved oxygen saturation:
87-92 %, 24-h light cycle) at the Research Station of Nord University, Bodg, Norway,
and fed a commercial feed (Ewos Micro, Ewos AS, Bergen, Norway) at 1.2% of their
body weight daily. Samples were collected from fish (n = 6) of weight range 510-590 g.
They were starved for 24 h and were sacrificed with an overdose of tricaine methane
sulphonate (Argent Chemical Laboratories, Redmond, USA; 200 mg/L). Then, distal
intestine (DI) and head kidney (HK) were dissected under sterile conditions and they
were used for cell isolation.

2.3. Cell isolation and culture

Cells from DI and HK were harvested and grown at 12°C in Leibovitz’s L-15 Medium (L-
15; Sigma, Oslo, Norway) as described previously by (Park et al., 2020b). Briefly, the
isolated DI or HK leukocytes were allowed to adhere on a cell culture dish (Nunc
EasYDish, Thermo Fisher Scientific, Oslo, Norway) with 2 mL L-15+ (L-15 medium with
50 U/mL penicillin, 50 pg/mL streptomycin, 2% fetal bovine serum and 10 U/mL
heparin) for 2 days at 12°C. Thereafter the media was removed and the adherent cells
on the culture dish were detached by washing three times with 1.5 mL ice-cold PBS
(Sigma) supplemented with 5 mM EDTA (Sigma). The cells were centrifuged (500 x g, 5
min, 4°C) and re-suspended with 2 mL L-15+. Then, the adherent cells, AIC or AKC were
counted using a portable cell counter (Scepter™ 2.0 cell counter, EMD Millipore,
Darmstadt, Germany) for further analysis.

2.4. mRNA and small RNA profiling
We performed mRNA and small RNA sequencing to profile the gene expression of AIC
and AKC (reference cell type). Six biological replicates were used for the study.

2.4.1. RNA isolation

Total RNA was extracted from AIC or AKC (500,000 cells) using PicoPure RNA isolation
kit (Thermo Fisher Scientific) according to the manufacturer’s protocol. The quality and
guantity of the isolated total RNA were assessed using Agilent RNA high sensitivity
screen tape kits and Bioanalyzer 2200 TapeStation system (Agilent Technologies, Santa
Clara, CA, USA).

2.4.2. Library preparation and Illumina sequencing
2.4.2.1. mRNA sequencing
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High quality RNA (RNA Integrity Number > 8) from each sample (50 ng) was used for
library construction using the NEBNext Ultra Il Directional RNA library preparation kit
with poly (A) mRNA magnetic isolation module (NEB #E7490; New England BiolLabs”,
Herts, UK) as described previously by Park et al. (2020b). The quality and quantity of
sequencing-ready libraries were examined using Agilent DNA high sensitivity screen
tape kits and Bioanalyzer 2200 TapeStation system. These individual libraries were
pooled at equimolar ratio and sequenced on a NextSeq 500 sequencer (lllumina, San
Diego, CA, USA) with a high throughput flow cell (single-end, 75 bp) at the sequencing
facility of Nord University, Bod@, Norway.

2.4.2.2. Small RNA sequencing

From the extracted RNA that was used for mRNA sequencing, 50 ng was used for library
preparation using the NEXTflex Small RNA-Seq Kit v3 (Bioo Scientific, Austin, TX, USA)
following the manufacturer’s protocol. Briefly, RNA was ligated with the NEXTflex 3’ 4N
and 5’ 4N Adenylated adapters. Then, the RNA was reverse transcribed into first-strand
cDNA and amplified with NEXTflex universal and barcoded primers on a thermocycler
(Applied Biosystem, NY, USA) for 25 cycles. The conditions for each cycle were: 95 °C
for 2 min; 95 °C for 20's, 60 °C for 30 s, 72 °C for 15 s; 72 °C for 2 min. For PAGE size
selection, 5 L of 6X gel loading dye was added to each PCR product and the mixture
was loaded on 10 % TBE-PAGE gel (Thermo Fisher Scientific). Then, the cDNA was
isolated from the ~150 bp gel band. After size selection, the quality and quantity of
individual libraries were assessed using Agilent RNA high sensitivity screen tape kits
and Bioanalyzer 2200 TapeStation system. These individual libraries were pooled at
equimolar ratio and sequenced as mentioned in the above section.

2.4.3. Bioinformatics analyses and statistics

In the related study on AIC (Park et al., 2020b), we profiled the expression of selected
cell specific genes (macrophages, dendritic cells, T and B cells and endothelial cells) and
genes related to cytokines and chemokines. In the present study we reanalysed the
MRNA transcriptome data recently published in the aforementioned paper and
integrated it with the newly generated small RNA-Seq dataset. In particular, i) we
filtered out top thirty equally abundant macrophage-related genes (with |Log,FC)| <
0.005) and miRNAs (with |LogzFC| < 1) in AIC and AKC, ii) determined differentially
expressed genes and miRNAs between AIC and AKC, and iii) analysed the association
between mRNAs and miRNAs (i.e., correlation analysis between miRNA and their target
gene). The overall workflow of the mRNA-Seq and small RNA-Seq data analysis is shown
in Supplementary Figure 1.

2.4.3.1. mRNA-Seq and small RNA-Seq analysis
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All bioinformatic analyses of mMRNA-Seq data were performed as previously described
by Zhang et al. (2018). Briefly, raw data were converted to fastq format with bcl2fastq2
(v2.17, illumina), followed by adapter trimming using Cutadapt (Martin, 2011) and
filtering low-quality reads with fastq_quality_filter “-q 20 -p 80”. The clean reads were
then aligned against ICSASG_v2 assembly of Atlantic salmon genome using STAR
(Dobin et al.,, 2013) with following parameters: “--outSAMtype BAM
SortedByCoordinate --quantMode TranscriptomeSAM GeneCounts”. Read counts
were extracted from the alignment file ReadsPerGene.out.tab, the fourth column of
which refers to the read counts from the “2" read strand”. Raw read counts of the 12
samples were merged to create a matrix, which was used for the differential expression
analysis. For small RNA-Seq analysis, the quality of raw reads was assessed using
FastQC (Andrews, 2010), followed by adapter trimming using Cutadapt and removal of
low quality reads using FASTX-Toolkit as described above. Clean reads were aligned to
Atlantic salmon genome ICSASG_v2 using miRDeep?2 package (Friedlander et al., 2012)
command mapper.pl with parameters: “-e -d -h -i -j -1 18 -m -n -0 16", and were
quantified using command quantifier.pl with salmon hairpin and mature miRNAs from
miRbase (Griffiths-Jones et al., 2007) as input. The filtered miRNAs were subjected to
differential expression analysis by comparing AIC to AKC. DESeqg2 (Love et al., 2014)
was employed to determine differentially expressed mRNAs and miRNAs between AIC
and AKC. An absolute fold change (FC) > 2 and Benjamini-Hochberg adjusted p value <
0.05 were considered for the analyses. The R packages ggplot2 (Wickham, 2016) and
pheatmap (Kolde and Kolde, 2015) were employed for data visualization.

2.4.3.2. In silico analysis to determine the target genes of miRNAs

To study the correlation between DE miRNAs and their target transcripts found in the
DEGs, we used two target prediction algorithms: miRanda “-sc 140 -en -20 -scale 4 -
strict -go -4 -ge -9 -quiet” (Enright et al., 2003) and RNAhybrid “-b 1 -c -m 5000 -u 1 -v
1 -e -20 -p 0.05 -s 3utr_human -q” (Kriger and Rehmsmeier, 2006). Only genes that
were identified by both algorithms were selected as potential targets. We focused on
miRNAs and their target pairs that were inversely correlated, since miRNAs are
negative regulators of gene expression (Moraes et al., 2017). Using Pearson’s
correlation analysis, negative correlations between DE miRNA and their target mRNAs
among DEGs were determined according to the following three criteria: (1) normality
of the data and homoscedasticity of residuals, (2) correlation coefficient r < 0 and (3)
p-value < 0.05. Here we considered two types of negative correlation pairs: (1)
upregulated DE miRNAs and downregulated target genes among DEGs, (2)
downregulated DE miRNAs and upregulated target genes among DEGs.
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3. Results

We employed RNA-Seq and small RNA-Seq to profile the top thirty macrophage-related
genes (Table 1) and miRNAs (Table 2) that are equally abundant in AIC and AKC, and to
reveal the DEGs (Tables 3 and 4) and DE miRNAs (Tables 5 and 6) in AIC compared to
AKC. In addition, a correlation study was performed to decipher the negative
correlation between DE miRNAs and their target genes in the DEGs (Table 7).

3.1. Library characterization and overview of the mRNA and miRNA
transcriptome in adherent intestinal cells

We obtained over 312 million clean reads from 12 mRNA libraries (6 from AIC and 6
from AKC), and more than 285 million (91.4%) were mapped to the Atlantic salmon
genome. Additional library details are reported in Park et al. (2020b). As for the small
RNA-Seq data, over 390 million raw reads were obtained by high-throughput
sequencing of miRNA. After adapter trimming and removal of low-quality reads, over
323 million clean reads were retained, and more than 98 million of them (32.0%) were
aligned to mature miRNAs from Atlantic salmon (Supplementary Table 1).

The overall quality of the mRNA and miRNA expression data can be observed in the
dispersion plots (Supplementary Figures 2A and 3A). Minus over average and volcano
plots show the differentially expressed mRNAs (Supplementary Figures 2B) and
miRNAs (Supplementary Figures 3B). The principal component analysis plots of mRNA
(Figure 1A) and miRNA (Figure 2A) sequence data show two clear clusters
corresponding to AIC and AKC. They are clearly separated along the first component,
which represents 91 and 75 % of the variance in mRNA and small RNA data,
respectively.

3.2. Top thirty macrophage-related mRNA and miRNA genes that are equally
abundant in adherent intestinal and head kidney cells

While the number of common mRNA in AIC and AKC is 18309 (Figure 1B), the
corresponding number for the miRNA (Figure 2B) is 59. The top 30 macrophage-related
mMRNAs and miRNAs that were expressed at similar levels in AIC and AKC are shown in
Tables 1 and 2, respectively. Of the genes that had similar normalised read counts in
AIC and AKC (Table 1), serbpla, ran1 and cnbp were the most abundant (with high base
mean) genes in AIC. There were four major genes that are associated with
macrophages as well as phagocytosis (mstira, romol, prdx4 and calm1) and two cell
adhesion-related genes, namely bcam and ceacam18. Among the similarly expressed
miRNAs in the two types of adherent cells (Table 2), ssa-let-7b-5p and ssa-miR-150-5p
were the most abundant miRNA genes in AIC.
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3.3. Expression levels of potential gene markers of macrophage heterogeneity
in adherent intestinal and head kidney cells

As a first exploration, we examined heterogeneity amongst the phenotypes of
macrophages in AIC and AKC. Five candidate markers for carp M1- and M2-
macrophages as identified by Wentzel et al. (2020b) were also found in the
transcriptome of AIC and AKC in the present study (Figure 3). AIC had higher expression
of M1-macrophage markers (nosip, nostrin and saal1) (Figure 3A) while AKC had higher
expression of M2-macrophage markers (tgm2 and arg2) (Figure 3B).

