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Abstract

Different members of the tetraspanin superfamily have been described to regulate different virus infectious cycles at several
stages: viral entry, viral replication or virion exit or infectivity. In addition, tetraspanin CD81 regulates HIV reverse transcrip-
tion through its association with the dNTP hydrolase SAMHD1. Here we aimed at analysing the role of CD81 in Herpes
simplex virus 1 infectivity using a neuroblastoma cell model. For this purpose, we generated a CD81 KO cell line using the
CRISPR/Cas9 technology. Despite being CD81 a plasma membrane protein, CD81 KO cells showed no defects in viral entry
nor in the expression of early protein markers. In contrast, glycoprotein B and C, which require viral DNA replication for
their expression, were significantly reduced in CD81 KO infected cells. Indeed, HSV-1 DNA replication and the formation of
new infectious particles were severely compromised in CD81 KO cells. We could not detect significant changes in SAMHD1
total expression levels, but a relocalization into endosomal structures was observed in CD81 KO cells. In summary, CDS81
KO cells showed impaired viral DNA replication and produced greatly diminished viral titers.

Keywords Tetraspanin - CD81 - Herpes simplex-1 - SAMHDI1 - Viral replication

Introduction

Tetraspanin-enriched microdomains (TEM) are the result
of the interaction between tetraspanins, other membrane
proteins and lipids. They play important roles in several
physiological and pathological processes related with cell
adhesion, migration or membrane functions [1]. It has been
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described that TEMs can serve as a platform for viral infec-
tion. Tetraspanins interact with multiple host membrane
factors required in this process, collaborating in viral entry,
assembly or egress steps [2—5]. For example, CD9 and CDS81
regulate virus-cell membrane fusion in human immunode-
ficiency virus type I (HIV-1) infection [6]; CD81 facilitates
Hepeatitis C virus (HCV) entry in cells [7, 8]; different tetras-
panins regulate entry of papilloma and cytomegalovirus [9,
10]; and TEMs are the budding sites for Influenza A virus
(IAV) [11] and Herpes simplex virus 1 (HSV-1) [12].
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In addition to events occurring at the plasma membrane,
we recently described the functional connection between
tetraspanin CD81 and SAMHDI [13], which regulates HIV
reverse transcription. SAMHDI is a deoxyribonucleotide
triphosphate (dANTP) hydrolase that plays an important
role in cell homeostasis maintenance, controlling optimal
dNTP levels for an accurate DNA synthesis and repair [14].
SAMHDI1 has also been described as an effector of innate
immunity and innate antiviral response, function that has
been widely reviewed [15-18]. SAMHDI1 antiviral effect
was first described for HIV-1 [19]. In the last years, its
antiretroviral activity has been demonstrated in different
cell types, such as monocytes or dendritic cells [20-22].
Although SAMHDI1 has the capacity to bind and degrade
HIV-1 genomic RNA [23-25], it is now accepted that viral
restriction by SAMHDI is mainly mediated by its dNTPase
function, given that reverse transcription is tightly dependent
on cellular dNTP levels [17, 22, 26]. Our group previously
reported that tetraspanin CD81 is implicated on HIV-1 infec-
tion by allowing viral reverse transcription to occur through
SAMHDI control [13]. CD81 associates with SAMHDI1 to
regulate its expression and subcellular localization. In the
lack of CD81, a SAMHD1-dependent decrease in the ANTPs
intracellular pool is observed, causing deficient reverse
transcription.

Similarly to the reverse transcription of HIV-1, SAMHD1
has an impact on other viruses by regulating dNTP levels.
This has been already proven for Vaccinia virus [27], Hepati-
tis B virus [28-30] and Herpes simplex virus type 1 (HSV-1)
[27, 31]. Herpes DNA replication blockage by SAMHDI1
has been demonstrated in macrophages and non-dividing
myeloid cells [27, 31]. However, herpesvirus protein kinases
have recently been shown to inhibit by phosphorylation the
dNTPase function of SAMHDI1 [32, 33].

