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Preface

Som forskerlinjestudent har jeg de siste arene forsket pa replikasjonssyklusen til BK
Polyomavirus i nyreepitelceller. | forbindelse med dette arbeidet har forskergruppen jeg er
en del av sett behovet for en polarisert cellekulturmodell av nyreepitelceller. Det er forsket
sveert lite pa BK Polyomavirus i slike modeller og vi bestemte oss derfor for a utvikle en slik
modell. De fgrste pilotforsgkene jeg utfgrte pa polarisering av nyreepitelceller i cellekultur er
blitt til denne masteroppgaven. Etter pilotforsgkene har jeg fortsatt arbeidet med
nyreepitelcellemodellen og jeg planlegger a bruke den i min videre forskning og i mitt

fremtidige doktorgradsarbeid.

Prosessen og arbeidet med modellen har veert sveert lzererik og jeg har tilegnet meg nyttig
kunnskap om nyreceller, cellebiologi og cellekulturmodeller. Dette vil komme til nytte i mitt

videre forskningsarbeid.

Prosjektet varte fra oktober 2018 til august 2019. Forbruksmateriell og celler ble dekt av
Avdeling for Mikrobiologi og Smittevern ved UNN. Prosjektet har ikke mottatt ekstern

finansiering.

Jeg vil takke min hovedveileder, Christine Hanssen Rinaldo, for sveert god veiledning med
laboratoriearbeid, metodevalg og skriving av oppgaven. Videre vil jeg takke henne for at hun
oppmuntrer og hjelper meg til a forfglge egne ideer i mitt forskningsarbeid. Jeg vil ogsa takke
min biveileder, Stian Henriksen, for uvurderlig hjelp og opplaering pa lab samt for hans
talmodige og konstruktive tilbakemeldinger. Takk til Randi Olsen og Augusta H. A. Sundbg pa
Kjernefasiliteten for Avansert Mikroskopi for preparering av prgver til elektronmikroskopi og
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Abstract

Introduction: Epithelial cells are specialized cells with an apicobasal polarity that allows
them to exert their functions, such as acting as a barrier and controlling flow and transport
of molecules across the epithelial layer. Polarized epithelial cell models have been developed

for several organs and yield a more in vivo-like organization than cell monolayers.

BK Polyomavirus (BKPyV) is a ubiquitous virus that infects polarized epithelial cells in the
reno-urinary tract. High-level replication in these cells may cause severe disease. Much
research has been done on BKPyV, but the majority of studies on BKPyV have been done in
non-polarized epithelial cell culture models. We therefore chose to develop a polarized renal

cell culture model for assessing the replication cycle of BKPyV.

Materials and methods: Adult and fetal human primary renal proximal tubule epithelial cells
(RPTECs), immortalized RPTECs and urinary cells were seeded on collagen-coated permeable
supports and allowed to differentiate. After differentiation, cells were examined for polarity
markers by immunofluorescence and/or electron microscopy. For infection studies, RPTECs
were infected with BKPyV, and after three days the cells were fixed and
immunofluorescence staining with primary antibodies directed against BKPyV VP1 and

agnoprotein was performed.

Results: Immunofluorescence microscopy demonstrated that adult RPTECs, immortalized
RPTECs and urinary cells developed a polarized morphology with microvilli, primary cilium
and apicobasal polarity. Electron microscopy of adult RPTECs confirmed the presence of
microvilli. In contrast, fetal RPTECs did not polarize in culture. After polarization, adult
RPTECs were still permissive for BKPyV-infection as shown by agnoprotein- and VP1-staining

three days after infection.

Conclusions: Adult human RPTECs, immortalized RPTECs and urinary cells develop a
polarized morphology on permeable supports. Polarized adult RPTECs are permissive for

BKPyV infection. These cell culture models will be useful for research on BKPyV.
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RPTEC Renal proximal tubular epithelial cells
EPP Epithelial polarity programme
ECM Extracellular matrix

IF Immunofluorescence
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Z0-1 Zona occludens-1
Na/K-ATPase Sodium-potassium ATPase
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Introduction

Polarized epithelial cells

Epithelial cells are specialized cells that line the lumen of several organs and structures. For
instance, the renal tubules, intestines and pulmonary bronchi all have lumens lined with
specialized epithelial cells. Although these tissues and structures have different functions,
the epithelium lining their lumens perform many of the same task - it acts as a barrier and
controls the transport and flow of molecules and solutes across the epithelium and increases
the mechanical strength of the tissue (1-6). To do this, polarization of the epithelial cells is

essential.

In polarized cells, macromolecules, such as proteins and lipids, the cytoskeleton and
organelles are asymmetrically distributed throughout the cell. In epithelial tissues, this
asymmetry yields two distinct membrane domains, an apical and a basolateral domain. This
asymmetry is called apicobasal polarity and is crucial for the function of epithelial tissues (2,
3, 5). The apical domain constitutes the top portion of the cell with the microvilli brush
border and a primary cilium. It is free of cell-cell contacts and face the lumen in tubular
organs (5). The basolateral domain covers the lateral and basal membrane (2, 3). The lateral
membrane has several cell-cell-contacts and junctions that connect the apical and basal
membrane, while the basal membrane is opposite to the apical membrane and in contact

with extracellular matrix and the basement membrane (5).

The apical membrane is responsible for secretion and uptake of solutes and molecules, as
well as acting as a barrier, restricting flow of solutes and hindering pathogens from crossing
the monolayer. Together with tight junctions, the apical membrane makes up the
paracellular barrier. Additionally, the apical membrane has microvilli and a single primary
cilium. The primary cilium, together with apical microvilli, gathers important sensory
information, such as flow in the renal tubules (7, 8). The lateral parts of epithelial cells in the
epithelial lining is connected through junctions in the lateral domain, specifically tight and
adherence junctions. These junctions are important for binding the individual cells in the
epithelium together, yielding mechanical strength to the epithelium. The apical and

basolateral membrane of epithelial cells are each connected with a separate compartment,



the apical lumen or the interstitial space, respectively (1-3). In the basal part of the cells, the
cells are enriched in extracellular matrix (ECM) receptors, such as integrins, that anchors the
cells to the extracellular matrix and basement membrane (2). Like the apical membrane, the
basal and lateral membrane also have several different transporters, e.g. sodium-potassium

ATPase, partaking in the flow of molecules and solutes across the cell layer.

Initiation and establishment of polarity is dependent on the epithelial polarity programme
(EPP) (3). The EPP consists of several conserved protein groups; the Crumbs complex, the Par
system, Scribble and Rho GTPases, that all play vital parts in regulation of polarization (3, 4).
Polarization starts with symmetry breaking caused by a cue. Examples of cues that can
contribute to symmetry breaking are ECM-contacts, developmental cues, cell-cell contacts
and chemical cues (5). After symmetry breaking, polarity is established by asymmetric
targeting and localization of proteins, lipids, macromolecules to the plasma membrane as
well as reorganization of the organelles and cytoskeleton (5). Apically, the PAR-proteins,
atypical protein kinase C and the Crumbs complex reside (6), while PAR-1 and the Scribble
proteins are most important for establishment of the basolateral domain and are essential

for excluding apical proteins from the basolateral domain (4-6).

After initiating polarization, the EPP maintains polarity through mutual exclusion between
the apical and basolateral polarity proteins. This antagonism excludes apical polarity
proteins from the basolateral domain and vice versa. Mutual exclusion is essential for
correct localization of junctional complexes and the formation of a non-overlapping apical
and basolateral domain. If this antagonism is shifted or disrupted, a specific membrane

domain can expand or overlap the other domain (4, 5).

Markers of polarity

As already mentioned, polarized epithelial cells have several known features and structures.
The presence of these features can therefore be used to assess if cells are polarized.
Immunofluorescence (IF) microscopy and electron microscopy (EM) are two much used and
suitable methods to assess if such features are present. IF microscopy can be used to assess
protein expression and localization and if a cell has two distinct membrane domains. EM

allows for the direct visualization of subcellular structures.



The primary cilium is a specialized sensory organelle present on most mammalian cells (7, 9).
It is a solitary organelle or structure that protrudes from the apical membrane into the
extracellular environment (2) and partakes in several different processes depending on the
cell and organ (7, 9). In the kidney, the primary cilium is important for sensing of urine flow
and correct renal tubular cell morphology (9, 10). Studies have also shown that polarized
renal epithelial cells in different cell models develop a primary cilium (11, 12). With IF
microscopy, the primary cilium can be visualized by staining cells for acetylated tubulin (12).
When examined with IF, the primary cilium is visualized as a distinct stained punctum or a
snaking line at the apical membrane of the cell. In the lateral view of confocal microscopy
images, the primary cilium is seen as a solitary structure that protrudes from the apical

membrane (12, 13). Additionally, the primary cilium can be directly visualized by EM (12).

Microvilli, finger-like protrusion of the apical membrane, is another morphological feature of
polarized epithelial cells (2, 14). They are present on many polarized cell types, for instance
renal proximal tubular epithelial cells and intestinal epithelial cells (15, 16). Microvilli
increase the surface area of epithelial cells and are important for sensing and modulating
tubular flow and reabsorption (8). To visualize microvilli, both electron microscopy and IF
microscopy is suitable. EM allows one to directly visualize the individual microvilli (16), while
for IF, microvillous proteins are used as markers to visualize the apical brush border (12).
Ezrin and villin are two examples of proteins often used to visualize the microvilli by IF

microscopy (12).