3.4. Differentially expressed genes and miRNAs in adherent intestinal cells

In total, 11051 DEGs were identified in AIC compared to AKC; 6821 up and 4230
downregulated DEGs (Figure 1C). The top 30 up and downregulated mRNAs in AIC
compared to AKC are shown in Tables 3 and 4, respectively. In addition, 37 DE miRNAs
were identified in AIC compared to AKC; 20 up and 17 downregulated DE miRNAs
(Figure 2C, Tables 5 and 6).

Among the upregulated DEGs (Table 3), there were two highly regulated genes (logzFC
> 13.5) in AIC compared to AKC; adcyapl and epcam. In addition, gcgal, stcl, segn,
tm4sfd, t4s1, ffar2, gcga2, rinl and scg3 that were detected as upregulated DEGs in AIC
also had high fold changes (> 12). As for the downregulated DEGs (Table 4), two genes
that were highly downregulated in AIC compared to AKC are acs/3/and p2ry12/ (logzFC
< -8.9). Furthermore, some genes that were linked to macrophages were also
downregulated; cd147/, mrc2l, mip2a, and Itb4rl (log.FC < -6.7).

The three most upregulated miRNAs (log,FC > 12) in AIC compared to AKC were ssa-
miR-192b-5p, ssa-miR-196b-5p and ssa-miR-2188-5p. The 20 DE miRNAs that had
log>FC in the range 1-13 include ssa-miR-429-3p, ssa-miR-192a-5p, ssa-miR-196a-5p,
ssa-miR-194a-5p, ssa-miR-210-5p, ssa-miR-10b-5p, ssa-miR-125a-5p, ssa-miR-100a-5p,
ssa-miR-23a-3p, ssa-miR-23b-3p and ssa-let-7a-5p (Table 5). The three most
downregulated miRNAs (logzFC < -4.3) in AIC compared to AKC were ssa-miR-19d-5p,
ssa-miR-17-5p and ssa-miR-92a-5p. The 17 downregulated DE miRNAs that had log,FC
in the range between -1 and -9.7 include ssa-miR-155-5p, ssa-miR-128-1-5p, ssa-miR-
181c-5p, ssa-miR-21b-5p, ssa-miR-731-5p and ssa-miR-181a-5p (Table 6).

3.5. Integrative analysis of DE miRNA and their target genes in DEGs

Integrative analysis of DE miRNAs and their target genes among DEGs revealed 15
negative correlation pairs (Table 7). Of them, 5 pairs were significantly correlated (p <
0.05; 4 pairs: downregulated DE miRNA—upregulated target gene, and 1 pair:
upregulated DE miRNA—downregulated target gene); ssa-miR-19d-5p—eif5, ssa-miR-
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92a-3-5p—enc3, ssa-miR-128-1-5p—/bh, ssa-miR-181c-5p—p2rx8 and saa-let-7a-5p—
Irplaa (Figure 4).

4. Discussion

In-depth studies and characterization of teleost intestinal immune cell types are few
and deserve more detailed studies. Hence, we have been characterising the intestinal
cells employing a novel approach: by exploiting the ability of some of the intestinal
cells to adhere to surfaces, we examined adherent cells specifically, isolated from the
distal intestine (AIC) of Atlantic salmon. In our previous study (Park et al., 2020b), we
found that they expressed macrophage-specific genes. To characterize these cells, we
identified the equally abundant transcripts as well as differentially expressed mRNAs
and miRNAs in AIC by comparing them with those in the adherent cells from head
kidney (AKC or macrophage-like reference cells). In addition, analysis of DE miRNAs and
DE mRNAs revealed the negatively correlated pairs associated with the adherent
intestinal cells of salmon.

Similarities and differences between macrophage-linked gene expression in
AIC and AKC

Adherent HK cells from Atlantic salmon contain monocyte-derived macrophages
(Paulsen et al., 2001). The genes serbpla and cnbp were observed to be equally
abundant in AIC and AKC. The former gene is known to recruit macrophages and
polarize them to M2 forms (Kubala et al., 2018) and the latter is associated with the
cytosol of macrophages (Chen et al., 2018). Among the other mRNAs that had equal
abundance in both AIC and AKC, namely mstira, romol, prdx4 and calml are
macrophage- and phagocytosis-linked genes (Brunelleschi et al., 2001; Hanaka et al.,
2019; Lee et al., 2017; Stella et al., 2001; Tan et al., 2016; Zhang et al., 2011).
Expressed miRNAs that were equally abundant in AIC and AKC included ssa-let-7b-5p,
ssa-miR-125b-5p and ssa-let-7c-5p. In mammals, let-7b (Wang et al., 2016), let-7c-5p
(Banerjee et al., 2013) and miR-125b (Chaudhuri et al., 2011) have been associated
with macrophage polarization. In salmon, ssa-miR-462a-5p was expressed during head
kidney monocyte-to-macrophage differentiation (Smith et al., 2020).

Differences in expression of macrophage-related genes in AIC and AKC that we noted
could be attributed to the organ-linked diversity of macrophages (Gautier et al., 2012).
Arecent study has reported the abundant expression of ssa-miR-192a-5p and ssa-miR-
194a-5p in Atlantic salmon intestine (Woldemariam et al., 2019); these miRNAs had
higher expression in AIC too. In addition, ssa-miR-192a/b-5p were upregulated in AIC.
miR-192 is known to be a tumor suppressor and M1 macrophages are known to prime
anti-tumor responses (Gordon, 2003; Shang et al., 2018). Two other miRNAs, ssa-miR-

10
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155-5p and ssa-miR-21b-5p, that were downregulated in AIC, were detected in salmon
HK macrophage-like cells (Smith et al., 2020) while a teleost specific miRNA ssa-miR-
731-5p downregulated in AIC was found in cod HK macrophages (Eslamloo et al., 2018).
Yet another miRNA downregulated in AIC was ssa-miR-128-1-5p. Woo et al. (2012)
have reported that miR-128 downregulated colony stimulating factor-1 (CSF-1), a
secreted cytokine that induces monocyte differentiation into macrophages, in human
ovarian cancer cells. Studies have indicated that in cyprinid fish, CSF-1 stimulation will
induce the production of soluble CSF-1 receptors by macrophages (Rieger et al., 2014;
Rieger et al.,, 2013), and these receptors are expressed by mature macrophages
through M2-polarizing responses (Rieger et al., 2013). In our previous study, we
reported higher expression levels of csf1r in AKC compared to those in AIC (Park et al.,
2020b). Considering the expression levels of miR-128-1-5p and csflr in the
aforementioned study as well as in the present study, we speculate that macrophage
differentiation takes place in AKC, and comparison of the genes in AIC and AKC gives
fundamental information about polarization in AIC.

Some miRNAs that were upregulated in AIC are linked to macrophages; as examples
from mammals, miR-23a-3p was involved in macrophage polarization (Ma et al., 2016).
miR-196b-5p (Yuan et al., 2018), and miR-196 (Velu et al., 2009) were associated with
macrophage activation. miR-194a-5p (Zhang et al., 2017b) and miR-10b-5p (Wang et
al., 2018a) modulated apoptosis in macrophages. Like the disparities in the miRNA
abundances in AIC and AKC, certain genes also had differential expression in the two
adherent cell types. For example, mip2a (macrophage inflammatory protein 2) was
downregulated in AIC, and its expression on human macrophages stimulated
neutrophil recruitment and activation by binding to their specific receptors, cxcrl and
cxcr2, during acute inflammation (Qin et al., 2017). ffar2 (free fatty acid receptor 2-like)
that was upregulated in AIC is expressed on mammalian macrophages and known to
have a role in regulating inflammatory responses by controlling gut epithelial integrity
and neutrophil chemotaxis (Alvarez-Curto and Milligan, 2016).

Interaction between host microRNA and microbes could modulate macrophage
functions, at least in mice. It was reported that while Listeria monocytogenes reduced
the expression of mice miR-192, Lactobacillus sp. induced its expression, suggesting
the ability of microbes to restore intestinal homeostasis through miRNA regulation
(Riaz Rajoka et al., 2018). Also in mice, miR-194-5p and let-7c-5p that were equally
abundantin AIC and AKC were found to have a strong connection with certain bacterial
families like Enterobacteriaceae (Viennois et al., 2019). One of these miRNAs, miR-194-
5p, is also associated with inflammatory responses (Meng et al., 2019; Wang et al.,
2017). It has been reported that mammalian intestinal macrophages, which lack the
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surface receptor that helps recognize LPS (CD14) do not produce pro-inflammatory
cytokines, but instead produce more anti-inflammatory cytokines (Denning et al., 2007;
Smythies et al., 2005). Monocyte-derived macrophages that have initial pro-
inflammatory features are soon converted to anti-inflammatory and tolerogenic
phenotypes through the signals from IL-10, regulatory T cells, GM-CSF (CSF2) and
innate lymphoid cells (Castro-Dopico et al., 2020; Italiani and Boraschi, 2014).
Furthermore, the vitamin A metabolite (retinoic acid) is required for maintaining
intestinal immune tolerance and to promote M1- to M2-macrophage conversion in
mice (Vellozo et al., 2017). In the present study, rail, retinoic acid-induced protein 1-
like was equally expressed in AIC and AKC. In addition, ssa-miR-92a-3-5p was
downregulated in AIC, and miR-92a in mice modulated macrophage activation by
targeting retinoic acid inducible gene-I (Sheng et al., 2018). The target gene of ssa-miR-
92a-3-5p, enc3 that was upregulated in AIC is linked to activation of human colonic
epithelial cells (Fujita et al., 2001). Accumulating evidences on interaction between
miRNAs and microbes also provide valuable information about the macrophage
phenotypes. The miRNA, miR-196 (upregulated in AIC) present in bovine
gastrointestinal tract, was correlated to the abundance of Bifidobacterium or
Lactobacillus species or both, and is also considered as a modulator of lymphoid tissue
development (Liang et al., 2014).

Several genes that were found in AIC and AKC were linked to macrophage activation.
Two cell adhesion-related genes, namely bcam and ceacam18 were expressed in AlC
and AKC. In mice, basal cell adhesion molecule (bcam) plays crucial roles in facilitating
the accumulation of monocytes and macrophages (Huang et al., 2014). It has been
reported that carcinoembryonic antigen-related cell adhesion molecule (ceacam), a
major negative regulator of inflammation, could modulate G-CSF production in mice
macrophages, and their expression in M1 was higher than in M2 macrophages (Samieni
et al.,, 2013). A recent study demonstrated that carp macrophages express G-CSF
paralogs (g-csfal and g-csfa2) at high levels (Katakura et al., 2019). In this context, it
should be stated that CSF-1 stimulation causes the polarization to M2 form in fishes
(Rieger et al., 2013) while GM-CSF-1 is an M1 stimulus in mammals (Mills and Ley,
2014). Considering the expression of genes related to macrophages and cell adhesion
in both AIC and AKC, we believe that adhesion molecules can modulate macrophage
functions and this action may be mediated by the interaction with structural cells from
epithelium and endothelium. The top DEGs in AIC included genes associated with
endothelial (segn and scg3) and epithelial cells (epcam/, tm4sf4 and t4s1). It has been
reported that segn, secretagogin-like (Pipp et al., 2007) and scg3, secretogranin Il (Li
et al., 2018) are involved in modulating endothelial cell function. The gene epcaml is
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an epithelial cell adhesion molecule that mediates Ca?*-independent homotypic
epithelial cell-cell adhesion (Litvinov et al., 1994). Chi and Melendez (2007) reported
that an interplay between monocytes and endothelial cells is mediated by intercellular
or vascular cell adhesion molecules, and their interaction triggers cell migration.
Furthermore, Prieto et al. (1994) reported that the maturation of monocytes to
macrophages is regulated by the cell adhesion molecules.

