
© 2020 by the Serbian Biological Society 503How to cite this article: Balcan E, Öztel Z, Polevshchikov A. Endoplasmic 
reticulum stress influences the localization of prion protein in the small intestine 
and mesenteric lymph nodes. Arch Biol Sci. 2020;72(4):503-13.

Endoplasmic reticulum stress influences the localization of prion protein in the small 
intestine and mesenteric lymph nodes

Erdal Balcan1,*, Zübeyde Öztel1 and Alexander Polevshchikov2

1Manisa Celal Bayar University, Faculty of Arts and Science, Molecular Biology Section, Department of Biology, 45030 Manisa, 
Turkey
2Institute of Experimental Medicine, Saint-Petersburg 197376, Russian Federation

*Corresponding author: erdal.balcan@cbu.edu.tr

Received: July 27, 2020; Revised: September 2, 2020; Accepted: September 28, 2020; Published online: October 6, 2020

Abstract: Tunicamycin is an endoplasmic reticulum (ER) stressor that inhibits protein glycosylation and promotes ER 
stress. To better understand the localization and traffic of prion protein (PrP) in both basal and ER stress conditions, we 
evaluated the presence and relative expression of PrP in the intestinal compartments of normal and tunicamycin-treated 
mice. After tunicamycin treatment, the level of PrP was significantly increased in enterocytes and blind-ended villous 
lymphatic vessels (lacteals), but was decreased in M cells. These results suggested that intake from the gut and transfer into 
lymphoid compartments of basal PrP occurs largely through the M cell-Peyer’s patch-mesenteric lymph node axis, and also 
alternatively through the enterocyte-lacteal-mesenteric lymph node axis. In ER stress, the enterocyte-lacteal-mesenteric 
lymph node is the sole axis for PrP transmission. Results also indicated that germinal centers and high endothelial venules 
(HEVs) are the most prominent portal for entry of PrP in both basal and ER stressed conditions. We speculated that PrP 
may use alternative routes for entry into intestinal compartments according to the pathophysiological state and that the 
mechanism managing the routes of PrP could contribute to the development of new therapeutic strategies against prion 
diseases as well as ER stress-related intestinal disorders.
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INTRODUCTION

Conversion of the normal cellular isoform of the 
prion protein (PrPc) into the abnormal and disease-
associated isoform (PrPSc) is a major reason for the 
group of progressive neurodegenerative defects called 
transmissible spongiform encephalopathies (TSE) or 
prion diseases. PrPc is a glycosylphosphatidylinositol 
(GPI)-anchored extracellular glycoprotein that has 
two N-linked glycosylation sites [1] and is widely 
expressed in various cell types in both neuronal and 
non-neuronal tissues [2]. Expression of PrPc is essential 
for TSE susceptibility in both humans and animals [3] 
due to its ability to undergo conformational change to 
PrPSc. The involvement of the gastrointestinal system 
in the uptake of the TSE agent is widely accepted [4]. 
Ingested prion is absorbed through the gastrointes-
tinal wall and accumulates in secondary lymphoid 
tissues prior to transmission to the central nervous 

system (CNS). This route involves a process called 
neuroinvasion that is not yet fully understood. As a 
unique part of the intestinal immune system, M cells 
are responsible for the transepithelial transport of an-
tigenic determinants [5] and are a strong candidate for 
migration of prion protein from gut lumen to Peyer’s 
patches. They are specialized intestinal epithelial cells 
found in the follicle-associated epithelium (FAE) 
covering Peyer’s patches that mediate transcytosis 
of intestinal antigenic determinants to downstream 
local dendritic cells through their sac-like structural 
organizations, the so-called M-cell pocket [6,7]. How-
ever, conflicting results have also been reported, and 
although a series of in vitro and in vivo studies have 
suggested that M cells are the potential entry point for 
prion protein [8-10], the detection of prion protein in 
enteroendocrine cells [11] and in vesicular endosomes 
of enterocyte surrounding Peyer’s patches suggests an 
alternative route for prion ingestion beside M cell-
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dependent uptake [12-14]. However, knowledge of the 
precise cellular mechanism involved in the transport 
of prion protein into secondary lymphoid tissues 
through intestinal Peyer’s patches is still lacking. The 
prominent role of PrP in intestinal tissue is also not 
fully understood despite it being expressed in many 
intestinal compartments, such as the enteric nervous 
system and the lamina propria. Thus far, several stud-
ies have explored the relationships between PrP and 
cellular stress [15-19]. Although ER stress seems to be 
a transcriptional regulator for PRNP gene expression 
[20], what happens in the gut during ER stress is still 
a matter of debate. 

