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Overexpression of human leukocyte antigen-E (HLA-E) in genetically modified pigs is a potential 
strategy to reduce immune responses generated by human natural killer (NK) cells after solid 
organ transplantation. Therefore, evaluating the effects of in vivo HLA-E expression is essential 
to clarify emerging issues of transgene efficiency in pig organs. This study aims to investigate the 
expression of HLA-E protein in the liver of transgenic pigs with reference to the hepatic lobular 
architecture and to determine whether the addition of the two protective transgenes (hFUT2×hGLA) 

*This work was supported by The National Centre for Research and Development Poland (Grant No. 
INNOMED/I/17/NCBR/2014) in the framework of the “INNOMED” programme titled “Development of 
an innovative technology using transgenic porcine tissues for biomedical purposes”. Acronym: “MEDPIG”
**Corresponding authors: marek.romek@uj.edu.pl               



380

in pig cells affects the HLA-E expression pattern in triple transgenic liver. Here, we used confocal 
immunofluorescence and Western blotting to study the distribution and quantification of HLA-E 
protein in the liver of transgenic pigs carrying only the HLA-E transgene and from triple transgenic 
pigs (hFUT2×hGLA×HLA-E) designed to express HLA-E and human α1,2-fucosyltransferase 
(hFUT2) and α-galactosidase A (hGLA). In all transgenic animals the HLA-E protein was evenly 
distributed in hepatic lobules with no evidence of zonation pattern or gradient formation, and almost 
absent in interlobular connective tissue septa. Quantification of immunofluorescence and Western 
blot revealed a significantly higher expression of HLA-E protein in the liver of transgenic pigs 
compared to non-genetically modified pigs. However, no significant differences were observed in the 
level of HLA-E protein between the single and triple transgenic animals. This study demonstrates 
that expression of the HLA-E transgene in porcine liver is stable, not affected by hFUT2×hGLA 
genetic background and likely independent of mechanisms maintaining hepatic zonation of the liver 
lobules.

KEY WORDS: transgenic pigs / human leukocyte antigen E / human α-1,2-fucosyltransferase / 
                                   human α-galactosidase / alpha-gal / liver zonation

Recent advances in xenotransplantation indicate that several genetic modifications 
must be introduced into pigs to make their organs more compatible with human immune 
systems and physiology [reviewed in Cooper et al. 2019, Ladowski et al. 2019, Sykes 
and Sachs 2019, Lu et al. 2020]. The principal modifications include a triple-knockout 
(TKO) of genes coding for the three known carbohydrate xenoantigens, namely 
galactose-α1,3-galactose (alpha-Gal), N-glycolylneuraminic acid (Neu5Gc), and Sda 
produced by the enzyme β-1,4-N-acetylgalactosaminyltransferase (B4GALNT2). As 
these TKO pigs constitute the basic genetic background, several transgenic proteins 
have been studied for optimal beneficial effects in overcoming the immune barriers. 

The human leukocyte antigen-E (HLA-E) is classified as a non-classical major 
histocompatibility complex (MHC) class Ib molecule together with two additional 
members of this family HLA-F and HLA-G. Non-classical HLA molecules, in contrast 
to classical Ia antigens HLA-A, -B and -C, are characterized by limited polymorphism 
as well as by a particular expression pattern and functional profile [Kochan et al. 
2013, Kraemer et al. 2014]. Unlike other class Ib proteins the HLA-E is present in all 
nucleated cells at low levels, although it is most abundantly expressed on endothelial 
cells and various types of immune cells [Lee et al. 1998, Coupel et al. 2007]. It is 
well known that HLA-E is a major ligand for the natural killer (NK) cells inhibitory 
receptor CD94/NKG2A [Lee et al. 1998, Matsunami et al. 2002, Lilienfeld et al. 2007] 
and has been demonstrated to suppress macrophage mediated cytotoxicity [Maeda 
et al. 2013, Esquivel et al. 2015]. The unique biological properties of HLA-E in 
suppressing immune responses have been successfully exploited for the development 
of various genetically engineered pig models. These animals were used for the study 
of mechanisms involved in human NK cell - porcine endothelial cell interactions 
[Weiss et al. 2009, Maeda et al. 2013, Puga Yung et al. 2017, 2018] as well as for the 
designing molecular strategies to prevent NK cell-dependent rejections of selected 
organs, such as kidneys [Weiss et al. 2009], heart (Abicht et al. 2018], lungs (Laird 
et al. 2017, Burdorf et al. 2018] and porcine forelimbs [Bongoni  et al. 2014, Puga 
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Yung et al. 2018]. Collectively, the results from these studies clearly indicate that 
genetic modification of porcine cells to express HLA-E allows binding of HLA-E to 
the CD94/NKG2A inhibitory complex on circulating NK cells and results in potent 
inhibition of NK cell cytotoxicity responsible for endothelial damage. However, there 
is insufficient evidence to predict what the impact of transgenic HLA-E expression will 
be in a highly vascular porcine liver, which is also the largest internal organ in the body 
showing exceptional regenerative capacity. Moreover, liver sinusoidal endothelial cells 
are implicated in regulation of key metabolic functions [DeLeve 2013].

