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Absence of keratin 1 restricts the course of infection with lymphocytic 
choriomeningitis virus strain MX
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Summary. – A rodent-transmitted enveloped lymphocytic choriomeningitis virus (LCMV) is an RNA virus 
causing persistent infection. During persistent infection, a unique strain MX of LCMV does not yield infec-
tious virions, therefore it is not able to use a receptor for its dissemination, and spreads by cell-to-cell contacts. 
Virus can be transported to the neighboring cell by di�erent cellular structures such as tunneling nanotubes or 
cytonemes. Using q-PCR, immuno�uorescence, siRNA and western blot, we show that keratin 1 (K1) is essential 
for the persistent infection caused by LCMV strain MX, and its absence very e�ectively slows down the course 
of infection. In contrast, other LCMV strains, namely Clone 13 and Armstrong, which produce expression of 
K1, desmosomes in cells expressing K1 (42-MG-BA) but not in cells without K1 expression (NIH/3T3). We 
conclude that the presence of the virus enhances the K1 expression, while the presence of K1 protein potentiates 
the viral spread in persistently infected cells.
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Introduction

Lymphocytic choriomeningitis virus (LCMV) is an RNA 
virus that belongs to the Arenaviridae family (Bowen et al., 
1996). Virus contains two segments of ambisense-organized 
RNA encoding four genes. �ese genes encode �ve viral 
proteins: glycoprotein precursor (GPC), which is posttrans-
lationally cleaved into two glycoproteins (GP1 and GP2), 
viral nucleoprotein (NP), zinc �nger containing protein Z 
(ZP) and RNA-dependent RNA polymerase (L protein, L). 
�e minimal infectious unit of the virus is ribonucleoprotein 
(RNP), which consists of two RNA segments encapsidated 

by nucleoprotein, and RNA polymerase (Cornu and de la 
Torre, 2001).

LCMV is an RNA virus transmitted by common house 
mice (Mus musculus), a natural host and reservoir. However, 
the virus can also be transmitted by pet rodents (hamsters 
and guinea pigs). Humans are infected by the inhalation 
of aerosols from rodent excretes. A very important way of 
transmission is by organ or tissue transplantation, where 
infection may have fatal consequences (Schafer et al., 2013). 
Persistent infection of a donor patient may remain unrecog-
nized and during the organ handling, when partial hypoxia 
of the organ occurs, the virus can be reactivated (Tomaskova 
et al., 2011). �e reactivated virus generates acute infection 
a�er transplantation into immunosuppressed recipient, o�en 
ending with death (Schafer et al., 2013).

Persistent LCMV infection is characteristic for signi�cant 
reduction of viral replication, restricted accumulation of 
viral glycoproteins at the cell surface and by formation of 
LCMV-speci�c defective interfering particles, which are 
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generated early a�er the initiation of the infection (Buch-
meier et al., 1980). �e typical characteristics of LCMV 
persistent infection are accumulation and maintenance of 
high levels of intracellular LCMV RNAs and uncoupling of 
the synthesis of the major structural proteins NP and GP. 
NP is uniformly distributed throughout the cytoplasm of 
persistently infected cells, whereas surface expression of GP 
is signi�cantly down-regulated (Meyer and Souther, 1997). 
Since GP is not present on the membrane, the assembly of 
virions cannot be completed, and virions are not released 
from the cell. �e virus is thus not able to spread by a typi-
cal way of spreading via virion-receptor dependent manner.

During persistent infection, when the virions are not 
released into the extracellular space, virus can use a trans-
mission by cell-to-cell contacts. For this transmission, 
complete virions or glycoproteins for receptor binding are 
not necessary. �us, incomplete viruses or just RNP may 
be transmitted through the cellular protrusions (tunneling 
nanotubes), on the surface of the protrusions (cytonemes), 
with the help of cytoskeletal components (actin tails, e.g. 
Vaccinia virus), or by certain types of cellular junctions (gap 
junctions, Pseudorabies) (Labudova et al., 2018). �ese types 
of transmission have several advantages that favor the viral 
dissemination. �e viruses do not require a receptor for the 
entry to the recipient cell; the transmission is faster because 
the recipient cell is in close proximity; the virus is protected 
from the immune system and virus neutralizing antibodies 
(Sherer and Mothes, 2008).

Desmosomes are highly specialized anchoring junc-
tions that connect intermediate �laments (IF) to the sites 
of intercellular adhesion and facilitate the formation of a 
supracellular sca�olding (Green and Simpson, 2007). �e 
junctions serve as anchors for cytoplasmic IF, �bers designed 
to withstand a high degree of mechanical strain (Coulombe 
and Omary, 2002). Transmembrane members of the cadherin 
family, desmogleins and desmocollins cooperate to form ad-
hesive interface (Getsios et al., 2004). �e cytoplasmatic tails 
of cadherins provide a binding platform for the proteins such 
as plakoglobin and plakophilins – other components of des-
mosomes (Schmidt and Jager, 2005). Desmoplakin, in turn, 
links the stress-bearing IF cytoskeleton to this specialized 
region of the plasma membrane (Hatsell and Cowin, 2001). 
IF proteins consist of a large family of nuclear (lamins) and 
cytoplasmatic (keratins, neuro�lament, vimentin, desmin) 
cytoskeletal proteins (Steinert and Roop, 1988). Expression 
of IFs is tissue-speci�c: keratins in epithelial cells, vimentin in 
mesenchymal cells, desmin in muscles and neuro�laments in 
neuronal cells (Ku et al., 1996). �e largest subfamily of IFs, 
namely the keratins (Moll et al., 1982) (K1-K20), have several 
biological and clinically relevant features. Epithelial tissues 
express at least one type I (K9-K20) and one type II (K1-K8) 
keratin in a cell-speci�c manner. Simple-type epithelia (liver, 

intestine, exocrine pancreas), for instance, express K8/K18, 
and keratinocytes express K5/K14 in the basal proliferative 
compartment or K1/K10 in the suprabasal di�erentiated 
compartment (McLean and Lane, 1995).