In the present study, enc3 and Ibh were the targets of the upregulated miRNAs in AIC.
Ibh, a stem-A-associated gene, is expressed in Lgr5-positive cells and is a marker of
epithelial stem cells in human colon (Shiokawa et al., 2017) and had higher expression
in AIC. Furthermore, ectodermal-neural cortex 3 (ENC3) is involved in suppressing
differentiation of human colonic epithelial cells during carcinogenesis (Fujita et al.,
2001). Interaction between mammalian intestinal epithelial cells and macrophages
play an important role in intestinal homeostasis (Al-Ghadban et al., 2016; Powell et al.,
2011). Macrophage activation requires interaction with epithelial cells (Lee et al., 2010),
and contact with endothelial cells is necessary for M2 polarization and macrophage
colony maintenance (He, 2013). Taken together, we believe that mucosal and systemic
macrophages are of different phenotypes and their responses may be influenced by
the tissue environment such as diet and composition of microbiota, as reviewed by
Alvarez-Curto and Milligan (2016).

miRNA and mRNA-based evidences on macrophage heterogeneity

Although we have not actively stimulated the macrophages in adherent cells, based on
the genes specific to particular phenotypes, we speculate the presence of macrophage
heterogeneity and maybe even presence of M1 and M2 macrophages. A recent study
has reported the potential markers for M1-macrophages (i/1b, nos2b and saa) and M2-
macrophages (timp2b, tgm2b and arg2) by LPS and cAMP stimulation, respectively; the
authors also observed differences in nitric oxide production and arginase activity of
these phenotypes (Wentzel et al., 2020b). In the present study, we also found the
expressions of the macrophage marker genes in AIC and AKC. The higher expression of
M1-macrophage marker genes—two nitric oxide synthase-related genes, nosip and
nostrin, and saall—were noted in AIC. On the other hand, AKC had the higher
expression of the marker genes for M2 macrophages—tgm2 and arg?2. It is known that
the two genes, nosip (nitric oxide synthase interacting protein) and nostrin (nitric oxide
synthase trafficking) were associated with modulating nitric oxide synthesis
(Chakraborty and Ain, 2017; Mukherjee et al., 2018). Human studies showed that the
expression levels of transglutaminases 2 (TG2) known as a marker for M2-macrophages
increased during the monocyte-to-macrophages differentiation (Mehta et al., 1987;
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Murtaugh et al., 1984). Furthermore, in our previous study, the gene il1bl was highly
expressed in AIC compared to AKC (Park et al., 2020b).

Two other genes that were upregulated in AIC in the present study, namely stc1 and
rinl point to the existence of M1 macrophages. A recent study reported that
lipopolysaccharide (LPS)/IFNy-induced M1 human macrophages had higher expression
levels of STC1 compared to phorbol myristate acetate-induced MO- and IL-4/1L-13-
induced M2-macrophages (Leung and Wong, 2021). The other gene reported here, rinl
(relaxin-like protein), is known to significantly increase pro-inflammatory cytokine IL-6
in human M1 macrophages (Horton et al., 2011).

On the contrary, cd147 was down regulated in AIC, even though they have been
associated with murine and human M1 macrophages and such cells induced Th17
differentiation (Geng et al., 2014). This variance in cd147 expression in AIC warrants
additional investigation. As regards the miRNAs, Zhang et al. (2013) reported that miR-
181 and miR-155 (downregulated in AIC) were highly expressed in M1-macrophages of
mice. On the other hand, miR-210-5p and miR-125a-5p were upregulated in AIC, and
these miRNAs are known to be highly expressed in mice M1-macrophages (Melton et
al., 2016). In addition, miR-429 that was expressed in AIC is reported to be associated
with LPS-induced pro-inflammatory cytokine in mice macrophage (Xiao et al., 2015).
Another miRNA, ssa-miR-194a-5p was upregulated in AIC, and in rats, miR-194 in LPS-
induced nucleus pulposus cells modulated the expression of inflammatory cytokines-
associated genes (tnfa, il1 and il6) (Kong et al., 2018), which could be linked to the
characteristics of mammalian M1-macrophage polarization (Genard et al. (2017).
Mammalian M1 macrophages play a critical role in host defense against infection (Liu
et al., 2014). P2X purinoceptor 5-like is the target gene (p2rx) of ssa-miR-181c-5p that
was upregulated in AIC. During inflammatory response, P2X purinoceptors are
upregulated in macrophages, indicating that the gene could act as a danger signal
sensor (Burnstock, 2016). In a report on mice, miR-17-5p upregulation in the peritoneal
macrophages of ApoE”- mice fed with a high-cholesterol diet, indicates that the miRNA
regulates inflammation and lipid accumulation by repressing the expression of a
cholesterol transporter gene, ABCA1 (Tan et al., 2019). p2rx and ABCA1 that were
highly expressed in mammalian macrophages during inflammation could be linked to
M1-macrophages. Thus, from these results we assume that teleost M1 macrophages
have different roles when responding at different mucosal and systemic tissues.

In Atlantic salmon, mstira had similar expression in both AIC and AKC. This gene,
encoding macrophage-stimulating protein receptor, is expressed on mammalian
peritoneal macrophages (Stella et al., 2001) and regulates their biological functions,
including phagocytosis and the M1-M2 macrophage balance (Brunelleschi et al., 2001).
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The gene encoding adenylate cyclase activating polypeptide 1, adcyapl, was
upregulated in AIC. This cytoprotective peptide modulates murine macrophage
polarization during chronic inflammation—increased M2 polarization but reduced M1
polarization by interfering with JNK/STAT3 signalling pathway (Wan and Sun, 2019).
Two other genes were downregulated in AIC, namely mrc2/ (C-type mannose receptor
2-like) and Itb4rl (leukotriene B4 receptor 1-like). The former is known to be expressed
on mice M2-like macrophages (Madsen et al., 2013), while /tb4rl expressed on mouse
macrophages favours M2 polarization (Zhang et al., 2017a). Among the miRNAs
studied, two upregulated ones in AIC are associated with M2 polarization. miR-100
induced the M2-polarization of macrophages (Wang et al., 2018b) and high expression
of let-7a upregulated the anti-inflammatory factors and promoted the switch from M1
to M2 phenotype (Hashemi et al.,, 2018). ssa-miR-125a-5p was among the top
upregulated miRNAs in AIC and high expression of miR-125 has been reported in mice
M2-macrophages (Zhang et al., 2013). In addition, ssa-miR-192a-5p was upregulated
in AIC, as observed for bone marrow-derived macrophages of mice, the expression of
miR-192 promoted M2-macrophage differentiation in vitro (Zhang et al., 2020).
Eukaryotic translation initiation factor-5 (eif5) is the target gene of ssa-miR-19d-5p that
was downregulated in AIC, and eif5 is known to modulate mitochondrial respiration
and indirectly affect alternative (M2) macrophage activation in humans (Puleston et
al., 2019). Yet another miRNA upregulated in AIC is ssa-let-7a-5p and its target gene is
Irplaa. Mueller et al. (2018) found that low-density lipoprotein receptor-related
protein (Irp) controls the expression of C-C chemokine receptor type 7 (ccr7, a
macrophage polarization marker) in mice macrophages. LRP1-mediated signalling
helps in resolution of the active inflammatory response and promotes the conversion
to anti-inflammatory M2 functional phenotype (Potere et al., 2019). In addition, LDL
receptor-related protein-1 is known to regulate miR155 (Mantuano et al., 2016). It
should be noted that ssa-miR-155-5p was downregulated in AIC. Summing up, we
believe that intestinal-resident macrophages have more M2-macrophage
characteristics than monocyte-derived ones, and the miRNAs described here could be
involved in switching of macrophage phenotypes in salmon.

5. Conclusion

The present transcriptomic study has provided new molecular insights on the intestinal
adherent cells of Atlantic salmon. Taken together, these multiple analyses based on
the transcriptomic data suggest that the adherent intestinal cells contain macrophages,
epithelial cells and endothelial cells, and their interaction could be pointing to the
presence of a heterogeneous population of macrophages. Possibly, the expression of
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specific miRNA and mRNA could indicate the existence of both M1 and M2
macrophages in the adherent intestinal cells of salmon. This adherent cell population
should be further studied to understand their contribution to intestinal immunity in
Atlantic salmon, and other teleosts. Furthermore, miRNA and mRNA pair searching
studies employing M1 and M2 macrophage populations should be conducted to clarify
the functions of intestinal macrophages.
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Table 1. Top thirty macrophage-related genes that are equally abundant in adherent

cells from distal intestine and head kidney.

Gene ID Symbol Description BaseMean * Log,FC ?
LOC106560288 serbpla ::Zstr;i;!_clzi:n activator inhibitor 1 RNA-binding 4829 0.004
LOC100136528 ranl Ran protein 3237 -0.004
LOC100194661 cnbp CCHC-type zinc finger, nucleic acid binding protein 2012 0.003
LOC106611171 calml Calmodulin 1 1361 -0.002
LOC106606196 slci6a3 Monocarboxylate transporter 4-like 1345 -0.001
LOC100196549 romol Reactive oxygen species modulator 1 1034 0.000
LOC106566174 spl Sp1 transcription factor 845 0.003
LOC100194901 rab6c Ras-related protein Rab-6C 623 0.001
LOC106570994 rab10 Ras-related protein Rab-10 pseudogene 613 0.002
LOC106572095 ccnl2 Cyclin-I-like 549 0.003
LOC106608187 zfan3 AN1-type zinc finger protein 3-like 540 -0.001
LOC106580924 sorll Sortilin related receptor 1 510 -0.002
LOC106589503 rail Retinoic acid-induced protein 1-like 487 -0.002
LOC106576790 znf518a Zinc finger protein 518A-like 396 0.002
LOC106575550 ddx3x ATP-dependent RNA helicase DDX3X-like 353 0.002
LOC106582756 mstlra Macrophage-stimulating protein receptor-like 349 0.001
LOC106612069 dpf2l Zinc finger protein ubi-d4-like 332 -0.001
LOC100380559 myef2 Myelin expression factor 2 323 -0.002
LOC106563587 prdx4 Peroxiredoxin-4-like 276 -0.002
LOC106589519 znf420 Zinc finger protein 420-like 248 0.002
LOC106575781 tuba812 Tubulin alpha chain-like 212 0.004
LOC106605589 ceacami8 ;a;::eizzle;n]\-l;?ii:ic antigen-related cell adhesion 157 0.000
LOC106613791 cks2 Cyclin-dependent kinases regulatory subunit 1-like 127 -0.001
LOC100195338 ctl2 Choline transporter-like protein 2 125 -0.002
LOC100286477 myole Myosin IE 59 0.004
LOC100195309 zn214 Zinc finger protein 214 58 -0.003
LOC106575882 znf146 Zinc finger protein OZF-like 52 0.004
LOC106595099 zcwpw?2 Zinc finger CW-type PWWP domain protein 2-like 35 0.001
LOC106577531 bcam Basal cell adhesion molecule-like 20 0.004
LOC106573576 pipSkic Phosphatidylinositol 4-phosphate 5-kinase type-1 18 -0.001

gamma-like

1 BaseMean = average of the normalized read counts in all libraries.
2 Log> fold change between AIC and AKC.
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926  Table 2. Top thirty equally abundant macrophage-related miRNAs in adherent cells
927  from distal intestine and head kidney and their potential target mRNAs.