Researchers have indicated that prion has a regulato-
ry role in intestinal epithelial cellular junctions and that 
altered localization and deficiency of prion exacerbates 
inflammation, oxidative stress and intestinal barrier 
dysfunction, which are contributors to inflammatory 
bowel disease pathogenesis [21,22]. Furthermore, PrP 
has an anti-inflammatory and cytoprotective effect in 
dextran sodium sulphate (DSS)-induced colitis mice 
models [21]. However, basal intestinal permeability 
was not identified in wild-type, PrP-overexpressed 
or PrPc-knockout mice [21], and no association be-
tween prion deficiency and increased tissue damage 
in response to DSS has been shown [23]. Therefore, 
in this study we investigated prion expression and the 
adjustment of prion levels during ER stress in mouse 
small intestine. By analyzing the intestinal route(s) of 
prion movement, we wanted to obtain an improved 
understanding of the effect of ER stress.

MATERIALS AND METHODS

Ethics statement

This study was approved by the Animal Experimentation 
Ethics Committee of the Medical School (Approval No. 
77.637.435-70), Manisa Celal Bayar University, Manisa, 
Turkey. All experimental procedures were performed 
in accordance with the Helsinki Declaration and the 
Manisa Celal Bayar University Ethic Rules. A total of 
18 Balb/c male mice aged 6-8 weeks were housed in a 
pathogen-free and environmentally controlled facility 
of the Research and Application Center for Laboratory 
Animals of Manisa Celal Bayar University, Manisa, 
Turkey, according to the ethical rules of the Animal 

Experimentation Ethics Committee of the Medical 
School. The number of animals was limited to 10 (5 
tunicamycin-treated and 5 control) in order to reduce 
the number of animals exposed to suffering.

Induction of ER-stress

To initiate ER stress in mice (n=5), tunicamycin (Sigma, 
T7765), a potent protein N-glycosylation inhibitor, was 
administered intraperitoneally (i.p.) at a single dose 
of 1 μg/g body weight for 24 h. The same volume of 
0.9% NaCl was injected to the control group (n=5). 
After 24 h, the mice were killed by cervical dislocation 
and ileal regions of the small intestines and mesenteric 
lymph nodes were rapidly harvested. Sections of the 
removed tissues were stored at -80°C for Western 
blotting analysis.

Immunohistochemical and immunofluorescence 
analyses

Tissue sections were fixed in 10% neutral buffered 
formalin for 24 h and dehydrated prior to paraffin 
embedding. The tissue sections were 5 mm thick and 
mounted on poly-L-lysine-coated slides. After depa-
raffinization in xylene, rehydration in graded ethanol 
solutions and washing with phosphate-buffered solu-
tion (PBS, pH 7.5), sections were immersed in 10 mM 
citrate buffer (pH 6.0) for 20 min in a 96°C water bath, 
followed by a 20 min cool-down period implemented 
for antigen retrieval. Endogenous peroxidase activity 
was blocked by 3% H2O2 diluted in absolute methanol 
for 10 min at room temperature. Following blocking 
with IHC Select Q Blocking Reagent (Millipore, Cat 
# 20773) for 30 min at 37°C, the tissue sections were 
incubated with primary mouse anti-PrP antibody 
(clone G-12; specific for an epitope mapped between 
amino acids 217-232 near the C-terminus of PrP of 
human origin, (SantaCruz, sc398451), at a dilution of 
1:200 in PBS containing 3% bovine serum albumin 
(BSA) overnight at +4°C, prior to incubation with 
horseradish peroxidase (HRP)-conjugated second-
ary antibody (goat anti-Mouse IgG-H&L; Abcam, 
ab97040), diluted 1:400 in 3% BSA in PBS for 90 min 
at room temperature. To visualize the tunicamycin-
treated ER stress, rabbit anti-ATF6 primer antibody 
(Abcam, UK; ab203119) and HRP-conjugated goat 
anti-Rabbit IgG-H&L (Abcam, ab7090) secondary 
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antibody were used. Immunohistochemical reactiv-
ity was visualized by 3.3'-diaminobenzidine (DAB) 
(Vector Laboratories, USA; Cat # SK-4100). Finally, 
counterstaining of slides was performed using methyl 
green. Immunofluorescence analysis was performed 
with the same primary antibody diluted 1:400 in in-
cubation buffer: 1% BSA, 1% donkey serum and 0.3% 
Triton X-100 in PBS) overnight at +4°C. After three 
washes in PBS, the bound antibody was visualized by 
incubation with a fluorescein isothiocyanate (FITC) 
conjugated secondary antibody (Goat Anti-Mouse 
IgG H&L; Abcam, ab7064) (1:400 dilution) for 1 h 
at room temperature in a dark and humid chamber. 
Nuclear staining was performed with 4'6-diamidino-
2-phenylindole (DAPI) (Santa Cruz, USA; sc3598) at 
1:1000 dilution in McIlvaine’s buffer).

