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Abstract 

Because newborn piglets are born without maternal antibodies and lack mature serum 

proteins, it is critical that they ingest colostrum within several hours after birth or they will not 

survive. The small intestine of the piglet has evolved to be permeable immediately after birth to 

facilitate the uptake of colostrum-derived immunoglobulins, cytokines, antimicrobial peptides, 

and maternal cells. The precise timing of gut closure is not known and defining this timing major 

focus of our research and we will eventually discern whether oral vaccination can capitalize on 

the transient permeability before gut closure to trigger immune protection. My research project 

seeks to investigate whether the newborn piglet small intestine is permeable to Cy5-Ovalbumin 

as our representative antigen. Using immunohistochemistry, I will seek to define region-specific 

differences in the localization of known surface proteins such as Villin and pIgR and tight 

junction proteins such as Claudin-4 and Claudin-3 pre and post-suckling that may contribute to 

differences in the timing of gut-closure at birth. Endosome markers are also used to clarify 

antigen localization across different regions of the small intestine over time. Advancements in 

the understanding of the mucosal immune system across anatomical sites will ultimately lead to 

improvements in mucosal vaccine development. 
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 1 

1.0 Introduction and Literature Review 

 
Mucosal vaccinations can induce humoral and cell-mediated responses in mucosal 

compartments which may increase the protection against harmful pathogens [1]. Within the past 

decade, there has been a significant rise in promoting mucosal immunity through targeted 

vaccine designs that will prevent pathogen infections and colonisations on mucosal surfaces [1].  

Improving our knowledge surrounding the topics of mucosal immunity, tolerance, and infection 

will ultimately lead to further developments of a mucosal vaccine [2]. Here-in is a review of the 

permeability of the piglet small intestine at birth and the impact that a semi-permeable intestine 

may have on uptake from an orally administered vaccine. Various topics such as small intestinal 

immunology, gut-associated lymphoid tissue, and permeability changes at birth in piglets will be 

discussed. This information serves as a potential guide for individuals in the swine industry to 

increase their knowledge surrounding the importance of small intestinal permeability in newborn 

piglets. 

 

1.1  Characteristics of the Mucosal Immune System in the Intestine  

 The gastrointestinal (GI) tract is a tube-like structure which has numerous functions to 

maintain health and homeostasis. The primary functions of the GI tract include both the digestion 

and absorption of nutrients from food [90]. The layer of the GI tract in contact with the lumen is 

comprised of a continuous layer of polarized epithelial cells, which are attached to a basement 

membrane that separates polarized epithelial cells from the lamina propria. The lamina propria 

is comprised of loose connective tissue which provides support for the overlying epithelium, 

along with blood and lymphatic vessels. The lamina propria is also comprised of various 

immune cells such as dendritic cells (DCs), mast cells, and a dense population of B and T cells, 
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which play a role in intestinal immunity. Basolateral to the lamina propria exists another layer of 

tissue called the submucosa which is a layer of dense connective tissue responsible for adhering 

the mucosa to the smooth muscle layer.  

 The small intestinal architecture and function is very similar between humans and pigs. 

For example, in both species, there are the large and small intestines which are segmented and 

differ based on their anatomy and biological function. The small intestine is comprised of the 

duodenum, jejunum, and ileum which have an average length of approximately 5.5 m–7 m in 

adult humans while the average length in adult pigs is 15 m–22 m [91]. The region contacting the 

lumen contains finger-like projections known as intestinal villi that are lined with polarized 

intestinal epithelial cells. These intestinal epithelial cells contain further smaller finger-like 

projections on the apical surface known as microvilli. The lumen of the small intestine is densely 

populated with commensal bacteria that symbiotically co-exist with the host. Commensal 

bacteria are important for nutrient digestion and they also aid in immune system development 

while protecting against long-term colonization from enteropathogenic bacteria [92]. The 

intestinal immune system has evolved to differentiate between commensal bacteria and 

enteropathogenic bacteria and it responds to commensal bacteria with immune tolerance as a 

preventative measure against pathologies and inflammation.  

 

1.2 Small Intestinal Villi and Crypts 

 

The small intestinal villi considerably increase the surface area of the small intestine to 

maximize the absorption of vitamins, amino acids, proteins, and carbohydrates from digested 

food [34]. The length of small intestinal villi is greater in newborn and weaning piglets when 

compared to adults [40]. In mice, increasing age correlates with a reduction in the length of villi 
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in the duodenum, jejunum, and ileum [40]. However, in pigs, increasing age is correlated with an 

increase in crypt depth (invaginations between villi) in the duodenum, jejunum, and ileum [40]. 

After birth, the villi structure undergoes region-specific changes. For example, 3 days after birth, 

the piglet duodenal villi resemble a finger-like shape but after weaning, the villi structure in the 

duodenum changes from finger-like to leaf-like and remains this shape [9]. The jejunal and ileal 

villi of newborn piglets are not uniform in length and appear to be thin and finger-like. In the 

jejunum of weaning piglets, the mucosa becomes much thinner and the villi appear to be both 

tongue-like and fold-like in shape [9]. In the ileum of weaning piglets, villi appear to have a 

tongue-like shape [9]. After weaning, the appearance of the villi remains consistent per region 

throughout adulthood. 

The intestinal epithelium in pigs is renewed approximately every 2-3 days by two types 

of intestinal stem cells which are located at the base of the intestinal crypts [10]. LGR5+ 

intestinal stem cells, also referred to as crypt base columnar cells, are very thin and located deep 

within intestinal crypts [10]. Label-retaining cells are another form of intestinal stem cell that are 

located at the +4 position from the bottom of the intestinal crypts. Unlike crypt base columnar 

stem cells, label-retaining intestinal stem cells remain dormant until tissue damage occurs where 

they have the capabilities to replace all intestinal cell lineages [10]. Goblet cells within intestinal 

villi function by secreting mucus-producing proteins (mucins) which act as a protective barrier 

covering the intestinal epithelium [11]. This mucus barrier limits the adherence and entry of 

harmful pathogens into the intestinal epithelium. Within 1 week of age in piglets, mucin-1 

(MUC1) was found to be the main secreted mucin in the jejunum and ileum and MUC5AC and 

MUC6 were present at lower expression levels within the piglet jejunum and ileum [11]. Paneth 

cells secrete anti-microbial peptides such as -defensins in many mammals, but their presence 
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has not yet been confirmed in pigs [12]. Intestinal enterocytes secrete antimicrobial peptide 

porcine -defensin 1 while polymorphonuclears cells (PMNs) secrete a variety of cathelicidins 

such as protegrin 1-5 [12]. 

 

1.2.1 Enterocytes 

 The porcine small intestine is lined with a single layer of columnar hyperpolarized 

epithelial cells. Differentiated absorptive epithelial cells, also known as enterocytes, make up 

>80% of the intestinal villi cell population [52]. Other differentiated secretory epithelial cells 

such as goblet, Paneth, and enteroendocrine cells which make up the remaining <20% of the cell 

population lining the villi [52]. The upper portion of intestinal crypts are also composed of 

enterocytes however, the lower portion is composed of progenitor cells and stem cells. 

Enterocytes have numerous functions which include the regulation of the intestinal barrier and 

the internalization of small solutes and macromolecules from luminal contents [52]. The 

internalization of these small solutes and macromolecules mainly occurs via two endocytotic 

pathways. [52]. The major endocytotic pathway involves lysosomes that contain acid hydrolases 

that can break down luminal substances [52]. The minor transcytotic pathway involves the 

transport or undegraded macromolecules into the interstitial space where they enter circulation 

[52]. Enterocytes are connected by various tight junction proteins which blocks the transport of 

materials between adjacent cells (discussed in detail in Section 1.8). The process in which 

enterocytes take up luminal antigens and present them to intraepithelial lymphocytes (IELs) for 

processing [130] can be described as a very important topic for an oral vaccine. Enterocytes are 

produced from multipotent stem cells (MSCs) located in the crypts of villi. MSCs give rise to 

four major cell types: absorptive enterocytes, goblet cells which are responsible for mucus 
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secretion, enteroendocrine cells which secrete a variety of peptide hormones, and Paneth cells 

which, in humans, secrete a large selection of anti-microbial peptides, however, their presence 

has not yet been confirmed in pigs [12, 52].  

 The apical surface of enterocytes contains these small finger-like projections termed 

microvilli. The tips of microvilli contain glycoproteins that form a brush border barrier (also 

known as a glycocalyx barrier) which functions by preventing the entry of viruses, bacteria, and 

harmful particulate matter [52]. The glycocalyx barrier also contains absorbed pancreatic and 

glycoprotein enzymes that promote digestion of nutrients from food [52]. 

 

1.2.2 Villin 

Villin is an actin-binding protein expressed within intestinal microvilli and functions by 

modulating the architecture and organization of actin filaments within microvilli [43,44]. In the 

GI tract, the expression of Villin increases in enterocytes as they migrate from the crypts towards 

the tips of villi [43].  

Two groups of actin-binding proteins comprise the Villin superfamily [43, 44]. The first 

group of actin-binding proteins are ones that nucleate, cap, and sever actin filaments [43, 44]. 

Villin and Gelsolin (from figure 1.1) contain 6 conserved domains (S1-S6) which, together, 

forms the Villin core [43,44]. The second group of actin-binding proteins are ones that share a 

carboxyl-terminal domain known as the “headpiece”. Examples of these proteins include 

Advillin and Villidin [43]. Together, the Villin core and headpiece regulate Villin’s ability to 

nucleate, cap, sever actin filaments [43]. Within the Villin core and headpiece, two F-actin 

binding sites have been identified. When Villin’s tyrosine sites (Y-46, -60, -81, -256, -324, -46, 

604 and 725) become phosphorylated, Villin decreases its affinity for F-actin [43]. Villin 
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attaches to the ends of actin filaments which, as a result, caps the actin filaments [43]. The 

binding of Villin to monomeric actin is calcium-dependent. Binding results in the nucleation of 

actin from the ends of the filaments [43]. During embryogenesis, Villin is first detected within 

the endoderm before gastrulation occurs and then is later detected within the intestinal 

epithelium [50]. Therefore, Villin is considered a good marker of the endodermal cell lineage 

during and post intestinal development.  

 

 

Figure 1.1. Amino-terminal homologous domains (1-6) of various members from  

the Villin superfamily [43]. Severin, Fragmin, and CapG are the smallest proteins of  

the Villin family with 3 conserved domains (S1-S3). HP: Headpiece; NLS: Nuclear  

localization signal; PH: Pleckstrin homology. 

 

 

1.2.3 Small Intestinal Lamina Propria 

The small intestinal mucosa consists of two layers known as the epithelium and the 

lamina propria. The lamina propria is comprised of loose collagenous connective tissue which 
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provides vascular and lymphatic support for the overlying epithelium (figure 2.1). The lamina 

propria is also populated by macrophages, DC’s, neutrophils, and a dense population of 

lymphocytes [17, 55]. The innate immune cells have numerous functions which include the 

capturing and presentation of luminal antigens, cytokine secretion, and the induction of adaptive 

immune responses which all contribute to enteropathogenic clearance, prevention of intestinal 

inflammation, and immune homeostasis. In addition, these cells link together the innate and 

adaptive immune responses while influencing other bodily compartments.  

Macrophages and DCs are related in terms of cell lineage, however, they differentiate 

from a common hemopoietic stem cell precursor [94]. Both cells migrate into different bodily 

compartments and acquire their phenotypes. Macrophages and DCs that have differentiated are 

involved in host defense against invading pathogens along with antigen processing and 

presentation [93]. Intestinal DCs can be described as professional antigen-presenting cells 

(APCs) within the lamina propria regions and gut-associated lymphoid tissue (GALT). DCs 

arise from common DC progenitors (DCP) which gives rise to plasmacytoid DCs and classical 

DCs [94]. Classical DCs primarily function in antigen presentation while plasmacytoid produce 

IFNα in response to nucleic acids from viruses [95, 96]. Porcine intestinal DCs have four main 

phenotypes which are based on CD11R1 and CD172α [97]. Lamina propria DCs consist mainly 

of CD172α+CD11R1+ while Peyer’s patch (PP) DCs mainly consist of CD172α+CD11R1 within 

the domes and CD172α+CD11R1 within the interfollicular areas (IFAs) (figure 2.1) [97]. 

Intestinal DCs promote α4β7 integrin and CCR9 expression on both T and B cell surfaces within 

the mesenteric lymph nodes to produce gut-homing lymphocytes [98, 99]. Intestinal DCs express 

retinal dehydrogenase and RALDH2 which allows for the synthesis of retinoic acid from the 

primary metabolite Vitamin A [100]. Furthermore, under the appropriate conditions, intestinal 
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DC can secrete IL-10 and TGFβ which promotes the induction of regulatory T cells that will be 

further discussed [97]. 

There are two categories of lymphocytes within the small intestine of adult pigs diffused 

and organized. Diffuse lymphocytes include IELs and lymphocytes located within the lamina 

propria. Organized lymphocytes are located within PPs [55]. The organization of diffuse 

lymphocytes in the pig lamina propria is much greater in comparison to the gut mucosa of 

humans [55]. For example, diffuse antibody-secreting B cells in pigs are located within the 

intestinal crypts of the small intestine while diffuse T cells, such as IELs, are located within the 

intestinal epithelium. The mean CD4+:CD8+high ratio in the lamina propria of adult pigs was 

found to be approximately 0.71:1 thus indicating that more CD8+ T cells than CD4+ T cells reside 

in the lamina propria [53]. Various studies have reported differences in cytokine secretion by 

lamina propria T cells between pigs and humans. For example, human lamina propria T cells 

secrete large quantities of IL-2 in response to CD2 activation than do pig lamina propria T cells 

and human cells are also considered more heterogeneous in comparison to pigs due to a larger 

population of CD45RA+ cells [53]. In contrast, pig lamina propria T cells secrete larger 

quantities of IL-4 in response to CD3 activation relative to human cells [53, 54]. It has been 

proposed that lamina propria lymphocytes are involved in immunoregulation. For example, 

CD4+CD25+FoxP3+ T cells residing in the lamina propria suppress the activation and 

proliferation of effector CD4+ T cells via IL-10 and TGF- production [56]. In summary, the 

interaction between different immune regulatory cells via cytokine production is necessary to 

achieve intestinal homeostasis.  

Newborn piglets are born with very few lymphocytes in the lamina propria of the small 

intestine that eventually develop into PPs and ILFs [13]. Two weeks after birth, small intestinal 
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PPs in piglets become populated with CD2+CD4- and CD2+CD8- T cells. Two to four weeks after 

birth, the lamina propria of the small intestine becomes populated with CD4+ T cells while CD8+ 

T cells are observed after 5 weeks of age [13]. CD4+ T cells are found within the center of the 

villi [14]. Five weeks after birth, IgA+-bearing B cells also begin populating crypt areas of the 

small intestine [13]. These cells may protect the lamina propria region for pathogens by 

secreting IgA+ antibodies that bind pathogens and then are excluded from the intestine by 

binding to the pIgR receptor (described in detail below).  

Most intestinal CD2+ T cells reside within the intestinal lamina propria with 

approximately 55% and 59% located within the intraepithelial compartment in the duodenum 

and the ileum, respectively [14]. Two subpopulations of CD2 IELs have been found within the 

pig which include CD2+CD4-CD8- and CD2+CD4-CD8+ [12, 40]. Adult pig IELs express CD2, 

however, newborn piglet IELs are mostly CD2-CD4-CD8- T cells. The CD2+CD4-CD8- T cell 

subpopulation is primarily found near the upper regions of the intestinal villi embedded within 

the intestinal epithelium. This subpopulation’s role in the immune system is still not clear [14, 

15]. CD2+CD4-CD8+ T cells found within the basement membrane of the intestinal epithelium 

are primarily involved in immune suppression [14, 16]. The CD2+CD4+CD8+ and 

CD3+CD4+CD8+ T cell subpopulations have also been identified within the periphery of pigs and 

exhibit T cell effector functions, however, low numbers exist within the lamina propria [14, 53].  

 

1.3 Mucosa-Associated Lymphoid Tissue 

Mucosa-associated lymphoid tissue (MALT) includes aggregates of non-encapsulated 

lymphoid tissue found within mucosal sites throughout the body. There are various subtypes of 

MALT throughout the body which include GALT, bronchus-associated lymphoid tissue (BALT), 
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and nasal-associated lymphoid tissue (NALT). The largest subtype of MALT is GALT which 

contains several mucosal effector and inductive sites. In swine, the mucosal effector site is the 

lamina propria while the mucosal inductive sites are the PPs and isolated lymphoid follicles 

(ILFs) [3]. Although both mucosal inductive and effector sites differ anatomically and 

functionally, they work together as immune cells migrate from inductive to effector 

compartments through the lymphatic system [3, 31]. This coordinated cellular movement 

ultimately forms the cellular basis for cellular and humoral immune responses within mucosal 

sites throughout the body [31]. 

 

1.4 Primary and Secondary Lymphoid Organs 

In the pig, primary lymphoid organs such as the bone marrow and thymus are responsible 

for the development of immune cells from lymphoid and myeloid progenitors [3, 32]. Secondary 

lymphoid organs are involved in the recognition, capturing, and processing of antigens through 

coordination with APCs [3, 32]. Systemic secondary lymphoid organs in the pig are the spleen 

and lymph nodes while the mucosal secondary lymphoid organs are PPs, ILFs, and soft-palate 

tonsils [3, 32].  

 

1.5 Small Intestinal Peyer’s Patches 

There are two types of PPs in the small intestine of the pig. The first type is jejunal PPs 

(JPPs) which are isolated follicles and the second type is ileal PPs (IPPs) which are continuous 

follicles located in the terminal ileum [4]. PPs are comprised of 3 different segments: the dome 

area (containing B and T cells as well as APCs), the B cell follicles, and the interfollicular areas 

mainly consisting of T cells [4, 33].  
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Figure 2.1. A schematic diagram of a PP located within the small intestine [49]. Segments  

of the PP are shown which include the dome, B cell germinal center, and interfollicular areas  

(T). The B cell germinal center consists of a light zone, dark zone, and marginal zone. Image  

is used with permission from the authors. 