miRNA BaseMean ! LOG2FC? Target number
ssa-let-7b-5p 711968 0.905 1
ssa-miR-150-5p 81792 -0.56 2
ssa-miR-30b-5p 59008 0.448 0
ssa-let-7j-5p 52386 -0.275 0
ssa-let-7e-5p 38601 0.16 0
ssa-miR-462a-5p 34375 -0.5 0
ssa-let-7g-5p 31523 0.491 0
ssa-let-7c-5p 14848 -0.613 0
ssa-let-7h-5p 13739 0.384 1
ssa-miR-128-3p 8917 0.082 1
ssa-miR-125b-5p 8346 -0.094 2
ssa-miR-16a-5p 6581 -0.909 0
ssa-let-7f-5p 5489 0.376 0
ssa-let-7i-5p 3941 -0.192 1
ssa-miR-15a-5p 3335 -0.429 0
ssa-miR-26a-5p 3200 -0.137 1
ssa-miR-146a-5p 1633 -0.71 0
ssa-let-7d-5p 1621 0.097 1
ssa-miR-129-5p 1036 0.771 2
ssa-miR-139-5p 604 -0.788 7
ssa-miR-103-3p 555 0.493 3
ssa-miR-24b-3p 512 0.847 0
ssa-miR-181b-5p 395 -0.906 5
ssa-miR-128-3-5p 364 -0.542 3
ssa-miR-33b-3p 179 0.883 1
ssa-miR-16¢c-5p 168 0.648 0
ssa-miR-29a-5p 127 -0.016 1
ssa-miR-462a-3p 117 -0.663 6
ssa-miR-455-3p 71 -0.159 5
ssa-miR-30a-3-3p 64 -0.703 17

928  !BaseMean = average of the normalized read counts in all libraries.
929  2?Log; fold change between AIC and AKC
930

931
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932
933

934
935

936

to those from head kidney.

Gene ID Symbol Description LogaFC?
LOC106578701  adcyapl Glucagon family neuropeptides-like 13.9
LOC106576762  epcam Epithelial cell adhesion molecule 13.5
LOC106574454  gcgal Glucagon-1 13.4
LOC106579860  stcl Stanniocalcin 1 13.2
LOC106569925 segn Secretagogin-like 13.0
LOC100194779  ndf1 Neurogenic differentiation factor 1 12.9
LOC106583415  pcsk1 Neuroendocrine convertase 1-like 12.9
LOC106580802  cylcl Cylicin-1-like 12.9
LOC106609020  tmd4sf4 Transmembrane 4 L6 family member 4-like 12.8
LOC106581833  fev Protein FEV 12.7
LOC100286464  insl5a Insulin-like 5a 12.5
LOC106563244  pktspi Putative Kunitz-type serine protease inhibitor 12.5
LOC100195566  t4s1 Transmembrane 4 L6 family member 1 12.4
LOC106561864  ktspik1/ Kunitz-type serine protease inhibitor Kunitz-1-like 12.4
LOC106588240  ffar2 Free fatty acid receptor 2-like 12.3
LOC106575340 gcga2 Glucagon-2 12.2
LOC106588285 mtss1 Metastasis suppressor protein 1 isoform X5 12.2
LOC106608662  gpr78b G-protein coupled receptor 26-like 12.2
LOC106598496  rInl Relaxin-like 12.2
LOC106562528  scg3 Secretogranin Il 12.2

! Log> fold change between AIC and AKC

Table 3. Top twenty upregulated genes in adherent cells from distal intestine compared
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937 Table 4. Top twenty downregulated genes in adherent cells from distal intestine
938 compared to head kidney adherent cells.

Gene ID Symbol Description Log2FC 1
LOC106613121  acsl3l Long-chain-fatty-acid--CoA ligase 3-like -10.8
LOC106581495  p2ry12] P2Y purinoceptor 12-like -8.9
LOC106572147 wfdc2l WAP four-disulfide core domain protein 2-like -8.5
LOC106572149 wfdc18/ WAP four-disulfide core domain protein 18-like -8.4
LOC106592337  rpa70l Replication protein A 70 kDa DNA-binding subunit-like -8.2
LOC100136492  star Steroidogenic acute regulatory protein, mitochondrial -8.0
LOC106606380  cd147I Basigin-like -7.5
LOC106605190  siglec5! Sialic acid-binding Ig-like lectin 5 -7.4
LOC106562884  ier5/ Immediate early response gene 5-like protein -7.4
LOC106577929  mrc2l C-type mannose receptor 2-like -7.3
LOC106587084 tspan4l Tetraspanin-4-like -7.3
LOC106587258  cdh15/ Cadherin-15-like -7.1
LOC106583235 cyplbll Cytochrome P450 1B1 pseudogene -7.0

Guanine nucleotide-binding protein G(t) subunit

LOC106565670  gnal2l alpha-2-like 7.0
LOC100196393  mip2a Macrophage inflammatory protein 2-alpha -6.9
LOC106610444  clec4fl C-type lectin domain family 4 member F-like -6.8
LOC106568001  ropgap7l Rho GTPase-activating protein 7-like -6.8
LOC106582339  tsg6l Tumor necrosis factor-inducible gene 6 protein-like -6.8
LOC106582554 irgc Interferon-inducible GTPase 5-like -6.7
LOC106587608  Itb4rl Leukotriene B4 receptor 1-like -6.7
939  !Log2 fold change between AIC and AKC

940
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942

943
944
945

miRNA BaseMean ! log2FC? Adjusted p-value Target number
ssa-miR-192b-5p 5282 13.2 <0.001 0
ssa-miR-196b-5p 517 13.2 <0.001 0
ssa-miR-2188-5p 243 12.0 <0.001 1
ssa-miR-429-3p 186 11.6 <0.001 0
ssa-miR-375-3p 998576 11.5 <0.001 0
ssa-miR-194a-3p 106 10.9 <0.001 6
ssa-miR-192a-5p 9921 9.4 <0.001 0
ssa-miR-196a-5p 3036 9.0 <0.001 0
ssa-miR-194a-5p 2227 7.7 <0.001 0
ssa-miR-10d-5p 1788 3.9 <0.001 0
ssa-miR-210-5p 496 3.8 0.0170 1
ssa-miR-10b-5p 6108 3.5 <0.001 0
ssa-miR-7a-5p 792 3.5 0.0297 2
ssa-miR-1338-3p 1663 3.3 0.0045 0
ssa-miR-125a-5p 21846 2.4 <0.001 0
ssa-miR-1338-5p 607 2.3 0.0105 2
ssa-miR-100a-5p 13148 2.1 <0.001 0
ssa-miR-23a-3p 1755 14 0.0079 1
ssa-miR-23b-3p 10223 14 0.0013 0
ssa-let-7a-5p 2941685 1.0 0.0063 1

1 BaseMean = average of the normalized read counts in all libraries.
2 Log2 fold change between AIC and AKC

Table 5. Top twenty upregulated miRNAs in adherent cells from distal intestine
compared to those from head kidney and the number of their potential target mRNAs.
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954

miRNA BaseMean ! logaFC 2 Adjusted p-value Target number
ssa-miR-19d-5p 395 -9.7 <0.001 4
ssa-miR-17-5p 53 -8.4 0.0011 0
ssa-miR-92a-5p 944 -4.3 0.0045 2
ssa-miR-93a-5p 133 -4.0 0.0248 2
ssa-miR-92a-4-5p 401 -3.7 0.0379 15
ssa-miR-92a-3-5p 627 -3.5 0.0021 28
ssa-miR-155-5p 6230 -3.4 <0.001 0
ssa-miR-128-1-5p 854 -2.8 0.0088 12
ssa-miR-21a-5p 18442 -2.6 <0.001 0
ssa-miR-181c-5p 10845 -1.7 <0.001 1
ssa-miR-462b-5p 19706 -1.4 <0.001 0
ssa-miR-21b-5p 231373 -1.3 0.0345 0
ssa-miR-92a-3p 1068097 -1.2 <0.001 0
ssa-miR-731-5p 37193 -1.2 0.0335 1
ssa-miR-15c¢-5p 13391 -11 0.0116 1
ssa-miR-25-3p 2910 -1.1 0.0045 6
ssa-miR-181a-5p 104721 -1.0 0.0144 0

! BaseMean = average of the normalized read counts in all libraries.
2 Log, fold change between AIC and AKC

Table 6. Top seventeen downregulated miRNAs in adherent cells from distal intestine
compared to head kidney adherent cells, and the number of their potential target
mRNAs.
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955
956

957
958

potential target MRNAs among DEGs.

Correlation
MicroRNA Target gene Symbol Description coefficient P value
(r)

AlC—downregulated miRNA & upregulated target gene

ssa-miR-181c-5p LOC106612812  p2rx8 P2X purinoceptor 5-like -0.8927 <0.001

ssa-miR-19d-5p  LOC106607644 eif5 Eukaryotic translation 07989 0.0018
initiation factor 5-like

ssa-miR-128-1-5p  LOC106571118 Ibh Protein LBH-like -0.7321 0.0067

ssa-miR-92a-3-5p  LOC106560599 enc3 Ectodermal-neural cortex 3 -0.6739 0.0162

ssa-miR-92a-3-5p  LOC106589523  eef2k Eukaryotic elongation factor 2 0.6015  0.0385
kinase-like

ssa-miR-128-1-5p  LOC106574722  cuosz M@l integral membrane 05774 0.0492
protein 11-like

ssa-miR-92a-4-5p  LOC106611553 qdpra Dihydropteridine reductase-like -0.5728 0.0515

ssa-miR-93a-5p LOC106576270  spic Transcription factor Spi-C-like -0.5566 0.0601

ssa-miR-92a-3-5p  LOCI06603902  fams3c | 2milv with sequence similarity 0.5525  0.0624
53 member C

ssa-miR-92a-3-5p LOC106612663  fam83b Protein FAM83B-like -0.5459 0.0663

ssa-miR-92a-4-5p  LOC106562770  call4 Calmodulin-like protein 4 -0.4746 0.119

ssa-miR-92a-3-5p  LOC106607421  pbxd Pre-B-cell leukemia 04538 0.1384
transcription factor 1-like

ssa-miR-92a-4-5p  LOC106601006  fbx/20 F-box/LRR-repeat protein 20 -0.3896 0.2105

ssa-miR-92a-4-5p  LOC106572667  Imbr1/ ~ -MP region 1 homolog-like 03423 0.2761
protein

AlC—upregulated miRNA & downregulated target gene

ssa-let-7a-5p LOC106565466  Irplaa  -CW-density lipoprotein receptor- 07014  0.0110

related protein 1-like

Table 7. Negative correlations between differentially expressed miRNAs and their
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Figure Legends:

Figure 1. Comparison between mRNA transcriptomes of the adherent cells from
intestine and those from head kidney of Atlantic salmon. (A) Principal component
analysis of mMRNA transcriptome data, (B) Venn diagram showing common and unique
genes and (C) heatmap of DEGs (|fold change| = 2 and adjusted p value < 0.05; n = 6).
AIC: Adherent cells from the distal intestine, AKC: Adherent cells from the head kidney.