Tight junctions and adherens junctions are two structures in the lateral membrane of
polarized epithelial cells (2, 17). Tight junctions are localized at the junction between the
apical and the lateral membrane and act as an intercellular barrier. The barrier separates the
apical and basolateral compartment and restricts paracellular transport and flow of solutes
and molecules (17). To examine if cells have tight junctions, proteins in the tight junction-
complex can be examined by IF microscopy and used as markers for tight junctions, allowing
one to assess the presence and localization of the junctions. Zona occludens-1 (ZO-1) is a
tight junction protein that is often used to assess if cells have tight junctions. Other tight

junctions proteins frequently used are occludins and claudins (18).



The adherens junctions are localized more basal compared to tight junctions. They attach
the epithelial cells to each other and provide adherent strength to the epithelium (17).
Catenin and cadherin are examples of important adherens junction-proteins, with epithelial
cadherin (E-cadherin) as the most abundant. Like tight junction-proteins, proteins in the
adherence junctions can be utilized to assess if cells have adherens junctions and where they
are localized. Lastly, adherens junctions and adherens junction-proteins are a feature of the
basolateral membrane and can therefore be used as a marker of the basolateral membrane.
In addition to IF-staining, tight junctions and adherence junctions can be visualized by EM.
On EM, both tight and adherens junctions appear as electron dense fusions of the lateral

membrane between neighboring cells (19, 20).

Integrins are ECM-receptors localized to the basal membrane, where they facilitate cell-ECM
adhesion. Because of their localization, they are markers for the basolateral membrane (1,

17).

The sodium-potassium ATPase (Na/K-ATPase) enzyme is a protein transporting sodium and
potassium across the plasma membrane (12, 21). In epithelial cells with an established
apicobasal polarity, Na/K-ATPase is restricted to the basolateral membrane, while in non-
polarized cells it is localized in the entire plasma membrane (22, 23). This restriction of Na/K-
ATPase to the basolateral membrane makes it a useful marker of apicobasal polarity and the
basolateral membrane. Furthermore, Na/K-ATPase can be used to assess if cells have

separate membrane domains or a symmetrical, single domain plasma membrane.

Cytokeratins (CK), a group of cytoskeletal intermediate filaments, is another group protein
expressed in polarized epithelial cells. CKs are differentially expressed across different cells
and tissues and can therefore be used as a marker for polarized epithelial cells (24, 25). For

instance, cytokeratin-18 (CK-18) have been shown to be present in renal epithelial cells (24).

Cell shape and height are morphological characteristics that can be assessed. Polarized
epithelial cells typically have a cylindrical or cuboidal shape, while unpolarized cells are more
elongated. Cell height is another feature of polarization, as increased cell height is a sign of
polarization (21). Both EM and IF microscopy is suitable for assessing the shape and height of

cells.



Functionality of polarized cells

In addition to morphological features and characteristics, the functionality of the cells can be
assessed experimentally. Polarized epithelial cells have an important barrier function and
control flow of molecules and solutes across the epithelial layer (4, 5). These functions can
be assessed in vitro through different assays. Tight junctions are paramount for the
epithelium’s barrier function. The leak-tightness of the cell layer is therefore a way to assess
the function of the tight junctions in the cell layer (12, 26, 27). This can be assessed with a
permeability assay where a macromolecule coupled to fluorescein (FITC) is added to the
apical compartment followed by measuring of fluorescence in the basolateral compartment.
This assay has been used to assess barrier permeability in a wide range of cell lines (12, 26,
28, 29). If the cell layer functions as a barrier, the fluorescing macromolecule is restricted to
the apical compartment and followingly there is only a low or no fluorescent signal in the

basolateral compartment (12, 26, 28, 29).

In addition to being leak-tight, polarized epithelial cells have several transporters and influx
and efflux pumps. The pumps enable the cells to absorb and secrete substrates as well as

trans-epithelial transport of substrates (12, 30-33). Examining the function and presence of
known transporters in the kidney or other tubular organs is therefore one way to assess if a

cell layer has similar functionality as polarized epithelial layers.

P-glycoprotein (P-gp) is a known efflux pump of the renal proximal tubules and is important
for renal excretion of various substrates. Followingly, P-gp is a suitable target to examine if a
renal cell culture model has a proximal tubule-like functionality and polarity. The calcein
accumulation assay and rhodamine-accumulation assay are two well-known assays to
examine P-gp function (12, 30-32, 34). Calcein and rhodamine-123 (R-123) are fluorescent
dyes that passively diffuse into cells. Both dyes are substrates of P-gp and are therefore
excreted by P-gp at the apical membrane. Normally, most of the dyes are excreted by P-gp,
but if P-gp is inhibited, the intracellular fluorescence increases as the dyes are retained
intracellularly. The assay therefore compares intracellular with and without a P-gp inhibitor
and if the intracellular fluorescence increases when P-gp is inhibited, it shows that the cells

have a functional P-gp pump (30, 31, 35).



Additionally, R-123 can be used to assess transepithelial transport as it can be transported
from the basolateral compartment to the apical compartment. The dye is absorbed at the
basolateral membrane via organic cation transporters and pumped out by P-gp at the apical
membrane. The trans-epithelial transport assay or rhodamine-transport assay can be utilized
to assess trans-epithelial transport as well as the function of P-gp and organic cation
transporters in epithelial cells cultured on permeable supports or in three-dimensional (3D)

cell culture (12, 32, 33).

Another essential task of the proximal tubule is receptor-mediated endocytosis and fluid-
phase endocytosis (36, 37). Receptor-mediated endocytosis is mediated at the apical
membrane of polarized epithelial layers by cubulin and megalin. The two proteins have
several known substrates, for example albumin (36). By utilizing known substrate of
receptor-mediated endocytosis coupled to a fluorescent dye, the megalin/cubulin-transport
system and receptor-mediated endocytosis can be assessed by using intracellular
fluorescence as a marker for endocytosis (15, 36, 38, 39). Fluid-phase endocytosis can be
measured in a similar way but utilizing a substrate, e.g FITC-dextran, of fluid-phase

endocytosis (40, 41).
Epithelial cells and cell lines for polarization studies

Today, a wide range of immortalized epithelial cell lines and primary epithelial cells are
available from numerous commercial sources. Cell lines are often used in polarization
studies and there are several well-characterized immortalized epithelial cell lines
differentiate and form polarized epithelial monolayers and cysts in vitro. Madine-Darby
Canine Kidney (MDCK) cells, Lilly Laboratories Cell-Porcine Kidney 1 (LLC-PK1) and

Cancer coli-2 (Caco-2) cells are examples of such established cell models. MDCK are canine
kidney cells, LLC-PK1 is a pig kidney cell line (42-46) and Caco-2 is a human colorectal
adenocarcinoma cell line (47, 48). All three cell lines form a polarized cell layer with microvilli
and intercellular junctions (21, 42-45, 47, 48). Although well-established, a major drawback

is that none of them are primary human epithelial cells.

Renal proximal tubular epithelial cells (RPTECs) have been immortalized with human
telomerase reverse transcriptase-1 (TERT1) and are available as the RPTEC/TERT1 cell line

(15, 49). They are not nearly as well-studied in polarization studies as the previously



mentioned cell lines, but RPTEC/TERT1 have been shown to form polarized tubules in
Matrigel (50). Another option is the conditionally immortalized human proximal tubule
epithelial cell line (ciPTEC). The ciPTECs can be developed from renal tissue or urine, is of
renal origin, has proximal tubule-like characteristics and can form polarized monolayers in

vitro (31, 51, 52).

Lastly, RPTECs with finite lifespan are available from numerous commercial sources. Lonza
and ScienCell are two companies that offer RPTECs. Lonza state that their RPTECs form
tubules on Matrigel, can polarize under specific conditions and stain positive for pan-
cytokeratin, while ScienCell have confirmed that their RPTECs express CK-18 and CK-19 (53,
54), two known markers of renal epithelial cells (55, 56). In addition to the commercially
available RPTECs, RPTECs can be obtained from human material such as kidney biopsies,
kidneys unsuited for grafting and from nephrectomies. Several publications have described
culture of primary RPTECs from such materials (12, 57-61). Unfortunately, kidney biopsies
and nephrectomies are invasive medical procedures, greatly reducing the accessibility to
such materials. An easy and non-invasive alternative can therefore be to isolate exfoliated
urinary cells from urine. It has previously been shown by several groups that urinary cells are
culturable. Furthermore they are epithelial-like, originate from renal epithelium and express
renal epithelium markers (12, 62-64). Urine can therefore be an available and practical

source of primary renal tubular epithelial cells.

Epithelial cell culture models

A wide range of cell culture models have been developed with the aim of mimicking the in
vivo morphology and structure of epithelial tubular organs. The intestine, kidney and the
airways are among the organs that have been modelled in multiple models of varying
complexity (47, 48, 65-68). Renal cell culture models aim to imitate the in vivo function and
cellular architecture of the nephron with filtration and active secretion and reabsorption of
solutes. The kidney is a complex organ with several components, and the models therefore
differ in complexity from simple two-dimensional (2D) cell cultures to extremely complex
kidney organoids (69, 70). The simpler models often aim to model a single nephron segment,
for instance the proximal tubule or the collecting duct, while the more complex models

include several different cell types and model more than one segment.



The simplest models are two-dimensional cell cultures of renal epithelial cells, primary cells
or a cell line, cultured on plastic or glass (43, 51, 61, 64, 71-73). 2D cell culture models lack
two separate compartments, as the cells are cultured in a plastic dish or well with a single

compartment.