We have already proved that NP of LCMV MX strain uses 
K1 for transport to the desmosomes and to close proximity of 
the neighboring cell to allow for better cell-to-cell transmis-
sion (Labudova et al., 2009) and proposed several types of 
transport (Labudova et al., 2018). In this paper, using cells 
without K1 expression (NIH/3T3) or with restricted K1 
expression (42-MG-BA), we show that the absence of K1 
slows down the viral transmission during persistent infec-
tion (strain MX) but it is not essential during acute infection 
(strain Armstrong and Clone 13).

Materials and Methods 

Viruses and cells. LCMV strain MX is present in HeLa/MX cells 
permanently maintained in dense cultures (Reiserová et al., 1999). 
Strain Armstrong (ARM) was obtained from Dr. Boris Klempa, 
Institute of Virology, Biomedical Research Center, Slovak Academy 
of Sciences, Slovak Republic. Clone 13 (Cl13) was obtained from 
Dr. Jana Tomaskova, Institute of Virology, Biomedical Research 
Center, Slovak Academy of Sciences, Slovak Republic. HeLa/MX 
is a HeLa cell line infected by cell-free extract of MaTu cells (cells, 
which are persistently infected with LCMV strain MX) that was 
prepared by the procedure of van der Zeijst et al. (1983). �e cells 
were cultured in complete DMEM medium (Lonza, Belgium) with 
2  mM L-glutamine supplemented with 10% fetal bovine serum 
(Lonza) and 160 μg/ml gentamicine (Lek, Slovenia) in humidi�ed 
air atmosphere at 37°C in the presence of 5% CO2. �e cultures were 
maintained at high cell density to allow for easier virus transmission 
via cell-to-cell contacts (Zavada and Zavadova, 1991). For hypoxia 
experiments, the cells were incubated in hypoxia in Ruskinn Sci-tive 
hypoxia workstation (Ruskinn, USA) with 2% of oxygen, 5% CO2 
and 37°C for 72 h. NIH/3T3 cells (ATCC CRL-1658) are mouse 
embryonal �broblasts from mouse sarcoma, which do not express 
keratin 1 and 10. 42-MG-BA (DSMZ ACC-431) cells are neuronal 
glioma cell line, where only 0.1% of cells from the population are 
keratin-positive (Macikova et al., 1999).

Antibodies. Primary antibodies: undiluted media of M87, a 
mouse monoclonal antibody speci�c for nucleoprotein of LCMV 
strain MX (Pastorekova et al., 1992); anti-cytokeratin 1 (N-20) anti-
body (Santa Cruz, USA), dilution of 1:200; mouse monoclonal anti-
desmosomal protein clone ZK-31 (Sigma Aldrich, USA), dilution 
1:300. Secondary antibodies: goat anti-mouse IgG conjugated with 
horseradish peroxidase, dilution 1:5,000 (Dako, Denmark); rabbit 
anti-goat IgG conjugated with horseradish peroxidase, dilution 
1:5,000 (Dako); goat anti-mouse conjugated with Alexa Fluor 488, 
dilution 1:2,000 (Life Technologies,); rabbit anti-goat conjugated 
with Alexa Fluor 594, dilution 1:2,000 (Invitrogen, USA).
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Infection. We infected HeLa cells at 80% con�uence plated in 
6 cm Petri dish with LCMV strains Cl13 and ARM at MOI of 0.1. 
Adsorbing of the virus was done at room temperature (RT) for 90 
min in PBS with 2% FCS. �e virus was removed, and the cells were 
cultivated in DMEM with 2% FCS. Infection with media was done 
by addition of 2 ml of media from infected or control cells plated 
in 6 cm Petri dish to 80% con�uent cells. �e adsorption was done 
at RT for 90 min. A�er the removal of the medium a fresh medium 
with 2% FCS was added.

Cell-free extracts. Cell-free extracts of HeLa/MX cells were 
prepared according the protocol by Laposova et al. (2017). HeLa/
MX cells grown in monolayer on 10 cm Petri dish, were washed in 
cold PBS (Sigma Aldrich) and scraped into 400 μl of deionized H2O 
and incubated for 15 min on ice with repeated shaking. �e cells 
were then centrifuged at 900 rpm at 4°C for 15 min. Supernatant 
was diluted in 1:1 ratio with DMEM containing 4% FCS, �ltered 
through 0.2 μm �lter and transferred onto NIH/3T3 or 42-MG-BA 
cells. �e following day the medium with extract was exchanged 
for DMEM with 10% FCS. �e infected cells were le� to grow to 
high density to allow for easier virus transmission via cell-to-cell 
contacts. Cells were then passaged and monitored by PCR and 
immuno�uorescence.

RNA isolation. Cells grown on a 3.5 cm tissue culture dish 
were washed 3 times in PBS and 500 μl of Instapure (Eurogentec, 
Belgium) were added. For isolation of RNA from media, we used 
200 μl of media and 500 μl of Instapure. At this step, we have spiked 
the media with 2000 ng of RNA from HeLa cells, for later quanti-
�cation. One hundred microliters of chloroform were added, and 
samples were mixed and incubated for 15 min at 4°C. A�er 15 min 
centrifugation at full speed, the upper phase was collected, and the 
same amount of isopropanol was added to the supernatant. Samples 
were incubated at -80°C for 30 min and centrifuged at full speed 
for 15 min again. RNA was washed, by centrifugation at 7500 rpm 
for 5 min, with 70% ethanol followed by another wash with 96% 
ethanol. �e pellet was air dried and resuspended in DEPC water. 
RNA concentration was measured on NanoDrop 2000 (�ermo 
Scieti�c).