Figure 2. Comparison between miRNA transcriptomes of the adherent cells from
intestine and those from head kidney of Atlantic salmon. (A) Principal component
analysis of miRNA transcriptome, (B) Venn diagram showing common and unique
genes and (C) heatmap of DE miRNAs (|fold change| > 2 and adjusted p value < 0.05;
n = 6). AIC: Adherent cells from the distal intestine, AKC: Adherent cells from the head
kidney.

Figure 3. The expression of genes linked to fish macrophage polarization between
AIC and AKC. Employing the normalized read counts from DESeq2 analyses, the
expression levels of the potential gene markers for fish M1- (A) and M2-macrophages
(B) were compared to understand the differences between AIC and AKC. Statistically
significant differences (p < 0.05) are indicated using asterisks. Boxplots show the
median, minimum and maximum values in the data (n = 6). AIC: Adherent cells from
the distal intestine; AKC: Adherent cells from the head kidney; nosip: nitric oxide
synthase interacting protein; nostrin: nitric oxide synthase trafficking; saall: serum
amyloid A-like 1; tgm2: transglutaminase 2, like; arg2: arginase 2.

Figure 4. Negative correlation between miRNAs in AIC and AKC and their target
mRNAs. Correlation of (A) ssa-miR-19d-5p with eif5, (B) ssa-miR-92a-3-5p with enc3,
(C) ssa-miR-128-1-5p with /bh, (D) ssa-miR-181c-5p with p2rx8 and (E) ssa-let-7a-5p
with Irplaa. Negative correlations between them were determined with the following
three criteria: (1) normality of the data and homoscedasticity of residuals, (2)
correlation coefficient r < 0 and (3) p-value < 0.05. AIC: Adherent cells from the distal
intestine; AKC: Adherent cells from the head kidney; eif: eukaryotic translation factor
5-like; enc3: ectodermal-neural cortex 3; Ibh: protein LBH-like; p2rx8: P2X purinoceptor
5-like; Irplaa: low-density lipoprotein receptor-related protein 1-like.
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Supplementary Table and Figure Legends:
Supplementary Table 1. Details of raw, clean and mapped reads in microRNA dataset.

Supplementary Figure 1. Workflow of the bioinformatic analysis of mRNA and small
RNA sequencing datasets.

Supplementary Figure 2. Dispersion estimates (A) and minus over average expression
(B) of the mRNA-Seq dataset. AIC: Adherent cells from the distal intestine, AKC:
Adherent cells from the head kidney.

Supplementary Figure 3. Dispersion estimates (A) and minus over average expression
(B) of the small RNA-Seq dataset. AIC: Adherent cells from the distal intestine, AKC:
Adherent cells from the head kidney.
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1024  Supplementary Table 1. Details of raw, clean and mapped reads in microRNA dataset.

Groups* Sample codes Raw reads Clean reads Mapped reads Mapped %
AIC AIC1 26608890 21463160 3726222 18.8%
AlC AlC2 27535079 23957743 5263643 24.3%
AlC AIC3 33968889 29440202 6884530 26.4%
AIC AlC4 39962327 35165417 11407860 34.1%
AIC AIC5 33239412 24700980 4545988 19.3%
AlC AIC6 27344360 20106792 4089693 21.5%
AKC AKC1 36439656 31870692 15934581 53.9%
AKC AKC2 29458328 25088829 10204611 44.5%
AKC AKC3 37069631 32441338 11422923 38.9%
AKC AKC4 35144755 28290815 5465346 23.3%
AKC AKC5 28278201 21026958 7567940 37.0%
AKC AKC6 35631141 29604234 11709694 41.6%

1025  * AIC: Adherent cells from distal intestine, AKC: Adherent cells from head kidney.
1026
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Intestinal inflammation in farmed fish is a non-infectious disease that deserves attention
because it is a major issue linked to carnivorous fishes. The current norm is to formulate
feeds based on plant-derived substances, and the ingredients that have antinutritional
factors are known to cause intestinal inflammation in fishes such as Atlantic salmon.
Hence, we studied inflammatory responses in the distal intestine of Atlantic saimon that
received a feed rich in soybean derivatives, employing histology, transcriptomic and flow
cytometry techniques. The fish fed on soy products had altered intestinal morphology as
well as upregulated inflammation-associated genes and aberrated ion transport-linked
genes. The enriched pathways for the upregulated genes were among others taurine and
hypotaurine metabolism, drug metabolism—cytochrome P450 and steroid biosynthesis.
The enriched gene ontology terms belonged to transmembrane transporter- and channel-
activities. Furthermore, soybean products altered the immune cell counts; lymphocyte-like
cell populations were significantly higher in the whole blood of fish fed soy products than
those of control fish. Interestingly, the transcriptome of the head kidney did not reveal any
differential gene expression, unlike the observations in the distal intestine. The present
study demonstrated that soybean derivatives could evoke marked changes in intestinal
transport mechanisms and metabolic pathways, and these responses are likely to have a
significant impact on the intestine of Atlantic salmon. Hence, soybean-induced enteritis in
Atlantic salmon is an ideal model to investigate the inflammatory responses at the cellular
and molecular levels.

Keywords: aquafeed, Salmo salar, soy saponin, intestinal inflammation, flow cytometry

INTRODUCTION

The quality of high-value farmed fishes such as Atlantic salmon (Salmo salar) depends to a great
extent on the ingredients in their feeds. Furthermore, the increase in the demand for farmed salmon
necessitates intensive farming and the adoption of sustainable feed ingredients. Awareness about
sustainability and limited availability of finite marine sources has led to the replacement of fishmeal
and fish oil in aquafeeds with plant derivatives. The current norm is to incorporate considerable
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amounts of plant-derived components—proteins from pea,
soybean, horse beans, oil from rapeseed, starch and gluten from
wheat and maize gluten—in aquafeeds (1). However, carnivorous
fishes are known to develop intestinal inflammation, e.g. when
they consume high levels of terrestrial plant components such as
the products from soybean. This undesirable health condition is
mainly caused by antinutritional factors in soybean such as
soyasaponin, 3-conglycinin and glycinin (2-4).

Feeding fish with high levels of full-fat soybean products or
low levels of the soybean meal with other legumes is known to
not only affect their growth and nutrient utilization but also can
disturb the integrity of the distal intestine. Plant-derived
ingredients may shift the intestinal microbial community
composition (5, 6), which in turn can affect the overall
intestinal health, including immunity (7). Inflammation is the
first sign of intolerance to dietary components, and fishes that
develop the non-infectious disease will have widened lamina
propria with many inflammatory cells, less absorptive vacuoles,
and shortened brush border microvilli in their distal intestine (4).
Fish with inflamed distal intestine will be characterized by poor
nutrient digestibility and disturbances in transcellular water
transport, especially when their feeds contain >30% soybean
meal (8-10). Furthermore, the combination of soybean (even
defatted meal) and other legumes can affect the metabolism and
gut functions in Atlantic salmon; aberrations in epithelial barrier
and major transcriptome changes are already reported (11-13).
Studies that employed other fish species have also indicated the
adverse effects of soybean meal or soy saponins on growth,
nutrient utilization, antioxidant status, and intestinal morphology
(14, 15). Thus, it is evident that plant-derived ingredients with
antinutritional factors can affect the health of farmed fish, leading to
undesirable fish welfare issues. Although the aforementioned studies
have described soy-related inflammation in Atlantic salmon, it is
imperative to further understand the molecular changes in the
intestine of fish that develop intestinal inflammation. Identification
of appropriate markers of inflammation would not only enable
effective screening of new feed ingredients, but also enhance our
understanding of the processes that are affected during
inflammation in a lower vertebrate.

We employed a well-studied fish model, Atlantic salmon, to
examine the dietary soy products-linked disturbances in the
intestine. This study describes the changes in micromorphology,
transcriptome of the distal intestine, and whole blood cells in the
inflammation (SO) group compared to the control (CO) group. The
novelty of the current study lies in the adoption of RNA-Seq to clearly
delineate the molecular changes evoked during inflammation.

MATERIALS AND METHODS

Experimental Design

In this study, we examined the intestinal transcriptome of a
carnivorous fish that developed inflammation. For this, Atlantic
salmon post-smolts procured from a local commercial producer
(Sundsfjord Smolt, Nygardsjeen, Norway) were maintained at
the Research Station of Nord University, Bode, Norway, for 4

months. For the experiment, 120 fish (128.66 + 13.29 g; mean +
SD) were randomly distributed to replicate tanks of the two study
groups, i.e. CO and SO groups. During a 2-week acclimation
period, all the fish were fed a commercial feed (Ewos AS, Bergen,
Norway). The 800 L tanks were part of a flow-through seawater
system at the Research Station. Water from a depth of 250 m in
Saltenfjorden was pumped, filtered, and aerated, and then used
for rearing the fish. The water flow rate was maintained at
1,000 L per h, and the average temperature and salinity of the
rearing water were 7.6°C and 34 g L™, respectively. The dissolved
oxygen saturation values, measured at the water outlet of the
tanks was in the range 87-92%, and throughout the experimental
period, we employed a 24-h light photoperiod.

The two feeds for the study were prepared as 3 mm extruded
pellets by SPAROS Lda (Olhao, Portugal); a control feed for the
CO group, and a soybean and soy saponin-containing feed for
the SO group (Supplementary Table 1). The feeds contained
only around 25% ingredients that were of marine origin; 15%
fishmeal and 9.4-9.6% sardine oil. All other ingredients were
from different plants: soybean, wheat, corn, and rapeseed.
Although both the feeds contained soy protein concentrate and
soy lecithin powder, only the SO feed contained soybean meal,
soybean meal full fat and soy saponins (40% purity). The latter
two ingredients were included in the SO feed to induce distal
intestinal inflammation in the fish. These feeds were fed ad
libitum to the respective fish groups, using automatic feeders
(Arvo Tech, Huutokoshi, Finland). The feeders delivered the
feeds twice a day, 08:00-09:00 and 14:00-15:00, and the daily
feeding rate was 1.2% of the fish weight.

Sampling

After 36 days of feeding, the fish were euthanized with an
overdose (160 mg L) of MS222 tricaine methanesulfonate
(Argent Chemical Laboratories, Redmond, WA, USA) to
collect the blood, distal intestine, and head kidney. The distal
segment (DI) of the intestine was chosen as it is affected by
dietary soy products. On the other hand, the head kidney (HK)
was selected because it is a key organ involved in the systemic
immune responses. First, 2 ml of whole blood (WB) was drawn
from vena caudalis of fish (n = 10) using heparinized syringe and
transferred to 15 ml centrifuge tubes containing 4 ml of culture
medium (described later). Thereafter, the fish were dissected
under aseptic conditions to collect the DI (after removing the
contents) and HK samples (n = 6) which were then transferred to
cryotubes, snap-frozen in liquid nitrogen and stored at ~80°C. In
addition, we had collected the DI samples on day 4 (n = 6); this
sample was employed only to understand the histological
changes at an early time point. The anterior most portion of
the DI segment collected on day 36 was also used for the
histology study. DI obtained on day 36 was used for the RNA-
Seq and qPCR studies, and HK was employed for the RNA-Seq.

Intestine Tissue Histomorphology

To understand the morphological changes in the distal intestine,
samples of the segment were processed, and 5 um sections of the
tissues from the CO and SO groups were prepared as reported in
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Vasanth et al. (16). Alcian Blue-Periodic Acid Schiff’s reagent
(AB-PAS, pH 1.0) (17) was used to stain the sections for mucins.
Thereafter, the sections were viewed using a microscope
(Olympus BX51, Olympus Europa GmbH, Hamburg,
Germany) with a maximum magnification of 200x. The
photomicrographs were captured employing a Camera (SC180,
Olympus) and processed with the imaging software CellEntry
(Soft Imaging System GmbH, Munster, Germany).