To establish more complex and in-vivo like cell culture models, there are several available
tools, for instance the permeable support. Permeable supports are cell culture well inserts
with a membrane where cells can be cultured. The membrane has multiple pores of a given
size, making it permeable to water and solutes. By placing the permeable supports in a cell
culture well, the membrane separates the well from the compartment inside the support,
yielding two compartments separated by a permeable membrane with cells seeded on one
side of the membrane. Cells can be seeded on both sides of the membrane (as illustrated in
illustration 1). The side where the cells are seeded is the apical compartment, while the
compartment without cells is the basal compartment (lllustration 1). Typically, the apical
compartment is inside the insert while the basolateral compartment is the well (74).The two
separate compartments yield a two-and-a half dimensional (2.5D) cell culture model. Such
models can be utilized to mimic tubular organs or blood vessels with a luminal compartment
and an intercellular compartment such as the kidneys, intestines and other blood-tissue
barriers (5, 21, 46, 75-77). For the kidneys, several publications have already described
culture of polarized human and animal renal epithelial cells on permeable supports (39, 78-
84). Compared to 2D-models, the separate compartments of a 2.5D-model provide more in
vivo-like conditions and have several advantages over 2D-models. The two compartments
allow for manipulation of the apical membrane and the basolateral membrane
independently of each other. Furthermore, epithelial cells grown on permeable supports
have been shown to differentiate into a more polarized phenotype (74). Moreover, primary
human RPTECs have been shown to develop a more polarized phenotype when cultured on
permeable filters (79, 84) and murine RPTECs lose their epithelial organization when not

cultured on permeable filters (39).

Another use of permeable supports and 2.5D-models are transport studies of solutes,
macromolecules, chemicals or drugs (21, 85) as the two separate compartments permit
assessment of transepithelial transport and the barrier integrity of a monolayer. This is not
possible in a 2D-model, as barrier integrity and transepithelial transport cannot be examined

8



without two separate compartments. The two compartments can also be utilized for
studying host-pathogen interactions, for instance how a pathogen invades a monolayer,
which membrane domain a pathogen can attach to and enter (86, 87) and if the release of a

pathogen is polarized and which membrane domain it exits.

Lastly, 3D cell culture models and organoid models is the most complex cell culture models.
Polarized 3D cultures of a renal epithelial cell line have already been described. For instance,
epithelial cells are cultured between two layers of Matrigel form 3D tubules with polarized
epithelial cells (50). Compared to a 2.5D-model, the tubular phenotype is more in vivo-like
with stronger expression of polarity markers. A drawback of 3D-models is that the apical
membrane is not as accessible for manipulation as in a 2.5D-model. Other 3D-models have
been established by utilizing organ-on-a-chip technology and microfluidics (67, 88). Lastly,
several complex kidney organoid models have recently been described (89). Organoid
models yield superior complexity and morphology, but as for other 3D-models, only one of

the membrane domains are accessible to experimental manipulation.

Numerous models of polarized epithelial cell culture models are described in the scientific
literature as these models are relevant and offers many opportunities. This is showcased by
their use in a wide range of fields, such as toxicology, pharmacology, hereditary diseases,

infectious disease modelling, organ development and oncology (12, 48, 50, 74, 86, 89, 90).

Today, there is no established and universally used model for polarized RPTECs, but rather
multiple different models used in a range of different fields. As there is no consensus model,

the researcher must rather choose a model suited for their research question and field.

BK Polyomavirus research lacks a polarized cell model

BK Polyomavirus (BKPyV) is a small non-enveloped DNA virus in the family of
Polyomavirirdae. Most people are infected at a young age followed by establishment of a
lifelong persistent infection in the kidney tubular epithelial cells and bladder urothelium.
Immunocompetent individuals will periodically shed BKPyV in the urine, but this does not
affect the kidney function or cause symptoms. In immunocompromised hosts, such as kidney
transplant patients and allogeneic hematopoietic stem cell recipients, BKPyV can undergo

high-level replication and cause severe disease. In kidney transplant recipients, BKPyV cause



polyomavirus-associated nephropathy, while stem cell recipients can develop polyomavirus-

associated hemorrhagic cystitis (91).

The tubular epithelial cells of the kidney are highly differentiated and polarized epithelial
cells. Although the natural host cell of BKPyV are polarized tubular epithelial cells, most of
the previous work on BKPyV’s replication cycle has not been performed in primary polarized

RPTEC, but with non-polarized RPTECs and simian kidney cell lines.

Polarized epithelial cells differ significantly from non-polarized cells and the viral replication
cycle may therefore be different in polarized epithelial cells compared to non-polarized cells.
Additionally, several viruses have already been shown to have a polarized entry and release
in polarized epithelial cells and cell lines (86, 90, 92-101). This may also be the case for
BKPyV, but a polarized cell culture model is necessary to examine this issue. To examine this

further we wish to establish a polarized 2.5D-model of RPTECs on permeable supports.

The proposed cell culture model of polarized RPTECs can be used to examine several
important issues of BKPyVs replication cycle such as determining if entry and release of
BKPyV is polarized. Simian virus 40 (SV40), a simian polyomavirus, has previously been
shown to have a polarized replication cycle (86, 90), but this have not been investigated in
BKPyV. Which membrane domain the virus enters and exits from is relevant for several
unanswered issues of BKPyV infection and pathogenicity. We currently do not know whether
the virus reaches the renal tubular epithelial cells via blood or the glomerular filtrate. If
BKPyV infects the RPTECs via glomerular filtrate, it must be able to bind and enter the host
cell from the apical membrane, while infection from the blood means that it must be able to

enter the host cells through the basolateral membrane.

Another issue is the release of BKPyV. BKPyV has been reported to exit the host cell through
lysis (102) and in immunocompromised patients, BKPyV may cause a lytic infection. The lysis
leads to a massive release of infectious virus particles and subsequent viremia (91).
However, it is still unclear if BKPyV can exit the host through a non-lytic mechanism. Healthy
individuals can shed BKPyV asymptomatically and the lack of symptoms, low viral titer and
lack of viremia can be the result of non-lytic spread of BKPyV. For SV40, one publication has
described polarized non-lytic release in a polarized epithelial cell line (90), while different
forms of non-lytic release have recently been described for BKPyV and JC Polyomavirus (103-
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105). More research is needed on this issue and a polarized cell model can be a useful tool
for this area of BKPyV research. Studying the viral replication cycle in a polarized cell model
can contribute to answering these questions, as the model permits examination and
manipulation of the apical and basolateral membrane separately. This will allow
investigation of which membrane domain the virus enters and exits the cells from, which

again can contribute to new hypotheses regarding BKPyV infection and spread in vivo.

Today, the consensus model used for in vitro studies of BKPyV are unpolarized RPTECs.
Although unpolarized RPTECs have contributed greatly to our understanding of the
replication cycle of BKPyV, they also have drawbacks. As BKPyV infects polarized epithelial
cells in the reno-urinart tract, a polarized cell culture model would be a more relevant model
for modelling BKPyV infection. Furthermore, non-polarized cells are vastly different from
polarized cells and it is therefore not given that the replication cycle is equal in polarized
cells. Therefore, a polarized RPTEC model would be a useful and relevant tool for future
research on BKPyV. Recently, BKPyV-infection was for the first time modelled in a kidney
organoid (12), showcasing the increasing interest for more complex cell culture models in

studies of BKPyV.

By establishing a 2.5D-model of RPTECs, we wish to expand our repertoire of cell culture

models to further investigate the replication cycle of BKPyV.

Aim

The aim of this study was to establish a polarized 2.5D-cell culture model of human RPTECs.

The aim was further divided into the following objectives:

1. Examine the morphology of RPTECs and RPTEC/TERT1s cultured on permeable
supports by electron microscopy and immunofluorescence imaging and investigate if
known markers of epithelial cell polarity are present.

2. lIsolate urinary cells from urine and compare them morphologically to commercially
available RPTECs.

3. Examine if polarized RPTECs are permissive to BKPyV infection.

11



Material and methods

Materials and cells

Primary human RPTECs were bought from Lonza (CC-2553) and Sciencell (#4100). RPTECs
were cultured in renal epithelial growth medium (REGM; Lonza) containing 0.5% fetal bovine
serum (FBS). RPTECs from both Lonza and Sciencell were used at passage 3. RPTEC/TERT1s
(ATCC-CRL-4031) were cultured in REGM containing 2% FBS and used at passage 22-28. All

cells were cultured in a humidified 5% CO- incubator at 372C.

Transwell polyester permeable supports with pore size 0,4 um were bought from Corning
(#3470). Recombinant human collagen type 1 was bought from Sigma-Aldrich (C7624, Sigma-
Aldrich). Labtek confocal chamber slides were from Thermo Fisher. Mowiol mounting
medium was kindly supplied by the Advanced microscopy core facility at UiT. Human

fibronectin was supplied by Peter McCourt at the Vascular Biology research group at UiT.

Virus

Infectious supernatants were produced by infecting Vero cells (ATCC CRL-1586) with BKPyV
(Dunlop-strain) follow by harvesting of medium once per week. The supernatant was
harvested three weeks post infection and clarified by centrifugation. The viral load was

guantified by BKPyV-real time PCR (106).

Isolation of cells from urine

The protocol for isolation of renal cells was adapted from Zhou et al (63). Urine was donated
by an anonymous healthy male donor. Urine was collected in a sterile container and
transferred to sterile 50-ml tubes. Cells were pelleted and washed in REGM, pelleted again
and finally resuspended in 1 ml REGM with 10% FBS and seeded into a single well of a 12-
well plate. The first 3 days post seeding, fresh REGM with 10% FBS was added each day. At 4
days post seeding, 3 ml medium was aspirated and 1 ml fresh REGM with 0,5% FBS was
added. From here on, half of the medium was changed every other day. When cells reached

80-90% confluency the culture was split 1:4. At passage 3 the cells were cryopreserved.