 

 

1.5.1 Structure 

The post-natal development of JPPs and IPPs have been examined in pigs at different 

ages and under different microbiome conditions. One study by (Barman et al, 1996) investigated 

the size and shape of B cell follicles in discrete regions of the gut in pigs raised germ-free (GF), 

specified pathogen-free pigs (SPF), and under conventional conditions at 1, 1.5, and 2 months of 

age [4]. During the pre-weaning stage of development, the B cell follicles in JPPs of all animal 

groups were ovoid which then developed into an elliptical shape post-weaning. The B cell 

follicles in IPPs of all animal groups were ovoid-shaped pre- and post-weaning [4]. The diameter 

of B cell follicles in IPPs increased before weaning for SPF and conventional pigs but not for GF 

pigs. The interfollicular area in JPPs of all animal groups was much wider relative to the 
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interfollicular area in IPPs. The dome of JPPs and IPPs were both elongated pre-weaning and 

then became shorter and wider with age in all animal groups [4]. Another study found that pig 

IPPs contain more germinal B cell follicles with a larger mean follicle diameter in comparison to 

JPPs in pigs [37]. In contrast to the study performed by (Barman et al, 1996), other studies have 

shown that keeping pigs under GF conditions after birth results in a decrease in both size and cell 

numbers within JPP and IPP B cell follicles [70]. In addition, through the creation of isolated 

intestinal loops in utero, it has been observed that there is a long-term reduction of luminal 

antigens from the small intestine postnatal which leads to the reduction of the size and cell 

numbers within JPP and IPP B cell follicles [70]. This observation suggests that luminal antigens 

stimulate postnatally PP development [6, 70]. 

 

1.5.2 Development 

Lymphopoiesis in PPs can be observed around 50 days of gestation although their size 

remains too small to be visualized without microscopy 80 days of gestation [5]. Between 85-90 

days of gestation, pig embryos PPs become visible with the naked eye. Interfollicular regions 

within PPs become populated with lymphocytes after birth suggesting that antigenic stimulation 

is necessary for the homing of T cells to PPs [5].  

In piglets aged between 3 and 4 weeks of age, JPP and IPP cells are comprised of 

approximately 45% and >90% B cells, respectively, suggesting that there are functional 

differences in these GALT structures [6]. Plasma cells in blood circulation and lymph node B 

cells are phenotypically different from IPP follicular B cells due to a higher expression of major 

histocompatibility complex (MHC) class II surface proteins and CD40. IPP follicular B cells 

express sWC3 and sWC7 which are swine myeloid markers not expressed on plasma B cells in 
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blood circulation [6]. In one study, GF 1-month old pigs were observed to have JPP B cells 

follicles with a high quantity of sIgMhigh+ cells with very few sIgMlow+ cells, and no sIgMlow+ 

cells were observed in the IPPs of B cell follicles (Table 1.1) [4]. In the B cell follicles of JPPs 

and IPPs of SPF and conventional pigs at 1, 1.5, and 2 months of age, sIgMlow+ cells were 

located in the basolateral area of the follicle while sIgMhigh+ cells were found in the center of the 

follicle (Table 2.1 and 3.1) [4]. No surface IgA+ (sIgA+) cells were found in the B cell follicles of 

JPPs even up to 4 months again in GF, SPF, and conventional pigs. 

In the dome of JPPs and IPPs of GF pigs and SPF pigs at 1 month of age, sIgM+ cells 

were present but very few sIgM+ cells were observed in conventionally reared pigs at this age 

[4]. Very few sIgA+ cells are found in the dome of both JPPs and IPPs in GF pigs (Table 1.1) [4]. 

All lymphoid cells became much more populated in the JPPs and IPPs during the second month 

of post-natal life regardless of the microbiome population [4]. In summary, there are differences 

in the presence and localization of immune cells within different areas of JPPs and IPPs in GF, 

SPF, and conventionally reared pigs. 
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              Table 1.1. The frequency and localization of different cell types in JPPs  

                          and IPPs of GF piglets up to 2 months of age.  

 

 

JPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle - +++ - + ± ± 

Dome ++ ++ ± + ± ± 

Interfollicular Area ± ± NR +++ ++ + 

IPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle ± +++ - ± ± ± 

Dome ++ ++ ± + ± ± 

Interfollicular Area ± ± NR + + ± 

       

 

         JPP: jejunal Peyer patch, IPP: ileal Peyer patch. IFA: interfollicular area,  

         GF: germ-free, NR: not reported, +++ very frequent, ++ frequent, + less frequent,  

         ± very few, – negative) [4]. 

 

 

 

 

                Table 2.1. The frequency and localization of different cell types in JPPs  

                           and IPPs of SPF piglets up to 2 months of age.  

 

 

JPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle ++ ++ - + ± ± 

Dome ++ ++ NR + + ± 

Interfollicular Area ± ± NR +++ +++ +++ 

IPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle +++ +++ - ± ± - 

Dome NR NR NR + ± ± 

Interfollicular Area ± ± NR ++ ++ ++ 

       

 

         JPP: jejunal Peyer patch, IPP: ileal Peyer patch. IFA: interfollicular area,  

         SPF: specified pathogen-free, NR: not reported, +++ very frequent, ++ frequent,  

         + less frequent, ± very few, – negative) [4]. 
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               Table 3.1. The frequency and localization of different cell types in JPPs  

                            and IPPs of conventional piglets up to 2 months of age.  

 

 

JPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle ++ ++ - + ± ± 

Dome ± ± NR + + ± 

Interfollicular Area ± ± NR +++ +++ +++ 

IPP sIgMlow+ sIgMhigh+ sIgA+ CD2 CD4 CD8 

B cell Follicle +++ +++ - ± ± - 

Dome ± ± NR + ± ± 

Interfollicular Area ± ± NR ++ ++ ++ 

       

 

          JPP: jejunal Peyer patch, IPP: ileal Peyer patch. IFA: interfollicular area,  

          NR: not reported, +++ very frequent, ++ frequent, + less frequent,  

          ± very few, – negative) [4]. 

 

 

 

 

Another study examined the number of B cell follicles in both JPPs and IPPs in 1-day 

old, 12-day old, and 33-day old piglets. The total number of JPP follicles were approximately 

9,000 and was comparable across all age groups. However, in 1-day old piglets, the number of 

follicles in IPPs was approximately 49,000 and reached 78,000 in 33-day old piglets [35]. The 

shape of both follicles was comparable between both JPPs and IPPs, however, older animals 

exhibited bulged B cell follicles deep into the submucosa [35]. The diameter of JPP B cell 

follicles increased 268% from 1-day old to 29-day old [35]. Results were very similar for IPPs 

with a 283% increase in diameter. In addition, two groups of GF piglets were examined at 38 and 

59 days of age. Both JPPs and IPPs increased in length as the piglets grew older [35].  

 In IPPs B cell follicles, the production rate of lymphocytes is approximately 0.24% per 

hour on day 1 and then 3.55% per hour on day 42 [35]. This signifies that the lymphocyte 

production rate is 15 times greater 42 days after birth. The lymphocyte production remained the 

same within the interfollicular areas and domes of IPPs for all age groups [35].  
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In newborn piglets, there are a lower population of T cells and a lack of interfollicular 

areas in JPPs relative to the IPPs [36]. In JPPs, the number of CD8+ single-positive (SP) (28%) 

and CD4+CD8+ double-positive (DP) (10%) T cells were identical to those found within lymph 

nodes, however, the number of CD4 SP T cells (12%) was much lower in all areas of JPPs [36]. 

The number of CD4+ SP (8%) and CD8+ SP (14%) T cells in IPPs was much lower in 

comparison to these subsets found in lymph nodes. In contrast, the number of CD4+CD8+ DP T 

cells did not differ from those found within lymph nodes [36]. The mid-section of IPPs is 

comprised of 8% CD4+ SP T cells, 8% CD8+ SP T cells, and 4% CD4+CD8+ DP T cells which 

were significantly lower in comparison to these subsets found within lymph nodes [36]. In the 

distal section of IPPs, the number of CD4+ SP and CD4+CD8+ DP T cells were identical to those 

found within JPPs [36]. 

 

1.5.3 Function of Secondary Lymphoid Follicles  

 It has been previously reported that IPPs in pigs are not a significant source of B cells for 

several reasons [101, 102]. The first reason being that the surgical removal of IPPs did not lead 

to differences in B and T cell subset numbers within IPPs as well other lymphoid organs nor did 

their removal lead to any forms of immunodeficiency [101]. Secondly, the surgical resection of 

IPPs did not result in the reduction of B cell numbers in blood circulation [101]. Finally, B cell 

subsets within IPPs did not resemble B cell subsets in bone marrow suggesting that IPPs are not 

the site of B cell lymphogenesis [101]. Other studies have also shown that surgical resection of 

IPPs did not affect the size of JPPs or the composition of JPP B and T cell subsets [101, 103]. In 

summary, pig IPPs aid in the expansion of B cells, however, pig IPPs are not considered a 

primary lymphoid organ [101]. 
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Both JPPs and IPPs reside immediately basolateral to the follicle-associated epithelium 

(FAE) which contains microfold cells (M cells) that take up luminal antigens via transcytosis 

from the small intestine. APCs such as DCs are located in the dome region basolateral to M cells 

and they present luminal antigens to T cells in the follicles. Unlike conventional intestinal 

columnar epithelial cells, the cytoskeleton of M cells includes the surface expression of 

cytokeratin 18 which is useful for detecting porcine M cells in the small intestine [7].  

The first step of naïve T cell differentiation begins with antigenic stimulation which 

results from the interaction of the T cell receptor (TCR) and CD4 co-receptor with the antigen-

MHC class II complex [38, 80]. Each TCR recognizes a unique antigen and expansion of T cells 

bearing a unique TCR can be indicative of infection. Antigenic peptides are presented on MHC 

class II surface proteins on APCs, such as DCs. TCRs coupled with CD3 activation induces 

downstream signaling pathways which leads to naïve T cell proliferation and differentiation into 

specific CD4+ effector T cells such as CD4+ Th1 cells or CD4+ Th2 cells [80]. The differentiation 

of T cells depends on many factors such as the type of cytokines produced, the type of antigen, 

the type of APC, and the type of co-stimulatory molecules engaged [38, 80]. The main co-

stimulatory molecules involved in T cell differentiation are CD80 and CD86 which are located 

on the surface of the APC that bind to CD28 on the surface of naïve T cells [81]. The biological 

interaction between co-stimulatory molecules and their co-receptor CD28 results in the 

production of IL-2 [82] which can then promote the differentiation of T cells into effector or 

memory T cells [83]. Without this interaction, T cells will go into a state of anergy and will not 

differentiate into effector or memory T cells.  

IFNγ and IL-4 are synthesized by CD4+ T cells in response to activation within PPs and 

lymph nodes (LNs) and they are critical for CD4+ T cell differentiation into CD4+ Th1 cells and 
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CD4+ Th2 cells, respectively [80]. CD4+ T cells also synthesize high-affinity surface receptors 

for these cytokines as a result of activation. The binding of these cytokines to their appropriate 

receptors can be described as a feedback loop that results in a downstream signaling cascade for 

Th1 and Th2 cell development.  

Another lineage of T cells are those that bear the CD8 co-receptor marker, also known as 

CD8+ T cells. The activation of CD8+ T cells in the LNs or PPs, as with CD4+ T cells, depends 

on many factors such as the type of APC presenting the antigen, the type cytokines produced, 

and the type of co-stimulatory molecules employed with some notable differences. The first step 

of differentiation begins with antigenic stimulation involving the interaction between the TCR 

and CD8 co-receptor with antigen-MHC class I complex presented by APCs. The types of co-

stimulatory molecules required for differentiation include members from the tumor necrosis 

factor receptor (TNFR) such as 4-1BB and OX-40 which reside on CD8+ T cell surfaces                                                                                                                                                             

[88]. These molecules bind to their co-receptors (4-1BBL and OX-40L) located on the surface of 

the DC resulting in IL-12 production which is necessary for CD8+ T cell activation [88]. IL-12 

signaling is also critical for IFNγ synthesis by effector CD8+ T cells at the peripheral site of 

infection [88, 89]. 

The bone marrow contains naïve B cells that home to systemic and mucosal secondary 

lymphoid organs through a series of signaling molecules. As B cells enter follicles within PPs 

and LNs, they encounter a dense follicular DC (FDC) network. FDCs produce soluble factors 

such as the B-cell activating factor (BAFF) and CXCL13, also known as a follicle-homing 

chemokine [51]. The activation of naïve B cells by CD4+ Th2 cells requires contact with its 

cognate activated T cell. Antigens bind to the B cell receptor (BCR) on the B cell surface which 

then get internalized and process and present antigenic peptides on MHC class II surface proteins 
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[86]. The BCR is composed of a membrane-bound immunoglobulin (mIg) chain linked to an 

Igα/Igβ complex that contains signaling motifs. Upon BCR binding of its cognate antigen, B cell 

surface markers such as B7 (CD80 and 86) and MHC class II are upregulated [85]. These 

antigenic peptides are presented on the MHC class II to the TCR located on CD4+ Th2 cells, 

which, in turn, causes the CD4+ Th2 cells to synthesize IL-4 which activates B cells [86]. The 

combination of the MHC class II binding by the TCR and ligation to the T cell surface molecule 

CD40 ligand to the B cell surface receptor, CD40, along with IL-4 production, drives G1 stage B 

cells into the S phase of the cell cycle [85, 86]. B cells further differentiate into antibody-

secreting plasma cells (PCs) or memory B cells (MBCs) after several rounds of proliferation. 

B cell differentiation into PCs or MBCs is dependent on several factors. PC 

differentiation begins with the selection of germinal center B cells with high-affinity in the light 

zone of PPs of LNs. The upregulating of CXCR4 by follicular Th cells causes germinal center B 

cells to migrate through the dark zone thus leading to B cell differentiation. In contrast, MBC 

differentiation begins when low-affinity germinal center B cells emerge from the light zone of 

PPs and LNs and acquire CCR6. This chemokine drives the germinal center B cells into the 

marginal zone and peri-follicular areas [87]. Thus, PC and MBC differentiation depend on 

specific affinity-dependent mechanisms in the germinal center.   

 

1.6 The Significance of Intestinal Permeability Immediately Post-Natal 

 The physiology of the newborn piglet small intestine facilitates the uptake of passive 

immunity from colostrum and milk. Newborn piglets are born without maternal antibodies and 

lack mature serum proteins due to the extensive layering of the epitheliochorial placental barrier 

in the sow [17]. The lack of maternal antibodies and mature serum proteins in piglet circulation 
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at birth poses a serious health risk and may eventually lead to death unless they suckle colostrum 

within 36 hours after birth. The small intestine of the piglet has evolved to be semi-permeable 

immediately after birth to facilitate the uptake of colostrum-derived immunoglobulins, albumin, 

cytokines, and antimicrobial peptides across the intestinal epithelium into the blood where they 

provide passive immunity [18]. These colostrum-derived macromolecules are presumed to cross 

the intestinal epithelium of newborn piglets by either paracellular (figure 43.1) or transcellular 

(figure 44.1) routes, however, the exact route is currently unknown. The paracellular route would 

most likely facilitate the uptake of colostrum-derived macromolecules through tight junction (TJ) 

proteins (section 1.7) while the transcellular route would most likely facilitate the uptake of 

colostrum-derived macromolecules via non-selective pinocytosis (section 1.8.3). Several studies 

have reported small intestinal closure to occur within 36 hours after birth in pigs, however, a 

more precise time has yet to be determined. The term gut closure can be defined as the time in 

which macromolecules no longer cross the epithelium through paracellular and transcellular 

routes. Interestingly, the duodenum and the proximal portion of the jejunum undergoes gut 

closure much earlier in comparison to the distal portion of the jejunum and the ileum. 

Nonetheless, all areas of the small intestine lose their abilities to transport macromolecules from 

the intestinal epithelium into the vasculature 2 days after birth [20, 45]. Piglet must ingest 

colostrum before intestinal closure occurs to survive. In addition, closure of the small intestine 

has been shown to occur between 2 and 3 weeks after birth in both rats and mice [19, 129].  

 

1.7 Tight Junction Proteins 

 Epithelial TJ proteins are located on the paracellular surfaces of epithelial cells which 

function by regulating cell polarity and permeability to various macromolecules. TJ proteins are 
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composed of strands that interact between neighboring epithelial cells [65, 104, 105]. The 

closure of TJs is determined by the composition and organization of stands [65, 104, 105]. The 

paracellular movement of macromolecules occurs by pore or leak pathways. Claudins are 

responsible for the formation of pores between cells. The pores function as ion-charge and size-

selective pathways [65]. The leak pathway is regulated by changes in the organization of TJ 

strands including paracellular gaps and TJ strand breaks [65, 106-110].  The structure of TJ 

proteins is very dynamic and often changes throughout the life cycle of the epithelium as well as 

changes in response to pathological states such as enteropathogenic infections, inflammation, 

and disease thus influencing epithelial homeostasis and barrier properties. 

The claudin family includes 26 transmembrane proteins in humans. Claudins are highly 

expressed within epithelial cells that line the kidney, gastrointestinal tract, uterine, and 

respiratory tract epithelium [65]. Claudins function as either tight or leaky claudins by regulating 

charge and size-selective properties [65]. Claudins-1, -3, -4, -5, -6, -8, -12, -18, and -19 

contribute to restriction of macromolecule movement and thus are categorized as tight claudins 

[65, 111-117]. Claudins-2 and -15 are categorized as leaky claudins and function by increasing 

permeability to sodium and water [65, 118-120].  

 

1.7.1 Claudin-3 

 Claudin-3 belongs to a family member of TJ transmembrane proteins which are located 

between luminal intestinal epithelial cells within the lateral regions of luminal epithelial cells 

(figure 3.1). Claudin-3 is primarily expressed in the colon, sigmoid, and rectum but is expressed 

at lower levels within the small intestine [67]. In 2-day old and 2-week old mice, Claudin-3 is 

present within the crypts and then at 3 weeks of age, it localizes to the lateral regions in the 
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villous epithelium [67]. The expression of Claudin-3 increases significantly within the maturing 

intestine after birth [65].  

In suckling piglets, Claudin-3 gene expression increases in the jejunum from birth to 21 

days of life with no differences in gene expression being observed in the ileum during this period 

[66]. In addition, there is a decrease in the relative protein abundance of Claudin-3 three days 

after weaning within the jejunum, however, there is a small increase in the relative protein 

abundance seven days after weaning [66]. Commercial weaning is typically performed 21 or 28 

days after birth (depending on the barn) and it is correlated with a decrease in intestinal barrier 

function and increased intestinal permeability [121]. Thus, Claudin-3 may be involved in the 

regulation of intestinal permeability pre-weaning and during weaning.  

 

1.7.2 Claudin-4 

Claudin-4, as with Claudin-3, belongs to the family member of TJ transmembrane 

proteins which are located between the lateral region of luminal intestinal epithelial cells (figure 

3.1) [65]. Claudin-4 in conjunction with other TJ proteins are responsible for regulating 

paracellular transport between enterocytes [23, 65]. A study by Pasternak et al, 2015 showed that 

Claudin-4 was located within the apical regions of piglet jejunal epithelial cells until 2 days after 

birth and then it relocated to the lateral surface between neighboring enterocytes. However, in 

the ileum, Claudin-4 was located to the lateral surface between neighboring enterocytes within 

24 hours after birth. These observations suggest that there are region-specific differences in the 

small intestine of newborn piglets but whether these changes contribute to intestinal permeability 

is not known.  
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Figure 3.1. A schematic drawing of polarized intestinal epithelial cells expressing claudin 

proteins under normal intestinal conditions. Claudin-3 (green), Claudin-4 (blue), occluding 

(red), and junction adhesion molecule (JAM) (purple) are located between the lateral 

(paracellular) regions of small intestinal epithelial cells.  