To address whether CD81 modulates the infection of
DNA viruses we chose Herpes simplex virus type 1 (HSV-
1), a large doubled-stranded DNA virus and member of the
Alphaherpesviridae family as a model system. HSV-1 is a
neurotropic virus, usually establishing latent infections in
the trigeminal ganglia followed by periodic reactivations.
Due to these reactivations, HSV-1 may also reach the central
nervous system causing acute events like encephalitis and/or
establishing lifelong latent infections in the brain. Mounting
evidence supports the involvement of neurotropic viruses
from the Herpesviridae family, especially HSV-1, in Alz-
heimer’s disease (AD) pathogenesis [34]. This hypothesis
argues that latent HSV-1 infection of the central nervous
system could be involved in the neurodegenerative process,
either via a direct effect of the infectious agent itself or via
the associated inflammatory response, or both. It has been
reported that reactivation of HSV-1 induces AD-related
alterations such as accumulation of amyloid-f protein (Af),
tau hyperphosphorylation and neuroinflammation episodes
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[35]. With all this background, we decided to explore the
role of CD81 in HSV-1 infection in a neuroblastoma cell
model.

Materials and methods
Cell cultures

The SK-N-MC human neuroblastoma cell line (HTB10)
was purchased from the American Type Culture Collec-
tion (ATCC). SK-N-MC cells were grown as monolayers in
minimal Eagle’s medium (MEM) supplemented with 10%
heat-inactivated foetal calf serum (FCS), 2 mM glutamine
and 50 pg/ml gentamicin, at 37°C in a 5% CO, atmosphere.

CRISPR/Cas9 technology was used for the generation of
a CD81~ SK-N-MC cell line as described [13]. For CRISPR/
Cas9 plasmids transfection, SK-N-MC cells were washed
with PBS and electroporated with 20 g of total DNA in
incomplete medium at 200 V and 975 pF (Gene Pulser II,
Bio-Rad, Hercules, CA, USA). A second round of transfec-
tion was performed 5 days later. One week post-transfection,
cells were blocked with y-globulin (Sigma) and stained with
anti-CD81 5A6 monoclonal antibody. The negative popula-
tion was isolated using a FACSARIA FUSION Cell Sorter.
Cells were routinely tested for CD81 negative expression
and used only in the first culture passages.

Antibodies

Rabbit anti-HSV glycoprotein B and D (gB/gD) antibody
was kindly provided by E. Tabares. Antibodies that recog-
nized viral proteins gC and ICP4 were supplied by Abcam
[anti-HSV1 gC Envelope Protein (3G9) and anti-HSV 1
ICP4 Immediate Early Protein [10F1]). Mouse monoclonal
anti-tubulin (clone B-5-1-2; T5168), anti-SAMHD1 Abs
(SAB1101454 and HPA047072) were obtained from Sigma;
and anti-EEA1 610457 from BD Biosciences. Anti-CD81
5A6 monoclonal antibody was kindly donated by S. Levy
(Standford).

The secondary antibodies used for immunostaining
were horseradish peroxidase-coupled anti-mouse (Vector;
PI-2000) and anti-rabbit (Nordic; GAR/IgG(H +L)/PO) anti-
bodies, and species-matching secondary antibodies coupled
to 488 and 647 Alexa Fluor fluorochromes (ThermoFisher).

Infection conditions

The wild-type HSV-1 strain KOS 1.1 was propagated and
purified from Vero cells as previously described [36]. SK-
N-MC cells seeded in complete MEM at 70-80% confluence
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were exposed to HSV-1 at 37 °C for 1 h. Mock infections
were performed using a virus-free suspension. Unbound
virus was removed and the cells incubated in complete
MEM at 37 °C. Time and multiplicity of infection (moi;
expressed as plaque-forming units [pfu] per cell) are indi-
cated in each experiment. The infectious titers of purified
virus and cell supernatants were determined by plaque assay
[37]. Briefly, the titration of serially diluted HSV-1 and cell
supernatant samples was performed in Vero cells grown in
24-well plates. Cells were overlain with a mixture of DMEM
containing 2% FCS and 0.7% agar. After 48 h, the cells were
fixed and stained overnight with 1% crystal violet in 5%
formaldehyde and the plaques counted.

Immunofluorescence analysis

Immunofluorescence assays of viral protein ICP4 were per-
formed on cells grown on coverslips. Samples were fixed
in 4% paraformaldehyde and incubated with the appropri-
ate primary and secondary antibodies. DAPI (5 mg/ml) was
added 10 min before the end of the procedure to visualize
the nuclei. Cells were examined using a Zeiss Axiovert 200
fluorescence microscope. Images were captured by a Spot
RT slider digital camera (Diagnostic) using MetaMorphTM
imaging software, and processed using Adobe Photoshop
CS4.