Collagen coating of permeable supports

Permeable supports were coated with recombinant human collagen type 1 (Sigma C7624).

Collagen was added to the side that the cells would adhere to at a density of 23 pg/cm?. The
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supports were incubated with collagen for two hours at 372C. After incubation, collagen was
removed, and the supports were air-dried under a tissue hood for 30 minutes. Media was
then added to the insert and the well and incubated for one to three hours at 372C before
cells were seeded. To coat the bottom surface of the insert, the inserts were inverted to

allow the collagen to attach.

Polarization

Cells were seeded onto 6.5 mm Transwell polyester permeable supports with a pore size of
0.4 um. Permeable supports were coated with collagen, followed by seeding of cells at a
density of 37 500 cells per cm?. After seeding, cells were allowed to polarize for three to 17

days. During differentiation, medium was changed three times per week.

RPTECs and RPTEC/TERT1s were also seeded on the underside of the permeable supports.
Collagen coating and cell seeding was done as described, except that the underside was
coated, instead of the insert’s inside. To allow seeding of cells on the underside, the inserts
were inverted, and cells were allowed to attach to the underside for two to four hours. After
cells had adhered to the underside of the insert, the insert was turned back and transferred

to a 24-well plate.

Culture of cells in chamber slides

Chamber slides (Sigma, Nunc Lab-Tek II) with a growth area of 0.8 cm? were coated with
fibronectin by incubating the chamberslide wells with fibronectin for 5 minutes at room
temperature followed by two washes with Dulbecco’s phosphate buffered saline (DPBS).

After coating, RPTECs were seeded at density of 37 500 cells per cm?.

For polarization in chamber slides, RPTECs were seeded into coated chamber slides and

cultured up to ten days. Medium was changed three times per week.

Transmission and scanning electron microscopy

The transmission electron microscopy (TEM) protocol was adapted from Cocchiaro et al and
Pokrovskaya et al (107, 108). Cells grown on permeable supports were first fixed in 2.5%
glutaraldehyde in PHEM-buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM
MgS0a4-7H,0) for at least 24 hours. The cells were then fixed again for 14 min in a fixative

containing 4% formaldehyde, 0.5% glutaraldehyde, and 0.05% malachite green in PHEM
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buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgS04-7H,0) (2 min vacuum on-
off-on-off-on-off-on, 100 W) and washed two times with PHEM buffer. All processing was
done in a Ted Pella microwave processor with a temperature control unit. Post-fixation was
done with 1 % Osmium tetroxide, 1 % KszFe(CN)s in 0.1 M cacodylic acid buffer. The cells
were post-stained with 1% tannic acid and 1% uranyl acetate. Samples were then
dehydrated in increasing ethanol series (30-60-96-100%) and embedded in an Epon
equivalent (Agar). Ultrathin sections (70 nanometers) were cut using a diamond knife
(Diatome) on a Leica UC 7 ultramicrotome and picked up on formvar-coated cupper grids.
Sections were imaged using a Hitatchi HT7800 transmission electron microscopy with a

Xarosa camera (EMSIS GmbH).

Specimens for Scanning electron microscopy (SEM) were cut out of the same membranes as
the TEM-specimens during the dehydration process, and dried in a Leica EMCPD 300Critical
point dryer, followed by mounting and coating with gold palladium. Specimens were imaged

in a Zeiss Sigma scanning electron microscope.

Immunofluorescence microscopy

Cells were fixed with ice-cold methanol for ten minutes. After fixation, cells were washed
twice in DPBS. Before immunostaining, cells were blocked in DPBS with 5% goat serum.
Primary and secondary antibodies were diluted in DPBS with 1% goat serum. Primary
staining was performed for one hour at room temperature, followed by four washes with
DPBS. Secondary staining was performed for one hour at room temperature followed by
four washes with DPBS. After immunofluorescence staining, nuclei were stained with DRAQ5
for ten minutes at room temperature. The primary antibodies used were rabbit polyclonal
anti-Z0O-1 (1:100, 61-7300, Invitrogen), mouse monoclonal CK-18 (1:100, DC-10, Santa Cruz
Biotechnology) mouse monoclonal anti-acetylated tubulin (1:100, sc-23950, Santa Cruz
Biotechnology), rabbit monoclonal sodium-potassium ATPase (1:500, ab76020, Abcam),
mouse anti-VP1 (1:500, 4942, Virostat) and polyclonal anti-agnoprotein rabbit serum (1:1000
(109, 110)). Nuclei were stained with DRAQ5 (1:1000, Biostatus). The secondary antibodies
were anti-mouse and anti-rabbit conjugated with Alexa Fluor 488 or Alexa Fluor 568 (1:500,

Molecular probes).
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Membranes of permeable supports were cut out and mounted on glass slides on a drop of
mowiol. Cells stained for polarity markers were imaged with a 40x objective on a ZEISS
LSM800 confocal microscope with the Zen blue imaging software. Infected RPTECs were

imaged on a widefield fluorescent microscope. All images were processed with Imagel.

BKPyV-infections

Polarized RPTECs were infected using supernatant from BKPyV-infected Vero cells. For
infection, 100 ul infectious supernatant diluted 1:2 with REGM was added to the apical
compartment. Infection were performed for 2 hours at 379C, before cells were washed twice
with DPBS and fresh REGM was added. Three days post infection (dpi), cells were fixed and
stained for BKPyV agnoprotein and VP1.

Results

RPTECs from different commercial sources exhibit different ultrastructural
morphology

First, we investigated the ultrastructural morphology of RPTECs from two different sources,
adult-derived and fetal-derived RPTECs. As microvilli is a known marker of polarized
epithelial cells, we utilized SEM to investigate if the RPTECs had microvilli. Fetal and adult
RPTECs were seeded on collagen-coated permeable supports and cultured for three to 17
days. We expected polarization to be initiated after cells became confluent as cell-cell
contact is an important polarization cue (5, 6). Around three days post seeding (dps) cells
became confluent, therefore three dps was used as the control time point. SEM showed that
adult-derived RPTECs had microvilli at three dps before polarization (Fig. 1A), while fetal-
derived RPTECs did not have microvilli (Fig. 2A). At seven dps adult-derived RPTECs had more
microvilli on their apical surface compared to three dps (Fig. 1B). This increase in microvilli
was still present ten, 14 and 17 dps (Fig. 1B, C and E). Unlike adult-derived RPTECs, fetal-

derived RPTECs did not develop microvilli, even when cultured up to 20 days (Fig. 2B and C).

Next, we examined both types of RPTECs with transmission electron microscopy (TEM). As
expected, microvilli were not present on fetal-derived RPTECs with TEM (Fig. 3A), while
microvilli were present on adult-derived RPTECs (Fig. 3B). The adult-derived RPTECs formed

a cell layer resembling a monolayer with a thickness of one to two cells (Fig. 3B). In contrast,
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the fetal-derived RPTECs formed a thicker cell layer consisting of five to eight piled cells (Fig.
3A).

From this we concluded that the fetal-derived RPTECs examined did not polarize on
permeable supports, while adult-derived RPTECs undergo changes similar to polarization.

Therefore, we decided to examine adult-derived RPTECs further with IF microscopy.

Differentiate leads to increased expression of the tight junction protein ZO-1

First, we investigated the expression of the tight junction protein ZO-1 in RPTECs by
immunofluorescence microscopy. RPTECs were fixed at three dps, stained for ZO-1 and
imaged. Imaging demonstrated that RPTECs express ZO-1 before polarization (Fig. 4A). The
expression is quite heterogenous and varies between cells. Some cells show a distinct ZO-1
expression at the border of the cell, while a large proportion of cells do not show this
pattern (Fig. 4A). Next, we investigated ZO-1 expression in cells allowed to polarize for ten
and 14 days. Imaging demonstrated that RPTECs had strong expression of ZO-1 at both 10
and 14 days of culture (4B and C). Compared to the control, ZO-1 expression was stronger

with a more distinct expression at the lateral membrane after differentiation (Fig. 4B and C).

Lastly, we investigated if ZO-1 was localized to distinct puncta in the subapical region of the
cells. The lateral view of RPTECs confirmed that ZO-1 is localized subapically in RPTECs
before polarization (Fig. 5A). After culture for ten (Fig. 5B) or 14 days (Fig. 5C), RPTECs had a
similar distribution of ZO-1 in several distinct subapical puncta. Similar to EM, the lateral
view showed that the thickness of the cell layer increased after differentiation and consisted
of one to three cells (Fig. 5B and C). RPTECs cultured for three days was organized in a nearly

confluent monolayer (Fig. 5A).

Differentiation leads to apical-basolateral polarity

After confirming the presence of tight junctions, we wanted to examine if RPTECs have
apical and basolateral domains. Therefore, we stained RPTECs with an antibody against
Na/K-ATPase. RPTECs that had not undergone differentiation (three dps) exhibited strongest
staining along the cells’ borders (Fig. 6A), but there was also a diffuse staining throughout
the cells (Fig. 6A). In RPTECs cultured on permeable supports for eight, ten and 14 days,
Na/K-ATPase was redistributed to the lateral membrane (Fig 6B, C and D). The redistribution
of Na/K-ATPase was present as early as eight dps (Fig. 6B), although not as evident as for the
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later timepoints (Fig. 6C and D). Ten and 14 dps, RPTECs displayed strong expression of
Na/K-ATPase along the cell borders. This further supports that RPTECs polarize on permeable

supports.