 

 

 

1.8 Assessing Small Intestinal Permeability  

Intestinal permeability can be defined as the flux rate analysis of small solutes and 

macromolecules across intestinal epithelial cells via paracellular and transcellular routes [122]. 

Many different factors can alter the intestinal permeability in pigs such as disease, weaning, 

transportation, and diet which may facilitate the entry of enteropathogenic bacteria across the gut 

wall. Thus, adequate barrier function must be maintained throughout the life of pigs and, in 

particular, during times of high stress. 

The primary method for assessing porcine intestinal permeability ex vivo is with an 

Ussing Chamber (figure 4.1). When being used for this purpose, intestinal tissues are excised 
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from the animal and then immediately rinsed with a buffered solution to remove fecal contents. 

The intestinal tissues are then cut longitudinally into flat sheets to expose the intestinal lumen. 

Next, the intestinal tissues are placed between two chambers filled with bathing solution. Marker 

probes such as horseradish peroxidase, mannitol, or ovalbumin are then added to the solution 

within the chamber on apical side. A current is then applied which enables the marker probes to 

cross the intestinal mucosa section towards the basolateral side through endocytosis, passive, or 

carrier-mediated paracellular or transcellular routes. The transepithelial electrical resistance 

(TEER) is one of several electrophysical parameters that can be measured with an Ussing 

chamber. The TEER is a reflection of the opening of TJ proteins between enterocytes. An 

increased TEER indicates decreased paracellular permeability while a decreased TEER indicates 

increased paracellular permeability. The second electrophysical parameter is the transepithelial 

electrical conductance which is the inverse of the TEER. The third electrophysical parameter is 

the short-circuit current which measures active ion transport across the epithelium. An increased 

short-circuit current indicates either an increase in anion secretion or an increase in cation 

absorption [48]. 

The use of orally administered marker probes for assessing porcine intestinal 

permeability in vivo has been conducted for many decades. These marker probes are 

administered orally and travel through the body towards the small intestine without being 

metabolized or degraded beforehand. Once these marker probes have reached the small intestine, 

they can cross the intestinal epithelium (via marker-specific permeation routes) and then enter 

enterohepatic circulation before excretion in the urine. The most common orally administered 

marker probes are sugars, specifically monosaccharides (e.g. L-rhamnose or mannitol) and 

disaccharides (e.g. lactulose) which can be used to evaluate small intestinal paracellular 
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permeability via urinary ratio recoveries. This test is most commonly referred to as the dual-

sugar test and is favored over other orally administered marker probes as the pig does not have to 

be killed for assessing intestinal paracellular permeability. Radioisotopes such as 51Cr- 

Ethylenediaminetetraacetic acid (EDTA) have been used to assess intestinal permeability in pigs, 

however, this method is not commonly used anymore as alternative safe and approachable 

methods for assessing intestinal permeability have been identified [48]. Recently, fluorescent 

marker probes such as FITC-dextran and Cy5-Ovalbumin have been used to asses intestinal 

permeability in pigs [46, 47]. These fluorescent marker probes involve labeling a protein or a 

dextran with a fluorescent dye/fluorochrome which absorbs light energy at a specific wavelength 

(excitation) and then re-emits light energy at a longer wavelength (emission). These fluorescent 

marker probes in cells and tissues can be analyzed with instruments such as flow cytometry and 

flow cytometer and immunohistochemistry (IHC). 
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Figure 4.1. A schematic diagram of an Ussing chamber [64]. A thin piece of tissue is  

mounted between two chambers filled with bathing solution. A gas inlet (95% O2/5% CO2)  

is present within each chamber (apical and basolateral) to bubble the bathing solution. Marker 

probes are added to the apical chamber and a current is applied thus enabling the marker  

probes to cross the intestinal mucosa section towards the basolateral side. 

 

 

 

1.8.1    Endosomal Pathway 

 Polarized epithelial cells, such as enterocytes, have a basolateral and an apical domain 

which is crucial for epithelial cell homeostasis and function. Epithelial cell homeostasis is 

dependent on the internalization of small solutes, macromolecules, and plasma membrane (PM) 

receptors which is driven by a process known as endocytosis. There are two mechanisms of 

endocytosis which include clathrin-independent endocytosis (CIE) and clathrin-dependent 

endocytosis (CDE) [58]. Clathrin is a peripheral membrane protein involved in the formation of 

clathrin-coated vesicles and pits [58]. Clathrin-mediated endocytosis is a form of CDE that forms 

clathrin-coated vesicles which is regulated by clathrin as well as dynamin-2, clathrin adaptor 

protein 2 (AP-2), epsin, and myosin [58]. Micropinocytosis, phagocytosis, and caveolae-
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dependent endocytosis are all forms of CIE which are involved in the formation of uncoated 

vesicles [58]. Each of these three mechanisms of CIE differs based upon regulator proteins such 

as dynamin-2, actin, and cavins [58]. Despite the different mechanisms of endocytosis, all 

processes begin with the formation of endocytic vesicles at the PM [72]. 

Endosomes are complex cellular organelles that can be categorized as either early 

endosomes, recycling endosomes, or late endosomes (figure 5.1). Apical and basolateral early 

sorting endosomes are the major sorting stations for PM proteins and lipids that deliver cargo to 

various intracellular compartments such as the common/apical recycling endosome, the late 

endosome, or the trans-Golgi network [59, 72]. The common/apical recycling endosome receives 

cargo from both apical and basolateral early sorting endosomes and sorts them back to the apical 

or basolateral cell surface [59].  

 

 

Figure 5.1. A diagram of a polarized epithelial cell showing different endosomal and 

lysosomal compartments and pathways [59]. The blue arrows indicate transport from one 

organelle to the other. Apical domains of the cell are outlined in green and basolateral domains 

are outlined in red. LE: late endosome, Lys: lysosome. Image is used with permission from the 

authors. 
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Endocytosis and transcytosis are mediated by a complex interplay of RAB proteins. RAB 

GTPases function by regulating epithelial membrane trafficking as well as tethering and budding 

of vesicles at different locations within epithelial cells (figure 6.1). RAB35 controls the levels of 

phosphatidylinositol (4,5)-bisphosphate within endosomes and cargo recycling from early 

endosomes [61]. RAB4, 5, 8, 11, 14, and 32 impact epithelial cell polarity [60]. RAB4 and 5 also 

regulate endocytosis and recycling. More specifically, RAB4 functions by recruiting coat 

proteins to early endosomes by altering the recruitment of small GTPases [60]. RAB5 is an early 

endosome marker while RAB7 is a late endosome marker. RAB8 is localized to the apical 

endosomes via the recruitment of RAB11 [60]. RAB10 functions by regulating trafficking 

between common and basolateral endosomes [60]. RAB11a is localized at the midbody of the 

cell and functions by controlling vesicle trafficking towards the midbody and it is also required 

for cellular cytokinesis and early apical cell polarization [60]. RAB14 is required for the 

regulation of endosomal trafficking and transcytosis of podocalyxin downstream of RAB11 [60]. 

RAB17 is expressed within various epithelial cells and is induced after the polarization of the 

intestinal epithelium. RAB17 functions by controlling transcytosis of various proteins from the 

basolateral domain towards to the apical domain [60]. RAB25 can be described as a recycling 

endosome marker. RAB27 is classified as a secretory lysosome GTPase that controls vesicle 

exocytosis. In summary, RABs are important intracellular proteins that, together, function by 

regulating the process of endocytosis and transcytosis.   
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Figure 6.1. The signaling pathways and vesicular trafficking of various Rab GTPases 

within a polarized epithelial cell [57]. Recycling (exocytosis) and degradation (lysosomal) 

routes are shown in green and purple. RE: recycling endosome, EE: early endosome, LE: late 

endosome. Image is used with permission from the authors. 

 

 

 

1.8.1.1    RAB5 

 The main RAB proteins that are localized to early endosomes include RAB4 and RAB5, 

both of which are crucial for the regulation of early endocytic events [73]. Other less well-

characterized RABs involved in early endocytic events include RAB10, RAB14, RAB21, and 

RAB22. RAB5 functions by regulating cargo entry from the cell membrane to early endosomes 

and it also regulates early endosomal motility on microtubules (figure 6.1) [73]. The active form 

of RAB5, also known as the GTP-bound form, is regulated by the action of the guanine exchange 

factor RAB5ex-5 on early endosomes. This guanine exchange factor recruits Rabaptin-5 which 

binds to GTP-bound RAB5 which, as a result, recruits RABex-5, which ultimately stabilizes 

GTP-bound RAB5 on early endosomes [73]. 
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1.8.1.2    RAB25 

 RAB25 is an apical recycling endosome marker which has been extensively examined 

within polarized MDCK cells. RAB25 is exclusively expressed within polarized epithelial cells 

and interacts with the transmembrane protein 1 integrin [74]. RAB25 controls the apical 

recycling of fibronectin receptor 51 integrin and thus controls cellular migration (figure 6.1) 

[74]. Interestingly, the P3 nucleotide-binding domain sequence (WDTAGLE) of RAB25 differs 

from all other RAB proteins (WDTAGQE) [75]. This substitution of glutamine to leucine has 

been associated with a reduction in the overall GTPase activity of RAB25 [75]. It was recently 

discovered that RAB25 functions as both an oncogene and tumor suppressor with: ovarian 

cancer, breast cancer, liver cancer, prostate cancer, gastric cancer, and several other cancer 

having elevated levels of RAB25 [76].  

 

1.8.1.3    RAB7 

 RAB7 is localized to late endosomes within polarized epithelial cells. RAB7 functions by 

regulating late endosomal membrane fusions and trafficking via the interaction of RAB7-RILP-

dyenin-dynactin (figure 6.1) [77]. RAB7 interacts with various downstream effector molecules 

such as RILP (RAB-interacting lysosomal protein) which regulates the trafficking between late 

endosomes and lysosomes [77]. RAB7 mediates lysosomal movement towards the microtubule-

organizing center through RILP [77]. Another effector molecule of RAB7 is RABring7 which is 

an E3 ligase involved in epidermal growth factor degradation [77]. RAB7 has also been shown to 

interact with RAC1 which regulates the formation of ruffled borders within osteoclasts [77]. In 

summary, RAB7 is not only involved in late endosomal trafficking, but also in other 

physiological processes which are crucial for maintaining homeostasis.  
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 On study inhibited the gene expression of RAB7 via ribonucleotide interference (RNAi) 

which resulted in the accumulation of enlarged late endosomes with densely packed with cargo 

[78]. In addition, a decrease in both size and number of lysosomes was observed thereby 

suggesting that RAB7 is crucial for cargo transfer from late endosomes to lysosomes [78]. 

Another study has shown that the inactivation of RAB7 results in altered lysosome development 

which shows an agreement with the previous study [79].  

 

1.8.2    Lysosomal Pathway 

Late endosomes fuse with lysosomes and release their intraluminal vesicles into the 

lumen. These vesicles contain cell debris that are destined for degradation such as extracellular 

components and pathogens. Lysosomes can be described as terminal degradative compartments 

of cells and they are crucial for maintaining cellular homeostasis. Lysosomes contain hydrolytic 

enzymes such as acid hydrolases that degrade cell debris into building-block precursor molecules 

that are required for macromolecule synthesis. These catabolites can be transported to the Golgi 

apparatus via the retrograde trafficking pathway for reutilization purposes [123]. Alternatively, 

these components which can no longer be used by the cell, are transported within the lysosome 

to the basolateral membrane of the cell and released into the extracellular space via exocytosis 

[123]. Lysosome fusion with the basolateral membrane of polarized epithelial cells is a calcium-

dependent process that is required for the clearance of cell debris [62, 123]. During exocytosis, a 

rapid increase in calcium is essential for vesicle fusion with the presynaptic membrane [123].  
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1.8.2.1   LAMP-1 

 The lysosomal-associated membrane protein 1 (LAMP-1), also known as CD107a, is a 

highly N-glycosylated protein which is transported from the trans-Golgi network (TGN) to 

lysosomes via endosomes (figure 6.1) [62, 71]. LAMP-1 contains a short C-terminal tyrosine-

based sorting signal which binds the medium subunits of AP-1 and AP-2 resulting in intracellular 

sorting. AP-1 regulates the basolateral fusion of lysosomes and, together with vesicle-associated 

membrane protein 7 (VAMP7), synaptosome associated protein 23 (SNAP-23), membrane 

cholesterol, and syntaxin 4 regulates lysosomal exocytosis [62, 123].  

In mice with LAMP-1 deficiency, it was hypothesized that mice would exhibit alterations 

of the morphology, number, distribution, and stability of lysosomes as well as significantly 

reduced hydrolase activities within lysosomes [63]. Interestingly, it was instead found that 

LAMP-1 deficiency was compensated for by the up-regulation of LAMP-2 [63]. Specifically, 

immunofluorescent analysis of kidney homogenates showed that LAMP-2 was approximately 

2.7-fold higher in comparison to control mice and 1.7-fold higher relative to heterozygous mice, 

where LAMP-1 was reduced to approximately half [63]. Thus, the loss of a lamp-1 allele induces 

an increase in LAMP-2 [63]. To summarize, lysosomes contain hydrolytic enzymes that degrade 

cellular waste to maintain cellular homeostasis. LAMP proteins are abundantly located within 

lysosomes and contain sorting signals which bind to subunits of APs.  

 

1.8.3     Mechanism of Macromolecular Uptake in Newborn and Adult Small intestines 

 The adult pig epithelium is highly selective in comparison to newborns piglets where the 

epithelium is permeable to macromolecules without selectivity [21]. This ultimately allows for 

maternal antibodies, serum proteins, and other bioactive compounds within colostrum to enter 
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the small intestinal epithelium without being cleaved or otherwise modified [21]. Fetal and 

newborn piglet enterocytes possess an apical canalicular system which allows for the production 

of cytoplasmic vacuoles of various sizes. These cytoplasmic vacuoles are vital for colostrum 

uptake [21]. The primary mechanism in which fetal and newborn piglets absorb macromolecules 

until small intestinal closure occurs is thought to occur by non-selective pinocytosis within 

vacuolated fetal-type enterocytes (VFEs), however, the exact mechanism remains unknown [20, 

21]. VFEs are in the upper regions of small intestinal villi which are first observed in the 

proximal (duodenal) regions of pig fetuses. In the second trimester of pregnancy, VFEs become 

redistributed towards the middle (jejunal) and distal (ileal) regions of the small intestine [9, 21]. 

After birth, VFEs are slowly replaced adult-type enterocytes lacking an apical canicular system. 

Approximately twenty-one days after birth, VFE’s are no longer observed in the small intestine 

as they have been replaced by adult-type enterocytes [9, 21]. These adult-type enterocytes no 

longer facilitate the uptake of macromolecules after gut closure due to the presumed re-

arrangement and re-organization of TJ protein strands (paracellular route) as well as decreased 

endocytotic capabilities (transcellular route). MAMDC4 is a marker for VFEs which is also 

known as apical endosomal glycoprotein (AEGP) and apical early endosomal glycoprotein 

(AEEGP) [21]. In fetal enterocytes, two types of vacuoles are formed which include transport 

vacuoles and digestive vacuoles [21]. After newborn piglets first drink colostrum, transport 

vacuoles are formed in the area immediately above the nucleus of the enterocyte (figure 7.1). 

These transport vacuoles take up luminal substances from the small intestine via endocytosis. 

Transport vacuoles migrate to the basolateral area of the cell where luminal substances are 

released into the intercellular space via exocytosis [21]. In newborn piglets, digestive vacuoles 

are formed near the apical regions of the cell, take up a large portion of the cytoplasm, and do 
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not migrate (figure 7.1). These digestive vacuoles contain macromolecules and nutrients which 

are collected from colostrum and then are decomposed into their base components. 

 

 
  Figure 7.1.  Scanning electron microscopy micrographs of VFEs [21]. Transport vacuoles    

  (a, b) and digestive vacuoles (c, d) are shown. Spaces are left after the content of the vacuoles  

  washed out during experimental preparation. ACS: apical canicular system, sV: small vacuoles,  

  tLV: transport vacuoles, V: small vacuoles near the basal area of the cell, sdV: small digestive  

  vacuoles, dLV: large digestive vacuoles, N: nucleus. Image is used with permission from the  

  authors. 

 

1.9 Receptor-Mediated Transport of Antibodies Across Epithelial Cell Layers 

Maternal antibodies such as IgG and IgM are transferred to the piglet from the sow and 

are more abundant in colostrum with a mean concentration of 118.5 mg/ml [42]. The average 
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value of IgA and IgM within colostrum at farrowing is 23.8 mg/ml and 12.1 mg/ml, respectively 

[42]. 

 

1.9.1 Neonatal Fc Receptor 

Maternal IgG (found within colostrum) is transported across the small intestinal wall by 

neonatal Fc receptors (FcRn) on the apical surface of polarized intestinal epithelial cells [25]. 