For confocal microscopy analysis of SAMHD1 subcel-
lular localization, cells were grown on fibronectin-coated
coverslips (20 pg/ml; Sigma) and fixed in 4% PFA. For
SAMHDI staining, blocking and staining solutions were
composed of 0.2% Triton X-100, y-globulin and TNB and
appropriated primary and secondary antibodies. Sam-
ples were washed with TBS-Triton and mounted on cov-
erslips with Flouromount-G (Thermo Fisher) containing
DAPI (0.1 uM). Confocal images were obtained with an
A1R 4+ Nikon confocal microscopy attached to an inverted
microscope (Eclipse Ti-E model, Nikon) with a Plan-Apo-
cromatic 60X/1.4 oil immersion objective, using NIS Ele-
ments 4.40 acquisition software. Images were analysed with
Imagel.

Flow cytometry

For extracellular CD81 tetraspanin detection, cells were
blocked with y-globulin (Sigma) during 20 min at 4 °C,
incubated with primary anti-CD81 5A6 mouse monoclonal
antibody for 1 h at 4 °C and stained with secondary goat
anti-mouse Alexa647 (ThermoFisher) for 30 min at 4 °C.
For intracellular SAMHD1 detection, cells were fixed in
2% paraformaldehyde and permeabilized in 0.1% saponin.
Cells were blocked 1 h at room temperature in PBS saponin
0.1%, 5% BSA and y-globulin. Primary SAMHDI1 rabbit

polyclonal antibody and donkey anti-rabbit Alexa647 (Ther-
moFisher) were incubated in PBS 0.1% saponin, 0.5% BSA,
15 mM glycine and 10 mM HEPES solution, at 4°.

Data were acquired with a FACSCantoll flow cytometer
and analysed with FlowJo.

Immunoblot analysis

For immunoblot assays, cells were lysed in RIPA cell lysis
buffer (10 mM Tris—HCI pH 7.5, 50 mM NacCl, 0.2% sodium
deoxycholate, 1% NP-40 and 0.1% SDS buffer) containing
Complete Mini Protease Inhibitor Cocktail (Roche), and
incubated for 30 min at 4 °C. The protein concentration of
the lysates was quantified using the BCA Kit (Pierce). Cell
lysates were mixed with Laemmli buffer, sonicated, and
heated for 5 min at 100 °C. After electrophoretic separation,
the gels were blotted and stained with the appropriate anti-
bodies. The secondary antibodies used for immunostaining
were horseradish peroxidase-coupled anti-mouse (Vector;
PI-2000) and anti-rabbit (Nordic; GAR/IgG(H + L)/PO) anti-
bodies. Detection by enhanced chemiluminiscence was per-
formed using ECL™ Western Blotting Detection Reagents
(Amersham Biosciences) according to the manufacturer’s
instructions.

HSV-1 DNA quantification

The amount of HSV-1 DNA was quantified by real-time
quantitative PCR. DNA was extracted using the QIAamp®
DNA Mini Kit (QIAGEN). The concentration of viral DNA
was then quantified by qPCR with an ABI Prism 7900HT
SD® system (Applied Biosystems) using a custom designed
TaqMan probe specific for the USI2 viral gene (5'-AGG
CGGCCAGAACC-3"). Viral DNA content was then normal-
ized in terms of human genomic DNA, quantified with a pre-
designed TagMan probe specific for the 78S gene (Applied
Biosystems). The quantification results were represented as
viral DNA copy numbers per ng of genomic DNA, as calcu-
lated using a standard curve obtained with known quantities
of human genomic DNA.

dNTP measurement

The cellular ANTP amounts were measured as previously
described [38]. Briefly, cellular ANTPs were extracted from
known numbers of cells, and applied to the HIV-1 RT-based
dNTP assay. The determined dNTP amounts were normal-
ized by cell numbers.
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Results

CD81 gene deletion causes a reduction in HSV-1 late
gene expression

To assess whether CD81 plays a functional role in the infec-
tious cycle of DNA viruses, we chose Herpes Simplex as a
model system. Because of the relevance of HSV-1 in the
CNS, we generated a CD81-deficient neuroblastoma SK-N-
MC cell line using the CRISPR/Cas9 technology [13]. CD81
gene deletion was verified by flow cytometry (Fig. 1a) and
western blot (Fig. 1b).