Next, we examined the lateral view to investigate if the apical or basolateral membrane had
Na/K-ATPase. The unpolarized control RPTECs had staining of the entire plasma membrane
(Fig. 7A), while in RPTECs cultured for eight, ten and 14 dps (Fig. 7B, C and D), Na/K-ATPase
was confined to the basolateral membrane. Although the redistribution was clearer at ten
and 14 dps (Fig. 7B and C), the redistribution of Na/K-ATPase to the basolateral membrane
was visible at eight dps. The lack of Na/K-ATPase in the apical membrane confirms that
RPTECs developed two separate and distinct membrane domains. The presence of two
distinct and separate membrane domains is a hallmark of apicobasal polarity, and thus

supporting that RPTECs can polarize on permeable supports from eight days of culture.

Lastly, we examined the cell height and shape in the lateral view, as increased cell height and
a cuboidal or cylindrical shape are two known markers of polarity (21). We have previously
seen that non-polarized RPTECs cultured on plastic have a flat and elongated shape (results
not shown). The Na/K-ATPase-antibody is suitable to examine cell shape as it stains parts of
the plasma membrane. Before differentiation, the RPTECs were flat and elongated (Fig. 6A
and 7A), similar to RPTECs seeded on plastic. Eight, ten and 14 dps, the cell shape was more
cuboidal, less elongated and the height of the cells had increased (Fig. 6B-D and 7B-D).
Similarly to the ZO-1 staining, we noticed that the RPTECs do not form a strict monolayer,
but rather a cell layer that consists of one to three cells (Fig. 7B, C and D). Summarizing, IF
microscopy confirmed that adult RPTECs develop two separate membrane domains and

exhibit apicobasal polarity from eight dps.

RPTECs develop primary cilia

We next examined if RPTECs developed a primary cilium. Before differentiation, RPTECs did
not have a distinct primary cilium, but instead exhibited a diffuse cytoskeletal staining of
acetylated tubulin (Fig. 8A). When cells where allowed to differentiate for eight and ten
days, a large proportion of cells exhibited a distinct punctate or snaking staining at the apical
membrane (Fig. 8B and C). Additionally, the diffuse cytoskeletal staining was reduced after

differentiation (Fig. 8B and C). The lateral view confirmed that the punctate and snake-like
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lines are in fact primary cilia, as they extend from the apical membrane and out into the
apical compartment (Fig. 9B and C). In the unpolarized control (Fig. 9A), we did not see any
punctate staining, only the diffuse cytoskeletal staining previously described. This was
further supported by our previous SEM-images, as structures similar primary cilia was
present on more cells after polarization (seven dps) (Fig. 10B) compared to the non-

polarized control (Fig. 10A).

RPTECs seeded upside-down develop the same morphology

For infection studies in permeable supports, it can be useful to seed the cells on the
underside of the support as it allows one to invert the support and infect the apical and
basolateral membrane with the same volume of virus. We therefore examined if RPTECs
developed the same morphology when seeded and cultured upside-down on permeable
supports. RPTECs were allowed to attach to inverted filters, before they were put into 24-
well plates. This way, the cells grow on the underside of the insert instead of inside the filter.
The cells attached to the underside and by ten days of culture they developed a polarized
morphology with apicobasal polarity and a primary cilium (Fig. 11A and B). Like cells grown
inside the support, the part of the cell positioned against the permeable filter developed into
the basolateral membrane, while the domain that bordered to the medium developed into
the apical membrane (Fig. 11C). This confirms that RPTECs polarize on permeable supports,

regardless of which side the cells are seeded.

RPTEC/TERT1 polarize on permeable supports

After examining polarization of RPTECs, we investigated if the immortalized cell line
RPTEC/TERT1, can polarize on permeable supports. Like RPTECs, RPTEC/TERT1s were
cultured on permeable supports for three or ten dps followed by assessment of the
expression of Na/K-ATPase and acetylated tubulin by IF microscopy. At three days of culture,
RPTEC/TERT1s Na/K-ATPase was diffusely distributed throughout the whole plasma
membrane (Fig 12A). Surprisingly, acetylated tubulin had a punctate distribution at baseline
(Fig. 12B) similar to polarized RPTECs (Fig. 9B and C). After ten days of culture, the
distribution of Na/K-ATPase was stronger in the lateral membrane after differentiation (Fig.
12C), but not as clearly as for RPTECs (Fig 6C). Acetylated tubulin retained its punctate

staining pattern after polarization (Fig. 12D).
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We also investigated RPTEC/TERT1s in the lateral view, and unlike RPTECs, RPTEC/TERT1s did
not increase in height (Fig 13A and B). The lateral view confirmed that RPTEC/TERT1s have
primary cilia that protrudes from the cell at three dps and ten dps (Fig. 13C and D).
RPTEC/TERT1s undergo a change in morphology when differentiated for ten days, but the
polarity is not as clear as for RPTECs (Fig. 8, 9 and 11).

Permeable supports are not necessary for polarization of RPTECs

After confirming that RPTECs and RPTEC/TERT1s could differentiate on permeable supports,
we wanted to examine if the supports were requisite for polarization. To examine this, we
cultured RPTECs in chamber slides for three and ten days followed by IF microscopy. Prior to
differentiation, RPTECs had diffuse staining of both Na/K-ATPase (Fig. 14A and 15A) and
acetylated tubulin (Fig. 14B and 15B) Surprisingly, RPTECs differentiated in chamber slides
developed a polarized morphology similar to RPTECs. RPTECs allowed to differentiate in
chamber slides displayed two distinct membrane domains (Fig. 14C and 15C), a primary
cilium extending out from the apical membrane (Fig. 14D and Fig. 15D) and tight junctions
with ZO-1 (Fig. 16). The cells also increased in height, as evidenced by a taller Z-stack, and
developed a more cuboidal shape (Fig 14C and D). Taken together, this points towards that

the two separate medium compartments are not necessary for polarization.

Cells isolated from urine are similar to commercial RPTECs

After confirming that commercial RPTECs can polarize in culture we decided to compare
them to renal epithelial cells from another source. Exfoliated urinary cells have previously
been shown to originate from renal epithelium (62, 63). Followingly, we decided to isolate
and compare urinary cells to commercially available RPTECs. Urinary cells were isolated from
the urine of an anonymous healthy male donor. After isolation by centrifugation, the cells
were seeded in plastic wells in REGM and passaged. As previously shown (63), the urinary
cells could be passaged on plastic. Urinary cells had an elongated and oval shape and grew in

a cobblestone-like pattern (Fig. 17A) similar to RPTECs (Fig. 17B).

Next, we investigated if the urinary cells expressed CK-18. In a culture of urinary cells, the
majority of urinary cells expressed CK-18 (Fig. 17C), confirming that they are epithelial cells.
The commercial RPTECs from Lonza express CK-18 and were used as a positive control (Fig.

17D).
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Urinary cells polarize on permeable supports inserts

After confirming that urinary cells are culturable and express CK-18, we wanted to assess if
they polarize on permeable supports. Urinary cells were seeded on collagen-coated
permeable supports and allowed to differentiate for three or 14 days. After differentiation,
cells were fixed and stained for the polarity markers Na/K-ATPase, ZO-1 and acetylated
tubulin. Like RPTECs, urinary cells were non-polarized after three days of differentiation with
a flat and elongated cell shape without basolateral Na/K-ATPase (Fig. 18A and 19A) or
primary cilium (Fig. 18C and 19C). After 14 days of differentiation urinary cells exhibited a
more polarized morphology. Na/K-ATPase was restricted to the basolateral membrane (Fig.
18B and 19B) and a large proportion of the cells displayed a primary cilium (Fig. 18D and
19D). Next, we assessed ZO-1 before and after differentiation. ZO-1 were present before
polarization (Fig. 18E and 19E) but showed stronger staining at 14 dps (Fig. 18F and 19F).
Additionally, ZO-1 was more subapically located after differentiation (Fig. 19F), while three
dps ZO-1 was located more laterally (Fig. 19E). Lastly, the cell’s height increased, and they
developed a more cuboidal shape (Fig. 19B and 19F).

Polarized RPTECs are permissive to BK Polyomavirus infection

After confirming that renal epithelial cells of different origin polarize on permeable supports,
we investigated if adult polarized RPTECs are permissive to BKPyV infection. RPTECs were
cultured for eight and 14 days followed by infection with BKPyV at the apical side. Three
days post infection, cells were fixed and stained for BKPyV agnoprotein and BKPyV VP1. Cells
cultured for 14 days stained positive for VP1 and agnoprotein after infection (Fig. 20A),
confirming that they are permissive for and support BKPyV replication. Mock infected cells

did not stain positive for either agnoprotein or VP1 (Fig. 20B).

Discussion

In this study we have established and characterized polarized epithelial cell models of adult
RPTECs, RPTEC/TERT1s and urinary cells. All three cell types developed a polarized
morphology with several known markers of apicobasal polarity. Furthermore, adult RPTECs
retained their susceptibility to BKPyV, an important requisite for the cell culture model to be

a viable model for studying BKPyV.
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In our study, fetal RPTECs did not polarize despite differentiation on permeable supports.
The other renal epithelial cells were of adult origin and this may be the reason that they
polarized. To our knowledge, attempts at polarizing fetal-derived RPTECs have not been

described before.

Adult RPTECs did not only polarize on permeable supports but polarized when cultured in
chamber slides. This points toward that the two separate membrane compartments are not
necessary for polarization and there may have been other cues that were responsible for
initiating polarization. Cell-cell contacts and ECM-interactions are two known drivers of
apicobasal polarity and these interactions can initiate polarization in vitro (5, 111). In our cell
culture, cells were seeded on a collagen-matrix, were confluent and developed cell-cell
contacts. These stimuli may have been enough to drive polarization, making the permeable

supports dispensable for polarization.