FcRn binds to the Fc domain on the surface of IgG in a pH dependant fashion [29]. FcRn only 

binds to the Fc domain on the surface of IgG and not other antibodies. This binding takes place 

within an acidic environment; however, the release of IgG takes place at a neutral pH thus 

allowing for maternal IgG to bind to FcRn [29]. FcRn can also transport ILuAg-IgG (intestinal 

luminal antigens-IgG) complexes which indicates the possibility that they play a role in immune 

surveillance [124]. One study demonstrated that an ovalbumin-IgG-FcRn complex (rabbit IgG 

specific for ovalbumin) was redistributed from the apical surface of polarized intestinal epithelial 

cells to the basolateral surface [124]. The IgG-FcRn complex enters the cell via receptor-

mediated endocytosis and then travels to the basolateral surface of the cell [26]. The 

physiological pH of the pig allows for the cleavage of the IgG-FcRn complex where IgG enters 

into the blood [29]. IgG-FcRn complexes can also be transported back to the intestinal lumen 

within polarized intestinal epithelial cells thus indicating bidirectional transport [29, 124]. FcRn 

is present on the intestinal surface (in both childhood and adulthood, despite its name) which acts 

as a mechanism for antibody-mediated uptake of luminal antigens [27, 28]. Gene expression 

analysis has revealed that the FcRn gene (FCGRT) is expressed in very small quantities in the 

jejunum but is highly expressed in the ileum of newborn piglets [22]. 
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1.9.2 Polymeric Immunoglobulin Receptor 

Polymeric immunoglobulins (pIgs) are synthesized from plasma cells located in the 

lamina propria regions of the small intestine [68]. pIgs contain a J-chain and a small acidic 

polypeptide which connects two Igs to form dimeric IgA, also known as pIgA [68, 69]. pIgA 

binds to the transmembrane glycoprotein polymeric receptor (pIgR) on the basolateral surface of 

the polarized intestinal epithelial cell and is then transcytosed through the cell [68, 69]. pIgR is 

highly expressed in the duodenum, jejunum, and ileum of newborn piglets as well as 6-week-old 

piglets [22]. pIgR also binds polymeric IgM (pIgM) but to a much lesser extent. Next, pIgR is 

responsible for the transcytosis of pIgs to the apical surface of enterocytes via a series of 

intercellular sorting vesicles. A disulfide bond is formed between one of the two subunits of 

dimeric IgA and pIgR during transcytosis resulting in the formation of a pIgA-pIgR complex 

[69]. Once this complex reaches the apical surface of enterocytes, the cellular domain of pIgR is 

proteolytically cleaved resulting in the formation of soluble secretory component (SC) which is 

the soluble extracellular domain of pIgR [69]. Cleavage of unoccupied pIgR allows for the 

liberation of free SC into the intestinal lumen while the cleavage of the pIgA-pIgR complex 

results in the liberation of sIgA into the small intestinal lumen [69]. In sows, plasma cells home 

from the small intestine to the mammary glands and release sIgA into colostrum through pIgR-

mediated transport mechanisms [30]. In addition, colostrum contains a high abundance of SC 

which ultimately contributes to mucosal homeostasis by preventing the entry of enteropathogenic 

bacteria into the intestinal mucosa [30, 69]. N-glycans which are present on SC are attached to 3 

mannose residues. These glycans such as N-acetyl glucosamine, galactose, and sialic acid affect 

sIgA function. For example, sIgA without glycosylated SC is rapidly degraded in the intestinal 

lumen [125]. SC N-glycan binding to intestinal mucins anchors free SC and sIgA to the 
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glycocalyx layer overlying the intestinal epithelium [69]. Since the N-glycans present on SC are 

very similar to the N-glycans present on host intestinal epithelial cells, SC acts as an effective 

competitive inhibitor for pathogen binding [125, 126]. The direct binding of SC N-glycans to 

bacteria prevents its adherence to intestinal epithelial cells [126]. SC also functions by stabilizing 

sIgA via the inhibition of access microbial proteases to the IgA hinge region [69].  

 

2.0 Vaccination of Neonates in Pigs and Large Animals 

Vaccination timing is critical in the modern pig husbandry to achieve protection of the 

entire herd. Previous studies have demonstrated that the optimal period for parenteral 

immunization in pigs is between 5 and 8 weeks of age [127]. However, if the small intestine is 

semi-permeable before intestinal closure, the delivery of an oral vaccine immediately after birth 

may trigger an effective immune response, if the local immune system is sufficiently mature. 

Assessing the location of orally administered marker probes in the small intestine of newborn 

piglets may allow us to predict the location of an orally administered mucosal vaccine within the 

small intestine. It is important to ensure an appropriate vaccine response is mounted without 

inducing intestinal inflammation. For example, one study mentioned the use of intestinal 

commensal microbiota as adjuvants for eliciting a greater immune response [128]. However, 

more research is needed to determine whether intestinal commensal microbiota can effectively 

act as adjuvants.  
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2.0 Hypothesis and Objectives 

 
 

2.1 Thesis Hypotheses 

2.1.1 It is hypothesized that there are region-specific differences in the localization of Claudin-

3 and Claudin-4 within the duodenum, jejunum, and ileum of 7-hour old piglets. 

2.1.2 It is hypothesized that Villin will not exhibit region-specific differences within the 

duodenum, jejunum, and ileum of 7-hour old piglets. 

2.1.3 It is hypothesized that there are region-specific differences in antigen uptake within the 

small intestine of 0-hour old and 1-hour old gavaged piglets. 

 

2.2 Thesis Objectives 

2.2.1 To assess changes in the surface localization of Claudin-3 and Claudin-4 within the small 

intestine of 7-hour old piglets and to see if these surface changes are coincident with 

intestinal permeability. 

2.2.2 To assess the surface localization of Villin within the small intestine of 7-hour old   

             piglets. 

2.2.3 To assess the localization of Cy5-Ova within the small intestine of 0-hour old and 1-hour 

old gavaged piglets using pIgR as a basolateral surface marker and RAB7 and LAMP-1 

as vesicle markers. 
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Abstract 

 
Because piglets do not receive maternal antibodies in utero, they must receive passive 

immunity via colostrum within hours after birth to survive. Mechanisms by which the newborn 

piglet gut facilitates the uptake of colostral cells, antibodies, and proteins may include 

paracellular transport through tight junctions (TJs) between epithelial cells lining the intestine. 

Intestinal tight junction proteins such as Claudin-4 and Claudin-3 are known to be located on the 

paracellular surfaces of intestinal epithelial cells in piglets and other animals. Their main 

function is to regulate cellular permeability of the small intestine. We recently showed that while 

TJ protein Claudin-4 was localized to the paracellular region of intestinal epithelial cells in the 

ileum, this claudin was largely localized to the apical aspect of jejunal epithelial cells for the first 

2 days of life. These data suggest that regional and temporal differences in expression of this TJ 

protein that may facilitate the intestinal permeability of the newborn piglet small intestine. To 

further clarify the localization patterns of TJ claudins in the piglet gut, we obtained regions of the 

duodenum, jejunum, and ileum of 7-hour old piglets and we investigated the localization of 

Claudin-3, Claudin-4, and Villin (an actin-binding protein expressed on the apical surface of the 

epithelial cells included as a reference). Our research shows consistent paracellular localization 

of Claudin-4 within all regions of the small intestine with localization also present in the apical 

and basolateral regions in the duodenum, jejunum, ileum. Claudin-3 appeared to be weakly 

localized to the paracellular regions of small intestinal epithelial cells as expected, however, it 

was also strongly localized around the outer membrane of vacuoles within the small intestinal 

epithelium which was not expected. The apical localization of Villin at the apical surface of the 

villi within the small intestine of 7-hour old piglets was consistent across all biological 

replicates. Understanding the timing of these changes in surface localization of Claudin-4, 
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Claudin-3, and Villin and how they may coincide with changes in small intestinal permeability 

may help develop new protective strategies against infectious diseases within newborn piglets. 

 

3.1 Introduction 

 
The diffuse epitheliochorial placenta of the pig is comprised of three fetal layers and 

three maternal layers. Due to the extensive layering of the placenta, maternal antibodies and 

serum proteins are not passively transferred to the fetus [17]. As a result, newborn piglets must 

ingest colostrum after birth, or they will not survive. Colostrum contains immunoglobulins (Igs) 

as well as other macromolecules such as albumin, cytokines, and antimicrobial peptides all of 

which are essential for protection against disease [18]. After newborn piglets first ingest 

colostrum, transport and digestive vacuoles are formed in different regions of the enterocyte 

[21]. Transport vacuoles are formed immediately above the nucleus of the enterocyte and their 

function is to take up luminal substances from the small intestine via endocytosis [21]. Transport 

vacuoles then migrate to the basolateral area of the cell where luminal substances are released 

into the intercellular space via exocytosis [21]. Digestive vacuoles are formed near the apical 

regions of the cell, take up a large portion of the cytoplasm, and do not migrate [21]. Digestive 

vacuoles contain macromolecules and nutrients which are collected from colostrum and then are 

decomposed into their base components [21]. The small intestine of piglets has evolved to be 

semi-permeable immediately after birth to facilitate the uptake of colostrum-derived antibodies 

and macromolecules [22]. This period of semi-permeability has been reported to last up until 36 

hours after birth, thus, piglets ingest colostrum within this time [129]. The closure of the small 

intestine begins after this time, where maternal antibodies and macromolecules are no longer 

taken up by enterocytes. Previously, it has been reported that the duodenum and proximal 
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regions of the jejunum undergo intestinal closure much earlier in comparison to the distal regions 

of the jejunum and ileum. Regardless, all areas of the small intestine lose their transportation 

abilities 2 days after birth [20, 133-135]. 

Epithelial tight junction (TJ) proteins are located on the paracellular surfaces of epithelial 

cells which function by regulating cell polarity and permeability to various macromolecules. TJ 

proteins are composed of strands that interact with other strands on neighboring epithelial cells 

[65, 104-105]. The closure of TJs is determined by the composition and organization of stands 

[65, 104-105]. The paracellular movement of macromolecules occurs by pore or leak pathways 

which are created by TJ proteins. Pores between cells are formed by claudins that serve as ion-

charge and size-selective pathways [65]. While the mechanism for the leak pathway is currently 

unknown, it has been thought to be regulated by changes in TJ strand organization [65, 106-110]. 

The structure of TJ proteins is very dynamic and often changes throughout the life cycle of the 

epithelium as well as changes in response to pathological states thus influencing epithelial 

homeostasis and barrier properties.  

The claudin family includes 26 transmembrane proteins in humans with many shared in 

pigs. Claudins are highly expressed within epithelial cells that line the kidney, gastrointestinal 

tract, uterine, and respiratory tract epithelium and they function by controlling the charge and 

size-selective properties of the paracellular space, thus regulating barrier properties [65]. 

Claudins-1, -3, -4, -5, -6, -8, -12, -18, and -19 contribute to restriction of macromolecule 

movement allowing passage for small ions and uncharged molecules [65, 111-117] while leaky 

Claudins-2 and -15 contribute to increased paracellular permeability to large ions and molecules 

regardless of charge [65, 118-120]. Claudins-3 and -4 are located between the lateral regions of 

intestinal epithelial cells and they regulate paracellular transport between enterocytes. Claudin-3 
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is primarily expressed in the distal parts of the gastrointestinal (GI) tract including the colon, 

sigmoid, and rectum but it is expressed at lower levels within the small intestine, whereas 

Claudin-4 is primarily expressed within the small intestine [23, 65, 67]. We previously showed 

that Claudin-4 is localized on the cell surface of jejunal (but not ileal) epithelial cells in piglets 

that are 24-48 hours of age [22]. Whether this temporal non-canonical localization contributes to 

intestinal permeability needs to be investigated further under investigation.  

Villin is an actin-binding protein that regulates the structure and assembly of actin 

filaments within microvilli [43, 44]. In the gastrointestinal tract, villin expression increases as 

enterocytes differentiate and move from the crypts towards the tips of villi [43]. During 

embryogenesis, villin is first detected within the endoderm before gastrulation occurs and then is 

later detected within the intestinal epithelium [50]. Thus, villin is considered a suitable marker of 

the endodermal cell lineage during and post intestinal development.  

We intend to establish whether there are region-specific differences in the localization of 

Claudin-4, Claudin-3, and Villin within the small intestine of 7-hour old piglets. 

Immunohistochemistry was used to establish patterns of Claudin-4, Claudin-3, and Villin surface 

localization within the small intestine of newborn piglets over time to determine whether their 

surface localization changes are coincident with changes in intestinal permeability. 

 

3.2 Materials and Methods 

 

 
3.2.1 Animal Use and Ethics 

 

This work was approved by the University of Saskatchewan's Animal Research Ethics 

Board and adhered to the Canadian Council on Animal Care Guidelines for humane animal use. 
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3.2.2 Tissue Collection 

Piglets were humanely killed by a non-penetrating Zyphyr machine (i.e. captive bolt) 

coupled with exsanguination at 7-hours of age. The small intestine was excised and 10-15 cm in 

length from the region of the duodenum, jejunum (50% of the small intestinal length), and ileum 

were obtained from 7-hour old nursing piglets. The tissues were placed within separate 

Erlenmeyer flasks with DMEM media. Small cross-sections (1 cm2) of the intestinal segments 

from each piglet were placed within Tissue-Loc biopsy cassettes (ThermoFisher Scientific 

58931) for immunohistochemistry (IHC) purposes. Tissues were fixed in 10% buffered formalin 

(Sigma-Aldrich, Oakville, ON, Canada) for 48 hours and then dehydrated in a series of 

increasing concentrations of alcohol (1X 70% EtOH, 1X 80% EtOH, 2X 95% EtOH, 3X 100% 

EtOH, 1X EtOH-Xylene, 2X xylene, and 4X paraplast) before embedding in paraffin.  

 

 

3.2.3 Immunohistochemistry  

Small intestinal tissue sections of 7-hour old piglets (number of piglets total = 6) were de-

paraffinized in decreasing concentrations of alcohol (4X xylene (5 minutes per wash), 3X 100% 

EtOH (1 minute per wash), 2X 95% EtOH (1 minute per wash), and 1X 70% EtOH (5 minutes 

per wash)).  Superfrost Plus microscope slides (ThermoFisher Scientific 22-034-979) were 

blocked for 3 hours at room temperature in 5% (w/v) blotting grade blocker non-fat dry milk 

(BIO-RAD 170-6404) in 1X PBSA; Stock: 1000 L of distilled water, 8 g of NaCl, 0.2 g KCl, 

1.44 g of Na2HPO4, 0.24 g of KH2HPO4, pH 7.4). Next, heat-induced antigen-retrieval (HIAR) 

was performed in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA Solution, 0.05% Tween 20, pH 

9.0; Sigma) for 13 minutes at power level 6 within a Panasonic microwave [29]. Next, the 

following primary antibodies within DAKO antibody diluent (Agilent S302283-2) were added to 
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the slides: rabbit anti-Claudin-4 antibody (ab53156) (1:250 dilution), rabbit anti-Claudin-3 

antibody (ab15102) (1:100 dilution), and rabbit anti-Villin antibody (ab233155) (1:100 dilution). 

Slides were then incubated overnight at 4°C. The following day, slides were washed 3X for 5 

minutes in 1X PBSA and then incubated in 1:500 dilution of Alexa 555-labeled goat anti-rabbit 

IgG (4030-02, Southern Biosystems, Birmingham, AL, USA) within DAKO antibody diluent at 

4°C for 4 hours. Slides were washed 3X for 5 minutes in 1X PBSA and then dehydrated for one 

minute in increasing concentrations of alcohol (3X 95% EtOH (10 seconds per wash), 3X 100% 

EtOH (10 seconds per wash), and 4X xylene (10 seconds per wash)) before coverslips (20 mm X 

53 mm) were added with VECTASHIELD Vibrance Antifade Mounting Media with 4′,6-

diamidino-2-phenylindole (DAPI) (H-1800 - Vector Laboratories). Intestinal sections were 

imaged using a Leica confocal microscope.  

 

3.3 Results  

 

3.3.1 7-Hour Old Piglets 

To determine whether there are region-specific differences in the localization of Claudin-

4, Claudin-3, and Villin within the small intestine of 7-hour old piglets, paraffin-embedded 

intestinal slices were probed with rabbit anti-Claudin-4, rabbit anti-Claudin-3, and rabbit anti-

Villin antibodies. The timing in which piglets were euthanized after birth (7 hours) was chosen 

because the small intestine is semi-permeable. Thirty-six hours after birth, the small intestine is 

no longer semi-permeable [22, 129]. Throughout all the figures shown, blue fluorescence 

indicates the cell nucleus stained with DAPI. 
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3.3.1.1 Claudin-4 

Intestinal tissues were incubated with Alexa 555-labeled goat anti-rabbit IgG without a 

rabbit anti-Claudin-4 primary antibody (figure 8.1). There appears to be a weak fluorescent 

signal within the lamina propria regions of the duodenum, jejunum, and ileum (figures 8.1b, d, 

and f) which may suggest non-specific binding to lamina propria connective tissues and/or cells. 

As Claudin-4 is not located within the lamina propria regions, this non-specific binding being 

observed is not concerning. 

We first investigated the presence of Claudin-4 in 7-hour old piglets in the duodenum of 

six biological replicates. In biological replicate 1 (figure 9.1b), Claudin-4 (green) is minimally 

present with a weak fluorescent signal indicating the presence of background fluorescence, likely 

due to poor staining of the tissue rather than TJ protein absence in this piglet. In biological 

replicates 2, 3, 4, and 6 (figures 9.1e, h, k, and q), Claudin-4 is located paracellularly (white 

circles) between duodenal intestinal epithelial cells which is consistent with the known 

localization pattern of Claudin-4 in the small intestine. However, there also appears to be 

basolateral localization (orange arrows) of Claudin-4 in biological replicates 2, 3, and 4 (figures 

9.1e, h, and k) and apical localization (white arrows) in biological replicates 2, 4, 5, and 6 

(figures 9.1e, k, n, and q) with strong fluorescent intensity in biological replicates 5 and 6, 

neither of which are the expected localization pattern. 
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Figure 8.1. Claudin-4 secondary antibody control in the small intestine of a 7-hour old piglet. These  

images are representatives of IHC-p performed on duodenum, jejunum, and ileum tissue samples from a piglet. 

Secondary antibody is Alexa-555 goat anti-rabbit IgG (H+L) (green). Nuclear stain: DAPI (blue). All images  

were taken with a Leica Confocal Microscope at 63X. 
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Figure 9.1. Claudin-4 surface localization in the duodenum of 7-hour old piglets. These images are 

representatives of IHC-p performed on duodenal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Claudin-4. Secondary antibody is Alexa-555 goat anti-rabbit (green).  

Nuclear stain: DAPI (blue). Apical localization is shown with white arrows. Paracellular localization is  

shown within white circles. Basolateral localization is shown with orange arrows. All images were taken  

with a Leica Confocal Microscope at 63X. 
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The presence of Claudin-4 was next examined in 7-hour old piglets in the jejunum. 

Within biological replicates 1-6 (figures 10.1b, e, h, k, n, and q), Claudin-4 appears to be located 

paracellularly (white circles) between jejunal intestinal epithelial cells with all replicates 

showing relatively strong fluorescence except for replicates 1 and 4 which were weaker. Within 

biological replicates 1, 2, 3, 5, and 6 (figures 10.1b, e, h, n, and q), Claudin-4 appears to be 

located basolaterally (orange arrow) within jejunal intestinal epithelial cells with weak 

fluorescent intensity, and at the apical surface (white arrows) with the brightest intensity in 

biological replicates 5 and 6.  

The presence of Claudin-4 was next examined in 7-hour old piglets in the ileum. In figure 

4, Claudin-4 (green) is located paracellularly (white circles) between ileal intestinal epithelial 

cells and at the apical surface (white arrow) in all biological replicates (figures 11.1b, e, h, k, n, 

and q) with some evidence of basolateral localization (orange arrow) in all but biological 

replicate 4 (figure 11.1k).  
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Figure 10.1. Claudin-4 surface localization in the jejunum of 7-hour old piglets. These images are 

representatives of IHC-p performed on jejunal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Claudin-4. Secondary antibody is Alexa-555 goat anti-rabbit (green).  