Pig liver is the optimal model for translational studies due to anatomical and 
physiological similarities with human liver, and a high degree of genetic similarity 
between the two species [Eberlova et al. 2020]. However, compared to porcine kidney 
and heart, transplantation of genetically engineered liver in nonhuman primates have 
proven difficult, mostly due to profound thrombocytopenia and coagulopathy limiting 
graft survival to almost 30 days [Patel et al. 2017, Shah et al. 2017, Lamm et al. 2022]. 

The liver tissue architecture is highly complex and conserved among mammals, 
and displays a remarkable phenomenon known as metabolic zonation [Jungermann 
and Keitzmann 1996, Gebhardt and Matz Soja 2014, Ben-Moshe and Itzkovitz 2019]. 
At the microscopic level, the liver consists of hexagonal units called lobules. Hepatic 
cells are arranged within the lobules in concentric plates along the sinusoidal capillary 
network extending from the central vein to portal triad. Although morphologically 
similar, hepatocytes are highly diverse in their metabolic activities resulting in spatial 
separation of various metabolic pathways along the liver sinusoids. While hepatic 
cells located in the outer periportal zone express higher levels of enzymes involved in 
gluconeogenesis and β-oxidation, the centrilobular hepatocytes distributed around the 
central vein are specialized in glycolysis, lipogenesis, and detoxification. Metabolic 
zonation of endothelial cells and hepatic stellate cells is another prominent feature of 
liver biology [Lamers et al. 1989, Halpern et al. 2017, 2018, Dobie et al. 2019].

Here, we ask whether these intricate zonation pattern of hepatic functions has any 
impact on the HLA-E protein expression in transgenic pig liver. This is important issue 
when considering that efficient and stable expression of human transgenes is essential 
to promote long-term protection of vital organs with a low cell turnover, such as the 
heart, kidney, lung, pancreas, and liver [Hryhorowicz et al. 2017, Cooper et al. 2019].

Recently, transgenic pigs have been generated and extensively characterised by 
Hryhorowicz et al. [2018] for the purpose of studying the inhibitory effects of HLA-E 
on the human NK cell-mediated immune responses as a complementary strategy to 
protect porcine xenograft. This model was created by direct pronuclear microinjection 
of the DNA construct pHLAE-GFPBsd containing the HLA-E gene into fertilized 
oocytes. The strong constitutive promoter of the elongation factor 1α (EF-1α) was 
used to ensure systemic and high-level transgene expression. Moreover, a new 
pig model (hFUT2×hGLA×HLA-E) that express the HLA-E and two other human 
transgenes α1,2-fucosyltransferase (hFUT2) and α-galactosidase A (hGLA) associated 
with glycosylation pathways was also developed [unpublished, Słomski and Smorąg]. 

HLA-E in transgenic pig liver
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The aim of our study was to evaluate the expression of HLA-E protein in the 
liver of transgenic pigs by immunofluorescence and Western blotting approaches with 
reference to lobular structure. We also aimed to investigate whether the addition of 
the two protective transgenes hFUT2×hGLA in pig cells affects the HLA-E expression 
pattern in triple transgenic liver. 

Material and methods

Animals

All animal procedures were conducted in accordance with the European Directive 
2010/63/EU and approved by the Second Local Ethics Committee in Krakow, Poland.  
Permission 1181/2015 from 21 May 2015. Pigs were maintained under conventional 
conditions in the pigsty of the Department of Biotechnology of Reproduction and 
Cryopreservation, National Research Institute of Animal Production at Balice near 
Krakow. The veterinary care was provided by the institution. All transgenic pigs 
were generated for the purposes of xenotransplantation related studies. A detailed 
molecular, cytogenetic, and functional characteristic of single transgenic pigs with 
HLA-E expression has been previously reported in Hryhorowicz et al. [2018]. Fresh 
liver samples were collected from the single transgenic pigs (n=3) designed to express 
the human leukocyte antigen-E (HLA-E) and from recently generated triple transgenic 
pigs (n=3) expressing human α1,2-fucosyltransferase (hFUT2), α-galactosidase 
(hGLA) and human leukocyte antigen E (hFUT2×hGLA×HLA-E). Liver samples 
obtained from non-genetically modified pigs (Polish Large White) (n=2) served as a 
control group (CTR nTG). Liver tissue samples were obtained from 12- to 18-month-
old pigs weighing 150-200 kg after slaughter of the animal and immediately frozen in 
liquid nitrogen for further experimental methods. 