RT-PCR, PCR, nested PCR and q-PCR. For RT-PCR we used 
2000 ng of RNA mixed with 10 μl of master mix (High capacity 
cDNA reverse transcriptase kit, Applied Biosystems, USA). Master 
mix consisted of 5x RT bu�er, 100 mM random primers, 100 mM 
dNTP and DEPC water. Conditions for the reaction were as follows: 
25°C for 10 min, 37°C for 120 min and 85°C for 5 min. To detect 
di�erent viral genes, we used di�erent sets of primers (Microsynth 
AG, Switzerland) shown in the Table 1. We used Dream Taq Green 
PCR master mix (�ermo Scienti�c, USA) with 100 mM speci�c 
primers, 1 μl of cDNA and water. �e conditions for PCR were the 
same for all the genes: 95°C 3 min and 35 cycles of 95°C 30 s, 60°C 
40 s, 72°C 40 s and a �nal polymerization at 72°C for 7 min. Primers 
“ARM” were also used for the strain Clone 13. In the second round 
of nested PCR we used 1 μl of the product from the �rst reaction as 
template. For the �rst round of nested PCR we used “NP” primers 

and for second round “NP nested” primers (Table 1). Both reactions 
were run at the same conditions: 95°C 3 min, 33 cycles of 95°C 30 s, 
60°C 40 s, 72°C 40 s and a �nal polymerization at 72°C for 7 min. For 
q-PCR we used the cDNA diluted in ratio 1:30 in sterile water and 
“NP” primers (Table 1). For the reaction, we used Maxima SYBR 
Green/ROX qPCR master mix (�ermo Scienti�c), with 100 mM 
speci�c primers, 2 μl of 1:10 diluted cDNA and water. Q-PCR was 
performed in Stratagene Mx3005P with MxPro so�ware (Agilent 
Technologies, Germany). All samples were analyzed in triplicates. 
Sample Ct values were normalized to 𝛽-actin as internal control.

Immuno�uorescence. Cells grown in monolayer were washed 
3 times with PBS and �xed by 2% paraformaldehyde at RT for 20 
min and permeabilized by 0, 2% Tween 20 for 5 min. Cells were 
blocked by 3% bovine serum albumin (BSA, Applichem, Denmark) 
for 1 h at 37°C. �e primary antibody was diluted in 1% BSA in 
PBS with 0.02% Tween 20 (Sigma Aldrich) and incubated for 1 h 
at 37°C. A�er washing three times for 10 min with PBS/Tween 
20, secondary antibody diluted in 1% BSA in PBS/Tween 20 was 
added. Incubation was done at 37°C for 1 h. For double staining, 
we incubated cells with each primary antibody separately and both 
secondary antibodies were applied together for 1 h at 37°C. For 
nucleus staining, we used DAPI (4', 6'-diamidino-2-phenylindole; 
Sigma Aldrich) diluted 1:1000 and incubated for 5 min. Samples 
were �xed in Fluoroshield mounting medium (Abcam, UK) and 
analyzed on Leica DM4500B upright �uorescent microscope with 
camera Leica DFC480 (Leica, Germany) or on Zeiss LSM510 

Table 1. Primers used in this study

Gene Primer sequence (5'-3')

NP
S: ACTCACAGACCTTGGTCTGCTTTA

A: TTGTGTTTTCCCATGCTCTCCCC

NP nested
S: AAATACCCAAATCTCAATGACCTTGA

A: CCTACAAGCTATGTATGGCCACC 

GP MX
S: AACCAGTGCAGAACTTTTAGAGGTA

A: GCAAGTCTTCTAGTGAGGAACTTTG

GP ARM
S: AGCCAGTGTAGAACCTTCAGAGGTA

A: GCTAGTCTCCTAGTGAAGAACTTAG

L MX
S: AGCTGCTGTCTCGTTGTATAGAAAT

A: ATACATGCCAACTTGTTAGTGTCCT

L ARM
S: AGTTGCTGTCACGCTGCATTGAAAT

A: ATGCATGCCAATTTGTTAGTGTCCT

ZP MX
S: CCTGTGAGAGTACAGAGA

A: GATATCTTCAGCTTGGTT

ZP ARM
S: TCGTGAGGCTGTCAGAAGTGGACCT

A: GATATCTTCAATCTGGTTGGTAATG

Actin
S: CCAACCGCGAGAAGATGACC

A: AGGATCTTCATGAGGTAGTCAGTC
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laser scanning confocal microscopy system mounted on a Zeiss 
Axiovert 200M inverted microscope. Images were taken with 
Plan Apochromat 63x/1.4 oil objective and scanned at scan speed 
6, 1024 x 1024 pixels, 12 bit data depth with average mode 8x line 
(Zeiss, Germany). �e �uorescence signal from at least 100 cells was 
analyzed by ImageJ so�ware. �e standard deviations (SD) were 
evaluated. Signi�cance was evaluated with two-tailed unpaired t 
test (Student's t-test) with a P-value of < 0.05 considered signi�cant 
(*P <0.05; **P <0.01; ***P <0.001).

Immunoprecipitation and SDS-PAGE. Protein extracts were pre-
pared by lysis of cells in RIPA bu�er (sodium deoxycholate (Sigma 
Aldrich), Triton X-100 (Sigma Aldrich), inhibitors of proteases 
(Roche Diagnostics GmbH, Germany)) for 15 min on ice followed 
by centrifugation at full speed for 15 min. One hundred micrograms 
of extracts or undiluted media were incubated with primary anti-
body (M87) over night at 4°C. �en 3 times PBS-washed Protein 
G sepharose 4 Fast �ow (GE Healthcare, Sweden) was added and 
samples were incubated on rotation shaker at RT for 1 h. Protein 
G sepharose was washed 3 times with PBS and resuspended in 2x 
Laemli with 10% beta-mercaptoethanol, boiled for 5 min, cooled 
and centrifuged. Samples were loaded onto 10% SDS-PAGE and 
run over night at 40V. 