Nuclear stain: DAPI (blue). Apical localization is shown with white arrows. Paracellular localization  

is shown within white circles. Basolateral localization is shown with orange arrows. All images were  

taken with a Leica Confocal Microscope at 63X. 
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Figure 11.1. Claudin-4 surface localization in the ileum of 7-hour old piglets. These images are  

representatives of IHC-p performed on ileal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Claudin-4. Secondary antibody is Alexa-555 goat anti-rabbit (green).  

Nuclear stain: DAPI (blue). Apical localization is shown with white arrows. Paracellular localization is  

shown within white circles. Basolateral localization is shown with orange arrows. All images were taken  

with a Leica Confocal Microscope at 63X. 
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3.3.1.2 Claudin-3 

Intestinal tissues were incubated with Alexa 555-labeled goat anti-rabbit IgG without a 

rabbit anti-Claudin-3 primary antibody (figure 12.1). There appears to be a weak fluorescent 

signal within the lamina propria regions of the jejunum (figure 12.1d) which may suggest non-

specific binding to lamina propria connective tissues and/or cells. As Claudin-3 is not located 

within the lamina propria regions, this non-specific binding being observed is not concerning. 

Next, the presence of Claudin-3 was examined in 7-hour old piglet duodenum. In figure 

6, Claudin-3 (green) appears to be located around the outer membrane of vacuoles (white 

squares) within the epithelial cells lining the duodenum of biological replicates 1, 2, 3, 4, and 5 

(figures 13.1b, e, h, k, and n). Based on literature studies, this was not expected as Claudin-3 is 

reported to be located paracellularly between intestinal epithelial cells. In biological replicates 3, 

4, and 6 (figures 13.1h, k, and q), Claudin-3 is located paracellularly (white circles) between 

duodenal intestinal epithelial cells. 

The presence of Claudin-3 was examined in 7-hour old piglets in the jejunum. In figure 7, 

Claudin-3 (green) appears to be located around the outer membrane of vacuoles (white squares) 

within the jejunum of all biological replicates (figures 14.1b, e, h, k, n, and q). In biological 

replicates 1 and 2 (figures 14.1b and e), Claudin-3 also appears to be located paracellularly 

(white circle) between jejunal intestinal epithelial cells with weak to very weak fluorescence. 

Finally, the presence of Claudin-3 was examined in the ileum. In figure 15.1, Claudin-3 

(green) appears to be located around the outer membrane of vacuoles (white squares) within the 

ileum of all six biological replicates (figures 15.1b, e, h, k, n, and q). Claudin-3 also appears to 

be situated paracellularly (white circles) between ileal intestinal epithelial cells within all except 

biological replicate 1 (figure 15.1b) albeit with very weak fluorescent intensity.  



 53 

   
Figure 12.1. Claudin-3 secondary antibody control in the small intestine of a 7-hour old piglet. These  

images are representatives of IHC-p performed on duodenum, jejunum, and ileum tissue samples from a piglet. 

Secondary antibody is Alexa-555 goat anti-rabbit IgG (H+L) (green). Nuclear stain: DAPI (blue). All images  

were taken with a Leica Confocal Microscope at 63X. 
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Figure 13.1. Claudin-3 surface localization in the duodenum of 7-hour old piglets. These images are 

representatives of IHC-p performed on duodenal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Claudin-3. Secondary antibody is Alexa-555 goat anti-rabbit (green). Nuclear  

stain: DAPI (blue). Outer membrane vacuole localization is shown within white squares. Paracellular  

localization is shown within white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 14.1. Claudin-3 surface localization in the jejunum of 7-hour old piglets. These images are 

representatives of IHC-p performed on jejunal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Claudin-3. Secondary antibody is Alexa-555 goat anti-rabbit (green).  

Nuclear stain: DAPI (blue). Outer membrane vacuole localization is shown within white squares. Paracellular 

localization is shown within white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 15.1. Claudin-3 surface localization in the ileum of 7-hour old piglets. These images are  

representatives of IHC-p performed on ileal tissue samples from six different biological replicates. Primary  

antibody is rabbit anti-Claudin-3. Secondary antibody is Alexa-555 goat anti-rabbit (green). Nuclear stain:  

DAPI (blue). Outer membrane vacuole localization is shown within white squares. Paracellular localization  

is shown within white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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3.3.1.3 Villin 

Intestinal tissues with Alexa 555-labeled goat anti-rabbit IgG without a rabbit anti-Villin 

primary antibody (figure 16.1). There appears to be a very weak fluorescent signal within lamina 

propria cells in the duodenum and jejunum (figures 16.1b and d) which may suggest non-

specific binding to lamina propria cells. As Villin is not located within lamina propria cells, this 

non-specific binding being observed is not concerning. 

The presence of Villin was examined in 7-hour old piglets in the duodenum. Villin 

appears to be located on the apical surface of duodenal intestinal epithelial cells with strong 

fluorescence in all biological replicates (figures 17.1b, e, h, q, n, and q). In biological replicate 5 

(figure 17.1n), Villin appears to be located within very few small to medium-sized vacuoles 

(white square) located centrally within duodenal intestinal epithelial cells as well as at the 

basolateral surface of the epithelial cells (orange arrow), neither of which is an expected 

localization pattern of Villin. 

In figure 18.1, Villin (green) appears to be located on the apical surface (white arrows) of 

jejunal intestinal epithelial cells in all biological replicates (figures 18.1b, e, h, k, n, and q). 

Villin (green) appears to be located on the apical surface of ileal intestinal epithelial cells 

(white arrows) with strong fluorescent intensity in all biological replicates (figures 19.1b, e, h, k, 

n, and q). In addition, Villin also appears to be located paracellularly (white circles) in biological 

replicates 2, 3, 4, and 5 (figures 19.1e, h, k, and n) with minimal to moderate fluorescent 

intensity which is not expected.   
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Figure 16.1. Villin secondary antibody control in the small intestine of a 7-hour old piglet. These images  

are representatives of IHC-p performed on duodenum, jejunum, and ileum tissue samples from a piglet.  

Secondary antibody is Alexa-555 goat anti-rabbit IgG (H+L) (green). Nuclear stain: DAPI (blue). All images  

were taken with a Leica Confocal Microscope at 63X. 

 
 



 59 

 
Figure 17.1. Villin surface localization in the duodenum of 7-hour old piglets. These images are  

representatives of IHC-p performed on duodenal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Villin. Secondary antibody is Alexa-555 goat anti-rabbit (green). Nuclear  

stain: DAPI (blue). Apical localization is shown with white arrows. Paracellular localization is shown  

within white circles. Basolateral localization is shown with orange arrows. Vacuole localization is shown  

within white squares. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 18.1. Villin surface localization in the jejunum of 7-hour old piglets. These images are representatives  
of IHC-p performed on jejunal tissue samples from six different biological replicates. Primary antibody is  

rabbit anti-Villin. Secondary antibody is Alexa-555 goat anti-rabbit (green). Nuclear stain: DAPI (blue).  

Apical localization is shown with white arrows. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 19.1. Villin surface localization in the ileum of 7-hour old piglets. These images are  

representatives of IHC-p performed on ileal tissue samples from six different biological replicates.  

Primary antibody is rabbit anti-Villin. Secondary antibody is Alexa-555 goat anti-rabbit (green).  

Nuclear stain: DAPI (blue). Apical localization is shown with white arrows. Paracellular localization  

is shown within white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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3.4 Discussion 

 

The localization of Claudin-4 within the small intestine of 7-hour old piglets generally 

appears consistent with evidence of paracellular, apical, and basolateral localization. Research by 

Pasternak et al., 2015 [22] showed that Claudin-4 was localized to the apical tips of piglet jejunal 

epithelial cells up until 2 days after birth which was then redistributed to the paracellular surfaces 

between adjacent enterocytes. They showed that Claudin-4 was localized to ileal paracellular 

surfaces within 24 hours after birth; the duodenum was not investigated [22]. Upon closer 

examination, Claudin-4 was found to be located apically in the jejunum, as well as weak 

paracellular and basolateral localization. Our observations suggest that there is apical, 

paracellular, and basolateral localization of Claudin-4 across all regions of the newborn piglet 

small intestine. It is well known that the newborn piglet small intestine is “leaky” to absorb 

macromolecules within the colostrum provided by the sow [22, 129]. This “leakiness” within the 

small intestine has been reported to last up to 36 hours after birth before small intestinal closure 

[22, 129]. Claudin-4 apical and basolateral localization may be characteristically associated with 

newborn piglets, however, the mechanism by which Claudin-4 localizes to the apical, lateral, or 

basolateral surface based upon age and small intestinal localization has yet to be determined. 

Our research shows that Claudin-3 appeared to be weakly localized in the paracellular 

regions (shown within white circles) and more strongly localized around the outer membrane of 

vacuoles within the single-layered epithelium (shown within white squares) in the small intestine 

of 7-hour old piglets. This latter observation is quite interesting as Claudin-3 (as with Claudin-4), 

is routinely reported to be localized to the paracellular surfaces of intestinal epithelial cells. 

Claudin-3 may be localized to the outer membrane of vacuoles within newborn piglets to 

regulate intestinal permeability between vacuoles and neighboring intestinal epithelial cells or it 
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may regulate vacuole transportation. Further, in suckling piglets, claudin-3 gene expression was 

reported to increase in the jejunum from birth to 21 days of life with no differences in gene 

expression observed in the ileum during this time [66]. This report also stated that piglets showed 

a decrease in the relative protein abundance of Claudin-3 within the jejunum three days after 

weaning, however, a small increase in the relative protein was observed seven days after 

weaning [66]. Commercial weaning is typically performed 21 or 28 days after birth (depending 

on the barn) and is associated with a decline in intestinal barrier function as well as increased 

intestinal permeability [121]. Thus, Claudin-3 may play a role in the regulation of intestinal 

permeability pre-weaning and during weaning.  

The localization of Villin within the small intestine of 7-hour old piglets appears to 

remain largely consistent across the biological replicates on the apical surface in all regions of 

the intestine. These observations are consistent with other reports wherein Villin appears to be 

located within microvilli on the apical surface of intestinal epithelial cells [136-138]. However, 

Villin appears to be located in the paracellular regions within the ileum in some biological 

replicates. In addition, the fluorescent intensity of Villin is very weak which may suggest non-

specific binding as Villin is not located paracellularly between intestinal epithelial cells. 

Nonetheless, these results should be validated by other means such as scanning electron 

microscopy. 

 
3.5 Conclusions 

 

Our data indicates that Claudin-4, Claudin-3, and Villin exhibited canonical and non-

canonical localization within the small intestine of 7-hour old piglets. Claudin-4 was primarily 

localized to the paracellular regions of small intestinal epithelial cells, however, apical and 

basolateral localization was also observed to a much lesser extent. Claudin-3 was strongly 
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localized around the outer membrane of vacuoles within the small intestinal epithelium, 

however, some evidence of paracellular localization was also observed. The surface localization 

of Villin was conserved within the small intestine of 7-hour old piglets at the cell surface with 

limited evidence of paracellular localization.  

 

3.6 Transition Statement 

The surface localization of TJ proteins Claudin-4 and Claudin-3 exhibited both typical 

and atypical surface localization patterns while the surface localization of Villin was found to be 

mostly consistent within the small intestine of 7-hour old piglets. In the next chapter, we focus 

on discerning antigen localization by using endosomal and lysosomal markers in piglets gavaged 

immediately after birth (0-hour gavaged) and 1-hour after birth (1-hour gavaged). 
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Abstract 

 

Because newborn piglets are born without maternal antibodies and lack mature serum 

proteins, it is critical that they ingest colostrum within several hours after birth or they will not 

survive. The small intestine of the piglet has evolved to be permeable immediately after birth to 

facilitate the uptake of colostrum-derived immunoglobulins, cytokines, antimicrobial peptides, 

and maternal cells, however, the precise timing of gut closure in today’s precocious pig is not 

known. In the present study, we assessed the localization of our antigen, Cy5-Ova, within the 

small intestine of 0-hour gavaged and 1-hour gavaged piglets using a series of markers 

(basolateral surface marker pIgR, late endosomal marker RAB7, and lysosomal marker LAMP-

1). Our research has shown that Cy5-Ova appeared to be co-localized with pIgR in the jejunum 

and ileum of 0-hour old gavaged piglets and in the duodenum of 1-hour old gavaged piglets 

suggesting the movement of Cy5-Ova through pIgR-positive endosomes. Cy5-Ova appeared to 

be co-localized with RAB7 in the duodenum, jejunum, and ileum of 0-hour old gavaged and 1-

hour old gavage piglets suggesting the movement of Cy5-Ova through late endosomes to 

lysosomes. Cy5-Ova appeared to be co-localized with LAMP-1 in the duodenum of 0-hour old 

gavaged and 1-hour old gavaged piglets and in the ileum of 0-hour old gavaged piglets 

suggesting the movement of Cy5-Ova through lysosomes. Understanding the relationship 

between the localization of Cy5-Ova and small intestinal permeability will eventually discern 

whether oral vaccination can capitalize on the transient permeability before gut closure to trigger 

immune protection.  
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4.1 Introduction  

 

The gastrointestinal (GI) tract has numerous functions such as the digestion of food 

products to maintain health and homeostasis. A continuous layer of polarized epithelial cells is in 

contact with the lumen and these cells are anchored to a basement membrane that separates 

polarized epithelial cells from the lamina propria. Fetal and newborn piglet enterocytes possess 

an apical canalicular system which allows for the production of cytoplasmic vacuoles of various 

sizes which are vital for colostrum uptake [21]. Vacuolated fetal-type enterocytes (VFEs) are 

located in the upper regions of small intestinal villi which are first observed in the proximal 

(duodenal) regions of pig fetuses. In the second trimester of pregnancy, VFEs become 

redistributed towards the middle (jejunal) and distal (ileal) regions of the small intestine [9, 21]. 

After birth, VFEs are slowly replaced adult-type enterocytes lacking an apical canicular system 

which takes approximately 21 days [9, 21]. In fetal enterocytes, two types of vacuoles are formed 

which include transport vacuoles and digestive vacuoles [21]. Transport vacuoles are formed in 

the area immediately above the nucleus of the enterocyte after newborn piglets first drink 

colostrum and these transport vacuoles take up luminal substances from the small intestine via 

endocytosis. Transport vacuoles migrate to the basolateral area of the cell where luminal 

substances are released into the intercellular space via exocytosis [21]. Digestive vacuoles are 

formed near the apical regions of the cell, take up a large portion of the cytoplasm, and do not 

migrate [21]. These digestive vacuoles contain macromolecules and nutrients which are collected 

from colostrum and then are decomposed into their base components.  

Polarized epithelial cells, such as enterocytes, have a basolateral and an apical domain 

which is crucial for epithelial cell homeostasis and function. Epithelial cell homeostasis is 

dependent on the internalization of small solutes, macromolecules, and plasma membrane (PM) 
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receptors which is driven by a process known as endocytosis. Endocytosis is mediated by a 

complex interplay of RAB GTPases that function by regulating epithelial membrane trafficking 

as well as tethering and budding of vesicles at different locations within epithelial cells. RAB7 

functions by regulating late endosomal membrane fusions and trafficking via the interaction of 

RAB7-RILP-dyenin-dynactin [77]. More specifically, the interaction between RAB7 and RILP 

(RAB-interacting lysosomal protein) aids in the regulation of trafficking between late endosomes 

and lysosomes [77].  

Lysosomes can be described as terminal degradative compartments of cells and contain 

hydrolytic enzymes such as acid hydrolases that degrade cell debris into building-block precursor 

molecules that are required for macromolecule synthesis. The lysosomal-associated membrane 

protein 1 (LAMP-1), also known as CD107a, is a highly N-glycosylated protein which is 

transported from the trans-Golgi network to lysosomes via endosomes [62, 71]. LAMP-1 

contains a short C-terminal tyrosine-based sorting signal which binds the medium subunits of 

AP-1 and AP-2 resulting in intracellular sorting. AP-1 regulates the basolateral fusion of 

lysosomes and, together with vesicle-associated membrane protein 7 (VAMP7), synaptosome 

associated protein 23 (SNAP-23), membrane cholesterol, and syntaxin 4 regulates lysosomal 

exocytosis [62, 123].  

Polymeric immunoglobulins (pIgs) are synthesized from plasma cells located in the 

lamina propria regions of the small intestine [68]. pIgs contain a J-chain and a small acidic 

polypeptide which connects two Igs to form dimeric IgA, also known as pIgA [68, 69]. pIgA 

binds to the transmembrane glycoprotein polymeric receptor (pIgR) on the basolateral surface of 

the polarized intestinal epithelial cell and is then transcytosed through the cell to the luminal 

surface [68, 69].  
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We intend to discern the localization of our antigen, Cy5-Ova, introduced immediately 

after birth (0-hour old gavaged) or 1 hour after birth and suckling (1-hour old gavaged piglets) 

using a series of markers pertaining to polarized intestinal epithelial cells including pIgR 

(basolateral surface marker), RAB7 (late endosomal marker), and LAMP-1 (lysosomal marker). 

The time points (0-hour and 1-hour) were chosen for antigen gavage to see if 1) timing and 2) the 

amount of colostrum ingested affected antigen uptake and/or localization within the small 

intestine.  

 

4.2 Materials and Methods 

 

 
4.2.1 Animal Use and Ethics 

 
This work was approved by the University of Saskatchewan's Animal Research Ethics 

Board and adhered to the Canadian Council on Animal Care Guidelines for humane animal use. 

 

4.2.2 Labeling of Ovalbumin with Cy5 

Albumin from chicken egg white (ovalbumin) (Sigma A5503) was labeled with Cy5 

reactive dye (Ambion 5831G). The following formula was used to determine the amount of Cy5 

needed for labeling: 8 x MW of Cy5 x (amount of ovalbumin) / MW of ovalbumin. Each Cy5 

tube was re-suspended in 100 l of dimethyl sulfoxide (DMSO) (Sigma D2650). A 1:10 ratio of 

Cy5 to protein and 0.3 M sodium carbonate buffer was prepared. Samples were incubated 

overnight at 4C with nutation and then placed on top of a 3K Amicon centrifugal filter before 

centrifugation at 16,000 x g for 10 minutes. After centrifugation, filters were inverted, and 

samples were washed 4 times with distilled water. The filters were then placed in new 
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microcentrifuge tubes and then centrifuged at 1000 x g for 2 minutes to dispense the labeled 

ovalbumin. 

 

4.2.3 Degree of Labeling of Cy5 to Ovalbumin 

To calculate the degree of labeling (DOL) of Cy5 to ovalbumin, absorbance values of 

Cy5 at A280  and A555 were first calculated with a spectrophotometer. Next, the protein 

concentration (M) was calculated using the molar extinction coefficient of ovalbumin. Finally, 

the moles of Cy5 per moles of ovalbumin were calculated using the molar extinction coefficient 

of Cy5. 