Immunofluorescence staining

Porcine liver samples were cryosectioned at 6 μm and collected onto poly-L-lysine 
coated microscopic slides. Sections were fixed with 4% paraformaldehyde in PBS for 
10 min, washed in PBS and blocked in 5% Normal Goat Serum/PBST (Phosphate 
buffer saline with 0.1% v/v Triton X-100, Bioshop Inc., Burlington, Canada) for 45 
min. Then sections were incubated overnight at +4°C with the following primary 
antibodies: mouse monoclonal antibody against human leukocyte antigen E (ab11820, 
Abcam) diluted 1:200 in PBST, rabbit polyclonal antibody recognising human α1,2-
fucosyltransferase (ab198712, Abcam) diluted 1:150, and rabbit polyclonal antibody 
against human α-galactosidase (PA5-27349, ThermoFisher Scientific, Waltham, MA, 
USA) diluted 1:200. The next day sections were washed several times in PBST and 
treated with appropriate secondary antibody Goat anti-Mouse or Goat anti-Rabbit 
labelled with Cy3 (Jackson Immuno Research) diluted 1:600 in PBST and incubated 
for 1 h at room temperature. After final washes sections were mounted in Fluoroshield 
with DAPI mounting medium (F6057, Sigma-Aldrich, St. Louis, MO, USA) and 
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coverslipped. Fluorescently labelled sections were examined by Olympus FV1200 
Confocal Microscope (Olympus, Tokyo, Japan) and images were acquired using a 543 
nm HeNe laser line at a resolution of 1024 × 1024 pixels. The fluorescence signal was 
detected from 583 to 593 nm. The relative fluorescence intensity was quantified in 
each, randomly chosen region of interest (ROI) using ImageJ version 1.46r software 
(National Institutes of Health, Bethesda, MD, USA) in a greyscale of 256 levels as 
previously described [Romek et al. 2017]. For each genetically modified and control 
pig three sections were sampled by 70 ROI.

Western blot analysis

Total protein was extracted from frozen liver tissue samples by using 
radioimmunoprecipitation assay lysis buffer (RIPA buffer, Thermo Fisher Scientific, 
Waltham, MA, USA) containing 1% of proteinase inhibitor cocktail (RIPA+PI; Bioshop 
Inc., Burlington, Canada). Liver samples were cut into small pieces of approximately 2 
mm3 and homogenized in 300 µL RIPA+PI. Tissue lysates were centrifuged at 14 000 × 
g for 15 min at +4°C and supernatant collected. Protein concentration was determined 
with microassay DCTM Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA) 
using bovine serum albumin as a standard. Protein samples were diluted in 2× Laemmli 
Sample Buffer (Bio-Rad Laboratories, Hercules, CA, USA) with β-mercaptoethanol 
(BME; Sigma-Aldrich, St. Louis, MO, USA) and denatured at 100°C for 5 min. Then 
proteins were separated in SDS-PAGE by using 5% stacking and 10% resolving gels. 
Molecular weights were estimated with reference to standard proteins (Precision 
Plus Dual Color Protein Standards, Bio-Rad Laboratories, Hercules, CA, USA). For 
immunoblotting proteins were transferred onto PVDF membrane (Immobilon, Merck) 
at 250 mA for 120 min. Membranes were blocked for 1 h in 5% non-fat milk in TBST 
(Tris buffer saline with 0.1% v/v Tween20, Bioshop Inc., Burlington, Canada) and after 
several washes in TBST, incubated overnight at +4°C with the primary antibodies (the 
same as those used for immunofluorescence labelling) against HLA-E diluted 1:1000 
in TBST, human α1,2-fucosyltransferase at dilution 1:1000 or human α-galactosidase 
diluted 1:1000. The β-actin was used as a reference protein (Mouse monoclonal anti-
β-actin antibody diluted 1:2000, ab8224, Abcam). Then membranes were washed in 
TBST and incubated with appropriate secondary antibodies horseradish peroxidase 
(HRP) conjugated Goat anti-Mouse or Goat anti-Rabbit (ThermoFisher Scientific, 
Waltham, MA, USA) at dilution 1:6000 in TBST for 1 h at room temperature. Finally, 
membranes were washed in TBS. Protein bands were detected by chemiluminescence 
using ClarityTM Western ECL Blotting Substrate (Bio-Rad Laboratories, Hercules, 
CA, USA) and visualized with the ChemiDocTM XRS+ Imaging System (Bio-Rad 
Laboratories, Hercules, CA, USA). Protein bands were quantified using the Image 
LabTM 2.0 Software (Bio-Rad Laboratories, Hercules, CA, USA) by measurement of 
their relative optical densities.