The existing literature is divided on the role of permeable supports for polarization. Two
studies of human RPTECs and one study of mouse RPTECs have showed that permeable
supports lead to a more polarized morphology (39, 79, 84). In contrast, it has also been
reported that RPTEC, RPTEC/TERT1 and ciPTECs can display polarized features in 2D-culture
(15, 51). Although permeable supports may not be necessary for polarization, they are still a
useful tool as they make the basolateral membrane accessible. In a well or chamber slide,
only the apical domain is accessible for manipulation, while permeable supports allow us to
manipulate the two membrane domains separately from each other. This makes permeable
supports useful for modeling infectious diseases as it allows us to examine which membrane
domain a pathogen binds to, invades or is released from. For BKPyV, this model will allow us
to examine which membrane domains BKPyV can enter and exit from. This has already been
examined for a wide range of viruses, including a simian polyomavirus (86, 90, 96, 97, 100,

112), but not for BKPyV.

Like adult RPTECs, urinary cells developed a polarized morphology similar to the renal
epithelial cells. This is in line with previously published reports. Two publications have shown
that urinary cells are of renal origin (51, 113), while a third publication showed that urinary
cells display a polarized morphology, although it is less prominent compared to epithelial

cells from kidney tissue (31). In our study, a large proportion of the urinary cells stained
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positive for CK-18, a marker of renal epithelial cells. However, the urinary cells may originate
from other parts of the reno-urinary tract as several cell types in the reno-urinary tract
express CK-18 (24). One study, found that urinary cells could originate from both the kidney
and the bladder (12). The CK-18 positive and CK-18 negative cells may therefore represent
two different cell types from the reno-urinary tract. This is supported by three papers that
have described that cell populations isolated from urine can contain a mix of cell types (12,
64, 114). Nevertheless, urine is an accessible and useful source to isolate reno-urinary
epithelial cells with the capacity to polarize. If confirmed that they are susceptible to BKPyV,

polarized urinary cells can be a viable and useful cell culture model for BKPyV.

Lastly, we confirmed that polarized RPTECs retain their susceptibility for BKPyV infection.
This confirms the potential and usefulness of polarized RPTECs as a cell culture model for
BKPyV. Much research has been done on BKPyV since its discovery and this has substantially
increased our understanding of the replication cycle of BKPyV. However, our current
knowledge of BKPyV is almost exclusively from studies using non-polarized epithelial cell
culture models. This is a large drawback as BKPyV infects polarized epithelial cells in vivo.
Unlike non-polarized epithelial cells, polarized epithelial cells have asymmetrical distribution
and transport of macromolecules and organelles. Since viruses exploit host molecules and
organelles for entry, replication and exit, asymmetrical distribution and expression of these
factors may affect the replication cycle of a virus. Furthermore, the transport of cargo is
asymmetrical in polarized epithelial cells (5, 6). BKPyV, and other viruses, is transported
within the host cell by cellular proteins (115), and it is therefore possible that the
intracellular transport of viruses differ between polarized and non-polarized epithelial cells.
This possibility is further supported by several studies that have shown how polarization can
affect the replication cycle of a range of viruses (86, 116, 117). Because of this, a polarized
renal cell culture model is a powerful and needed tool to study the replication cycle of BKPyV

in a more relevant setting.

Microvilli, primary cilium, strict basolateral distribution of Na/K-ATPase and subapical ZO-1
are all well-documented markers for polarity (12). Our use of validated polarity markers is a
strength of our study. Moreover, our results are in line with the existing literature (31, 50,
51, 60, 80, 118-120). Another strength of the study is that we have investigated three
different types of renal epithelial cells, displaying that the ability to polarize may be a
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general trait of adult renal epithelial cells. Importantly, we also confirmed that adult RPTECs
are susceptible to BKPyV infection after polarization. This is in line with a recent paper that

modelled BKPyV infection in a kidney organoid model (12).

A weakness of our adult RPTEC-model is that the cells do not develop a strict monolayer but
rather a cell layer consisting of one to two cells (Fig. 7D). However, it can be challenging to
assess the monolayer and cell layer thickness as cells that only overlap slightly can be
visualized as lying on top of each other. ZO-1 is also challenging to visualize as it is
subapically localized, and the permeable supports are not level when mounted on glass
slides. This makes it difficult to keep ZO-1 in focus throughout the entire field of view and
contributes to some of the heterogeneity in the ZO-1 images. Another drawback is that
RPTEC/TERT1 and urinary cells were only examined with IF microscopy and not EM. The
unconfirmed origin of the urinary cells is another a weakness of our study. Despite this, we
still believe the urinary cells is a relevant cell culture model for reno-urinary epithelial cells.
The biggest drawback of this study is that we have not investigated the functionality of the
cell model. The functionality of both transporters and the epithelial barrier can be assessed
in vitro through several described assays (12, 30). The barrier function of polarized renal
epithelial cells is especially relevant to assess, as it is important to known if BKPyV crosses
the monolayer before one examines which membrane domain BKPyV enters and exits from.
Additionally, functional studies would allow us to assess if there is a functional difference
between Further research on the functionality of this cell culture model is therefore
warranted. RPTECs polarized in chamber slides or permeable supports, despite their similar

morphology.

Lastly, we have not confirmed that polarized urinary cells and RPTEC/TERT1 are susceptible
to BKPyV infection and this must be done before polarized RPTEC/TERT1s and urinary cells

can be used to study BKPyV infection.

Conclusions

In this study we have established and characterized a polarized epithelial cell models of adult
RPTECs, RPTEC/TERT1s and urinary cells. All three cell types developed a polarized

morphology similar to previous descriptions of polarized renal epithelial cell cultures.
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However, not all RPTECs were able to polarize, as the fetal RPTECs did not polarize. Polarized
adult RPTECs retained their susceptibility to BKPyV, confirming that they are a viable
polarized cell culture model for BKPyV. The functionality of polarized RPTECs shoulder be
further assessed to confirm they also display a proximal tubule-like functionality. Based on
our results, polarized RPTECs is a useful model for modelling BKPyV’s replication cycle in a

more relevant cell culture model.
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lllustration 1. lllustration of cells seeded on a permeable support. Cells can be seeded inside

the support (A) or on the underside of the support (B).
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Figure 1: Adult RPTECs have microvilli

SEM of adult RPTECs. A: RPTECs cultured for three days exhibited microvilli prior to
differentiation. B: Adult RPTECs differentiated for seven days confirms that differentiation
leads to an increased number of microvilli. C-E: Adult RPTECs cultured for ten, 14 and 17
days, respectively, retain microvilli as shown by SEM. All images are representative images of

two experiments.
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Figure 2: Fetal RPTEC do not develop microvilli

SEM of fetal and fetal RPTECs. A: Fetal RPTECs cultured for three days display no microvilli.
B-C: After 14 days and 20 days of culture, respectively, microvilli are still not present. All

images are representative images of two experiments
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Figure 3: Adult RPTECs develop a more polarized morphology compared to fetal RPTECs

TEM of fetal and adult RPTECs after culture for 21 days. A: Fetal RPTECs demonstrates lack of
microvilli and cells do not grow in a monolayer. B: Adult RPTECs developed microvilli and

grow in a monolayer. Two representative images are of one experiment are shown.

41



Figure 4: Adult RPTECs develop tight junctions after differentiation

IF microscopy of adult RPTECs stained for ZO-1 (red or green) in combination with the nuclei
marker DRAQS5 (blue). A: After three days of culture, ZO-1 is diffusely distributed. B: At ten
days of culture, an increased expression of ZO-1 along the lateral membranes was seen. C:
After 14 days of culture, ZO-1 is strongly expressed at the lateral membranes. Two

representative images of two experiments are shown.
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Figure 5: Tight junctions are subapically located in adult RPTECs

Lateral view of RPTECs stained for ZO-1 (red or green) and DRAQ5 (blue). A: Lateral view of
Z0-1-stained adult RPTECs demonstrates subapical tight junctions before differentiation. B:
After differentiation for ten days, subapical ZO-1 staining increases. C: 14 dps, RPTECs exhibit

strong punctate staining of ZO-1. All images are representative images of two experiments.
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Figure 6: Differentiation leads to lateral distribution of Na/K-ATPase in RPTECs

IF microscopy of adult RPTECs stained for Na/K-ATPase (red or green) in combination with
DRAQS5 (blue). A: IF staining of Na/K-ATPase and DRAQS5 demonstrates lateral and diffuse
distribution of Na/K-ATPase three dps. B, C and D: After culture for eight, ten or 14 days, the
Na/K-ATPase staining increased and was redistributed to the lateral membrane. All images

are representative images of two experiments.

Figure 7: Differentiation leads to basolateral distribution of Na/K-ATPase

Lateral view of IF microscopy of adult RPTECs stained for Na/K-ATPase (red or green) in
combination with DRAQ5 (blue). A: Three dps, Na/K-ATPase stained the whole plasma
membrane of RPTECs. B, C and D: Eight, ten and 14 dps, Na/K-ATPase was restricted to the

basolateral membrane of RPTECs. All images are representative images of two experiments.
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Figure 8: RPTECs develop primary cilia during differentiation

IF microscopy of adult RPTECs stained for acetylated tubulin (red) in combination with
DRAQS5 (blue) A: Three dps, IF of acetylated tubulin demonstrate lack of primary cilia in
RPTECs before differentiation. B and C: Eight and ten dps, primary cilia are present. All

images are representative images of two experiments.
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Figure 9: Primary cilia extend from the apical membrane

Lateral view of IF microscopy of adult RPTECs stained for acetylated tubulin (red) in
combination with DRAQS5 (blue). A: Three dps, no RPTECs exhibited clear punctate staining
of acetylated tubulin. B and C: Eight and ten dps, punctate staining of acetylated tubulin at

the apical membrane was evident. All images are representative images of two experiments.