Western blotting

To extract proteins from ileal tissues, homogenization 
was performed in radioimmunoprecipitation assay 
(RIPA) buffer containing 1 mM phenylmethanesul-
fonyl fluoride (PMSF) (Sigma, USA.; D7626) and a 
protease inhibitor cocktail (30 μL per g tissue) (Sigma, 
P8340). Protein concentrations were calculated using 
a bicinchoninic acid (BCA) assay kit (Pierce BCA Pro-
tein Assay Kit, Thermo Scientific, Rockford, Illinois, 
USA) according to the manufacturer’s instructions; 
protein extracts were boiled in 0.8 M Tris-HCl, 10% 
glycerol, 20% β-mercaptoethanol, 10% sodium dodecyl 
sulfate (SDS), 0.02% bromophenol blue at 96°C for 
4 min. Equal amounts of protein (10 μg) containing 
samples were loaded onto 4-7.4% polyacrylamide gels 
and electrophoresis was performed at 15 mA for 2 h at 
room temp using a Mini Protean electrophoresis ap-
paratus (Bio-Rad, Hercules, California, USA). Western 
blot analysis was conducted according to standard 
procedure. Briefly, proteins were transferred onto 
polyvinylidene fluoride (PVDF) membranes overnight 
at 30 mA using a Mini Trans Blot System (Bio-Rad, 
Hercules, California, USA). PVDF membranes were 
blocked with non-fat dried milk (Sigma, M7409) (5% 
w/v) in Tris-buffered saline containing Tween 20 
(TBST; 0.1% vol/vol) for 30 min prior to probing with 
primary anti-PrP antibody, diluted 1:400 in 3% BSA in 
TBST for 1 h at room temp. After washing in TBS-T, 
the membranes were incubated with secondary horse-
radish peroxidase (HRP)-conjugated antibody (1:400 

dilution) for 1 h. DAB was used as chemiluminescence 
substrate for visualization of immunoreactive protein 
bands. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (Abcam, ab8245) was used as housekeeping 
protein and at a similar dilution.

Quantification and statistical analysis

The number of PrP-positive cell and DAB-positivity 
were scored for the small intestine and mesenteric lymph 
node and expressed as the percentage of cell positivity 
and DAB intensity in both control and tunicamycin-
treated groups. Randomly selected digital images were 
loaded to ImageJ (https://imagej.nih.gov/ij/; ver.1.52) 
and the percentage of cell positivity and DAB intensity 
were obtain using “cell counter” and “IHC profiler 
macro” plugins, respectively. For quantification of 
Western blot data, a standard plot analysis algorithm 
of ImageJ was used. All statistical differences between 
control and ER-stressed groups were performed by 
two-tailed Student’s t-test, with P<0.05 as the level of 
statistically significant difference (IBM SPSS software, 
version 22.0, SPSS Inc., Chicago, IL, USA).