 

4.2.4 Tissue Collection 

Piglets (number of piglets total = 6) were randomly selected from a litter immediately 

after birth, marked, and fed 300 mg of Cy5-Ova suspended in a total volume of 14.2 ml with a 

gavage tube. After gavage, they were placed back with the litter. These piglets were termed “0-

hour old gavaged” (number of piglets for this group = 3). Other piglets were marked immediately 

after birth; however, they were not fed 300 mg of Cy5-Ova until 1-hour after birth. These piglets 

were termed “1-hour old gavaged” (number of piglets for this group = 3). All piglets were left 

with the sow to suckle for another 5 hours. After 6 hours, all piglets and a 1-hour old control 

piglet (not fed Cy5-Ova) were humanely euthanized by a non-penetrating Zyphyr machine 

coupled with exsanguination. Duodenum, jejunum, and ileum intestinal segments (10-15 cm in 

length) were obtained from 0-hour gavaged and 1-hour gavaged piglets and placed within 

separate 100 ml Erlenmeyer flasks with DMEM media. Serum, stomach contents, and urine 

samples were collected from all piglets. Small cross-sections (1cm2) of the intestinal segments 
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from each piglet were placed within tissue-loc biopsy cassettes (ThermoFisher Scientific 58931) 

for immunohistochemistry (IHC) purposes. Tissues were fixed in 10% buffered formalin (Sigma-

Aldrich, Oakville, ON, Canada) for 48 hours and then dehydrated in a series of increasing 

concentrations of alcohol before embedding in paraffin.  

 

4.2.5 Immunohistochemistry  

Small intestinal tissue sections of 0-hour old gavaged and 1-hour old gavaged piglets 

were de-paraffinized in decreasing concentrations of alcohol. Superfrost Plus microscope slides 

(ThermoFisher Scientific 22-034-979) were blocked for 3 hours at room temperature in 5% (w/v) 

blotting grade blocker non-fat dry milk (BIO-RAD 170-6404) in 1X PBSA. Next, heat-induced 

antigen-retrieval (HIAR) was carried out in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA 

Solution, 0.05% Tween 20, pH 9.0; Sigma) for 13 minutes at power level 6 within a Panasonic 

microwave. Next, the following primary antibodies within DAKO antibody diluent (Agilent 

S302283-2) were added to the slides: anti-pIgR antibody (ab96196) (1:250 dilution), anti-RAB7 

antibody (ab50533) (1:200 dilution), and anti-LAMP-1 antibody (GeneTex 4E9/11) (1:200 

dilution). Slides were then incubated overnight at 4°C. The following day, slides were washed 

3X for 5 minutes in 1X PBSA and then incubated in 1:500 dilution of Alexa 555-labeled goat 

anti-rabbit IgG (4030-02, Southern Biosystems, Birmingham, AL, USA) (secondary antibody for 

pIgR), 1:500 dilution of anti-mouse IgG2b labeled-FITC (secondary antibody for RAB7), and 

1:500 dilution of anti-mouse IgG1 labeled-FITC (secondary antibody for LAMP-1) within 

DAKO antibody diluent at 4°C for 4 hours. Slides were washed again 3X for 5 minutes in 1X 

PBSA and then dehydrated for one minute in increasing concentrations of alcohol before 
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coverslips (20 mm X 53 mm) were added with Mounting Media. Intestinal sections were imaged 

using a Leica confocal microscope.  

 

4.3 Results 

 

4.3.1 Fluorescent Intensity of Cy5 in Different Bodily Compartments  

The fluorescent intensity (arbitrary units) of Cy5 was calculated in different bodily fluids 

of 0-hour old gavaged and 1-hour old gavaged piglets (figure 20.1). The fluorescent intensity of 

Cy5 in serum and the stomach of 0-hour old gavaged piglets appear to be relatively consistent 

(figure 21.1). The fluorescent intensity of Cy5 in urine appears to be greater in 1-hour old 

gavaged piglets compared to 0-hour old gavaged piglets, however, urine samples were only 

available for collection for one 0-hour old gavaged piglet and two 1-hour old gavaged piglets 

(figure 21.1). The fluorescent intensity of Cy5 alone (control) appears to be consistent across 

both groups (figure 21.1). No Cy5 fluorescence was detected in distilled water (control) for both 

groups as expected (figure 21.1). To statistically confirm the fluorescent intensity of Cy5 in 

different bodily compartments of 0-hour old gavaged and 1-hour old gavaged piglets, more 

biological replicates are needed.  

 Due to the presence of Cy5-Ova within serum and urine of 0-hour old gavaged and 1-

hour old gavaged piglets, this suggests that the small intestinal epithelium is permeable 

immediately after birth. Cy5-Ova is presumably able to diffuse into the underlying capillaries of 

the epithelium where it may travel to the liver via the portal vein. From the liver, Cy5-Ova is 

presumed to enter the kidneys via the renal artery where it crosses the epithelium of the kidney 

and into the urine. Under normal conditions, it is hypothesized that Ovalbumin (in its native 

state) would not be able to cross the small intestinal and presumed kidney epithelium as it is a 
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large molecular weight protein. However, during the time in which the small intestinal and 

presumed kidney epithelium is semi-permeable, Ovalbumin may cross these epithelial barriers in 

its native state. However, biological techniques such as SDS-PAGE should be employed to 

confirm that the Cy5 dye molecules have not been cleaved from ovalbumin.  

 

 

                    
Figure 20.1. A visual representation of the fluorescent intensity (arbitrary units) of Cy5 in 

different bodily compartments of a 0-hour old gavaged (n=1) and 1-hour old gavaged (n=1) 

piglet within a 96 well plate. Bodily fluids include serum, stomach contents (colostrum), urine, 

contents of initial gavage (Cy5-Ova (300mg)), and distilled water (control). Fluorescent intensity 

of Cy5 (arbitrary units) was measured with a fluorescence spectrophotometer. 
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Figure 21.1. Fluorescent intensity (arbitrary units) of Cy5 in different bodily compartments 

of 0-hour old gavaged (n=3) and 1-hour old gavaged (n=3) piglets. Bodily fluids include 

serum, stomach contents (colostrum), urine, contents of initial gavage (Cy5-Ova (300mg)), and 

distilled water (control). Fluorescent intensity of Cy5 (arbitrary units) was measured with a 

fluorescence spectrophotometer. 

 

 

4.3.2 0-Hour Old Gavaged and 1-Hour Old Gavaged Piglets 

 

Paraffin-embedded immunohistochemistry (IHC-p) was performed to visualize region-

specific differences of these intestinal epithelial cell, late endosomal, and lysosomal markers 

along with Cy5-Ova within duodenal, jejunal, and ileal tissues of 0-hour old gavaged and 1-hour 

old gavaged piglets. To discern the localization of Cy5-Ova within the small intestine of 0-hour 

old gavaged and 1-hour old gavaged piglets, intestinal tissues were probed with rabbit anti-pIgR, 

mouse anti-RAB7, and mouse anti-LAMP-1. 
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4.3.2.1   pIgR and Cy5-Ova  

 

To ensure that our secondary antibody did not have any non-specific binding, we 

incubated the intestinal tissues from 0-hour gavaged and 1-hour gavaged piglets with the 

secondary antibody, Alexa 555-labeled goat anti-rabbit IgG, without rabbit anti-pIgR primary 

antibody (green). These intestinal tissues were collected from one age-matched control piglet (7-

hour-old piglet (figure 22.1)) that was not gavaged with Cy5-Ova (red). In all figures, there 

appears to be a very weak fluorescent signal pertaining to green fluorescence indicating 

background fluorescence or non-specific binding of the Alexa 555-labeled goat-anti-rabbit IgG 

and red fluorescence indicating background fluorescence. The localization of the background or 

non-specific fluorescent signal appears to co-localize within lamina propria cells. 
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Figure 22.1. pIgR secondary antibody control in the small intestine of a 7-hour old piglet that was not 

gavaged with Cy5-Ova. These images are representatives of IHC-p performed on duodenum, jejunum, and ileum 

tissue samples. Secondary antibody is Alexa-555 goat anti-rabbit IgG (H+L) (green). The red colour is background 

fluorescence. All images were taken with a Leica Confocal Microscope at 63X. 
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We first looked at the presence of pIgR and Cy5-Ova within the duodenum of 0-hour 

gavaged piglets (n=3). In the first biological replicate (figure 23.1a), pIgR appears to be located 

within small, medium, and large-sized transport and digestive vacuoles throughout the duodenal 

intestinal epithelium (white circle) with strong fluorescence. In figure 23.1b, Cy5-Ova appears to 

be localized within lamina propria cells (orange circle) with weak fluorescence. In the second 

biological replicate (figure 23.1d), pIgR appears to be located within small, medium, and large-

sized transport and digestive vacuoles throughout the duodenal intestinal epithelium (white 

circle) with strong fluorescence. In figure 23.1e, Cy5-Ova appears to be located centrally 

between duodenal intestinal epithelial cells (pink arrow) and basolaterally (orange arrow)                                                                         

with moderate to strong fluorescence. In the third biological replicate (figure 23.1g), pIgR 

appears to be located on the apical surface (white arrow) of duodenal intestinal epithelial cells 

with weak fluorescence. Other areas that appear as green are background fluorescence. In figure 

23.1h, Cy5-Ova appears to be located just below the apical surface (white arrow) with strong 

fluorescence. Low-level fluorescence of Cy5-Ova is present throughout the cells in biological 

replicates 2 and 3 (figure 23.1e and h).  
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Figure 23.1. pIgR and Cy5-Ova surface localization in the duodenum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. The 

primary antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is 

shown in red. Apical localization is shown with white arrows. Central localization between intestinal epithelial cells 

is shown with pink arrows. Basolateral localization is shown with orange arrows. Lamina propria localization is 

shown with orange circles. Vacuole localization is shown with white circles. All images were taken with a Leica 

Confocal Microscope at 63X. 

 

Next, we looked at the presence of pIgR and Cy5-Ova within the duodenum of 1-hour 

gavaged piglets (n=3). In the first biological replicate (figure 24.1a), pIgR appears to be located 

within very small transport vacuoles speckled throughout the duodenal intestinal epithelium 

(white circle) with weak fluorescence. In figure 24.1b, Cy5-Ova appears to be located within 

lamina propria cells (orange circle) of the duodenal intestinal epithelium with weak to moderate 
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fluorescence. In figure 24.1b, Cy5-Ova also appears basolaterally within small transport 

vacuoles (small white circle) and speckled throughout the cell in very small transport vacuoles 

(large white circle). In the second biological replicate (figure 24.1d), pIgR appears to be located 

within small to medium-sized transport and digestive vacuoles throughout the duodenal intestinal 

epithelium (white circle). In figure 24.1e, Cy5-Ova appears to be located within lamina propria 

cells (orange circle) of the duodenal intestinal epithelium with weak to moderate fluorescence 

and localized to the basolateral region within small transport vacuoles (white circle). In the third 

biological replicate (figure 24.1g), pIgR appears to be located within very small transport 

vacuoles throughout the duodenal intestinal epithelium (white circle) with weak fluorescence. In 

figure 24.1h, Cy5-Ova appears to be located within lamina propria cells (orange circle) of the 

duodenal intestinal epithelium with weak to moderate fluorescence and localized to the 

basolateral region within small transport vacuoles (white circle). 
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Figure 24.1. pIgR and Cy5-Ova surface localization in the duodenum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. The 

primary antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is 

shown in red. Lamina propria localization is shown with orange circles. Vacuole localization is shown with white 

circles. All images were taken with a Leica Confocal Microscope at 63X. 
 

We next looked at the presence of pIgR and Cy5-Ova within the jejunum of 0-hour 

gavaged piglets (n=3). In the first biological replicate (figure 25.1a), speckles of pIgR appear on 

the apical surface of cells (white arrow). In figure 25.1b, Cy5-Ova appears to be located 

basolaterally within medium-sized transport and digestive vacuoles within jejunal intestinal 

epithelial cells (white circle) with moderate fluorescence as well as on the apical surface with 

weak fluorescence (white arrow). In the second biological replicate (figure 25.1d), pIgR appears 

to be located within very small transport vacuoles throughout the jejunal intestinal epithelium 
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(white circle) with moderate fluorescence. In figure 25.1e, Cy5-Ova appears to be located 

basolaterally within medium-sized transport and digestive vacuoles (white circle) with moderate 

fluorescence within jejunal intestinal epithelial cells. In the third biological replicate (figure 

25.1g), pIgR appears to be located apically (white arrow) and centrally (pink arrow) with weak 

fluorescence. In figure 25.1h, Cy5-Ova appears to be located centrally (pink arrow) with weak 

fluorescence and within lamina propria cells (orange circle) with moderate to strong 

fluorescence within jejunal intestinal epithelial cells.  

Figure 25.1. pIgR and Cy5-Ova surface localization in the jejunum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is 

shown in red. Apical localization is shown with white arrows. Central localization between intestinal epithelial cells 

is shown with pink arrows. Lamina propria localization is shown with orange circles. Vacuole localization is shown 

with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Next, we looked at the presence of pIgR and Cy5-Ova within the jejunum of 1-hour 

gavaged piglets (n=3). In the first biological replicate (figure 26.1a), pIgR appears to be located 

within small, medium, and large-sized transport and digestive vacuoles throughout the jejunal 

intestinal epithelium (white circle) with strong fluorescence. pIgR also appears to be located on 

the apical surface (white arrow) of jejunal intestinal epithelial cells (not within vacuoles) with 

strong fluorescence. In figure 26.1b, Cy5-Ova does not appear to be present except for evidence 

of background fluorescence. In the second biological replicate (figure 26.1d), pIgR appears to be 

located within small, medium, and large-sized transport and digestive vacuoles throughout the 

jejunal intestinal epithelium (white circle) with moderate fluorescence. In figure 26.1e, Cy5-Ova 

appears to be located within lamina propria cells (orange circle) within jejunal intestinal 

epithelial cells with weak to moderate fluorescence. In the third biological replicate (figure 

26.1g), pIgR appears to be located within small, medium, and large-sized transport and digestive 

vacuoles throughout the jejunal intestinal epithelium (white circle) with strong fluorescence. In 

figure 26.1h, Cy5-Ova appears to be located throughout the jejunal intestinal epithelium within 

small-sized transport vacuoles (white circle) with moderate fluorescence.  
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Figure 26.1. pIgR and Cy5-Ova surface localization in the jejunum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is 

shown in red. Apical localization is shown with white arrows. Lamina propria localization is shown with orange 

circles. Vacuole localization is shown with white circles. All images were taken with a Leica Confocal Microscope 

at 63X. 

 
We next looked at the presence of pIgR and Cy5-Ova within the ileum of 0-hour gavaged 

piglets (n=3). In the first biological replicate, pIgR (figure 27.1a) and Cy5-Ova (figure 27.1b) 

both appear to be located within very small transport vacuoles throughout the ileal intestinal 

epithelium (white circles) with moderate fluorescence with some evidence of co-localization. 

pIgR also appears to be present on the apical surface (white arrow). In the second biological 

replicate, pIgR (figure 27.1d) and Cy5-Ova (figure 27.1e) both appear to be co-localized within 
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very small transport vacuoles near the apical surface (white circles) of ileal intestinal epithelial 

cells with moderate fluorescence. In the third biological replicate (figure 27.1g), pIgR appears to 

be located within lamina propria cells which is not expected. In figure 27.1h, Cy5-Ova appears 

to be located throughout the ileal intestinal epithelium (white circle) within small-sized transport 

vacuoles with moderate fluorescence. Cy5-Ova also appears to be located within lamina propria 

cells (orange circle) with weak to moderate fluorescence.  

Figure 27.1. pIgR and Cy5-Ova surface localization in the ileum of a 0-hour old gavaged piglet. These images 

are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The primary 

antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is shown in 

red. Apical localization is shown with white arrows. Lamina propria localization is shown with orange circles. 

Vacuole localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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We next looked at the presence of pIgR and Cy5-Ova within the ileum of 1-hour gavaged 

piglets (n=3). In the first biological replicate (figure 28.1a), pIgR appears to be located within 

small to medium-sized transport and digestive vacuoles near the apical surface of ileal intestinal 

epithelial cells (white circle) with strong fluorescence. In figure 28.1b, Cy5-Ova appears to be 

located within very small transport vacuoles near the apical surface of ileal intestinal epithelial 

cells (white circle) with weak fluorescence. In the second biological replicate (figure 28.1d), 

pIgR appears to be located within small-sized transport vacuoles near the apical surface of ileal 

intestinal epithelial cells (white circle) with moderate to strong fluorescence. In figure 28.1b, 

Cy5-Ova appears to be located within very small transport vacuoles throughout the ileal 

intestinal epithelium (white circle) with weak fluorescence. In the third biological replicate 

(figure 28.1g), pIgR appears to be located within lamina propria cells (orange circle) which is 

not expected. In figure 28.1h, Cy5-Ova appears to be located throughout the ileal intestinal 

epithelium (white circle) within small-sized transport vacuoles with moderate fluorescence. Cy5-

Ova also appears to be located within lamina propria cells (orange circle) with weak to moderate 

fluorescence.  
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Figure 28.1. pIgR and Cy5-Ova surface localization in the ileum of a 1-hour old gavaged piglet. These images 

are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The primary 

antibody is rabbit anti-pIgR and the secondary antibody is Alexa-555 goat anti-rabbit (green). Cy5-Ova is shown in 

red. Lamina propria localization is shown with orange circles. Vacuole localization is shown with white circles. All 

images were taken with a Leica Confocal Microscope at 63X. 

 

 

In summary, there appears to be differences in the localization of Cy5-Ova between 0-

hour old gavaged and 1-hour old gavaged piglets. In the duodenum of 0-hour old gavaged 

piglets, Cy5-Ova does not appear to be present with pIgR at the basolateral surface of intestinal 

epithelial cells nor within pIgR-positive endosomes whereas in the duodenum of 1-hour old 

gavaged piglets, Cy5-Ova appears to be present with pIgR at the basolateral surface and within 

pIgR-positive endosomes. In the jejunum and ileum of 0-hour old gavaged piglets, Cy5-Ova 

appears to be present with pIgR at the basolateral surface of intestinal epithelial cells and within 

pIgR-positive endosomes whereas in the jejunum and ileum of 1-hour old gavaged piglets, Cy5-
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Ova does not appear to be present with pIgR at the basolateral surface nor within pIgR-positive 

endosomes.  

 

 

4.3.2.2    RAB7 and Cy5-Ova 

 

Next, we investigated whether Cy5-Ova co-localized with late endosomes by probing the 

intestinal tissues with antibodies against RAB7, a late endosome marker. To ensure that our 

secondary antibody did not have any non-specific binding, we incubated the intestinal tissues 

from 0-hour gavaged and 1-hour gavaged piglets with FITC-labeled goat anti-mouse IgG2b 

without mouse anti-RAB7 primary antibody (blue) (figure 29.1). These intestinal tissues were 

collected from a control piglet that was not gavaged with Cy5-Ova (red) which showed very 

weak fluorescent signal suggesting background fluorescence.  