Intestine/Head Kidney Transcriptome —
RNA Isolation, Library Preparation,

and Sequencing

To delineate the changes of the respective transcriptomes, total
RNA was extracted from DI and HK samples following the
QIAzol protocol (Qiagen, Hilden, Germany). RNA purity and
quantity were determined using the NanoDrop 1000 (Thermo
Fisher Scientific, Waltham, MA, USA). Furthermore, the
integrity of the RNA isolated from the two organs was assessed
using Agilent RNA screen tapes, following manufacturer’s
protocol, on the 2200 TapeStation system (Agilent
Technologies, Santa Clara, CA, USA). Only samples with RIN
> 7.5 were used for library preparation.

RNA sequencing libraries were prepared according to the
protocols of Siriyappagouder et al. (18) by using NEBNext ultra
II directional RNA library preparation kit with poly (A) mRNA
magnetic isolation module (NEB #E7490; New England
BioLabs®, Herts, UK). Briefly, 1 ug of total RNA was used as
the starting material for the library preparation. The mRNA was
enriched using oligo-dT magnetic beads and fragmented to
~100-200 nt, prior to synthesis of the first and second cDNA
strands. The resulting cDNA was purified and 3’ end repaired for
adapter ligation. Further PCR enrichment (8 cycles) was
performed, and PCR products were cleaned with AMPure XP
beads (Beckman Coulter Inc., Brea, CA, USA) to ensure that the
libraries were free from residual adapter dimers and unwanted
(smaller) fragments. In total, 24 libraries were prepared (12 for
DI and 12 for HK); there were six replicates per treatment group.
Individual libraries were quantified, normalized and pooled at
equimolar ratio and sequenced as single-end reads (75 bp) on an
illumina NextSeq 500 sequencer (illumina, San Diego, CA, USA)
with NextSeq 500/550 high output v2 reagents kit (illumina).
Libraries from the DI and HK samples were sequenced separately
by using two flow cells. The obtained raw sequencing data was
deposited in the Sequence Read Archive, National Center for
Biotechnology Information (NCBI) database under the accession
number PRJNA640734.

Intestine/Head Kidney Transcriptome —
Data Processing and Statistical Analyses
Adapter sequences from the raw reads were removed using
cutadapt (version 1.12) (19), employing the following
parameters: -q 25, 20 —quality-base =33 —trim-n -m 20. The
quality of the clean reads was further assessed using FastQC
(Andrews, 2010) and reads with quality <30 were removed.
Reference genome of Atlantic salmon (assembly ICSASG_v2)
and gene model annotation files were downloaded from NCBI to

annotate the sequences. The software STAR (version 2.5.3a) was
used to build the index, and cleaned reads were mapped to
reference genome with default parameters.

We employed DESeq2 version 1.22.2, which uses shrinkage
estimates for both dispersion and fold change to identify the
differentially expressed genes (DEGs) (20). An organism database
with Entrez genelD was prepared using AnnotationHub version
2.14.5 (21). Pathway enrichment and gene ontology (GO) over-
representation of DEGs were assessed with clusterProfiler version
3.10.1 (22). Furthermore, the association of the enriched objects
was delineated using the same package. Based on the report by
Hong et al. (23), we performed separate enrichment analyses for
up- and downregulated genes. The functions of the packages
ggplot2 version 3.1.1 (24) and ggraph (25) were used to format
the graphs.

Intestine Transcriptome —Verifying the
Expression of DEGs by Real-Time PCR
qPCR was performed to verify the mRNA levels of selected DEGs
identified from the RNA-Seq study; here we employed the same
samples that were used for the RNA-Seq study. Briefly, 1 ug of
total RNA from each sample was reverse transcribed using the
QuantiTect reverse transcription kit (Qiagen), according to the
manufacturer’s instructions. The obtained cDNA was further
diluted 10 times with nuclease free water and used as PCR template.
The PCR reactions were conducted using the SYBR green in
LightCycler® 96 Real-Time PCR System (Roche Holding AG,
Basel, Switzerland), following the method previously described
by Vasanth et al. (16). The reactions were performed in duplicate
on samples from six fish per group.

Primers for the selected genes were designed using the
Primer-BLAST tool in NCBI. The primer secondary structures
such as hairpin, repeats, self and cross dimer were accessed with
NetPrimer (Premier Biosoft, Palo Alto, USA). The primers for
the reference and target genes are given in Table 1. Using
geNorm (26), a geometric normalization factor was computed
for each of the samples based on the relative quantities of the two
most stable genes (rps29 and ubi) from among the set of four
reference genes—elongation factor 1AB (eflab), ribosomal
protein L13 (rpll13), ribosomal protein S29 (rps29), and
ubiquitin (ubi). The expression levels of all the target genes
were then calculated relative to the normalization factor.

Cytological Studies—Cell Isolation

and Culture

To further understand the feed-induced inflammatory responses,
we examined the immune cell population in WB. The cell
isolation and culture procedures for the WB samples have been
described in Park et al. (27). Briefly, the collected WB was kept in
4 ml of ice-cold L-15 medium. To isolate the WB leucocytes
(WBLs), we employed Percoll (Sigma-Aldrich, Oslo, Norway)
40%/60%. After centrifugation (500 x g 30 min, 4°C), the cells
that were separated at the interface of the Percoll gradients were
carefully collected and washed twice with 4 ml of ice-cold L-15 by
centrifugation (500 x g 5 min, 4°C).

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 596514



Kiron et al.

Intestinal Inflammation in Atlantic Salmon

TABLE 1 | Details of primers used for the gPCR verification study.

Gene Primer sequence PCR efficiency (%) Amplicon size (bp) GenBank accession numbers

anxa2 CATTGCAGAAAGAATACAAAGGGG-F 921 96 XM_014161401.1
CCAGCGTGACAATACTGTG-R

cath1b GTCCTCTGAAGAAAAATGGGAAAC-F 88.5 135 NM_001123586.1
GCATAGCATCTTCTGCCTC-R

cath2 CCGATTCTGGAGACTGGCAA-F 96.5 1 NM_001123573.1
TGTCCGAATCTTCTGAGTGC-R

clent TCAGCAACAACAGTCTCT-F 93.0 82 XM_014152555.1
GCTGTGGATGGTGCTGTT-R

clen2 CTCGGACACATCAGTAAG-F 90.8 123 XM_014184291.1
TGAGGGAGGTGGAGTCTAGC-R

csad CGGTCTGGCTGACATAAT-F 88.2 127 NC_027317.1
AGTTGACTCGTCCACCCTGA-R

gal3 CGGAGCTACTAACAGATA-F 90.1 127 NM_001140833.1
GTTGGCTGGTTGGGTTGC-R

gstol GCTTCATGCCAAGGGGAT-F 89.9 107 NM_001141472.1
TCTCCAATGTCGGAACCAGG-R

lysc2 ATGAGAGCTGTTGTTGTTC-F 97.0 144 XM_014145497 1
AGACAGGCACACCCAGTT-R

mta TGAATGCTCCAAAACTGG-F 88.3 130 NM_001123677.1
CCTGAGGCACACTTGCTG-R

rbp2 GACCTGCTACACCTGGACATC-F 104.0 147 NM_001146482.1
TCTCAACTGGCCTACCTG-R

slc26a6 TGGGCATGGAACACCTGA-F 91.1 124 NC_027312.1
CACCAACTGTTAAACTCG-R

slc6al9 ATGGAGGAGGAGCGTTTA-F 100.5 158 NM_001141815.1
CGATGCCAACACCTGTCAGA-R

slc6a6 GGTGTAATTCATTTCCGATGC-F 95.8 109 XM_014134772.1
CTCTTTCTGTGCCATGCTGC-R

tnfrsf1b TCGGAGGTGTTATCGGAG-F 91.7 80 XM_014133111.1
CCTGGACCCTGTGAAGACTTT-R

Reference genes

eflab TGCCCCTCCAGGATGTCTAC-F 94.5 59 BG933853
CACGGCCCACAGGTACTG-R

13 CGCTCCAAGCTCATCCTCTTCCC-F 95.5 79 BT048949.1
CCATCTTGAGTTCCTCCTCAGTGC- R

ps29 GGGTCATCAGCAGCTCTATTGG-F 93.3 167 BT043522.1
AGTCCAGCTTAACAAAGCCGATG-R

ubi AGCTGGCCCAGAAGTACAACTGTG-F 94.9 162 AB036060.1

CCACAAAAAGCACCAAGCCAAC-R

Annexin 2-like (anxa2), cathelicidin 1-B (cath1b), cathelicidin 2 (cath2), chloride channel protein 1-like (clcn1), chloride channel protein 2-like (clcn2), cysteine sulfinic acid decarboxylase-like
(csad), galectin-3 (gal3), glutathione S-transferase omega-1(gsto1), lysozyme C Il (lysc2), metallothionein A (mta), retinol binding protein Il (rbp2), solute carrier family 26 member 6-like
(slc26a6), solute carrier family 6 member 19 (slc6a19), solute carrier family 6 (neurotransmitter transporter, taurine) member 6 (slc6a6), and tumor necrosis factor receptor superfamily

member 1B-like (tnfrsf1b).

Cytological Studies—Flow Cytometric
Assay

ImageStream®X Mk II Imaging Flow Cytometer (Luminex
Corporation, Austin, TX, USA) equipped with two argon-ion
lasers (488 and 642 nm) and a side scatter laser (785 nm) was
used for the flow cytometric assays. The acquired cell data was
analyzed using IDEAS 6.1.822.0 software (Luminex Corporation).
The protocols for the flow cytometric assays were previously
described in Park et al. (27).

WB Lymphocyte-Like Cell Population

To compare the percentage of lymphocyte-like cells of fish from
the CO and SO groups, aliquots containing 1 x 10° cells of WBL
in 50 ul PBS were prepared in 1.5 ml microcentrifuge tubes.
Before every sample was run through the flow cytometer, 1 pl of

propidium iodide (PI; 1 mg/ml, Sigma-Aldrich) was added to
stain dead cells. Next, 1 mW 488 nm argon-ion laser and 0.47
mW 785 nm side scatter laser in the imaging flow cytometer were
set to detect the dead cells (702/86 nm bandpass; Channel 5) and
cell complexity (772/55 nm bandpass; Channel 6), respectively.
Cell analyses were performed on 10,000 cells acquired at low
speed (300 objects/s) and at a magnification of 40x. Dead cells
were estimated as the percent of cells that were positive for PI
(red fluorescent cells). After excluding the dead cells, viable cells
were analyzed by generating brightfield (BF) area (size) vs. side
scatter (SSC) intensity (complexity) dot plots. The settings of the
cytometer were kept identical during the analysis of all the
samples. We adopted a gating strategy based on our IFC
protocols (27); using HK IgM™ cells isolated by magnetic-
activated cell sorting, lymphocyte localization (low BF area and
low SSC intensity) was determined employing a BF area vs. SSC
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intensity plot. In the present study, the percentages of cells in the
lymphocyte localization gates were compared to determine the
differences in the CO and SO groups.