RESULTS

Immunohistochemical analysis of PrP in villus 
compartments of control mice

Some of the small intestinal villous enterocytes in con-
trol mice showed PrP immunoreactivity (Fig. 1A). PrP 
accumulation was restricted to the enterocytes located 
at the tips of villi, showing a cytosolic distribution in 
these cells (Fig. 1B, C). Other intestinal epithelial cells, 
goblet cells, intraepithelial lymphocytes of the brush 
border zone and infiltrating lymphocytes of lamina 
propria were negative for PrP in control mice (Fig. 
2A-C). Similar results were also observed in Paneth 
cells (Fig. 2B). However, PrP accumulation was evident 
in the lacteals of the lamina propria (Fig. 2D).

Immunohistochemical analysis of PrP in Peyer’s 
patches of control mice

PrP was abundant in some lymphatic cells in the ger-
minal centers of Peyer’s patches in control mice (Fig. 
3A-C). Weak PrP accumulation was evident in the basal 
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regions of M cells in the follicle-associated epithelium 
(FAE) surrounding the dome area of Peyer’s patches 
(Fig. 3D). These results indicated that, apart from M 
cells of the FAE, enterocytes that occupied the tips of 
the villi are responsible for internalization of PrP as 
well under basal conditions. Although we could not 
identify any reaction in the nerve-like structures of the 
Peyer’s patch follicles, their associated enteric nervous 
system ganglia and mesothelium were positive for PrP 
(not shown).

PrP Immunohistochemistry in villus 
compartments of tunicamycin-treated mice

After induction of the ER stress, PrP staining intensity 
was strongly increased in the apical sides of enterocytes 
located in the villus (P=0.007; Supplementary Table 
S1, Fig. 4A-F), but the percentage of PrP-positive 
enterocytes was almost similar to those in the control 
(P=0.543) (Supplementary Table S1, Fig. 4E). A similar 
DAB intensity was also detected in the lacteals of the 
tunicamycin group (P=0.013; Supplementary Table S2, 
Fig. 4F). To visualize tunicamycin-treated ER stress, 
we used a monoclonal antibody specific for activating 
transcription factor 6 (ATF6) that activates the unfolded 
protein response (UPR) target genes during the ER 
stress. In tunicamycin-treated mice, ATF6 expression 
levels significantly increased in the small intestine 
when compared with the control (Supplementary 
Fig S1A, B). Interestingly, in the apical region of the 
enterocytes, the expression and cytosolic distribution 
of the ATF6 molecule appeared to be similar to that 
of PrP (Fig. 4, Supplementary Fig. S1A, B). This data 
suggests that the accumulation of PrP increased in 
villous enterocytes subjected to ER stress and that 
the lacteals could play a critical role in the transport 
of PrP into lymphoid compartments of the small in-
testine and to the mesenteric lymph node. Moreover, 
intraepithelial lymphocytes, stromal cells surrounding 

Fig. 1. Immunohistochemistry and immunofluorescence staining 
of PrP in villus compartments of control mice. A, B – Immuno-
reactivity in villus tips. C – Immunofluorescence staining of villi 
(merged image, of nuclei stained with DAPI). Arrows indicate a 
positive reaction for PrP. PP – Peyer’s patch.

Fig. 2. Immunoreactions in the intestinal cells of control mice. A – 
Goblet cells (arrows) and intraepithelial lymphocytes (arrowheads). 
B – Paneth cells (arrow) and intestinal epithelial cells (arrowhead). 
C – Infiltrating lymphocytes (arrows). D – Lacteals (arrowheads). 

Fig. 3. Distribution of PrP reactions in Peyer’s patches of control 
mice. A – Immunohistochemical view of PrP in germinal centers 
(arrows). B – Immunofluorescence staining of germinal centers 
(white arrows). C – Positively stained M cells in the dome area 
(arrows). D – High power view of dome area in C. Arrowheads in 
inset of D point to other cells of follicular-associated epithelium. 
PP – Peyer’s patch, GC – Germinal center, Do – Dome area, FAE 
– Follicle-associated epithelium.
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the crypts of Lieberkühn and the endothelial lining 
cells of the microcapillary system of the lamina propria 
were also positive for PrP in ER stress-induced mice. 
(Several PrP positive cells in the crypts of Lieberkühn 
were also detected (not shown), and according to their 
localization, these cells most likely are intestinal stem 
cells, but this needs to be confirmed).