We investigated the presence of RAB7 and Cy5-Ova within the duodenum of 0-hour 

gavaged piglets (n=3). In biological replicates 1-3 (figures 30.1a, d, and g), RAB7 appears to be 

located within the late endosomes of lamina propria cells (orange circles) with low-level 

expression throughout the epithelial cells making it difficult to discern very small transport 

vacuoles from the cytoplasm (white circles). However, the expression is much higher than what 

is observed for the control tissues suggesting that we are not observing background fluorescence. 

In biological replicates 1 and 2 (figures 30.1b and e), Cy5-Ova appears to be located within the 

lamina propria cells (orange circles) and within small, medium, and large-sized transport and 

digestive vacuoles throughout the duodenal intestinal epithelium (white circles). There appears to 

be an overlap between RAB7 and Cy5-Ova within lamina propria cells (orange circles) and 

intestinal epithelial cells (white circles) in biological replicates 1 and 2. In biological replicate 3 

(figure 30.1h), Cy5-Ova appears to be located in small transport vacuoles throughout the cell 

(white circle) and apically (white arrow) with strong fluorescence.  
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Figure 29.1. RAB7 secondary antibody and Cy5-Ova control in the small intestine of a 7-hour old piglet that 

was not gavaged with Cy5-Ova. These images are representatives of IHC-p performed on duodenum, jejunum, and 

ileum tissue samples. Secondary antibody is anti-mouse IgG2b labeled FITC (blue). The red colour is background 

fluorescence. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 30.1. RAB7 and Cy5-Ova surface localization in the duodenum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. The 

primary antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-

Ova is shown in red. Apical localization is shown with white arrows. Lamina propria localization is shown with 

orange circles. Late endosome and/or vacuole localization is shown with white circles. All images were taken with a 

Leica Confocal Microscope at 63X. 

 

Next, we looked at the presence of RAB7 and Cy5-Ova within the duodenum of 1-hour 

gavaged piglets (n=3). In biological replicate 1, both RAB7 (figure 31.1a) and Cy5-Ova (figure 

31.1b) appear to be located within lamina propria cells (orange circles) with weak fluorescence. 

In biological replicate 2 (figure 31.1e), RAB7 appears to be located at the basolateral region of 

the cells (orange arrow) with weak fluorescence. In figure 31.1e, Cy5-Ova appears to be located 

within large-sized digestive vacuoles throughout the duodenal intestinal epithelium (white 

circles) with moderate to strong fluorescence. In biological replicate 3, RAB7 (figure 31.1g) and 
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Cy5-Ova (figure 31.1h) both appear to be located within lamina propria cells (orange circles) 

and near the basolateral and apical surfaces (white circles) in small transport vacuoles of 

duodenal intestinal epithelial cells with weak fluorescence. RAB7 also appears to be located 

basolaterally (not within vacuoles) (orange arrow) with weak fluorescence. There appears to be 

significant overlap of RAB7 and Cy5-Ova suggesting co-localization to the late endosomes, 

however, regions of distinct non-overlap are also evident in the tissues.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Figure 31.1. RAB7 and Cy5-Ova surface localization in the duodenum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. The 

primary antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-

Ova is shown in red. Basolateral localization is shown with orange arrows. Lamina propria localization is shown 

with orange circles. Late endosome and/or vacuole localization is shown with white circles. All images were taken 

with a Leica Confocal Microscope at 63X. 
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Next, we looked at the presence of RAB7 and Cy5-Ova within the jejunum of 0-hour 

gavaged piglets (n=3). In biological replicate 1, both RAB7 (figure 32.1a) and Cy5-Ova (figure 

32.1b) appear to be co-localized throughout the jejunal intestinal epithelium (white circles) with 

weak fluorescence for RAB7 and moderate to strong fluorescence for Cy5-Ova. In biological 

replicate 2 (figure 32.1d), RAB7 appears to be located throughout the jejunal intestinal 

epithelium (white circle) with weak to moderate fluorescence. RAB7 also appears to be located 

within the late endosomes of lamina propria cells (orange circle) with weak to moderate 

fluorescence. In figure 32.1e, Cy5-Ova appears to be located throughout the jejunal intestinal 

epithelium (white circle) with weak fluorescence. In biological replicate 3, RAB7 appears to be 

located centrally (pink arrow) and within the late endosomes of lamina propria cells (orange 

circle). In figure 32.1h, Cy5-Ova appears to be located centrally (pink arrow) with moderate 

fluorescence.  

Next, we looked at the presence of RAB7 and Cy5-Ova within the jejunum of 1-hour 

gavaged piglets (n=3). In all biological replicates, RAB7 (figures 33.1a, d, and g) and Cy5-Ova 

(figures 33.1b, e, and h) both appear to be co-localized within late endosomes of lamina propria 

cells (orange circles) with weak to moderate fluorescence. Cy5-Ova and RAB7 also appear to be 

co-localized within small, medium, and large-sized transport and digestive vacuoles throughout 

the duodenal intestinal epithelium (white circles) with weak to moderate fluorescence. This 

suggests that both Cy5-Ova is largely found in late endosomes with varying degrees of 

fluorescence. 

 

 



 92 

Figure 32.1. RAB7 and Cy5-Ova surface localization in the jejunum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-

Ova is shown in red. Central localization is shown with pink arrows. Lamina propria localization is shown with 

orange circles. Late endosome and/or vacuole localization is shown with white circles. All images were taken with a 

Leica Confocal Microscope at 63X. 
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Figure 33.1. RAB7 and Cy5-Ova surface localization in the jejunum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-

Ova is shown in red. Lamina propria localization is shown with orange circles. Late endosome and/or vacuole 

localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Next, we looked at the presence of RAB7 and Cy5-Ova within the ileum of 0-hour 

gavaged piglets (n=3). In all biological replicates, both RAB7 (figure 34.1a, d, and g) and Cy5-

Ova (figure 34.1 b, e, and h) appear to be co-localized is small transport vacuoles (white circles) 

in small transport vacuoles with moderate to strong fluorescence. These data suggest that in the 

ileum, Cy5-Ova is largely localized to the late endosomes. 

Next, we looked at the presence of RAB7 and Cy5-Ova within the ileum of 1-hour old 

gavaged piglets (n=3). In all biological replicates, both RAB7 (figure 35.1a, d, and g) and Cy5-

Ova (figure 35.1b, e, and h) appear to be co-localized in large and small transport and digestive 

vacuoles (large white circles) throughout the intestinal epithelium and as well basolaterally 

(small white circles) with weak fluorescence. As with the data shown in the piglets gavaged 

before suckling, these data suggest Cy5-Ova is largely localized to the late endosomes of 

intestinal epithelial cells within ileum of piglets gavaged 1 hour after birth. 
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Figure 34.1. RAB7 and Cy5-Ova surface localization in the ileum of a 0-hour old gavaged piglet. These images 

are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The primary 

antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-Ova is 

shown in red. Late endosome and/or vacuole localization is shown with white circles. All images were taken with a 

Leica Confocal Microscope at 63X. 
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Figure 35.1. RAB7 and Cy5-Ova surface localization in the ileum of a 1-hour old gavaged piglet. These images 

are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The primary 

antibody is mouse anti-RAB7 and the secondary antibody is anti-mouse IgG2b labeled FITC (blue). Cy5-Ova is 

shown in red. Late endosome and/or vacuole localization is shown with white circles. All images were taken with a 

Leica Confocal Microscope at 63X. 
 

 

In summary, there does not appear to be differences in the localization of Cy5-Ova 

between 0-hour old gavaged and 1-hour old gavaged piglets. In the duodenum, jejunum, and 

ileum of 0-hour old gavaged and 1-hour old gavaged piglets, Cy5-Ova appears to be present 

within late endosomes thus indicating that there is co-localization between Cy5-Ova and RAB7.  
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4.3.2.3    LAMP-1 and Cy5-Ova  

 

Next, we investigated whether Cy5-Ova is co-localized with lysosomes by probing 

intestinal tissues with antibodies against LAMP-1, a lysosomal marker. To ensure that our 

secondary antibody did not have any non-specific binding, we incubated intestinal tissues from 

0-hour gavaged and 1-hour gavaged piglets with FITC-labeled goat anti-mouse IgG1 without 

mouse anti-LAMP-1 primary antibody (blue) (figure 36.1). These intestinal tissues were 

collected from an age-matched control piglet that was not gavaged with Cy5-Ova (red). In all 

figures, there appears to be a very weak fluorescent signal localized within speckles throughout 

the epithelium or within the lamina propria in figure 36.1.  
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Figure 36.1. LAMP-1 secondary antibody and Cy5-Ova control in the small intestine of a 7-hour old piglet 

that was not gavaged with Cy5-Ova. These images are representatives of IHC-p performed on duodenum, 

jejunum, and ileum tissue samples. Secondary antibody is anti-mouse IgG1 labeled FITC (blue). The red colour is 

background fluorescence. All images were taken with a Leica Confocal Microscope at 63X. 
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We first looked at the presence of LAMP-1 and Cy5-Ova within the duodenum of 0-hour 

gavaged piglets (n=3). In the first biological replicate (figure 37.1a), LAMP-1 is evident as tiny 

speckles located at the apical and basolateral regions which could represent small lysosomes 

(white circles). In figure 37.1b, Cy5-Ova appears to be located basolaterally within medium to 

large-sized transport and digestive vacuoles (small white circle) and within small transport 

vacuoles (large white circle) throughout the cell with weak to moderate fluorescence. In the 

second biological replicate (figure 37.1d), LAMP-1 appears to be localized within the lysosomes 

of lamina propria cells (orange circle) with moderate to strong fluorescence. LAMP-1 also 

appears to be located within tiny speckles at the apical and basolateral regions (white circles) 

which could represent small lysosomes. In figure 37.1e, Cy5-Ova appears to be located within 

lamina propria cells (orange circle) with moderate to strong fluorescence. It appears there is co-

localization between LAMP-1 and Cy5-Ova. In the third biological replicate (figure 37.1g), 

LAMP-1 appears to be localized within tiny speckles at the apical and basolateral regions (white 

circles) which could represent small lysosomes and within the lysosomes of lamina propria cells 

(orange circle) with weak fluorescence. In figure 37.1h, Cy5-Ova appears to be located on the 

apical surface (white arrow) of duodenal intestinal epithelial cells with strong fluorescence and 

centrally (pink arrow) with moderate to strong fluorescence.  
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Figure 37.1. LAMP-1 and Cy5-Ova surface localization in the duodenum of a 0-hour old gavaged piglet. 

These images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. 

The primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). 

Cy5-Ova is shown in red. Apical localization is shown with white arrows. Central localization is shown with pink 

arrows. Lamina propria localization is shown with orange circles. Lysosome and/or vacuole localization is shown 

with white circles. All images were taken with a Leica Confocal Microscope at 63X. 

 

Next, we looked at the presence of LAMP-1 and Cy5-Ova within the duodenum of 1-

hour gavaged piglets (n=3). In the first biological replicate, LAMP-1 (figure 38.1a) is present as 

tiny transport vacuoles near the apical surface (white circle). LAMP-1 also appears to be located 

throughout what appears as a single goblet cell (white circle). Cy5-Ova (figure 38.1b) does not 

appear to be present with the exception for background fluorescence. In the second biological 

replicate (figure 38d), LAMP-1 appears to be localized within the lysosomes of lamina propria 
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cells (orange circle) with weak to moderate fluorescence. LAMP-1 also appears to be located 

within small transport vacuoles near the apical and basolateral surfaces (white circles). In figure 

38.1e, Cy5-Ova also appears to be located within lamina propria cells (orange square) with weak 

fluorescence. Cy5-Ova also appears to be located within small to medium-sized transport and 

digestive vacuoles throughout the duodenal intestinal epithelium (white circle) with moderate 

fluorescence. It appears there is co-localization between LAMP-1 and Cy5-Ova within the 

lamina propria regions (orange circle). In the third biological replicate (figure 38.1g), LAMP-1 

appears to be localized within the lysosomes of lamina propria cells (orange circle) with strong 

fluorescence. In figure 38.1h, Cy5-Ova appears to be located within lamina propria cells (orange 

circle) and within apical and basolateral small transport vacuoles with weak to moderate 

fluorescence. It appears there is co-localization between LAMP-1 and Cy5-Ova within the 

lamina propria regions (orange circle). Cye-Ova and LAMP-1 do not co-localize within 

intestinal cells suggesting that Cy5-Ova does not localize to lysosomes when gavaged to 

newborn piglets and tissues sampled 6 hours later. 
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Figure 38.1. LAMP-1 and Cy5-Ova surface localization in the duodenum of a 1-hour old gavaged piglet. 

These images are representatives of IHC-p performed on duodenum tissue samples from three biological replicates. 

The primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). 

Cy5-Ova is shown in red. Lamina propria localization is shown with orange circles. Lysosome and/or vacuole 

localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 

 

Next, we looked at the presence of LAMP-1 and Cy5-Ova within the jejunum of 0-hour 

gavaged piglets (n=3). In all biological replicates, LAMP-1 (figures 39.1a, d, and g) and Cy5-

Ova (figures 39.1b, e, and h) both appear to be localized throughout the jejunal intestinal 

epithelium (white circles) within small to medium-sized transport and digestive vacuoles with 

moderate to strong fluorescence. In the third biological replicate (figure 39.1g), LAMP-1 also 

appears to be localized within the lysosomes of lamina propria cells (orange circle) with 

moderate to strong fluorescence.  
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Next, we looked at the presence of LAMP-1 and Cy5-Ova within the jejunum of 1-hour 

gavaged piglets (n=3). In all biological replicates (figures 40.1a, d, and g), LAMP-1 appears to 

be located within the lysosomes of lamina propria cells (orange circles) and within lysosomes 

located throughout the epithelium (white circles). In all biological replicates (figures 40.1b, e, 

and h), Cy5-Ova appears to be located within small, medium, and large-sized transport and 

digestive vacuoles throughout the jejunal intestinal epithelium (white circles) with moderate to 

strong fluorescence. In biological replicates 2 and 3 (figure 40.1e and h), Cy5-Ova also appears 

to be localized within lamina propria cells (orange circles). Cye-Ova and LAMP-1 do not 

consistently appear to co-localize within intestinal cells suggesting that Cy5-Ova does not 

localize to the lysosome when gavaged to 1-hour old piglets and tissues sampled 6 hours later. 
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Figure 39.1. LAMP-1 and Cy5-Ova surface localization in the jejunum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). Cy5-

Ova is shown in red. Lamina propria localization is shown with orange circles. Lysosome and/or vacuole 

localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 40.1. LAMP-1 and Cy5-Ova surface localization in the jejunum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on jejunum tissue samples from three biological replicates. The 

primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). Cy5-

Ova is shown in red. Lamina propria localization is shown with orange circles. Lysosome and/or vacuole 

localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
 

 

Next, we looked at the presence of LAMP-1 and Cy5-Ova within the ileum of 0-hour 

gavaged piglets (n=3). In biological replicates 1-3, LAMP-1 (figures 41.1a, d, and g) and Cy5-

Ova (figures 41.1b, e, and h) both appear to be co-localized throughout the ileal intestinal 

epithelium (white circles) within very small transport vacuoles and within lamina propria cells 

(orange circles) with moderate fluorescence.  

Finally, we looked at the presence of LAMP-1 and Cy5-Ova within the ileum of 1-hour 

gavaged piglets (n=3). In biological replicates 1-3 (figures 42.1a, d, and g), LAMP-1 appears to 
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be located throughout the ileal intestinal epithelium within small to medium-sized transport and 

digestive vacuoles (white circles) with weak to moderate fluorescence (figure 42.1g) and 

moderate to strong fluorescence (figures 42.1a and d). In biological replicates 1-2 (figures 42.1b 

and e), Cy5-Ova appears to be located near the apical and basolateral surfaces (white circles) 

within small to medium-sized transport and digestive vacuoles with weak fluorescence. In 

biological replicate 3 (figure 42.1h), Cy5-Ova appears to be located within very small transport 

vacuoles throughout the ileal intestinal epithelium (large white circle) with moderate 

fluorescence. LAMP-1 and Cy5-Ova both appear to co-localize within discrete vacuoles. 

Figure 41.1. LAMP-1 and Cy5-Ova surface localization in the ileum of a 0-hour old gavaged piglet. These 

images are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The 

primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). Cy5-

Ova is shown in red. Lamina propria localization is shown with orange circles. Lysosome and/or vacuole 

localization is shown with white circles. All images were taken with a Leica Confocal Microscope at 63X. 
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Figure 42.1. LAMP-1 and Cy5-Ova surface localization in the ileum of a 1-hour old gavaged piglet. These 

images are representatives of IHC-p performed on ileum tissue samples from three biological replicates. The 

primary antibody is mouse anti-LAMP-1 and the secondary antibody is anti-mouse IgG1 labeled FITC (blue). Cy5-

Ova is shown in red. Lysosome and/or vacuole localization is shown with white circles. All images were taken with 

a Leica Confocal Microscope at 63X. 

 
 

In summary, there appears to be a small difference in the localization of Cy5-Ova 

between 0-hour old gavaged and 1-hour old gavaged piglets. In the duodenum of 0-hour old 

gavaged and 1-hour old gavaged piglets, Cy5-Ova appears to be present within lysosomes with 

LAMP-1. In the jejunum of 0-hour old gavaged and 1-hour old gavaged piglets, Cy5-Ova does 

not appear to be present within lysosomes. In the ileum of 0-hour old gavaged piglets, Cy5-Ova 

appears to be present within lysosomes whereas in the ileum of 1-hour old gavaged piglets, Cy5-

Ova does not appear to be present within lysosomes. 
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4.4 Discussion 

 

In commercial farms, piglets are cross-fostered immediately after birth for many reasons 

which include: (1) the equalization of litter sizes to avoid non-uniform body weight at weaning 

between large piglets and runts; (2) to ensure maximal colostrum intake for all piglets (adequate 

teat access); (3) death of a sow at farrowing [141]. Commercial farms that implement such cross-

fostering practices ultimately reduce the chances of pre-weaning mortality in piglets. Piglets 

must ingest colostrum immediately after birth to facilitate the uptake of colostrum-derived 

antibodies for systemic immune development. It has been previously reported that the small 

intestine of newborn piglets who are cross-fostered facilitate the uptake of colostrum-derived 

antibodies, however, colostral cells are not capable of crossing the intestinal epithelium [142]. 

Nonetheless, all areas of the small intestine lose their abilities to transport colostrum-derived 

macromolecules and cells across the intestinal epithelium 36 hours after birth whether piglets are 

cross-fostered or not. This “loss of transport” is also referred to as gut closure and is presumed to 

occur due to the re-arrangement and re-organization of TJ proteins located within intestinal 

epithelial cells along with decreased endocytotic capabilities of intestinal epithelial cells, 

however, the exact mechanism is currently unknown. Understanding the mechanism in which 

orally-administered antigens traverse the intestinal epithelium immediately after birth may help 

provide insight on the mechanism of uptake of an orally-administered antigen which may be 

relevant for vaccine development.  