Data Handling and Statistical Analyses—
Flow Cytometry and qPCR Studies

The data analyses were performed in RStudio. Normality of the
qPCR and flow cytometry data was tested by Shapiro-Wilk Test,
and the assumption of equal variance was checked by the
Bartlett’s Test. Unpaired Student’s t-test was employed to
compare the statistically significant difference between the two
groups. Mann-Whitney U test was used for non-parametric
data. The differences were considered significant at p < 0.05.

RESULTS

Soybean Products Induced Inflammation

in the Distal Intestine of Atlantic Salmon

On the 4™ day after the start of the trial, the DI of the SO group
did not exhibit any characteristic morphological changes
associated with inflammation (Figure 1A, Supplementary
Figure 1A). However, at this time point, we could observe a
reduction in absorptive vacuoles and more intraepithelial
lymphocytes compared to those in the CO group. The
morphological differences in the SO group were clearly
discernible on the 36™ day (Figure 1B, Supplementary Figure
1B); the SO group had fused villi, fewer supranuclear vacuoles,

widened lamina propria, infiltration of inflammatory cells, and
enlarged stratum compactum.

Transcriptome of the Distal Intestine
Revealed DEGs Induced by the Soybean
Products

The transcriptomes of DI and HK were collected on day 36 when
the fish intestine exhibited distinct features of inflammation. A
total of over 563 million cleaned reads from 24 (12 from distal
intestine and 12 from head kidney) samples were obtained after
adapter trimming and quality filtering; of these over 435 million
reads were mapped to Atlantic salmon transcriptome and
genome. However, one biological replicate of the DI from the
CO group was removed from the downstream analysis due to
lower (22.83%) mapping percentage (Supplementary Table 2).
An illustration of the bioinformatics pipeline is provided in
Supplementary Figure 2.

The principal component analyses of the normalized counts
pointed to the differential clustering of the CO and SO groups in
the DI (Figure 2A), but not in the HK (Figure 2B). The
dispersions of the gene expression data, as expected, decreased
with increasing mean, and the MA (minus over average) plot
revealed the differentially expressed genes after shrinking the
dispersions and logarithmic fold changes (DI: Supplementary
Figures 3A, B; HK: Supplementary Figures 4A, B). We
identified 53 upregulated and 38 downregulated genes in the
DI at a logarithmic fold change threshold of 0.75 and an adjusted
p-value of 0.05 (Figures 3A, B; Supplementary Figure 5).
However, DEGs were not detected in the case of HK (p > 0.05).

FIGURE 1 | Photomicrographs of the distal intestine of Atlantic salmon from the CO and SO groups. (A) Inflammatory features are not visible in the SO group on
day 4 after the start of the feeding trial. (B) Saponin-induced inflammatory characteristics are evident at day 36 of the trial. Control group—CO, and soy-derivatives
fed group—SO. Pink arrow—goblet cells, green arrow: lamina propria, yellow arrow—stratum compactum. Scale bar: 50 pm.
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mapping result.

The upregulated genes in the DI included inflammation-
associated genes such as cathelicidins, galectin, tumor necrosis
factor receptor superfamily member 1B-like, lysozyme CII, annexin
A2-like (Supplementary Tables 3, 5). Some solute carrier families
were upregulated while others were downregulated in the SO group
(Supplementary Tables 4, 5). Genes connected to chloride channel
proteins (clenl, clcn2) were downregulated in the SO group. In
addition, sodium-associated transporters were altered in the same
group (sodiumy/glucose co-transporter 1-like, slc5al, and sodium- and
chloride-dependent taurine transporter, slc6a6 were upregulated and
sodium-dependent neutral amino acid transporter B(0)ATI-like,
slc6al9 and potassium voltage-gated channel subfamily A
regulatory beta subunit 2, kcnab2 were downregulated). Another
anion exchanger, solute carrier family 26 member 6, slc26a6 and the
mitochondrial amino acid transporter, slc25a48 were upregulated in
the SO group.

The expression of 15 DEGs was verified by qPCR. The bar
plots in Supplementary Figure 6 show the mRNA levels of the
selected genes. The mRNA levels correlated positively with the
read counts from the RNA-Seq study (Supplementary Figure 7).

Soybean Products Affected the Biological
Pathways

The enriched pathways for the upregulated genes were taurine and
hypotaurine metabolism, beta-alanine metabolism, pantothenate
and coenzyme (CoA) biosynthesis, drug metabolism-cytochrome
P450, drug metabolism-other enzymes, metabolism of xenobiotics
by cytochrome P450, steroid biosynthesis, and glutathione
metabolism (Figure 4A). All these enriched pathways had
common genes; the exception was steroid biosynthesis (Figure
4B). The package clusterProfiler did not detect any enriched
pathways for the downregulated genes. The enriched GO terms
based on the upregulated genes were among others, oxidoreductase
activity, some binding and lyase activities (Figure 4C). More GO
terms based on the downregulated genes were enriched; many
belonged to transmembrane transporter activity, channel activity
and some binding activity (Figure 4D). For the upregulated genes,
NADP, vitamins, pyridoxal phosphate, flavin adenine dinucleotide,
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FIGURE 2 | Principal component analysis plot shows the clustering of the CO and SO fish groups. (A) The distal intestine and (B) head kidney. Control group—CO,
and soy-derivatives fed group—SO. Note that from the intestine data, one replicate was removed from the CO group because the reads did not yield a good

and coenzyme binding were enriched (Figure 4C). On the other
hand, for the downregulated genes, tetrapyrrole, iron ion, oxygen,
heme, and amino acid binding were the enriched GO terms
(Figure 4D).

Soybean Products Induced Inflammation
Was Marked by an Increase in WB
Lymphocyte-Like Cells

To compare the percentage of WB lymphocyte-like cells from the
CO and SO groups, WBL population was presented on a brightfield
area (cell size) vs side scatter intensity (cell complexity) dot plot
(Figures 5A, B). The gate for lymphocyte-like cells was determined
based on salmon IgM™ cell area, as previously described by Park
etal. (27). From Figure 5C, it is evident that the SO group (77.64%)
had higher percentage of WBL-like cells compared to the CO group
(74.35%; p < 0.05).

DISCUSSION

Diet-induced intestinal inflammation is a common clinical issue
that has to be tackled by understanding the associated
mechanisms because the disease has pervaded all classes of
the global population. In humans, Crohn’s disease and
ulcerative colitis are inflammatory bowel diseases. These non-
communicable diseases are assumed to be early adulthood
diseases caused by genetic and environmental factors which
disturb immunity and weaken epithelial barrier (28). Like
humans, carnivorous farmed fish are prone to diet-linked
allergies that can affect their growth (4, 8-10). Here we
describe the soybean/soy saponin-induced inflammation
primarily based on the changes in the transcriptome of the DI
of Atlantic salmon. The results indicate the alteration of around
90 genes and disturbance of associated pathways and GO terms
in the DI of fish. Furthermore, the differential counts of the
immune cells also point to possible changes in the immune status
of this fish group.
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FIGURE 3 | Plot showing the differentially expressed genes in the distal intestine of Atlantic salmon. (A) Fifty-three genes were upregulated in the SO group (green bars).
(B) Thirty-eight genes were downregulated in the SO group (red bars). X-axis labels show the log2foldchange, and the y-axis shows the differentially expressed genes.
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High Fat Soybean Products and Soy
Saponin Induced Inflammation in the

Distal Intestine of Atlantic Salmon

Certain soybean products are known to cause inflammation in
the intestine of carnivorous fishes (2, 4, 9, 12, 14). High levels of
soybean meal in diets or the presence of antinutritional factors
is reported to be the main reasons for the inflammatory

condition (2, 10). Feeding even 10% of solvent extracted
soybean meal or 25% defatted soybean meal can give rise to
pathophysiological changes in Atlantic salmon (12, 29).
Furthermore, the severity of inflammation in the DI of this
fish is dependent on the content of the antinutritional factor
(30). A study points out that the impact of soy saponin
concentrate (of 69% purity) feeding for 53 days is relatively

~
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FIGURE 4 | Enriched KEGG pathways and overrepresented GO terms for the upregulated and downregulated genes in the distal intestine of Atlantic salmon.
(A) The biologically relevant pathways for the upregulated genes were extracted at a p value cutoff of 0.05 for the enrichment tests. (B) Network showing the
connections between enriched pathways that have overlapping gene sets. (C) The biologically relevant GO terms for the upregulated genes were extracted at a p
value cutoff of 0.05 for the enrichment tests. (D) The biologically relevant GO terms for the downregulated genes were extracted at a p value cutoff of 0.05 for the
enrichment tests. X-axis shows the adjusted p values associated with the pathways/GO terms. The pathways shown in panels A and B are color coded similarly.

dots with same p value are kept the same.

benign in terms of inflammatory signs (12). In the present
study, 36 days of feeding soy products (meal, full fat, and soy
saponin) led to the development of inflammation in the DI of
salmon. The inflammation characteristics were similar to that
described previously by others (4, 12, 30) but not as intense as
reported earlier in a chemically-induced inflammation model
that employed a direct application method (16).

Distinct Effects of Soy Products in the
Intestine Transcriptome

In this study, in addition to local responses to soybean products
in the DI, we anticipated that changes may occur in the HK, a key
immune organ. Most transcriptome studies focusing on HK have
registered responses to bacterial/viral pathogens or parasites,
while some studies have shown that functional feeds could
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FIGURE 5 | Flow cytometric analysis of WB lymphocyte-like cells from Atlantic saimon. Brightfield (BF) area (x axis; cell size) vs side scatter (SSC) intensity (y axis;
cell complexity) plot shows WB leukocyte population from fish (n = 10) fed (A) CO or (B) SO feeds. Representative images of cells captured with 40x objective from
each gate are shown. Scale bar = 10 pm. (C) Plot showing the percentage of WB lymphocyte-like cells from fish (n = 10) from the two groups. The 10 dots are
values from the 10 fish. The differences were considered significant at p < 0.05, indicated with an asterisk.

alter expression of genes in the organ, as described in a review
article (31). In the present study, we did not detect any DEGs in
the head kidney similar to the transcriptome investigation by
Tacchi et al. (32) that compared marine protein- and plant
protein-based diets; no common genes were expressed in the
intestine, muscle, and liver. Diet-induced inflammation may
affect systemic response as reported for salmon fed soybean
based on 44 common genes expressed in the intestine and liver
(33). Furthermore, diets did not alter the HK transcripts in fish,
but the responses became evident 24 h after injection with the
viral mimic polyriboinosinic polyribocytidylic acid (34). In the
present study, we did not find a significant impact of the soy
products on the HK transcriptome. The lack of response in HK
seems to indicate that it is not the optimal organ to check the

iacrophages

Lymphocyes

12 150

» w
Area_Brightfield (BF)

Mono/macrophage

diet-induced changes in transcriptome. However, future studies
should consider the changes in the liver transcriptome, a
metabolically active organ.

Soy Products Evoked Inflammation-
Associated Signals in the Intestine
Bacterial entry through a breach in the epithelial barrier due to
defective functions and aberrant innate immune responses are
accountable for evoking intestinal inflammation in humans (35).
Such an inflammation triggers the transcriptional activation of
selected immune-related genes (36).