Figure 10: SEM of RPTECs demonstrate increased number of primary cilia after

differentiation

SEM of RPTECs. A: Three dps, only a few cells had primary cilia (red arrows). B: Seven dps,
more RPTECs demonstrated primary cilia-like structures (red arrows) by SEM. All images are

representative images of one experiment.
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Figure 11: RPTECs seeded upside-down develop the same polarized morphology

IF microscopy of adult RPTECs cultured for 14 days stained for NA/K-ATPase (green) and
acetylated tubulin (red) in combination with DRAQS5 (blue). A: Na/K-ATPase is localized in the

lateral membrane. B: Cells exhibit punctate staining of acetylated tubulin corresponding to
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primary cilia. C: In the lateral view, RPTECs have protruding primary cilia and basolateral

Na/K-ATPase. All images are representative images of one experiment.

Figure 12: RPTEC/TERT1 differentiate on permeable supports

IF microscopy of RPTEC/TERT1s stained for Na/K-ATPase (green) or acetylated tubulin (red)
in combination with DRAQ5 (blue) A: Three dps, RPTEC/TERT1s show diffuse staining of
Na/K-ATPase. B: Three dps, acetylated tubulin display punctate and snaking staining of
acetylated tubulin. C: 14 dps, Na/K-ATPase is redistributed to the lateral membrane. D: 14
dps, an increased number of RPTEC/TERT1s display a staining pattern of acetylated tubulin

consistent with primary cilium. All images are representative images of one experiment.
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Figure 13: Lateral view confirms polarization of RPTEC/TERT1

Lateral view of IF microscopy of RPTEC/TERT1s stained for Na/K-ATPase (green) or
acetylated tubulin (red) in combination with DRAQ5 (blue). A: Three dps, RPTEC/TERT1s
Na/K-ATPase is diffusely distributed. B: Ten dps, Na/K-ATPase redistributed laterally. C and
D: Three dps and ten dps, RPTEC/TERT1 acetylated tubulin-positive positive structures are

protruding from the cells. All images are representative images of one experiment.



Figure 14: RPTECs undergo polarization in chamber slides

IF microscopy of adult RPTECs cultured in chamber slides stained for Na/K-ATPase (green) or
acetylated tubulin (red) in combination with DRAQ5 (blue). A: Three dps, RPTEC show a
diffuse and unpolarized staining of Na/K-ATPase (green). B: Ten dps, Na/K-ATPase is
redistributed to the lateral membrane. C: Three dps, RPTECs have cytoskeletal staining of
acetylated tubulin. D: Ten dps, acetylated tubulin staining is more punctate, representing

primary cilia. All images are representative images of one experiment.
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Figure 15: RPTECs in chamber slides have basolateral Na/K-ATPase and protruding primary

cilia

Lateral view of IF microscopy of adult RPTECs cultured in chamber slides stained for Na/K-
ATPase (green) or acetylated tubulin (red) in combination with DRAQS5 (blue). A: In the
lateral view, RPTECs exhibited diffuse staining of Na/K-ATPase three dps. B: Ten dps, RPTECs
showed strong basolateral staining of Na/K-ATPase. C: Three dps, few to no RPTECs had
protruding acetylated tubulin-positive structures. D: Ten dps, a large fraction of RPTECs
displayed acetylated tubulin positive structures protruding from the cell. All images are

representative images of one experiment.

Figure 16: RPTECs cultured in chamber slides have tight junctions

IF microscopy of adult RPTECs cultured in chamber slides stained for Na/K-ATPase (green)

and DRAQ5 (red). A: Ten dps, RPTEC in chamber slides showcased lateral staining of ZO-1
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(green). B: Lateral view confirms that ZO-1 is subapically located. Images are representative

images from one experiment.
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Figure 17: Urinary cells exhibit similar morhpology as RPTECs

Phase-contrast and IF microscopy of urinary cells and adult RPTECs. Urinary cells and adult
RPTECs are stained for CK-18 (green) and DRAQS5 (blue). IF microscopy A: Phase-contrast
images of urinary cells display a elongated and oval shape. B: Phase-contrast images of
RPTECs exhibit a shape similar to the urinary cells. C: IF of urinary show that urinary cells
contain CK-18. D: RPTECs stain positive for CK-18 by IF. All images are representative images

of two experiments.
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Figure 18: Urinary cells polarize on permeable supports

IF microscopy of urinary cells stained for Na/K-ATPase (green) or acetylated tubulin (red) in
combination with DRAQS5 (blue) or stained for ZO-1 (green) in combination with the
membrane marker CellMask (orange). A: Three dps, Na/K-ATPase was diffusely distributed in
urinary cells. B: 14 dps, Na/K-ATPase had been redistributed to the lateral membrane. C:
Three dps, urinary cells displayed cytoskeletal staining pattern of acetylated tubulin. D: 14
dps, acetylated tubulin displayed a more punctate staining. E: Three dps, urinary cells display
Z0-1 (green) staining between cells. F: 14 dps, urinary cells display increased expression of
Z0-1 between cells. All images are representative images of one experiment.
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Figure 19: Differentiation leads to basolateral Na/K-ATPase, primary cilium and tight

junctions.

Lateral view of IF microscopy of urinary cells stained for Na/K-ATPase (green) or acetylated
tubulin (red) in combination with DRAQ5 (blue) or stained for ZO-1 (green) in combination
with the membrane marker CellMask (orange). A: Three dps, Na/K-ATPase was diffusely
distributed in the entire cell. B: 14 dps, Na/K-ATPase exhibited strong basolateral expression.
C: Three dps, urinary cells did not have any protruding primary cilia. D: 14 dps, urinary cells
developed protruding structures that stain positive for acetylated tubulin. E: Three dps,
urinary cells had ZO-1 in the lateral membranes. F: 14 dps, ZO-1 was more subapically

located compared to three dps. All images are representative images of one experiment.
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Figure 20: Polarized RPTECs supports BKPyV infections

IF microscopy of adult RPTECs stained for agnoprotein (green), VP1 (red) and DRAQS5 (blue).
A: 14 dps, RPTECs were infected with BKPyV and three days post infection (17 dps) cells
were stained for BKPyV agnoprotein and VP1. B: Mock infected RPTECs stained for
agnoprotein and VP1 did not exhibit any staining. All images are representative images of

two experiments.
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Grade schemas

Reference: Van der Hauwaert C, Savary G, Gnemmi V, Glowacki F, Pottier N, Bouillez A, et al. Isolation and characterization of a
primary proximal tubular epithelial cell model from human kidney by CD10/CD13 double labeling. PLoS One. 2013;8(6):e66750-

Design: Experimental study

€.
Aim Materials and methods Results Discussion/comments
The aim of the study was | Cells were isolated from fresh kidney All cell populations expressed epithelial markers. The study present a method for isolating proximal
to develop a new, more tissue from nephrectomies. Fluorescence CD10 or CD13 positive cells exhibited a heterogenous cell [tubular epithelial cells from kidney tissue. The cells
homogenous cell culture | activating cell sorting was used to population that expressed markers of both the proximal ¢ extensive characterization of the morphology
model of promximal further isolate proximal tubular tubule and the distal tubule. d functionality makes the findings convincible.
tubular epithelial cells epithelial cells. Cells were cultured in CD10/CD13 positive cells only expressed markers of
from kidney tissue. Boyden chambers with collagen TV, proximal tubular epithelial cells by western blotting, IStrengths and weaknesses of the study:
Matrigel or without matrix or in Lab- immunofluorescence microscopy and reverse transcriptase | Strengths:
Tek chambers. PCR. - Extensive characterization of the isolated
Both CD10/CD13-positive and CD10/CD13 negative cells cells by multiple methods validates the
Polarity was assessed by exhibited a polarized ultrastructure. origin of the cells
= immunofluorescence microscopy, Alkaline phosphatase activity was higher in CD10/CD13 - Results of different methods support each
EaaE e western blot, electron microscopy, positve cells than CD10/CD13 negative cells. other.
The study describes a measuring transepithelial resistance, Weaknesses:
method for establishing a | reverse transcriptase PCR and by the - Immunofluorescence microscopy was not
homogenous and robust alkaline phosphatase assay. performed on cells cultured on permeable
cell culture model for supports.
proximal tubular epithelial - Polarity was not assessed by
cells. CD10/CD13 positive immunofluorescence microscopy, only
cells represent proximal electron microscopy. Confocal Z-stacks
tubular epithelial cells. are suitable for investigating if polarity
markers are distributed in a polarized
manner.
Country Do the authors reference other literature that
France Istrengthen/weaken their results?
Year - Yes, the polarity markers used are
013 extensively referenced in the scientific

literature.
CD10 and CD13 as markers of proximal
tubular epithelial cells is referenced.
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Reference: Schutgens F, Rookmaaker MB, Margaritis T, Rios A, Ammerlaan C, Jansen J, et al. Tubuloids derived from human

adult kidney and urine for personalized disease modeling. Nat Biotechnol. 2019;37(3):303-13.

Design: Experimental study

Aim

Materials og methods

Results

Discussion/comments

The aim of the study was
to develop a polarized
epithelial organoid culture
of renal epithelial cells
(tubuloids).

Conclusion

Tubuloids is a novel and
relevant cell culture
system of renal tubular
epithelial cells. The
tubuloid can be used to
model infectious diseases,
cancer and cystic fibrosis.