Western blot. Separated proteins were transferred onto Pora-
blot PVDF membrane (Macherey-Nagel, Germany) for 2 h at 300 
mA. Membrane was blocked in 5% skimmed milk in PBS with 
0.2% Nonidet P40 substitute Bioxtra, mixture of 15 homologues 
(Sigma Aldrich) over night at 4°C. Primary antibodies M87 or 
anti-cytokeratin 1 antibody were added, and the membrane was 
incubated for 1  h at RT. A�er three washes with PBS/Nonidet 
P40, secondary antibody labeled with peroxidase was added. A�er 
another wash, membrane was incubated in enhanced chemilumi-
nescence solution, incubated for 1 min and developed on X-ray 
�lm (Fuji�lm, Japan).

Aggregation assay. Di�erently infected or uninfected cells were 
analyzed by aggregation assay. Cells were seeded onto a 6 well plate 
(150,000 cells/well) and le� to grow for 24 h on a rotation shaker at 
120 rpm. Cells were then analyzed under an inverted microscope 
Axiovert 40 CFL (Zeiss) with 10x objective (Zeiss).

siRNA. HeLa cells at 80% con�uence seeded a day before, were 
transfected with K1 siRNA (Santa Cruz Biotechnology, Germany) 
and scrambled siRNA by Gene silencer siRNA transfection reagent 
(Genlantis, USA). A�er 48 h, the cells were infected with cell-free 
extract from HeLa/MX cells or with virus suspension in case of 
strains ARM and Cl13. As a control for siRNA transfection, we 
used scramble siRNA (HeLa/Scr) and as a control for cell-free 
extract infection (Hela/MX C siRNA), cells which were infected 
at the same time and same extract inoculum as the transfected 
ones. HeLa cells were used as a negative control (HeLa), while 
HeLa/MX cells were used as a positive control (HeLa/MX) for 
NP expression. For secondary antibody background control, we 
used cells labeled with secondary antibody only (NC 2°Ab only). 
We used �ow cytometry to analyze the number of infected cells 
by detecting the viral NP.

Flow cytometry. Con�uent cells were washed, trypsinised and 
centrifuged at 900 rpm for 1 min. Samples were washed in PBS with 
10% FCS to inactivate the trypsin. �e cells were �xed by drop-
wise adding of 96% ethanol with gentle mixing followed by 30 min 
incubation at 4°C on the shaker. Fixed cells were washed again with 
versene with 10% FCS and le� in the washing bu�er. Cells were 
transferred into 96-well plate, centrifuged at 900 rpm for 5 min 
and primary antibody M87 was added. A�er 10 min incubation at 
RT, the cells were centrifuged at 900 rpm for 5 min and washed. A 
secondary anti-mouse antibody conjugated with AF488 was added 
and incubated for 10  min at 37°C. Ten-minute incubation and 
centrifugation followed, and the cells were analyzed by Guava Easy 
Cyte plus �ow cytometer (Guava technologies, Merck, Germany).

Sequence analysis. For the protein sequence analysis, we used 
protein sequences of LCMV strain MX (Acc. No. Y16308.1), strain 
ARM (Acc. No. M20869.1) and Clone 13 (Acc. No. DQ361065.1). 
Sequences were analyzed in Blast protein alignment (Altschul et 
al., 1990) and by homology modeling so�ware Swis-model (Arnold 
et al., 2006).

Results

Infection of cells with restricted expression or without 
expression of keratin 1

We have recently showed that nucleoprotein of LCMV 
strain MX interacts with K1. We assume that the virus uses 
K1 as a sca�old for transport to the desmosomes, where 
the cells form tight contacts. �e virus is then transported 
to the neighboring cell by some other means of transport 
(Labudova et al., 2009, 2018) �e question was whether 
K1 is necessary for the infection or if the virus is able to 
overcome its absence.

We used two cell lines, mouse embryonic �broblasts 
NIH/3T3, which do not express K1 and K10, and neuronal 
glioma cell line 42-MG-BA, where only 0.1% of cells of the 
population are keratin-positive (Macikova et al., 1999). �e 
80% con�uent monolayer of the cells was infected with MX, 
Cl13 or ARM strain of LCMV. For MX strain, we used cell-
free extract to mimic the virus transport during persistent 
infection without using the receptor, where incomplete 
virions or RNP should be transported to the cytoplasm by 
endocytosis. Cells were then grown and passaged for 10 pas-
sages. We have collected cells and media for RNA extraction 
a�er each passage and looked at the NP presence by PCR or 
immuno�uorescence. We did not observe NP presence in 
NIH/3T3/MX-infected cells by immuno�uorescence (Fig. 1). 
We also did not detect NP or other viral genes (GP, Z, L) in 
the RNA samples from cells or media (Figs. 2, 3). On the 
other hand, the presence of NP in NIH/3T3 cells infected 
with Cl13 or ARM was signi�cant already in the 2nd passage 
by nested PCR (Fig. 2) and immuno�uorescence (Fig. 1). 
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Fig. 1

Presence of NP in passages of infected cells – immuno�uorescence
Immuno�uorescence of NP in passages 2, 4, 6, 8 and 10 in the NIH/3T3 and 42-MG-BA cells infected with strain MX, Clone 13 (Cl13) and Armstrong 
(ARM) of LCMV. Viral NP was detected by monoclonal antibody M87 and secondary antibody labeled with AF488 (green). Magni�cation 400x.
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Fig. 2