Cathelicidin genes, cathll and cathl2, are known to be
expressed in the DI of salmon and were stimulated by
pathogenic bacteria; in our study they were upregulated in the
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DI of fish from the SO group (Supplementary Figure 6). Human
cathelicidin, LL-37 mRNA, was increased significantly in the
inflamed mucosa of ulcerative colitis and Crohn’s disease (37). In
addition, it is interesting to note that both lysozyme CII and
tumor necrosis factor receptor superfamily member 1B-like were
upregulated. Based on mammalian studies, it is known that
pathogen associated molecular patterns are recognized by toll-
like receptors that activate the MyD88-independent pathway
including the TNF (Tumor necrosis factor) receptor associated
factor 6 (TRAF6), which is associated with TNF receptor
superfamily (38). Tafalla and Granja (39) have reviewed the
involvement of mammalian TNF receptor superfamily 1B
(TNFRSF1B) in human T cell activation, and they have suggested
the same function in fishes. Another pro-inflammatory mediator,
Galectin 3 (40), was altered in inflamed tissues of humans (41), as
reported here. A study on striped murrel Channa striatus revealed the
ability of a galectin, CsGal-1, to agglutinate Gram-negative bacteria
(42). Galectin-3 in mammals is known to recognize ‘self glycans
generally but can interact with the lipopolysaccharide (LPS) of
bacteria (43). Galectin-3 is secreted by inflammatory macrophages,
and its induced secretion is perceived as a danger signal by the innate
immune system (44, 45). The intestinal epithelial breach in the SO
group, probably resulting from the unwanted reaction, may have
possibly facilitated the entry of bacteria through the mucosal barriers
and altered the expression of gal3.

Metallothionein is an anti-inflammatory mediator. After LPS
treatment, metallothionein knock-out mice showed inflammatory
responses in the lung epithelial cells suggesting that
metallothionein is involved in cytoprotection during LPS-related
inflammation (46). In the present study, metallothionein A was
downregulated in the SO group, indicating a possible connection
between metallothionein A and intestinal inflammation.

Retinol-binding protein transports vitamin A from the liver
to other tissues like the intestine (47). It has been reported that
tissue injury during inflammation causes a reduction in the
synthesis of retinol-binding protein (48). In our study, the
mRNA level of retinol binding protein II in the SO group was
significantly downregulated. Notably, a study on humans
reported that its concentration in serum decreases during the
acute-phase stage of inflammation (49).

As observed in the salmon intestine, the mRNA levels of Annexin
A2 were higher in the inflamed mucosa of patients with Crohn’s
disease (50). Intestinal epithelial cell turnover prevents pathogen
colonization (51), and the actin-binding protein, Annexin A2, is
necessary for the movement of intestinal epithelial cells during
wound resealing (52). A link between anxal and gastroprotection
was suggested in an earlier study on Atlantic salmon (16).

Soy Products Also Impaired the Transport
Mechanisms and Metabolism in the
Intestine

Intestinal junctional molecules play key roles in sustaining
epithelial integrity (35). Dysregulation of epithelial transport or
entry of opportunistic microbes through the breaches in epithelial
barrier can cause intestinal inflammation (51). The characteristic
selective permeability of the epithelial barrier to ions, through

gating of ion channels, enables directional transport of ions (53).
Chloride channel proteins form gated pores for the passage of
anions, and this process is dependent on transmembrane voltage,
pH, cell-swelling and phosphorylation (54). The Cl™ exits
basolaterally, among other means, via K'/Cl™ cotransport, Cl”
channel (55), and genes associated with chloride channel proteins
were downregulated in the fish fed the soy products. In addition,
solute carrier families are involved in ion transport across the apical
membrane of fish intestine (55). Slc6a6 is a sodium and chloride-
ion dependent transporter that transports taurine and beta-alanine
via intestinal brush border (56), and this gene was upregulated in
the SO group, and the associated pathways that were enriched were
taurine and beta-alanine pathways. Furthermore, CI'//HCO3~
exchange and active transport of most neutral amino acids at the
apical membrane of the fish intestine are performed by slc26a6 and
slc6al9, respectively (55). These solute carrier families were
downregulated in salmon that were prone to the unwanted
reaction. Furthermore, the enriched GO terms included chloride
channel activity, voltage-gated channel activity, voltage-gated
anion activity, anion channel activity efc. We also observed a
dysregulation in other activities, viz. transmembrane transporter
activity and symporter activity in the SO group. In addition, slc5al,
the key mediator of glucose and galactose uptake from the lumen,
and slc25a48, mitochondrial amino acid transporter were
upregulated, and kcnab2 (Potassium voltage-gated channel
subfamily A regulatory beta subunit 2), which has a role in
electrolyte transport, was downregulated in the SO group. Such
aberrations in humans can lead to irregular nutrient absorption
(57) and disturbances in the luminal fluid microenvironment (53).
The alterations in iron ion, oxygen, heme, and amino acid binding
GO terms, based on the downregulated genes, and NADP,
vitamins, and coenzyme binding, based on upregulated genes,
also point to the impaired transport mechanisms across the
epithelial layer in the SO group. Other studies have also reported
the effect of soybean feeding on transporter proteins, which
eventually may have a bearing on the transport of nutrients via
epithelia. In one of them, the soybean meal-wheat gluten
combination affected the expression of aquaporins, ion
transporters, tight junction, and adherens junction proteins in
the DI of Atlantic salmon, although the genes associated with
chloride channels remained unchanged (10). Furthermore,
Atlantic salmon fed soy saponins alone and soy saponin in
combination with soybean meal had aberrations in intestinal
permeability (12). The transcriptional changes of the genes
linked to the transporter proteins may be indicating disturbances
in the transport of essential nutrients and the associated pathways.

Although we identified some enriched pathways linked to the
upregulated genes, there was not much overlap in the pathways we
obtained and those reported previously. Based on current as well as
earlier studies, steroid biosynthesis and xenobiotic metabolism (13,
33) can be highlighted as the two metabolic pathways altered by
dietary soybean products. Downregulation of hepatic cytochrome
P450s and other drug-metabolizing enzymes are linked to
inflammation (58). Furthermore, CYP1A1l, an enzyme in the
phase I of the reactions which helps in the excretion of
endogenous (e.g. steroids) and exogenous (e.g. drugs) substances
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(59), was lower in the colonic enterocytes of patients suffering from
Crohn’s disease and ulcerative colitis (60). Our observation on
Atlantic salmon also corroborates with this finding. The
biosynthesis of steroids was enriched in the SO group, and the
enrichment of two cytochrome P450-associated pathways could be
indicating the need to alleviate the toxicity of steroids and
50y saponin.

Hypotaurine is essential for the biosynthesis of the abundant
free amino acid taurine, which has roles in innate immunity of
mammals (61). High levels of this semi-essential amino acid
reduce oxidative stress due to its antioxidant properties (62). In
humans, taurine and B-alanine transport in the intestine takes
place with the help of transporters like Na*- and Cl™-dependent
TauT (SLC6A6) (56). Taurine is linked to growth and health of
fish (63). A gene that is related to biosynthesis of taurine, csad,
was upregulated in the distal intestine of fish from the SO group.
It seems that slc6a6, csad, taurine, and hypotaurine metabolism
pathways are associated with the inflammatory condition.

Dietary Soy Components Affect Blood
Lymphocyte Counts

The head kidney is the major hematopoietic organ in teleost fish,
having roles similar to those of the mammalian bone marrow.
Hematopoietic stem cells in the organ are capable of self-renewal
and differentiating into cells of erythroid, myeloid, and lymphoid
lineages (64). Injuries during inflammation or metabolic changes
are known to influence the size and fate of hematopoietic stem
cells (65). It has also been reported that systemic response during
inflammation increased the number of granulocytes and
monocytes in mice bone marrow (66). In the present study, we
observed a significant increase in blood lymphocyte-like cell
counts in fish fed the inflammation-causing soybean products
compared to those of control. It is reported that in humans, the
patrolling naive lymphocytes enter the gut and undergo
activation and priming based on the condition in the intestine
(67). The increase in blood lymphocyte counts of fish that
developed inflammation is possibly indicative of the cell
recruitment to quell the localised intestinal inflammation.

CONCLUSIONS

The soybean-soy saponin combination induced DI inflammation in
Atlantic salmon. The transcriptional changes associated with
inflammation could be linked to disturbances in transport
mechanisms as well as drug and taurine and hypotaurine
metabolisms and steroid biosynthesis in the DI of the fish. The HK
transcriptome was largely unaffected during intestinal injury.
However, this needs to be verified as the increased lymphocyte
numbers in the peripheral blood of the fish with intestinal
inflammation may in fact be suggesting otherwise. Further
investigations on the dysregulated intestinal barrier functions,
reported here, will help to broaden our understanding of the
intestinal inflammation in fish. The key genes involved in solute
transport across the epithelial barrier such as clcnl, clen2, slc26a6,
slc6a19 and immune genes such as cathl, cath2, gal3, rbp2, mta could

serve as possible biomarkers of diet-associated intestinal
inflammation and be used in further comparative studies on
inflammation in mammalian models.
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SUPPLEMENTARY FIGURE 1 | Photomicrographs of the distal intestine of
Atlantic salmon from CO and SO groups. (A) Inflammatory symptoms are not visible
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in the SO group on day 4 after the start of the feeding trial. (B) Saponin-induced
inflammatory characteristics become visible at day 36 after the start of the feeding.
Control group—CO, and soy-derivatives fed group—SO. Scale bar: 100 ym.

SUPPLEMENTARY FIGURE 2 | Overview of the bicinformatics workflow
adopted in this study. RNA-Seq data were first quality filtered, after which the reads
were aligned to salmon genome. Next, the read counts were extracted, and then
upregulated/downregulated genes were identified for the downstream analysis.
KEGG pathway and GO term enrichment analysis were then performed employing
the differentially expressed genes.

SUPPLEMENTARY FIGURE 3 | Dispersion estimates and minus over average
expression plots of the data from the distal intestine. (A) Plots showing the
shrinkage of the gene-wise dispersions—the maximum-likelihood estimates
obtained from the gene data (black) are shrunk towards the fitted red curve to get
the final values (blue) of dispersion. (B) Shrinkage of the logarithmic fold-change —
the differentially expressed genes with adjusted p < 0.05 are shown as red dots.

SUPPLEMENTARY FIGURE 4 | Dispersion estimates and minus over average
expression plots based on the data from the head kidney. (A) Plots showing the
shrinkage of the gene-wise dispersions—the maximum-likelihood estimates
obtained from the gene data (black) are shrunk towards the fitted red curve to get
the final values (blue) of dispersion. (B) Shrinkage of the logarithmic fold-change—
the differentially expressed genes with adjusted p < 0.05 are shown as red dots.

SUPPLEMENTARY FIGURE 5 | Heatmap showing the 53 upregulated and 38
downregulated genes in the distal intestine of Atlantic salmon. Normalized gene
count was input into the pheatmap function, and the values were centered and
scaled in the row direction. The column names at the bottom of the heatmap
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The intestine of fish is an important site where digestion and nutrient
absorption take place. The organ has immunological functions too.
However, there is no in-depth knowledge on the fish intestinal immune
system, and in order to fill this gap one must examine the cells that help
maintain intestinal homeostasis.

This thesis contains novel information about certain intestinal cells of
Atlantic salmon, characterized based on imaging flow cytometry and
transcriptomic data. An integrative analysis of mRNA and small RNA
helped to further describe the cell types, especially the macrophages.
In addition, inflammation-associated disturbances in the intestine of
salmon, specifically in ion transport and metabolic pathways are also
revealed in this thesis.

The findings from this study could be exploited to investigate the
responses of the intestinal cells to various stimuli and eventually use them
for establishing indices for gut health in farmed fish.
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