HLA-E in transgenic pig liver
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Statistical analysis

Quantitative data were expressed as the mean ± standard error of the mean and 
examined using the Shapiro–Wilks W test for normality. Comparisons between the 
appropriate means were performed by one-way analysis of variance (ANOVA), 
followed by Tukey HSD post hoc test. Statistical significance was marked accordingly: 
**p<0.01, ***p<0.001. 

Results and discussion

In this study we applied immunofluorescence staining and confocal microscopy 
to assess the spatial pattern of human leukocyte antigen E expression in the liver of 
single HLA-E transgenic and triple hFUT2×hGLA×HLA-E transgenic pigs. In the liver 
tissue of control non-transgenic pigs (CTR nTG) we observed weak, barely detectable 
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Fig. 1. Immunofluorescence labelling of HLA-E protein in liver tissue sections obtained from (a) control 
non-transgenic pigs CTR (nTG) and from (b) single HLA-E transgenic and (c) triple hFUT2×hGLA×HLA-E 
transgenic pigs. Immunofluorescent staining with Cy3 labelled secondary antibodies (red) and DAPI 
counterstaining (blue). Scale bars represent 100 μm. The immunofluorescence signal of HLA-E was 
detected in the lobules as a punctuate pattern distributed homogeneously along the porto-central axis and 
was very weak within interlobular septa. Analysis showed barely detectable positive background signal 
from HLA-E in the control group CTR (nTG) (a).
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positive signal from the HLA-E immunostaining (Fig. 1a). In contrast, the HLA-E 
was brightly expressed in the liver tissue of both single and triple transgenic pigs and 
was evenly distributed between the central vein and portal triads in hepatic lobules 
and almost absent in interlobular connective tissue septa (Fig. 1b and c). Importantly, 
the HLA-E protein was present homogeneously throughout the liver lobules with 
no evidence of zonation pattern or gradient formation, indicating that this transgene 
expression is not influenced by factors regulating hepatic zonation. Quantification 
of fluorescence intensity showed significantly higher (p<0.01) expression of HLA-E 
protein in both single transgenic and triple transgenic porcine liver in comparison 
to control non-transgenic pigs, while there was no difference in HLA-E expression 
between the single transgenic and triple transgenic pigs (Fig. 2). Western blot analysis 
revealed the presence of HLA-E protein with an estimated molecular weight of about 
43 kDa in the liver of all transgenic pigs (Fig. 3A). In a control group we observed 
a positive signal for HLA-E, well above the background. Quantification of Western 
blots showed that the relative expression of HLA-E protein was significantly higher 
(p<0.01) in transgenic variants than that in the control non-transgenic group (Fig. 
3B). No significant difference in HLA-E expression was detected between the single 
transgenic and triple transgenic pigs. 

HLA-E in transgenic pig liver

Fig. 2. Semi-quantitative analysis of immunofluorescence staining of human leukocyte antigen E (HLA-E) 
in the liver cryostat sections from the control non-transgenic pigs CTR (nTG) and from single HLA-E 
transgenic and triple hFUT2×hGLA×HLA-E transgenic pigs. Bar graphs show mean ±SEM. p-values are 
denoted as **p<0.01.