PrP Immunohistochemistry in Peyer’s patches of 
tunicamycin-treated mice

The intensity of PrP staining was relatively decreased in 
Peyer’s patches in tunicamycin-treated mice (P=0.298; 
Supplementary Table S3, Fig. 5A-C, G). Weak accumula-
tion of PrP was observed only in M cells, but other cell 
types in the FAE, including enterocytes and/or a limited 
number of goblet cells exhibited negative expression 

(Fig. 5D, F). Furthermore, PrP was detected within the 
ganglia of the enteric nervous system in both control 
and ER stress-induced mice, but decreased after the 
tunicamycin treatment (P=0.088; Supplementary Table 
S4, Fig.5 E, H). The finding of reduced expression of 
PrP within the ganglia of the enteric nervous system 
in tunicamycin-treated mice as compared to control 
mice suggests that neuroinvasion of PrP follows an 
alternative route in ER stress.

Fig. 4. Immunohistochemistry and immunofluorescence of PrP 
in villus compartments of tunicamycin treated mice. A – Im-
munohistochemical expression of PrP in villus tips (arrows) and 
lacteals (arrowheads). B – Immunofluorescence staining of villus 
tips (arrows) and lacteals (arrowheads), merged image; DAPI used 
as a counterstain for nuclei. C – Increased DAB signal in entero-
cytes (arrows) and lacteals (arrowheads). D – High power view 
of boxed areas in C. E – Histogram statistics of the differences in 
percentage of DAB positivity (brown columns) and percentage of 
PrP-positive enterocyte number (red columns) between control and 
tunicamycin-treated mice; star – statistically significant difference. 
F – Percentage of DAB intensity for lacteals; diamond – significant 
difference in lacteals. PP – Peyer’s patch.

Fig. 5. Immunohistochemistry and immunofluorescence of PrP 
in Peyer’s patches of tunicamycin-treated mice. A – Decreased im-
munoreactivity of PrP in germinal centers (arrow indicates positive 
reactions). B – Decreased fluorescence signals in germinal centers 
(white arrows indicate positive signals); merged image. C – High 
magnification of germinal center in A (larger box). D – Decreased 
distribution of PrP in the dome area. Arrows and arrowheads – 
positive and negative cells, respectively. E – High magnification of 
enteric nervous system in A (smaller box). F – High magnification 
of boxed area in D. G – histogram statistics of DAB intensity in 
Peyer’s patches. H – Histogram statistics of DAB intensity in the 
enteric nervous sytem. GC – germinal center, PP – Peyer’s patch.
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Immunohistochemistry of mesenteric lymph 
nodes

The most prominent differences between control and 
tunicamycin-treated mice were increased expression 
levels of PrP in the enterocytes and lacteals of ER-
stressed intestines. In addition, ATF6 levels were also 
increased in the mesenteric lymph nodes after the 
tunicamycin treatment (Supplementary Fig. S1C, D). 
These results motivated us to investigate the transmis-
sion of PrP into mesenteric lymph nodes through en-
terocytes and lacteals at basal conditions. As expected, 
PrP was localized in germinal centers in both control 
and tunicamycin-treated mesenteric lymph nodes. In 
control mice, the PrP signal was observed in follicular 
dendritic cells of germinal centers and HEVs, but not 
in tingible body macrophages (Supplementary Fig. S2). 
In tunicamycin-treated mice, a large number of PrP-
positive follicular dendritic cells that form a fibrillar 
network was observed in the germinal centers (Fig. 6A, 
B), but the intensity of PrP staining was moderately 
increased in these regions (P=0.139; Supplementary 
Table S5, Fig. 6A, B, G). PrP immunoreactivity (P=0.005) 
and the percentage of PrP-positive cells (P<0.001) in 
the HEVs of tunicamycin-treated mice were signifi-
cantly increased when compared with control HEVs 
(Supplementary Table S6, Fig. 6C-F, H). PrP was also 
detected in medullary sinuses lining the endothelial 
cells (lymphatic endothelial cells (LECs)) in control 
mice, but signal intensity was moderately decreased after 
the tunicamycin treatment (not shown). These results 
suggest that internalization and transport of basal PrP 
into mesenteric lymph nodes occurs through different 
pathways in control and tunicamycin-treated mice. It 
seems that PrP internalization largely occurs through 
M cells of the dome region covering Peyer’s patches 
in control mice whereas in tunicamycin-treated mice, 
the PrP route into mesenteric lymph nodes consists 
of enterocytes and villous lymphatic vessels (lacteals).