Both wt and CD81~ SK-N-MC cell lines were infected
with HSV-1 at different times and multiplicities of infection
(MOY). Efficiency of HSV-1 infection was determined by
assessing the levels of expression of viral proteins (Fig. 2).
Immunoblotting analyses were performed using antibodies
specific for ICP4, an immediate early protein, whose expres-
sion begins before HSV-1 DNA replication takes place; gly-
coprotein B (gB), a y1 “leaky-late” protein, the expression
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Fig.1 Characterization of CD81~ SK-N-MC cells. a Flow cytom-
etry histograms of CD81 expression in wild-type (violet) and CD81-
deficient SK-N-MC cells (blue) after staining with 5A6 anti-CDS81
mAb. Negative control histogram is shown in the black line profile. b
Western-blot detection of CD81 protein in both cell lines. Tubulin is
shown as loading control
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of which is not strictly dependent on viral DNA synthesis
but once DNA replication has commenced its expression
is dramatically increased; and glycoprotein C (gC), which
belongs to the class of y2 “‘true late’” genes, so its expres-
sion requires viral DNA synthesis. In all conditions, the
levels of viral proteins gB and gC were clearly decreased
in CD81-deficient cells in comparison to wild type ones
(Fig. 2a). However, protein levels of ICP4 protein, which
is expressed earlier in the viral cycle showed no significant
differences between wt and CD81~ cells (Fig. 2b).

CD81 gene deletion does not affect HSV-1 entry step

Viral protein expression profile suggested that CD81 may
be affecting a late stage in the viral cycle, but since CD81 is
expressed at the plasma membrane and has been reported to
be implicated on viral entry of some viruses [7], we directly
quantitated HSV-1 entry by assessing the number of cells
that were infected and thus expressed nuclear ICP4 protein.
ICP4 is expressed at the very early steps of the infectious
process and is detected as early as 2 h post-infection. First,
ICP4 shows a diffuse distribution in the nucleus, later accu-
mulating at pre-replicative sites, which appear as small dot-
ted structures. As the infection progresses, large globular
replication compartments, termed viral replication compart-
ments, are generated, where ICP4 is involved in the tran-
scription and replication of viral DNA [39].

ICP4-positive nuclei were counted for both wt and
CD81™ cells at both 3 and 5 h post-infection, and no dif-
ferences in the number of infected cells were observed at
any time or MOI (Fig. 3a, b). Different staining patterns are
apparent in the cultures since cell infection was performed
at 37 °C, so that it would not be synchronized in all cells.
These data are consistent with the results obtained in the
immunoblotting experiments that showed no changes in total
ICP4 levels in wt compared to CD81-deleted cells infected
with HSV-1 (Fig. 2b), indicating that CD81 does not affect
viral entry into human neuroblastoma cells.

CD81 regulates SAMHD1 subcellular localization

The molecular interaction of CD81 with the dNTP triphos-
phohydrolase SAMHDI1 [13], may be a possible mechanism
behind the inhibition of the late stages of HSV-1 infectious
cycle that we observed in neuroblastoma cells upon CD81
gene deletion. To address this issue, we analysed both
SAMHDI1 expression and localization in SK-N-MC cells
in presence or absence of CD81 expression. No differences
were found in total levels of SAMHDI1 by western blot
(Fig. 4a) or flow cytometry analyses (data not shown). How-
ever, as we found in our previous report in Hela cells [13],
SAMHDI subcellular localization was indeed altered in
CD81 knockout neuroblastoma cells, in which we observed
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Fig.2 CD81 gene deletion a

reduces HSV-1 protein expres-

sion. Wt and CD81-deficient wt CD81- wt CD81-
SK-N-MC cells were infected N D

with HSV-1 at the indicated
multiplicities of infection and
the levels of viral proteins were
analysed by western blot at the
indicated times post infection
(hpi). a Levels of the viral
glycoproteins B and C (gB and
gC) in cells with 1 and 3 pfu/
cell for 18 h (18 hpi) or with

0.1 and 0.3 pfu/cell for 42 h (42
hpi). The blots shown are rep-
resentative of three independent
experiments. A tubulin blot is
provided as a control for equal
loading. The ratio of viral pro-
teins to tubulin with respect to
infected wt cells is shown below
the blots. b Levels of ICP4 in wt
and CD81-deficient SK-N-MC
cells infected with HSV-1 with

1 or 3 pfu/cell during 3 or 5 h
(hpi). A tubulin blot as a control
for equal loading is also shown.
The ratio of ICP4 to tubulin
with respect to infected wt cells
is shown below the blots
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an increase in the number of cells showing SAMHDI1 endo-
somal localization (Fig. 4b).