The liver tissue is highly regenerative and is also known for its structural stability 
with remarkable low cellular turnover. Under normal, homeostatic conditions less 
than 1-2% of rodents hepatocytes are cycling, with the remainder persisting for weeks 
to months in a quiescent G0 state [Stranger 2015, MacDonald 1961]. Hence, in view 
of our results, we hypothesise that the uniform, non-zonal distribution of HLA-E 
would be beneficial for immune protection of lobular structures when considering its 
potential translational value in suppressing the primate cellular response to porcine 
antigens. 
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Recent reports have provided evidence that in normal human liver HLA-E protein 
was expressed in hepatocytes and Kupffer cells and it was significantly upregulated 
in patients with chronic hepatitis C [Araújo et al. 2018, 2021]. In a comparative study 
Coupel et al. [2007] investigated the HLA-E protein expression in normal human 
organs such as kidney, skin, liver, salivary gland, urinary bladder, thyroid, stomach, 
and endometrium. These authors have shown that HLA-E immunostaining was mainly 
restricted to endothelial cells and was consistently observed on endothelial cells from 
all types of vessels, including arteries, veins, capillaries, and lymphatics. They also 
reported that HLA-E was basally expressed by B and T lymphocytes, natural killer 
(NK) cells and by macrophages. In human liver, NK cells are the major lymphocyte 
population and make up to 50% of hepatic lymphocytes [Fahrner et al. 2016, Yamagiwa 
et al. 2009]. In another study, Weiss et al. [2009] generated transgenic pigs expressing 
HLA-E with an HLA-B7 signal sequence and human β2-microglobulin (huβ2m) and 
revealed by immunohistochemistry the strong HLA-E protein expression in endothelia 
of all investigated organs, that is, heart, kidney, pancreas, lung, liver, and brain of 
transgenic pigs. Together, all these results indicate that transgenic HLA-E expression 
in porcine liver and other vascular organs is highly consistent with the endogenous 
HLA-E gene expression pattern found in human organs. It follows, therefore, that this 
transgene expression in endothelial cells is inherently stable in vivo. 

J. Wiater et al.  

Fig. 3. Western blot analysis of the relative expression of human leukocyte antigen E (HLA-E) proteins in 
single HLA-E transgenic, triple hFUT2×hGLA×HLA-E transgenic and non-transgenic porcine liver. (A) 
Representative blots of the expression of HLA-E proteins in the liver samples derived from single and 
triple transgenic as well as non-transgenic, control pigs (CTR nTG). The β-actin was a loading control for 
all analysed proteins. (B) The results of relative expression in arbitrary units of HLA-E. Bar graph show 
mean ±SEM. The red line is taken as the cut-off value 1.0. p-values are denoted as: **p<0.01.
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The functional significance of stable HLA-E expression in the vascular endothelial 
cell compartment has already been explored in genetically modified pig organs 
perfused ex vivo with human blood [Bongoni et al. 2014, Laird et al. 2017, Abicht et 
al. 2018, Puga Yung et al. 2018]. In general, the transgenic HLA-E expression on the 
background of α1,3-Galactosyltransferase knockout (GalTKO) and human membrane 
cofactor protein (hCD46) was associated with decreased NK-mediated cytotoxicity 
supporting the xenoprotective value of HLA-E. The endothelial cells derived from 
HLA-E transgenic pigs, which were used in the present study, were previously tested 
in NK cell cytotoxicity assays, and showed greater viability in vitro in comparison to 
the wild-type controls [Hryhorowicz et al. 2018]. 

In this study we have also investigated the hepatic HLA-E protein expression 
in recently developed [unpublished, Słomski and Smorąg] triple transgenic pigs 
(hFUT2×hGLA×HLA-E) expressing HLA-E and human α1,2-fucosyltransferase 
(hFUT2) and α-galactosidase (hGLA). These multi-transgenic pigs were chosen 
due to the following reasons: (i) cooperative activity of hFUT2 and hGLA in the 
Golgi apparatus can ultimately modify the cell surface glycosylation by removing 
alpha-gal carbohydrate, although, as we have shown recently, the simultaneous 
expression of these two transgenes improves the removal of the Galα1→3Gal epitope 
in porcine liver, it is not sufficient enough for complete elimination of this major 
xenoantigen from liver tissue [Wiater et al. 2020]; (ii) the minimally polymorphic 
HLA-E is a highly active molecule expressed on the surface of endothelial cells 