Western blot analysis

Although variable PrP expression profiles were ob-
served in different localizations of the small intestine 
and mesenteric lymph nodes in both control and 
tunicamycin-treated mice, Western blot analysis of 
total tissues from the two groups did not reveal sig-
nificant differences in the intensity of PrP expression 

(Fig. 7). The PrP-specific signal of total tissue extracts 
was observed as a three-banded fraction pattern at 
~20, 34 and ~40 kilodaltons corresponding to non-, 
mono- or diglycosylated forms, respectively. Strik-
ingly, the band at the ~40 kDa region was very weak 
for a PrP signal, suggesting that PrP entered and was 
transported in a non- and/or monoglycosylated form 
in the mesenteric lymph nodes.

Fig. 6. Immunohistochemistry and immunofluorescence of PrP in 
mesenteric lymph nodes after tunicamycin treatment. A – Intense 
positivity for PrP in the fibrillar network of germinal centers and 
HEVs (arrows). B – High power view of the boxed area in A; 
arrowheads – macrophages stained with PrP antibody. C – DAB 
reactions for HEVs (arrow). D – Fluorescence signals for HEVs 
(arrow). E – High-power magnification of boxed area in C; arrows 
– PrP-positive cells in the HEV wall. F – High-power magnification 
of the boxed area in D; white arrows – PrP-positive cells in the 
HEV wall. G – Histogram statistics of germinal center distribution 
of PrP in DAB-stained tissue sections from two representative 
groups (P=0.139). H – Histogram statistics of DAB intensity and 
the percentage of positive cells in HEVs; (the P values were =0.005 
and <0.001, indicated with a diamond and star, respectively). HEV 
– high endothelial venule, GC – Germinal center.
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DISCUSSION

The proper functioning of a cell relies on the functional 
stability of its ER. As a crucial part of the digestive 
system, the small intestine has the widest surface for 
absorption of nutrients. Therefore, deterioration in the 
ER can be harmful for intestinal integrity and results in 
an inflammatory response in the host organism [24]. 
Given that the small intestine has an essential role in 
immune surveillance, the intestinal barrier function is 
crucial, especially for blocking foodborne exogenous 
pathogens and/or antigens [25,26], such as the prion, a 
proteinaceous infectious agent devoid of nucleic acid. 
Although a number of investigations have reported the 
role of PrPc in prion disease, uptake and transmissions 
of this molecule into the CNS remain still poorly un-
derstood. The general view is that secondary lymphoid 
tissues are the first cluster sites of prions before they are 
transmitted to the CNS [27,28]. Reports have shown 
that scrapie prion accumulates first in Peyer’s patches 
and mesenteric lymph nodes after oral inoculation 
[29,30]. It was suggested that in this process, M cells 
of the dome region covering Peyer’s patches act as an 
endocytic receptor because they express PrPc on their 
surfaces [31]. During the mucosal immune response, 
M cells take up luminal antigens and deliver them to 

dendritic cells through their sac-like structures, which 
are formed by invagination of the basal cell membrane 
[32]. In agreement with these data, we observed weak 
PrP expression in the basal regions of M cells in con-
trol mice. Since we did not determine dendritic cells 
because of the basal localization of low levels of PrP 
in M cells, we assumed that dendritic cells might be 
responsible for PrP migration into Peyer’s patches, in 
agreement with previous data [33,34]. In addition to 
M cells, our study showed that villous enterocytes, 
which are responsible for nutrient absorption, are also 
responsible for basal PrP intake but the number and 
cellular localization of enterocytes expressing PrP in 
the control group was distinctly different from that in 
tunicamycin-treated mice. It has been reported that PrP 
is expressed in the villus and crypt epithelium [35,36], 
and it was also reported that PrP can be observed as 
weak apical granules within enterocytes [35]. These 
results appear to be consistent with our research that 
established that PrP is expressed on enterocytes located 
on the tips of the villi in both control and tunicamycin-
treated mice. Meanwhile, apical PrP accumulations were 
strongly increased within the enterocytes in ER stress. 
However, we could not explain why PrP expression 
was restricted to only a few enterocytes that localized 
on the tips of villi or why these molecules displayed 
apical localizations in enterocytes.