CD81 gene deletion impairs HSV-1 DNA replication
and reduces viral titers

Although we could not detect changes in SAMHDI total
expression levels, viral protein expression data suggested
an effect on late stages of viral infection dependant on DNA
replication. Thus, we next quantitated viral DNA replication
by PCR. qPCR analysis of viral DNA replication showed a
significant decrease in viral DNA content in CD81-deleted
cells in comparison to wild-type cells (Fig. 5a). Finally, the
effect on HSV-1 titres was measured by plaque assays. A
strong reduction in the production of infectious HSV-1 parti-
cles was seen in CD81-deficient cells, which, in some exper-
iments, produced no infectious particles (Fig. 5b). Viral
DNA levels were specially reduced after 42 h of infection,

time at which at least one replication cycle is likely to have
taken place.

All these results prove that CD81 positively regulates
HSV-1-efficient infection and point to an effect in a late stage
in the viral cycle, such as DNA replication.

Discussion

Several tetraspanins have been described to play important
roles in viral infections [2], although most reports focus on
the role of tetraspanins and tetraspanin-enriched microdo-
mains in those processes of the viral cycle that occur at the
level of the plasma membrane (entry, exit, syncytia forma-
tion) [2-5]. We have recently described that the tetraspanin
CDS8]1 collaborates in HIV-1 infection by facilitating viral
reverse transcription through the control of the protein levels
and subcellular localization of the ANTPase SAMHD1 [13].
All viruses depend for their cycle progression on the supply
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% ICP4 positive cells
£ 2 2

moi 1

Fig.3 CD&81 gene deletion does not affect HSV-1 entry. Immunofluo-
rescence analysis of wt and CD81-deficient SK-N-MC cells infected
with HSV-1 at a moi of 1 and 3 pfu/cell for 3 h (a) or 5 h (b). The
immunoreactivity of ICP4 viral protein is shown. Nuclei are stained
with DAPI. Quantification of infected cells by ICP4 staining was per-

of nucleotides from the infected cell, so the mechanism
described for HIV could be in principle more general. Thus,
we aimed to address whether a similar mechanism could
occur in other type of virus such as DNA viruses, affecting
in this case viral DNA replication. We chose Herpes simplex
as a model virus, because of their wide distribution in the
population and the relevance it has been pointed out in the
etiopathology of some neurodegenerative diseases such as
Alzheimer [34].

To directly address the role of CD81 in HSV-1 infec-
tion, we generated a KO cell line using the CRISPR/Cas9
technology. Since CD81 is expressed on the plasma mem-
brane, gene-deleted cells were selected by flow cytometry,
so that we were not working with clonal populations. Tet-
raspanins are a relatively large superfamily (33 members
in humans) from which a selected repertoire is present
in all cell types of the human organism, thus, there is no
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formed and the graphs show the percentage of ICP4-positive cells. At
least 300 nuclei were counted from 3 independent experiments (mini-
mum of 100 nuclei per experiment), Graphs depict the mean+SEM
of the 3 experiments. Scale bars: 20 pm

tetraspanin-null cell in higher eukaryotes. This ubiquitous
representation of tetraspanins points out to their funda-
mental role in membrane structure. Therefore, upon gene
deletion, compensatory mechanisms commonly occur.
This is evidenced by the very severe phenotype of double
KO mice [40] compared to the usually mild- or cell-type-
specific effect of single tetraspanin deletion [41-44]. Thus,
CD81 KO cells were used only in the first cell passages
after selection to minimize these compensatory effects. In
those early passages, we could not detect a compensatory
upregulation of other tetraspanin members tested (CD9,
CD151 and CD82) although we cannot rule out that other
members of the family are upregulated since there is a
lack of appropriated detection reagents for most of them.