Presence of NP gene in passages of 
infected cells – PCR

Nested PCR and q-PCR for detection of 
NP in passages 2, 4, 6, 8 and 10 in the 
NIH/3T3 and 42-MG-BA cells infected 
with strain MX, Clone 13 (Cl13) and 
Armstrong (ARM) of LCMV. �e pres-
ence of NP was detected in cell-free 
media and in the cells. �e Ct values of 
NP were normalized to actin. PC = posi-
tive control; NC  =  negative control; 
NTC = non-template control.
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We have also detected the presence of other viral genes in 
cells and media. In addition, in glioma cell line 42-MG-BA, 
infected with any of the three viral strains, we were able to de-
tect NP and other viral genes in media and in cells by nested 
PCR already in the second passage (Figs. 2, 3). �e viral NP 
was also detected in second passage by immuno�uorescence 
(Fig. 1). We have also con�rmed the presence of the viral NP 
in the cell extracts of NIH/3T3 cells infected by Cl13 and 
ARM and in 42-MG-BA cells infected by all three strains 
in western blot and by immunoprecipitation of cell extracts 
and medium. However, we were not able to precipitate NP 
from the media of NIH/3T3 cells infected by Cl13 (Fig. 4).

�e change of cell morphology upon infection

An interesting fact was observed a�er the infection of 
42-MG-BA cells, when the change of morphology of 42-MG-
BA cells was promoted by the infection with strain Cl13 or 
ARM but not MX. Originally �broblast-like cells changed 
their morphology a�er the infection to epithelial-like mor-
phology (Fig. 5).

We have analyzed the expression level of truncated K1, 
which might be involved in the change of the morphology by 
western blot. NIH/3T3 cells did not express the truncated K1. 
However, we have observed down-regulation of truncated K1 
in strain MX-infected 42-MG-BA cells, while cells infected 
with the strains Cl13 or ARM had similar expression as the 
control cells.

�e presence of complete infectious virions of LCMV

To con�rm the presence or absence of functional, com-
plete or infectious virions, we collected the media from 
NIH/3T3 cells infected by each strain and used it as an 
inoculum for infection of HeLa cells. A�er the infection, 
cells were grown and passaged for at least 6 passages. �e 
presence of NP was analyzed by immuno�uorescence. �e 
NP was present already at the �rst day a�er the infection by 
Cl13 or ARM but was not detected in the MX infected cells 
even a�er further ten passages (Fig. 6).

Reactivated strain MX of LCMV infects keratin de�cient 
cells

We have already shown that persistent LCMV strain MX 
is able to form complete and infectious virions a�er exposure 
to hypoxia (Tomaskova et al., 2011). To reactivate the strain 
MX, we cultivated the persistently MX-infected HeLa cells 
for 72 h in 2% hypoxia. We collected the media and used 
it as an inoculum to infect a new monolayer of NIH/3T3 
and 42-MG-BA cells. Presence of the virus was detected by 
immuno�uorescence with anti-NP antibody within 2 days 
post infection (Fig. 7).

Fig. 2

Continued
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Fig. 3

Presence of other viral genes in infected cells and media – PCR
PCR for detection of viral glycoprotein (GP), RNA-dependent RNA polymerase (L protein, LP) and Z protein (ZP) in passages 2, 4, 6, 8 and 10 in the 
NIH/3T3 and 42-MG-BA cells infected with strain MX, Clone 13 (Cl13) and Armstrong (ARM) of LCMV. Viral genes were detected in cell-free media 
and in the cells. PC = positive control; NC = negative control; M = marker.

Fig. 4

Presence of NP and K1 in infected cells – Western blot
(a) Western blot for detection of NP and K1 in the 20th passage of the 
NIH/3T3 and 42-MG-BA cells infected with strain MX, Clone 13 (Cl13) 
and Armstrong (ARM) of LCMV. RIPA lysates of infected cells were sub-
jected to SDS-PAGE and followed by western blot with anti-cytokeratin 
1 and M87 antibodies. (b) Imunoprecipitation with M87 antibody from 
RIPA lysates and cell free media followed by SDS-PAGE and western blot. 
Ig = immunoglobulins.

(b)    IP of medium

(a)    Protein lysates
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Fig. 5

Change of the cell morphology in infected cells
Light microscopy of infected and control 42-MG-BA cells. Magni�cation 200x.

Fig. 6

Infection with cell-free media
Immuno�uorescence of HeLa cells infected with medium 
from infected NIH/3T3 cells a�er 1, 2 and 6 days (dpi). 
Fluorescence staining was used for detection of NP with 
M87 antibody followed by secondary antibody labeled with 
AF 488. Magni�cation 400x.

Fig. 7

Infection with hypoxic cell-free media
Imuno�uorescence of NIH/3T3 and 42-MG-BA cells infected with media 
from HeLa/MX incubated in 2% hypoxia for 72 h a�er 1 day. Fluorescence 
staining was used for detection of NP with M87 antibody followed by sec-
ondary antibody labeled with AF 488 (green). Magni�cation 400x.

42-MG-BA/MX 42-MG-BA/Cl13

42-MG-BA/ARM 42-MG-BA

NIH/3T3

42-MG-BA

1 dpi                                      2 dpi                                          3 dpi
HeLa infected with medium from NIH/3T3/MX

HeLa infected with medium from NIH/3T3/Clone 13

HeLa infected with medium from NIH/3T3/ARM



178 LABUDOVA, M. et al.: KERATIN 1 IMPORTANCE IN LCMV MX INFECTION

(c)

(a)

(b)

Fig. 8

K1 siRNA treatment
(a) Flow cytometry of silenced K1 expression in HeLa cells with NP detected by M87 and secondary antibody conjugated with AF 488. HeLa cells were 
transfected with siRNA K1 and infected with LCMV strains MX (HeLa siRNA/MX), Clone 13 (HeLa siRNA/Cl13) and Armstrong (HeLa siRNA/ARM) 
a�er 24 h. Control of silencing were cells transfected with scramble RNA (HeLa/Scr), which were also infected with all three strains. As a control for infec-
tion spread, we infected control HeLa cells at the same time with cell-free extract (HeLa/MX C siRNA). As a control for NP presence, we used HeLa cells 
(as negative control) and HeLa/MX cells (as positive control) and as a negative control of the antibody background we used cells labeled with secondary 
antibody only (NC 2°Ab only). (b) Immuno�uorescence and (c) western blot of HeLa cells transfected with scramble RNA (HeLa Scr) and siRNA (HeLa 
siRNA) a�er 24 h a�er transfection with anti-K1 antibody.