Country

Netherlands

Year

2019

The study utilizes a variety of
techniques such as cell culture,
mmmunofluorescence microscopy,
electron microscopy, whole genome
sequencing, single cell sequencing and
infection studies.

In addition, the authors also use several
established assays for examining known
traits of polarized epithelial cells namely
the barrier integrity assay, P-
glycoprotein assay and rhodamine-123-
assay.

Tubuloids can be established from kidney biopsies and

urine.

Tubuloids are of renal origin — they express renal markers,
and exhibit functionality similar to the proximal tubule.

Tubuloids are permissive for BK Polyomavirus, can

support productive infection and can be used to model

infection of BK Polyomavirus.

Tumoroids can be established from nephroblastoma-tissue.

The tumoroids develop a differing morphology from

healthy tubuloids and exhibit known morphologic traits and

mutations of nephroblastoma.

Tubuloids can be established from the urine of patients
with cystic fibrosis. CF-tubuloids exhibit morphological
traits similar to those described in enteroids isolated from a

CF-patient. The forskolin-swelling assay also model
treatment response in tubuloids.
Tubuloids can be cultured in OrganoPlates

(Overall, the paper is very convincing and solid
scientific work. The authors describe a novel and
useful cell culture and provide convincing evidence
that the cell culture model. The use of multiple
methods, thorough assessment of polarity and
modelling of three different kidney conditions
showcase the relevance of the tubuloid model.
IStrengths and weaknesses of the study:
Strengths:

-  Extensive characterization of the tubuloid
culture using several different methods.
The method is also quick and easier
compared to other organoid cultures.

- The authors use known markers and
assays to assess if the cell culture is
polarized

- Renal epithelial cells are isolated by two
different methods

-  The authors prove the relevance of the
model by modelling several different
diseases affecting the kidneys

‘Weaknesses:

-  The screening of tubuloids for BK
Polyomavirus could have been described
better

-  CF-tubuloids only established from one
patient

= The tubuloids is less complex compared to
1PSC-derived kidney organoids.

Do the authors reference other publications?
[Yes. The publication references previous work of
the authors on similar organoids derived from
different tissues such as enteroids. They also
reference numerous other publications that support
their choice of polarity markers.
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Reference: Krautkramer E, Lehmann MJ, Bollinger V, Zeier M. Polar release of pathogenic Old World hantaviruses from renal

tubular epithelial cells. Virol J. 2012;9(1):299.

Design: Experimental study

Aim Materials and methods Resulfs Discussion/comments
The aim of the study was | Cells: Vero C1008, primary human MDCK cells express the [The study provide evidence that Old World Hantaviruses exhibit polarized
to investigate if renal epithelial cells and Madin-Darby hantavirus receptor CD55 and  |release in polarized epithelial cells. The study show that both Hantaan and
pathogenic Old World Canine kidney cells. Polarized cells integrin Q<mw. [Puumala Hantavirus is released exclusively from the apical surface in three
hantaviruses is released in | were passaged on permeable supports. Vero C1008, primary renal relevant polarized epithelial cells and cell lines. Drawbacks are that the polarity]

a polarized manner.

Conclusion

Release of Pathogenic Old
World hantaviruses is
polarized in polarized
renal epithelial cells.

Country

Germany

Year

2012

Virus: Hantaan and Puumala virus

Polarity of MDCK cells was assessed by
immunofluorescence and electron

microscopy. The presence of hantavirus-
receptor was assessed by flow cytometry

Infectivity was assessed by western blot
and immunofluorescence microscopy.

epithelial cells and MDCK cells
supported Hantavirus-infection.
Hantaviruses entered MDCK
cells from the apical surface
Hantavirus progeny virus was
released from the apical
surface.

of the cells 1s assessed or referenced sufficiently, release is not directly

lquantitated and they did not perform immunofluorescence microscopy of

IMDCK against integrin o'V3 and CD55.

Strengths and weaknesses of the study:

Strengths:

-  The study utilizes to hantaviruses, increasing the relevance of the
findings.

-  The investigators have assessed release in three types of polarized
epithelial cells, including primary human renal epithelial cells.

‘Weaknesses:

- Assessment of polarity is only done for MDCK cells. The authors
present no evidence that Vero C1008 or primary renal epithelial cells
polarize.

-  The presence of hantavirus-receptors is only done with flow
cytometry. Immunofluorescence microscopy of MDCK cells could
reveal if the localization of the receptor is restricted to a specific cell
surface. This is important information as it will impact if viral entry is
polarized or not.

- The authors did not directly quantitate the release of progeny virus. In
my opinion this is important information and could be done by RT-
PCR.

-  The paper does not address if the membrane of the permeable support
poses as a mechanical barrier for the virus. This is an essential point,
as basolateral release can potentially be hindered by the membrane
and thereby falsely reduce basolateral release of progeny virus.

Do the authors reference other literature that strengthen/weaken their

results?

- Yes, the authors reference their previous findings that viral entry of
Old World Hantavirus is restricted to the apical surface. Additionally,
they also reference previous work from Ravkov et al, where they
showed that viral entry and release of New World Hantavirus is
restricted tot the apical surface.
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Reference: Vinaiphat A, Charngkaew K, Thongboonkerd V. More complete polarization of renal tubular epithelial cells by

artificial urine. Cell Death Discov. 2018;4(1):47.

Design: Experimental study

Aim

Materials and methods

Results

Discussion/comments

To assess if artificial urine
in the apical compartment
yields more complete
polarization of renal
tubular epithelial cells.

Conclusion

Culture of renal tubular
epithelial cells with
artificial urine yields a
more complete
polarization. Urea is the
most important facilitator
of polarization in artificial
urine.

Country

Thailand

Year

2018

Cells: Madine-Darby Canine Kidney
cells.

The presence of polarity markers was
assessed by transepithelial 1 resistance,
immunofluorescence microscopy.
electron microscopy and western blot.
The functionality of the monolayer was
examined by utilizing an ion transport
assay and lactate dehydrogenase release
assay.

Secretome analysis was performed by
harvesting supernatant followed by mass
spectrometry.

Culture with artificial urine in the apical compartment lead
to increased expression of polarity markers such as tight
junctions, adherens junctions, microvilli and desmosomes.
Electron microscopy showed that MDCK cells cultured

with artificial urine developed a more polarized
ultrastructure.

The secretome of MDCK cells cultured in artificial urine

was more similar to the secretome of human urine
compared to control-MDCK cells.

Urea is the main driver in artificial urine of more complete

polarization.

The paper show in a convincing manner how
ificial urine lead to more complete polarization

f MDCK cells. Utilization of several methods,
sessment of morphology and functionality and

the use of established polarity markers make the

findings convincing.

Strengths and weaknesses of the study
Strengths:

- Polarity was assessed by multiple
modalities such as immunofluorescence
and electron microscopy, transepithelial
resistance and western blot.

- MDCK cells is an established and relevant
cell line i research of epithelial cell
polarization.

- Secretome analysis showcase the impact
polarization has on the functionality of the
monolayer.

‘Weaknesses:

- The study only utilizes MDCK cells.
Although MDCK cells is an established
and relevant cell culture model of
polarized epithelial cells it would
strengthen the paper if the findings were
reproducible in other kidney cells lines or
primary renal epithelial cells.

Do the authors reference other literature that
|strengthen/weaken their results?

- Yes, the polarity markers in the study is
well-established and referenced in the
scientific literature. The authors also
reference previous papers that have also
shown that hyperosmotic conditions lead
to changes in gene expression and cell
morphology.
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Reference: Clayson ET, Compans RW. Entry of simian virus 40 is restricted to apical surfaces of polarized epithelial cells. Mol

Cell Biol. 1988;8(8):3391-6.

Design: Experimental study

Aim

Materials and methods

Results

Discussion/comments

The aim of the study was
to assess if uptake of
Simian Virus 40 is
polarized or not in
polarized epithelial cells.

Conclusion

The uptake of Simian
Virus 40 is polarized and
restricted to the apical
surface of polarized
epithelial cells

Country

USA

Year

1988

Cells: Vero C1008, polarized MDCK,
primary African green monkey kidney
ceclls, Vero and CV-1. Cells were
grown on permeable supports.

Virus binding was assessed by electron
microscopy, immunofluorescence
microscopy and liquid scintillation
spectrometry.

Binding of Simian Virus 40 was restricted to the apical side
of polarized epithelial cells.

In non-polarized epithelial cells, Simian Virus 40-binding
was non-polarized.

Polarized epithelial cells infected from the basal side did
not express viral proteins, while polarized cells infected
from the apical side expressed virus proteins.

The paper present evidence of polarized entry of
Simian Virus 40 in polarized epithelial cells. Virus
binding and infectivity results harmonize making
the evidence convincing. The authors have utilized
both cell lines and primary cells, but the polarity of
the cell culture model is poorly documented.

Strengths and weaknesses of the study:
Strengths:

- Virus uptake was assessed in both
polarized and non-polarized epithelial
cells. Authors utilized two polarized cell
lines and two non-polarized cell lines.

- Utilized both primary cells and
immortalized cell lines.

- Infection and site of entry is assessed by
several methods strengthening the
evidence. Results of different methods
harmonize.

‘Weaknesses:

- The polarized epithelial cells are not
thoroughly assessed for polarity markers
and functionality. No convincing evidence
that confirm the polarity of the cells used
in the study.

- The authors do not address if the
membrane of the permeable support act as
a mechanical barrier. This is a drawback
as other studies have shown that the
membrane acts as a barrier the virus must
Cross.

Do the authors reference other literature that
|strengthen/weaken their results?

'Yes, the authors reference other papers where
polarized entry and release have been shown in
other viruses.
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