We observed that CD81 gene deletion reduces HSV-1
infection. No differences were observed in viral entry or
expression of the immediately early ICP4 protein, while all
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Fig.4 Regulation of SAMHD1
expression and localization by
CD81 expression. a SAMHD1
levels were analysed by western
blot in wild-type (WT) and
CD81-deficient SK-N-MC
(CD817) cells. Tubulin was
used as loading control. Rep-
resentative blots are shown.
The plot depicts the ratio of
SAMHDI to tubulin as the
mean + SEM of six independ-
ent experiments. b Confo-

cal microscopy analysis of
SAMHDI subcellular localiza-
tion after SAMHD1 immu-
nostaining. Nuclei were stained b
with DAPI. Representative
images are shown. (Scale bar:
40 pm). Graph depicts the per-
centage of cells (mean+SEM)
showing SAMHDI1 relocaliza-
tion to endosomal structures
from 4 fields of view in 2
independent experiments (a
minimum of 200 cells/experi-
ment) **p <0.01 in a Student’s

CD81-

the events that require DNA replication were impaired, such
as expression of late proteins (gB and gC), viral DNA repli-
cation itself, or active virion production, suggesting that the
role of tetraspanin CD81 may be related to DNA replication.

In our previous report [13], we described that CD81
expression regulated SAMHD1 degradation by the protea-
some in a HIV permissive HeLa cell model. Although the
enzyme is predominantly localized in the nucleus, it has
also been reported its presence in the cytoplasm [13, 45,
46], where dNTPs synthesis takes place. Shuttling from
the nucleus to the cytoplasm seems to be regulated by its
oxidation state [46]. SAMHD1 was shown to relocalized
to the plasma membrane upon CD81 crosslinking, while
in the absence of the tetraspanin, cytoplasmic SAMHD1
accumulated in endosomal structures and its proteasomal
degradation was significantly reduced. The increment in
SAMHDI expression levels was accompanied by a reduc-
tion in the cytosolic concentration of dNTPs in the cell,
thus hampering the HIV reverse transcription step. Here,
we have observed a similar relocalization of SAMHD1 to

WT 4
k *ke
i 30
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08
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20
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SAMHD1 endosomal localization
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endosomal structures in neuroblastoma cells upon CD81
gene deletion. However, neither SAMHDI total expres-
sion levels nor cytosolic dNTP levels (not shown) were
altered in CD81-deficient neuroblastoma cells. These
discrepancies could be caused by the different cell lines
employed, that could have different SAMHDI1 turnover
in basal conditions. Lately, viral kinases conserved in
the Herpesviridae family, have been reported to inhibit
SAMHDI1 function by phosphorylation [32, 33]. In our
experiments, SAMHD1 expression and localization and
cellular ANTP levels were only analysed in non-infected
cells. The change in SAMHDI subcellular location as well
as the effect of CD81 gene deletion on viral replication
may suggest that upon viral infection, SAMHD1 activity
may be affected. SAMHDI is regulated by either oxidation
[47] or phosphorylation [32, 33, 48]. The fact that different
posttranslational modifications occur on SAMHD1 may
also difficult a precise quantitation of its protein expres-
sion levels, since these modified forms may be differen-
tially detected by specific antibodies against the enzyme.
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Fig.5 CD81 gene deletion a
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Some DNA viruses such as HSV-1 present enzymes
involved in ANTPs synthesis to ensure enough levels for viral
replication [49]. Cytoplasmic SAMHD1 may be responsi-
ble of the degradation of newly synthetized dNTPs, which
could explain why CD81-deficient cells show especially
lower infection levels at longer times. Cellular basal ANTPs
pool may be enough for the first round of replication, but
subsequent replication cycles would require newly synthe-
tized dNTPs, which can be degraded by SAMHD1 in the
cytosol. It would be thus interesting in the future to analyse
dNTP levels in the course of an infection in wild-type and
CD81-deficient cells.

In summary, our data demonstrate that CD81 gene dele-
tion impairs HSV-1 infection by affecting DNA replication
step. Because of the reiterative appearance of emerging viral
infections such as the pandemic caused by SARS-CoV-2
virus, it is of crucial relevance to explore the role of cellular
targets, like tetraspanins, that may be involved in the viral
cycle of a wide variety of these infectious agents.
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