K1 siRNA silencing restricts infection by cell-free extracts

To see if the cell-to-cell infection works a�er elimina-
tion of K1 from the cell, we have performed silencing with 
speci�c K1 siRNA. We have transfected HeLa cells with 
K1 siRNA, and a�er 24 h cells were infected with all three 
LCMV strains. We have collected uninfected siRNA- and 

scramble-transfected HeLa cells as controls of silencing for 
western blot analysis (Fig. 8c). �e cells were passaged for 
two passages and analyzed by �ow cytometry for the pres-
ence of NP (Fig. 8a). At the same time, control cells were 
subjected to immuno�uorescence (Fig. 8b). Flow cytometry 
showed that cells with silenced K1 were less infected than 
the control ones (Fig. 8a).
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Fig. 9

Expression of desmosomes and K1 in infected cells
(a) Immuno�uorescence of desmosomes and K1 in the NIH/3T3 and 42-MG-BA cells infected with strain MX, Clone 13 (Cl13) and Armstrong (ARM) of 
LCMV. Desmosomes were detected by anti-desmosome antibody and secondary antibody labeled with AF488 (green). K1 was detected by anti-cytokeratin 
1 and secondary antibody labeled with AF594 (red). Magni�cation 630x. (b) Graphs represent the �uorescence signal intensity of desmosomes and K1 
from at least 100 cells of NIH/3T3 and 42-MG-BA infected or uninfected cells. Signi�cance was evaluated with two-tailed unpaired t test (Student's t test) 
with a P-value of < 0.05 considered as signi�cant (one asterisk) or < 0.001 (three asterisks).

(a)

(b)
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Fig. 10

Aggregation assay of infected cells
Light microscopy of aggregation assay of NIH/3T3 and 42-MG-BA cells infected with strain MX, Clone 13 (Cl13) and Armstrong (ARM) of LCMV. Cells 
were immediately a�er seeding incubated on rotation shaker at 120 rpm for 24 h. Magni�cation 200x.

Higher expression of K1, desmosomes and adhesion mol-
ecules in infected cells with K1 expression

In previous work, we have shown that in MX-infected 
HeLa cells the expression of K1 and desmosomes is higher 
than in control cells (Labudova et al., 2009). We have ana-
lyzed NIH/3T3 and 42-MG-BA cells infected with all three 
strains for the presence of K1 and desmosomes by immuno-
�uorescence (Fig. 9), and for the presence of adhesion mol-
ecules by aggregation assay (Fig. 10). In immuno�uorescence 
we observed that uninfected and MX-infected NIH/3T3 cells 
do not express K1 or desmosomes (Fig. 9). NIH/3T3 cells 
infected with Cl13 or ARM had slightly elevated expression 
of both desmosomes and K1 (Fig. 9). �ere was only low 
expression of desmosomes and K1 in uninfected 42-MG-BA 
cells. High level of desmosomes and K1 was observed in these 
cells infected with all three strains (Fig. 9).

Uninfected NIH/3T3 cells form several aggregates of 
various elongated shapes. However, the infected cells form 
numerous and more globular aggregates. Cells infected with 
strain MX contained many of such irregular aggregates, 
however, also the globular ones. �e other two strains formed 
mostly globular and larger aggregates. Although the 42-MG-
BA cells formed aggregates, there was a signi�cant di�erence 
between infected and uninfected cells as well as between the 
di�erent strains. Cells infected with LCMV strains Cl13 or 
ARM formed small aggregates, but these were very unstable 
and had the tendency to disintegrate. Moreover, the aggre-

gates of the strain ARM were more disintegrated, than those 
of Cl13. On the other hand, the cells infected by strain MX 
formed compact, stable aggregates.

�e MX-infected cells containing K1 form more stable 
aggregates than cells infected with other strains, meaning 
that they form stronger cell-to-cell contacts enabling for 
better cell-to-cell transmission of the virus.

Sequence analysis of viral nucleoprotein

�e unique feature of the strain MX to utilize K1 for 
transmission could arise from its nucleotide sequence. To 
investigate the di�erences of the strains on the amino acid 
sequence base or the secondary structure, we have performed 
sequence comparisons.

We have compared the protein sequences of viral NP of 
LCMV strains MX and ARM/Cl13. LCMV strain ARM and 
Cl13 had 100% amino acid identity. �e sequence of strain 
MX had 24 changes in the amino acid sequence (96% iden-
tities) compared to other two sequences, according to the 
protein sequence alignment (Blast) (Altschul et al., 1990). 
�e homology modelling (Swiss-model)(Arnold et al., 2006) 
of ARM/Cl13 and MX strains showed three sites that dif-
fered in the secondary structure. Although the results were 
based only on the domain homology, the three sites should 
be di�erent enough to cause a signi�cant change in the 
secondary structure (Fig. 11). �ese three sites could form 
a conformational epitope for K1 binding.
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Fig. 11

Sequence analysis of viral nucleoprotein
Sequence analysis of viral NP of strain MX (Acc. No. Y16308.1), strain ARM (Acc. No. M20869.1) and Clone 13 (Acc. No. DQ361065.1). (a) Homology 
modeling in Swiss-model so�ware and (b) hydrophobic cluster analysis. Red circles show the three most distinct sites of secondary structure of viral NP.