The reasons why PrP expression is restricted to only 
a few enterocytes that localized on the tips of villi and 
why PrP exhibited apical localizations in enterocytes 
remain unknown. However, we speculate that these 
cells might be a powerful candidate for uptake of basal 
PrP from the gut lumen, in common with a previous 
study of the bovine spongiform encephalopathy agent 
[37]. Intriguingly, after the tunicamycin treatment, the 
increased PrP signal was also detected in the lacteals. 
The lacteals are intestinal partners that are responsible 
for the transmigration of PrP into mesenteric lymph 
nodes under pathophysiological circumstances such 
as ER stress. Previous results which reported that the 
disease-related form of PrP was transported from 
enterocytes into lacteals [12] would confirm this as-
sumption, however, further research is required to 
better understand the interface between the enterocyte 
and lacteal. For instance, ER stress could induce an 
impairment of the intestinal barrier [38,39] so that 
enterocytes with disrupted cellular connections would 
allow the PrP to penetrate through from gut lumen into 

Fig. 7. Western blot analysis of tissue extracts from two groups 
showing three immunoreactive bands. Upper panel – di-, mono- and 
non-glycosylated forms of PrP at 40, 34 and 20 kDa, respectively. 
Lower panel – histogram plots of the relative densities of the ob-
tained bands. No significant changes in total PrP levels between 
the two groups were observed (Tn – tunicamycin).
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lacteals. However, our results showed that PrP accu-
mulation occurred along the apical side of enterocytes. 
We assumed that in response to ER stress, PrP-specific 
apical transporter(s) increase on enterocytes, or that 
transport of PrP from the gut lumen into lacteals oc-
curs by transcytosis in the same way as M cells [10].

The high expression of PrP on the M cell apical 
surface has been reported [31]. It was also suggested 
that PrP is a potential antigen receptor for M cells 
and that this cell type could play a crucial role in 
prion disease [32]. However, other authors reported 
conflicting results, and no PrP reactivity on the M cell 
surface was suggested by the Miyazawa et al. [36], in 
line with Ford et al. [35]. The finding that ER stress 
induced PrP intake through enterocytes located in villus 
tips was unexpected and we concluded that the route 
of PrP entry is along the M cell-Peyer’s patch axis to 
the intestinal villus enterocyte-lacteal axis during the 
ER stress. Accordingly, weak immunostained M cells 
were observed in the control group, but this reactivity 
was greatly decreased in stressed mice. However, we 
could not explain how ER stress contributed to this 
change and which molecular mechanism underlies this 
phenomenon remains a mystery and requires further 
study. Although enterocytes have been reported to 
have no phagocytic activity and are not specialized 
for transcytosis [40], it is known that clathrin-coated 
vesicles are major cellular components for transcytosis of 
some nutrients such as vitamin B12 in enterocytes [41].

In the small intestinal villi, lacteals stream into the 
lymphatic network and the afferent lymphatic capillar-
ies of mesenteric lymph nodes [42]. As a compartment 
of the gut immune surveillance machinery, the lacteal 
provides a space for immune cell infiltration [43]. In 
addition to this drainage channel, lacteals may have a 
key role in pathological situations such as inflammatory 
bowel disease, as was reported recently [44,45]. As men-
tioned above, the lacteals can also provide a transport 
route for basal PrP under physiological conditions as 
well as in response to ER stress. Similar to our results, 
disease-related PrP was observed in the lacteals in a sheep 
model but not in the dome of Peyer’s patches [46]. Close 
contacts between lacteals and nerve endings have been 
reported [47,48], however the functional significance 
of this interplay remains poorly understood.