HLA-E in transgenic pig liver

Fig. 4. Immunofluorescence labelling of human α1,2-fucosyltransferase (a) and α-galactosidase A (b) in 
cryostat tissue sections obtained from triple hFUT2×hGLA×HLA-E transgenic porcine livers as well as 
from non-transgenic, control pigs CTR (nTG) (inserts). Immunofluorescent staining with Cy3 labelled 
secondary antibodies (red) and DAPI counterstaining (blue). Scale bars represent 100 μm. Analysis 
showed barely detectable positive background signal from α1,2-fucosyltransferase in the control group 
(CTR nTG).
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and other cell types. To confirm the functional expression of hFUT2 and hGLA 
transgenes in the liver of triple transgenic pigs we examined the expression of human 
α1,2-fucosyltransferase and α-galactosidase A proteins by immunofluorescence 
(Fig. 4) and Western blotting (Fig. 5). The immunofluorescence signal from α1,2-
fucosyltransferase was almost homogeneously distributed in hepatic lobules (Fig. 4a) 
while that of α-galactosidase A was less homogenous and detected in small clusters 
of hepatocytes and in the interlobular space (Fig. 4b). In the control non-transgenic 
liver, the α1,2-fucosyltransferase and α-galactosidase A were barely detectable by 
immunofluorescence (Fig. 4 inserts). Our Western blot analysis also revealed the 
presence of both human α1,2-fucosyltransferase and α-galactosidase A proteins 
with molecular weight of approximately 41 kDa in triple transgenic pig liver (Fig. 
5A). The relative expression of these proteins was significantly higher (p<0.001) in 
transgenic variants than that in the control non-transgenic group (Fig. 5B and C). 
Beta-actin used as a loading control was detected at 42 kDa. Hence in this study, 
our immunofluorescence and Western blot data showed that hFUT2×hGLA genetic 
background had no effects on the expression of HLA-E protein in hepatic tissue.

The liver functions performed in homeostatic conditions are intimately related with 
zonal activity of hepatic genes, as most of them exhibit spatially graded expression 
patterns [Jungermann and Keitzmann 1996, Gebhardt and Matz-Soja 2014, Ben-Moshe 
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Fig. 5. Western blot analysis of the relative expression of recombinant human α1,2-fucosyltransferase 
and α-galactosidase A proteins in triple hFUT2×hGLA×HLA-E transgenic and non-transgenic porcine 
liver. (A) Representative blots of the expression of rhα1,2-FT and rhα-Gal A proteins in the liver samples 
derived from triple transgenic as well as non-transgenic, control pigs (CTR nTG). The β-actin was a 
loading control for all analysed proteins. (B and C) Bar graph show mean ±SEM. The red line is taken as 
the cut-off value 1.0. p-values are denoted as: ***p<0.001.
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and Itzkovitz 2019]. These are primary regulated by the canonical Wnt pathway and 
unidirectional blood flow from the portal area to central vein, which creates several 
gradients of oxygen, hormones, nutrients, and metabolites along the porto-central axis 
of liver lobule. In addition, Cheng et al. [2018] generated glucagon deficient (Gcg−/−) 
mice and demonstrated that glucagon also contributes to liver metabolic zonation 
through a counterplay with the Wnt/β-catenin signalling pathway. Interestingly, the 
expression of glucagon receptor (Gcgr) and insulin receptor (Insr) did not reveal 
zonation pattern but was evenly distributed throughout the liver lobules in both Gcg−/− 
and WT mice [Cheng et al. 2018]. Recently, Halpern et al. [2017] measured the entire 
transcriptome of mouse liver cells by employing single-cell RNA-sequencing and 
single molecule fluorescence in situ hybridization and found that around 50% of liver 
genes are significantly zonated. Their analysis also revealed that about two thirds of 
these zonated genes were not predicted targets of either Wnt, hypoxia, Ras signalling 
or pituitary hormones. Another recent study reported the presence of non-metabolic 
zonation of tight junction protein claudin-2 and cell adhesion protein E-cadherin in 
the liver of transgenic mouse model Cldn2-EGFP and demonstrated that endothelial 
Wnt signalling is required for this phenomenon [Ma et al. 2020]. However, to our 
knowledge no data is available regarding the physiological regulation of the HLA-E 
gene expression in human liver in the context of liver zonation. In the present study, 
we used immunofluorescence staining to show the localization of HLA-E protein in 
the liver of single transgenic and triple transgenic pigs. Since we did not detect any 
signs of zonal distribution of the HLA-E protein in liver lobules we would suggest that 
transgenic HLA-E expression is likely independent of signalling pathways involved in 
metabolic and non-metabolic liver zonation.

In conclusion, our results show the uniform distribution of HLA-E protein in 
hepatic lobules of transgenic porcine liver and suggest that HLA-E expression is 
apparently stable in different genetic backgrounds and regulated independently of 
mechanisms responsible for liver zonation. Further research of HLA-E and other 
human transgenic proteins expressed in porcine liver should consider in more detail 
the aspect of liver zonation as this feature is fundamental for liver biology. 
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