Discussion

For their transport to other cells viruses utilize di�erent 
existing intercellular contacts and also modify or support 

the formation of di�erent cellular protrusions or cytoskeletal 
components. Earlier, we have shown that LCMV strain MX 
interacts with the keratin 1 and thus improves cell-to-cell 
spread of the virus during persistent infection (Labudova 

(a)

(b)
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et al., 2009). We were intrigued whether the absence of K1 
in the cell will restrict the cell-to-cell spread.

LCMV causes a persistent infection. Many of the per-
sisting viruses modulate and manipulate the cells and their 
metabolism or morphology to favor their replication and 
transmission.

Herein we present novel �ndings in the �eld of LCMV 
transmission and its course of infection. LCMV strain MX 
is a non-cytolytic virus that does not form functionally 
distinct virions and its transmission is mediated by cell-to-
cell contacts or cellular extracts, but not by cell-free �ltered 
culture medium (Reiserová et al., 1999). Viral NP of MX 
strain binds the intermediate �lament K1 and employs it 
as a sca�old for its distribution to desmosomes, where the 
cells form close contacts (Labudova et al., 2009). Further, 
the virus might be transported by cytonemes, tunneling 
nanotubes or propelled by actin to the neighboring cell 
(Labudova et al., 2018). In this work, we have focused on the 
impact of absence or restricted expression of K1 on LCMV 
transmission. We have used NIH/3T3 cell line that does not 
express K1 or K10. On the other hand, we have used glial 
42-MG-BA cells that express K1 in 0.1% of the cell popula-
tion (Macikova et al., 1999).

From our results we conclude that cells without any K1 
can be infected with only two tested strains Cl13 or ARM 
of LCMV. Strain MX was not able to cause infection of cells 
without K1. Even a�er 10 passages we were not able to detect 
any of the viral genes (NP, GP, ZP, L) in cells and media. In 
addition, we were not able to infect HeLa cells with cell-free 
medium from NIH/3T3/MX cells, meaning that the infec-
tious virions are not released into the media. �is is consist-
ent with the absence of the viral NP in the media. In contrast, 
the presence of NP in MX strain-infected 42-MG-BA cells 
was detected already in the second passage in the cells and 
also in medium. Viral genes were detected only in cells and 
not in medium, which is due to the persistent character of 
the virus strain.

Other two strains, Cl13 and ARM, were able to infect both 
types of cells already in the second passage. NP and the other 
viral genes were present in the cells and also in media. In 
addition, the presence of functional virions was con�rmed 
by infecting HeLa cells by the media.

Recently it has been shown that the strain MX in persis-
tently infected cells is reactivated a�er incubation in hypoxia. 
Hypoxic transactivation is accompanied by production of 
infectious virus particles that are released to the medium, 
as is typical for acute or productive infections (Tomaskova 
et al., 2011). In accordance with this, we studied the ability 
of the MX strain to infect NIH/3T3 cells in a form of virion. 
�erefore, we have infected NIH/3T3 cells with media from 
HeLa/MX cells incubated in hypoxia. We observed the pres-
ence of NP in the cells already 2 days post infection. �is 
suggests that even the cells without keratin can be e�ectively 

infected by strain MX, but only with complete infectious 
virions, which are able to spread without use of K1.

To see the e�ect of eliminating the K1, we have used 
siRNA silencing. Since the silencing was not complete, we 
have observed the infection by strain MX, however it was 
much slower than in scramble-transfected control cells. Also, 
the infection by other two strains was slower. �ese results 
potentiate the theory that the presence of K1 is important 
for e�ective transmission of the virus during persistence.

Keratins 1 and 10 are the main cytoskeletal �laments 
during transition from the proliferative to the terminal dif-
ferentiation stage of epidermal cells. Formation of the K1/
K10 intermediate �lament network occurs in the cytoplasm 
of cells with a preexisting cytoskeleton composed of keratins 
5 and 14 (Kartasova et al., 1993).

K1 was, as hypothesized, absent in NIH/3T3 cells and 
also in MX-infected NIH/3T3 cells. However, it was slightly 
elevated in ARM or Cl13 infected cells. 42-MG-BA cells had 
much stronger expression of K1 when infected with any of 
the strains. �e presence of NP in NIH/3T3 cells in early pas-
sages was not able to induce the expression of K1, as we have 
presumed. Kartasova et al. reported that a�er the transfection 
of K1/K10 into the NIH/3T3 cells, the cells contained dense 
�lament bundles, suggesting that K1 and K10 were able to 
assemble into �laments in the environment of NIH/3T3 cells, 
although they could not produce a cytoskeletal network. 
In addition, other factors, which contribute to the �lament 
network formation, are either not present in the NIH/3T3 
cells, or the NIH/3T3 cells contain factors detrimental to 
cytokeratin network development (Kartasova et al., 1993). 
Since factors, which might be important for the �lament 
assembly (e.g. desmosomes) as well as a proper anchoring 
of the keratin could be missing in nonepithelial cells, the 
network formation might not occur (Coulombe and Omary, 
2002) as we have seen in NIH/3T3 infected cells. However, in 
the infected 42-MG-BA, where the K1 is already expressed, 
the virus probably enhances or stabilizes the expression of 
K1. �is can also explain the change of the morphology of 
42-MG-BA cells infected with Cl13/ARM. Infected NIH/3T3 
cells, regardless of the virus strain, and 42-MG-BA cells 
infected by MX did not change their morphology. As we 
have mentioned above, this may have been due to the lower 
levels of K1 thus resulting in the inability to form a distinct 
cytoskeletal network in these cells, and failure to morpho-
logically di�erentiate to epithelial-like cells. But other aspects 
may also play a role in the morphological changes.