In the present study, we investigated whether Cy5-Ova is capable of crossing the small 

intestinal epithelium of 0-hour old gavaged and 1-hour old gavaged piglets and, therefore, 

whether the oral administration of a vaccine after birth (prior to gut closure) may be an effective 

route of immunization. We further wanted to discern the mechanism by which Cy5-Ova 
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traverses the intestinal epithelial barrier. A previous study in the Wilson Lab examined the 

effects of orally-administered Ova with or without adjuvants (CpG-oligodeoxynucleotide and 

polyphosphazene) in piglets within 6 hours of birth [143]. The group of piglets orally-

administered Ova + adjuvants had significant induction of anti-Ova IgA, IgM, IgG, IgG, and 

IgG2 antibodies in serum relative to the control piglets gavaged with saline [143]. Thus, the 

orally-administered adjuvanted vaccine primed the immune system without inducing oral 

tolerance. These data suggest that the vaccine traversed the gut wall and induced immunity in 

early life. 

Our research has shown that neither the timing of antigen gavage (0 hours vs 1 hour after 

birth) nor the ingestion of colostrum appeared to affect the mechanism of uptake of our antigen 

within the small intestine of 0-hour old gavaged and 1-hour old gavaged piglets as both groups 

appeared to exhibit the same mechanism of uptake (e.g. endocytosis). However, antigen 

localization patterns appeared to differ due to the timing of Cy5-Ova gavage (0 hours vs 1 hour 

after birth) and/or as a result from the ingestion of colostrum. Thus, if both groups of piglets 

were orally-administered antigen at the same time, antigen localization patterns would most 

likely be conserved. However, suckling colostrum introduced antibodies and macromolecules 

that may have impacted antigen localization and/or took up space within VFEs, thus leading to 

the observed differences between groups. 

If we closely examine the localization of Cy5-Ova (using pIgR as a basolateral surface 

marker) within 0-hour old gavaged and 1-hour gavaged piglets, there appear to be oppositional 

differences in the duodenum, jejunum, and ileum, therefore, suggesting the timing of antigen 

gavage affects its localization. Interestingly, there does not appear to be any differences in the 

localization of Cy5-Ova (using RAB7 as a late endosome marker) within the duodenum, 
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jejunum, and ileum of 0-hour old gavaged and 1-hour old gavaged piglets, therefore, suggesting 

that Cy5-Ova localization within late endosomes is independent of the timing of antigen gavage. 

The localization of Cy5-Ova (using LAMP-1 as a lysosome marker), does not appear to differ 

within the duodenum and jejunum of 0-hour old gavaged and 1-hour old gavaged piglets, 

however, appears to differ within the ileum of both groups, therefore, suggesting that Cy5-Ova 

localization within ileal lysosomes is independent of the timing of antigen gavage. Together, 

these results indicate that Cy5-Ova appears to be localized at the surface or within digestive and 

transport vesicles and that it also appears to be present in the endosomal-lysosomal pathways 

when introduced to piglets within hours after birth.  

One important topic surrounding the localization of Cy5-Ova within lysosomes of 

newborn piglets is the degradation of ovalbumin and/or the cleavage of the Cy5 dye molecules 

from the antigen. As previously mentioned, lysosomes contain acid hydrolases that are 

responsible for the degradation of cell debris. Our research has shown that Cy5-Ova appears to 

be co-localized with LAMP-1 in the duodenum of 0-hour old gavaged and 1-hour old gavaged 

piglets and in the ileum of 0-hour old gavaged piglets suggesting the movement of Cy5-Ova 

through lysosomes. It is presumed that ovalbumin was most likely degraded and/or the Cy5 dye 

molecules were cleaved from ovalbumin due to the presence of acid hydrolases within 

lysosomes. Using detection methods such as IHC, Cy5 fluorescence would still be visible within 

lysosomes despite its cleavage from ovalbumin, however, SDS-PAGE should be employed to 

confirm that the Cy5 dye molecules have not been cleaved from ovalbumin and/or that 

ovalbumin has not been degraded by confirming the MWs of both Cy5 and ovalbumin in serum. 

One study examined the lysosomal-mediated proteolytic degradation of BODIPY-conjugated 

DQ-ovalbumin (a self-quenched conjugate of ovalbumin) in human podocytes [144]. It was 



 111 

found that DQ-ovalbumin was co-localized with LAMP-1 in podocytes thus indicating the 

proteolytic cleavage of DQ-ovalbumin within podocyte lysosomes [144]. The proteolytic 

cleavage of DQ-ovalbumin results in bright and pH insensitive fluorescence due to the release of 

BODIPY dye molecules. These data may suggest that ovalbumin was most likely proteolytically 

degraded and that Cy5 dye molecules were released as a result in the current study. There have 

been no indications of decreased lysosomal efficiency or abundance within VFEs of newborn 

piglets thus decreasing the likelihood of ovalbumin remaining intact as it passes through the 

intestinal epithelium into the blood. Furthermore, these data suggest that an orally-administered 

vaccine may become degraded within the lysosomes of intestinal epithelial cells thus serving as 

problematic. However, this problem may be resolved by encapsulating the vaccine within a pH-

insensitive barrier so that it is not susceptible to lysosomal degradation within intestinal 

epithelial cells. 

One major limitation of my research project was the number of biological replicates that 

were collected for analysis. To statistically confirm the fluorescent intensity of Cy5-Ova within 

different bodily compartments of 0-hour old gavaged and 1-hour old gavaged piglets (figure 

21.1), more biological replicates are needed. Furthermore, only 3 biological replicates were 

collected for each group of piglets (0-hour old gavaged and 1-hour old gavaged) to discern the 

localization of Cy5-Ova within the small intestine. More replicates are needed to properly 

interpret and analyze antigen localization. Another limitation of my research project was the 

potential rupturing of vacuoles containing Cy5-Ova. During the dehydration process of aqueous 

formalin-fixed tissues, both transport and digestive vacuoles located within small intestinal 

epithelial cells may have ruptured thus releasing their contents in the surrounding cytoplasmic 

areas. Other reasons for which vacuoles may have rupture include turbulence during 



 112 

transportation, apoptosis (due to cell stress after excision), cell damage, etc. Our research shows 

the localization of Cy5-Ova within transport and digestive vacuoles located within small 

intestinal cells exhibit varying degrees of fluorescent intensity. Areas in which vacuoles 

previously resided appear as black which suggests that these vacuoles, containing Cy5-Ova, have 

been washed out. One paper [21] has reported the “washing out” of vacuoles within newborn 

piglets. Another paper [132] indicates that potassium permanganate and osmium tetroxide should 

not be used to fix tissues as they do not effectively cross-link soluble proteins, however, these 

fixatives were not used in my research. During IHC dehydration and embedment protocols, 

soluble proteins (particularly those which are not associated with a macrostructure) and contents 

within the cell matrix are washed out. Fixating agents should only contain aldehydes such as 

formaldehyde as it effectively cross-links proteins and stabilizes the soluble matrix of the cell. 

Nonetheless, cell components need appropriate handling during IHC dehydrating and embedding 

protocols. 

One future direction would be to examine the effects of endocytotic inhibitors on antigen 

uptake. Chloroquine is an aminoquinolone derivative that is used in the primary treatment of 

malaria. Chloroquine has also been shown to be an effective inhibitor of CDE by affecting the 

function of clathrin and clathrin-coated vesicles [139]. Filipin is a polyene antibiotic that binds to 

cholesterol in the epithelial cell membrane thus making it an effective inhibitor of CIE [140]. If 

endocytotic inhibitors are found to impact antigen uptake, this may have implications for limiting 

or, altogether, preventing enteropathogenic bacteria and/or viruses from entering the epithelium 

via transcytosis. However, it should be noted that the oral administration of endocytotic 

inhibitors may be harmful to the GI health of piglets.  
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4.5  Conclusions 
 

Our research indicates that Cy5-Ova appeared to be co-localized with pIgR in the 

jejunum and ileum of 0-hour old gavaged piglets and in the duodenum of 1-hour old gavaged 

piglets. Cy5-Ova appeared to be co-localized with RAB7 in the duodenum, jejunum, and ileum 

of 0-hour old gavaged and 1-hour old gavaged piglets thus indicating the presence of Cy5-Ova 

within late endosomes. Cy5-Ova appeared to be co-localized with LAMP-1 in the duodenum of 

0-hour old gavaged and 1-hour old gavaged piglets and in the ileum of 0-hour old gavaged 

piglets thus indicating the presence of Cy5-Ova within lysosomes. Neither the timing of antigen 

gavage nor the ingestion of colostrum appeared to affect the uptake of Cy5-Ova within the small 

intestine of 0-hour old gavaged and 1-hour gavaged piglets. However, the localization of Cy5-

Ova appeared to differ between both groups which is most likely due to the timing of Cy5-Ova 

gavage (0 hours vs 1 hour after birth), however, may also be a result from the ingestion of 

colostrum. The presecnce of our antigen within late endosomes and lysosomes suggusts that 

Cy5-Ova is entering polarized intestinal epithelial cells via endocytosis. More studies should be 

conducted to analyze whether the timing of antigen gavage and/or the ingestion of colostrum 

affects antigen uptake and localization within small intestine of different ages of piglets (e.g. 12-

hour old vs 24-hour old vs 36-hour old vs 48-hour old). 

 

5.0 General Discussion and Conclusions 

5.1 General Discussion 

The small intestine of newborn piglets has evolved to be semi-permeable immediately 

after birth. This ultimately allows for the uptake of maternal antibodies, proteins, antimicrobial 

peptides, cytokines, and other important macromolecules within colostrum which are necessary 
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for newborn piglet survival. Within modern pig husbandry, the timing of vaccination is critical to 

achieving the protection of the herd from disease. Previous studies have shown that the optimal 

period for parenteral immunization in piglets is between 5 and 8 weeks of age [127]. However, 

the time in which the small intestine is semi-permeable (before intestinal closure occurs) may 

serve as an opportunity for the deliverance of an oral vaccine to trigger an effective immune 

response, as long as the immune system is sufficiently mature. In my research project, we 

assessed the location of an orally administered marker probe, Cy5-labeled Ovalbumin, within the 

small intestine of newborn piglets. The purpose of deliverance was to, eventually, predict the 

location of an orally administered mucosal vaccine within the small intestine along with small 

intestinal permeability.  

We first assessed changes in surface localization of TJ proteins Claudin-4 and Claudin-3 

as well as Villin within the small intestine of 7-hour old piglets to determine whether these 

changes are coincident with changes in intestinal permeability. Our data showed that Claudin-4 

and Claudin-3, in comparison to other studies, both showed canonical and non-canonical 

localization. The surface localization of Villin remained primarily uniform within the small 

intestine, however, there was limited evidence of paracellular localization. The non-canonical 

localization of both claudins, for example, apical and basolateral localization, may affect 

intestinal permeability, however, more studies are needed to confirm this. 
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Figure 43.1. A schematic drawing of neighboring VFEs within the small intestine of a newborn piglet 

depicting paracellular transport of colostrum-derived antibodies. TJ proteins Claudin-3 is shown in green and 

Claudin-4 is shown in blue. Colostrum-derived antibodies IgG is shown in red and IgA is shown in purple. Actin-

binding protein Villin is shown on the apical surface (microvilli) in pink. Colostrum-derived antibodies  

may cross the intestinal epithelium via the paracellular route in newborn piglets due to the possible arrangement  

and organization of TJ protein strands. Tight junction proteins Claudin-3 and Claudin-4 are strictly located 

paracellularly within adult-type enterocytes and are both re-arranged and re-organized in a fashion that does  

not allow the entry of macromolecules.  

 

 

 

We next assessed the localization of our antigen, Cy5-Ova, within the small intestine of 

0-hour gavaged and 1-hour gavaged piglets using a series of markers (basolateral surface marker 

pIgR, late endosomal marker RAB7, and lysosomal marker LAMP-1). The localization of pIgR 

appeared to differ within the small intestine of 0-hour old gavaged and 1-hour old gavaged 

piglets. pIgR appeared to be located mostly at the basolateral surface of intestinal epithelial cells 

and within pigR-positive endosomes. Cy5-Ova appeared to be co-localized with pIgR in the 

jejunum and ileum of 0-hour old gavaged piglets and in the duodenum of 1-hour old gavaged 

piglets suggesting the movement of Cy5-Ova through pIgR-positive endosomes. The localization 
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of RAB7 did not appear to differ within the small intestine of 0-hour old gavaged and 1-hour old 

gavaged piglets. RAB7 appears to be located primarily within late endosomes of intestinal 

epithelial cells and within the late endosomes of lamina propria cells. Cy5-Ova appeared to be 

co-localized with RAB7 in the duodenum, jejunum, and ileum of 0-hour old gavaged and 1-hour 

old gavage piglets suggesting the movement of Cy5-Ova through late endosomes to lysosomes. 

The localization of LAMP-1 appeared to remain mostly consistent within the small intestine of 

0-hour old gavaged and 1-hour old gavaged piglets. LAMP-1 appeared to be mostly located 

within the lysosomes of intestinal epithelial cells along with lamina propria cells. Cy5-Ova 

appeared to be co-localized with LAMP-1 in the duodenum of 0-hour old gavaged and 1-hour 

old gavaged piglets and in the ileum of 0-hour old gavaged piglets suggesting the movement of 

Cy5-Ova through lysosomes. 

Since both groups of piglets appeared to exhibit the same mechanism of antigen uptake 

(e.g. endocytosis), this ultimately suggests that neither the timing of antigen gavage nor the 

ingestion of colostrum (from the sow) appeared to affect antigen uptake within the small 

intestine of 0-hour old gavaged and 1-hour old gavaged piglets.  
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Figure 44.1. A schematic drawing of a VFE within the small intestine of a newborn piglet depicting 

transcellular transport of colostrum-derived antibodies. Digestive vacuoles are shown in black and transport 

vacuoles are shown in grey. Early endosomes are shown in green, recycling endosomes are shown in purple,  

and late endosomes are shown in orange. Late endosomal marker LAMP-1 is also shown in orange. Lysosomes  

are shown in blue and late endosomal marker LAMP-1 is shown in blue. pIgR is shown in pink and Cy5-Ova is 

shown in red. Colostrum-derived antibodies are shown in light blue. Colostrum-derived antibodies may cross the 

intestinal epithelium via the transcellular route by endocytotic mechanisms, specifically non-selective pinocytosis  

(a form of endocytosis. Our research has shown that Cy5-Ova is capable of crossing the intestinal epithelium via 

endocytosis as Cy5-Ova is co-localized within late endosomes. Cy5-Ova is also co-localized within lysosomes 

suggesting that Cy5-Ova enters the lamina propria via lysosomal exocytosis.  

 

Apical endosome and recycling endosome markers such as RAB5 and RAB25 (figure 

6.1) may be used to discern the localization of Cy5-Ova within polarized intestinal epithelial 

cells. In my research project, both apical endosome and recycling endosome markers were not 

used due to time restraints. Nonetheless, all vesicles (and thus vesicle markers) which belong to 

the endocytotic (early, recycling, and late endosomes) and exocytotic (lysosomes) pathways 
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should be assessed to properly discern the localization of Cy5-Ova within polarized intestinal 

epithelial cells. To distinguish between different endocytotic mechanisms such as CDE and CIE, 

a clathrin marker may be used as clathrin is present within CDE and not CIE.  

 

5.2 General Conclusions 

In conclusion, we have shown that Cy5-Ova is capable of entering intestinal epithelial 

cells along with lamina propria cells via endocytosis. More specifically, we have shown that 

Cy5-Ova is located within late endosomes and lysosomes of intestinal epithelial cells and lamina 

propria cells within the small intestine of newborn piglets. Thus, Cy5-Ova is capable of entering 

the gut of newborn piglets during the time in which the gut is semi-permeable ultimately serving 

a potential vaccination route. 
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Appendix 

A.1 Additional Publications During my Studies 

Assessment of Immunological Response and Impacts on Fertility Following Intrauterine 

Vaccination Delivered to Swine in an Artificial Insemination Dose 

Hamonic, G., Pasternak, J.A., Ng, S.H., Fourie, K.R., Simko, O.M., Deluco, B., and Wilson. 

H.L. 

Published in Frontiers in Immunology, May 2020 

 

To protect the health of sows and gilts, significant investments are directed toward the 

development of vaccines against infectious agents that impact reproduction. We developed an 

intrauterine vaccine that can be delivered with semen during artificial insemination to induce 

mucosal immunity in the reproductive tract. An in vitro culture of uterine epithelial cells was 

used to select an adjuvant combination capable of recruiting antigen-presenting cells into the 

uterus. Adjuvant polyinosinic:polycytidylic acid (poly I:C), alone or in combination, induced 

expression of interferon gamma, tumor necrosis factor alpha, and select chemokines. A 

combination adjuvant consisting of poly I:C, host defense peptide and polyphosphazene (Triple 

Adjuvant; TriAdj), which previously was shown to induce robust mucosal and systemic humoral 

immunity when administered to the uterus in rabbits, was combined with boar semen to evaluate 

changes in localized gene expression and cellular recruitment, in vivo. Sows bred with semen 

plus TriAdj had decreased γδ T cells and monocytes in blood, however, no corresponding 

increase in the number of monocytes and macrophages was detected in the endometrium. 

Compared to sows bred with semen alone, sows bred with semen plus TriAdj showed increased 

https://www.frontiersin.org/research-topics/11234#articles
https://www.frontiersin.org/research-topics/11234#articles
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CCL2 gene expression in the epithelial layer. These data suggest that the adjuvants may further 

augment a local immune response and, therefore, may be suitable for use in an intrauterine 

vaccine. When inactivated porcine parvovirus (PPV) formulated with the TriAdj was 

administered to the pig uterus during estrus along with semen, we observed induction of PPV 

antibodies in serum but only when the pigs were already primed with parenteral PPV vaccines. 

Recombinant protein vaccines and inactivated PPV vaccines administered to the pig uterus 

during breeding as a primary vaccine alone failed to induce significant humoral immunity. More 

trials need to be performed to clarify whether repeated intrauterine vaccination can trigger strong 

humoral immunity or whether the primary vaccine needs to be administered via a systemic route 

to promote a mucosal and systemic immune response. 
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A.2 Oral Presentations Given During my Studies 

Deluco, B., and Wilson, H.L. (2019). Assessing the Permeability of the Piglet Gut at Birth and 

Weaning and its Impact on Immune Status. 100th Annual Conference of Research Workers in 

Animal Diseases, Nov 2nd-5th. Chicago, Illinois.  

 