In our experiments, PrP expression was evident in 
some lymphatic cells in the germinal centers of Peyer’s 

patches in control mice. This finding is consistent with 
previous reports that showed the early accumulation 
of orally inoculated prions in Peyer’s patches as well 
as in mesenteric lymph nodes [36]. However, in ER 
stress, the accumulation of PrP in Peyer’s patches was 
strongly decreased.

The wide distribution of PrP in the small intestine 
and its immune system-related compartments both in 
control and ER-stressed mice suggest that this molecule 
uses different routes and targets that are specialized 
according to the pathophysiological state in these 
intestinal sites. Hence it is possible that it serves as a 
regulator for various cellular events related to nutrient 
absorption and host defense mechanisms.

Cross-talk between the mesenteric lymph nodes 
and small intestine is essential for the control of de-
velopment and differentiation of adaptive immune 
system cells [49]. PrP localizations in mesenteric lymph 
nodes in control and stressed mice were described in 
previous studies [35]. HEVs were responsible for PrPSc 
incorporation in mesenteric lymph nodes [50] in the 
absence of follicular dendritic cells (FDC). However, the 
predominant accumulation sites of PrP were follicular 
dendritic cells of the germinal center [35]. Together 
with the germinal centers, we observed increased PrP 
immunoreactivity in the HEV wall of stressed mice, 
suggesting that HEV may be an alternative portal for 
PrP not only in the absence of FDC, but also in the 
presence of these cells. In ER-stressed mice, the levels 
of PrP increased when compared to the control, sug-
gesting that during the pathophysiological state, the 
major accumulation and neuroinvasion site is the FDC.

Western blots of the tissues from each group did not 
reveal clear differences in the intensity of the PrP-specific 
signal. PrP shows three different glycosylation forms, 
non-, mono- or diglycosylated with different molecular 
weights, depending on the number of glycosylation sites 
in its two N-linked oligosaccharide chains [51]. The 
observation that control and tunicamycin-treated mice 
had similar band intensities at ~20 and 34 kDa, but not 
at ~40 kDa was unexpected because tunicamycin is an 
N-linked glycosylation inhibitor. These results suggest 
that PrP molecules from the small intestine and mes-
enteric lymph node escaped the effect of tunicamycin 
(N-glycosylation inhibition), as was previously reported 
in different in vitro models [52]. Although we were 
unable to detect the glycosylation profile of PrP after 
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tunicamycin treatment, it could be argued that non- and/
or monoglycosylated forms of PrP were absorbed from 
gut lumen and transported into intestinal compartments 
and mesenteric lymph nodes. This is in partial agree-
ment with a previous experimental report indicating 
that N-linked glycans are not required for intracellular 
trafficking of PrP [53]. Therefore, the functionality of 
N-linked glycans of PrP in the intake and transport of 
this molecule remains unexplained and further investiga-
tions are needed to clarify the role of the glycosylation 
apparatus for intake of PrP and its transfer to intestinal 
compartments and mesenteric lymph nodules in both 
normal and pathophysiological circumstances.

In conclusion, we demonstrated that in ER stress, 
the intake of PrP from the gut lumen and its transfer to 
the intestinal compartment as well as mesenteric lymph 
nodes occurs through a different route from the M 
cell-dependent pathway. This is summarized in Fig. 8.  
Moreover, our results implied that the glycosylation 

status of PrP does not interfere with the movement of 
this molecule to intestinal lymphoid compartments and 
mesenteric lymphoid sites, even in ER stress. Recent 
studies have linked PrP and barrier-forming cellular 
interactions in intestinal epithelial cells [22]. It was 
postulated that the disruption of several desmosomal 
components of the intestinal epithelium impairs barrier 
function and thereby contributes to the pathogenesis of 
intestinal disorders such as inflammatory bowel disease 
[22]. Similarly, ER stress in the intestinal epithelial cells 
also activates the host immune response and induces 
inflammatory bowel disease [39]. In this study, a striking 
difference between control and ER-stressed mice was 
revealed as regards the absorption and transfer of PrP into 
intestinal lymphoid sites and mesenteric lymph nodes. 
Finally, the elucidation of the underlying mechanisms 
that control the PrP route during pathophysiological 
states will contribute towards the development of new 
strategies against prion diseases, as well as intestinal 
disorders such as inflammatory bowel disease.
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