�e morphology of the cells, however, can be changed 
also by changes in regulation of K1 by the virus. For instance, 
in EBV-infected cells, the up-regulation of truncated K1 
(hHb1-∆N) was detected. �e unstable truncated K1 protein 
inhibited some of the functions of the keratin cytoskeleton 
and interfered with transcription regulation. �e authors 
assume that the up-regulation of truncated K1 may be a 
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link between EBV and the low di�erentiated or anaplastic 
status of the carcinomas that carry the virus (Nishikawa et 
al., 2003). Cells 42-MG-BA infected with strain MX, which 
did not show any change of morphology, had lower expres-
sion of truncated K1 than the uninfected cells. It is possible 
that the LCMV interferes with the cytoskeleton and causes 
the opposite process (down-regulation) and stimulates the 
cell into di�erentiation.

It was also found that �broblasts undergo morphological 
changes in response to TGF-𝛽 and proliferate much faster 
(Wilkes et al., 2003). TGF-𝛽 receptor signaling activates 
PAK2 homolog in �broblasts by Smad2 and/or Smad3 in-
dependent pathway (Wilkes et al., 2003). PAK2 activation 
primarily occurs in response to a variety of stresses, such 
as exposure to ionizing radiation, hyperosmotic shock and 
serum starvation (Roig and Traugh, 2001). �ere may be 
a possibility that acute infection with LCMV induces the 
production of TGF-𝛽, which then causes the morphologi-
cal changes. However, this needs to be further investigated. 

Desmosomes play an important role in LCMV infection. 
K1 binds to desmoplakin, a component of desmosomes. As 
we assumed, there was only minor elevation in expression 
of desmosomes in Cl13/ARM-infected NIH/3T3 cells, while 
there was no change in expression in MX infected cells. 
However, in infected 42-MG-BA cells, the K1 expression 
increased and the level of desmosomes was higher. 

Aggregation assay mirrors the amount of the tight con-
nections and state of di�erent adhesion molecules in cells. 
Although the control cells are able to aggregate, we observed 
more aggregates in the infected cells. MX-infected NIH/3T3 
cells form aggregates resembling those of control cells, larger, 
irregular, and unstable. Strain Cl13-infected cells formed 
aggregates to a higher extent and strain ARM, especially in 
42-MG-BA cells (in NIH/3T3 only slightly), caused disinte-
gration of the aggregates. �e Cl13 and ARM strain infected 
cells formed globular aggregates without the presence of the 
irregular shapes. �is is in consistence with the level of infec-
tion. In 42-MG-BA cells, the strain MX, as a persistent strain, 
which induces the expression of K1 and desmosomes, forms 
more junctions and intercellular contacts and, therefore, 
forms distinct and compact aggregates. �e presence of more 
intercellular connections supports the dissemination of the 
persistent virus, even without the formation of the infectious 
virions. On the other hand, the strains Cl13/ARM, which 
in our results showed the presence of infectious virions, are 
capable of infecting the cells without utilization of intercel-
lular connections, caused the disruption of the aggregates 
probably by the release of the virions. �is is in consistence 
with the fact that the aggregates of more aggressive strain 
ARM were even more distorted than those of the strain Cl13. 
However, the aggregates of NIH/3T3 cells infected with Cl13/
ARM were not distorted as those of 42-MG-BA, since the 
level of their infection is much lower.

To explain the di�erences between these three strains 
that behave so di�erently, we have compared their amino 
acid sequences. �e sequence of the strain MX was already 
characterized and revealed the change at amino acid 260 
(phenylalanine (F) to leucine (L)) located in the viral spike 
GP1 protein, which is identical to the strain Cl13 (Tomaskova 
et al., 2008), but it di�ers from the strain ARM, where there 
is F at this position (Matloubian et al., 1990). �e F260L 
mutation is essential for the persistence of the strain Cl13, 
and probably also of the strain MX (Sullivan et al., 2011). 
LCMV Cl13 was originally isolated from the spleen of mice 
infected with the ARM strain of LCMV (Ahmed et al., 1984). 
It di�ers from the parental strain by �ve nucleotides, two of 
which result in coding changes (Salvato et al., 1988).

In the protein alignment of NP, we have obtained three 
sites that distinguish strain MX from strains Cl13/ARM. 
�ese sites could be involved in the binding of the NP to K1. 
Moreover, we have previously constructed three constructs 
containing overlapping fragments of nucleoprotein. In a pull-
down assay, all three fragments interacted with K1 (data not 
shown). Each of the three sites with the structural changes 
were located in the sequence of each fragment of NP. �is 
suggests that these three sites could form a conformational 
epitope of MX NP for the interaction with K1. �is interac-
tion would enable a better distribution of the virus during 
persistent infection and makes the virus more dependent 
on the presence of K1.

�e LCMV genus comprises strains of di�erent nature 
such as strain ARM, causing acute infection; strain Cl13, a 
clone derived from strain ARM causing persistent infection; 
or a strain MX, causing persistent infection and producing 
infectious virions only under hypoxic conditions. From our 
results we conclude that the absence of K1 in cells NIH/3T3 
hinders the infection of MX strain. �e course of the infec-
tion of other two strains remains more or less una�ected by 
the absence of K1. Of all three strains, strain MX was the 
most a�ected by the absence of K1. We have also found three 
sites in the protein structure of the nucleoprotein of strain 
MX that could be responsible for the interaction with K1. 

The knowledge of the persistence mechanism of the 
viruses, especially LCMV, because of its association with 
the problems during transplantation process (Schafer et al., 
2013), or pregnancy is very important for the prevention 
and therapeutic purposes. Since cytoskeletal component K1 
is not essential for the cell, it could be an adequate target for 
antiviral therapy.
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