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RESEARCH ARTICLE
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ABSTRACT
Human CD81 and CD9 are members of the tetraspanin family of proteins characterized by 
a canonical structure of four transmembrane domains and two extracellular loop domains. 
Tetraspanins are known as molecular facilitators, which assemble and organize cell surface 
receptors and partner molecules forming clusters known as tetraspanin-enriched microdomains. 
They have been implicated to play various biological roles including an involvement in infections 
with microbial pathogens. Here, we demonstrate an important role of CD81 for the invasion of 
epithelial cells by Salmonella enterica. We show that the overexpression of CD81 in HepG2 cells 
enhances invasion of various typhoidal and non-typhoidal Salmonella serovars. Deletion of CD81 
by CRISPR/Cas9 in intestinal epithelial cells (C2BBe1 and HT29-MTX-E12) reduces S. Typhimurium 
invasion. In addition, the effect of human CD81 is species-specific as only human but not rat CD81 
facilitates Salmonella invasion. Finally, immunofluorescence microscopy and proximity ligation 
assay revealed that both human tetraspanins CD81 and CD9 are recruited to the entry site of S. 
Typhimurium during invasion but not during adhesion to the host cell surface. Overall, we 
demonstrate that the human tetraspanin CD81 facilitates Salmonella invasion into epithelial 
host cells.
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Introduction

Salmonella is a gram-negative, rod-shaped bacterium, 
which continues to be a major cause of bacterial enteric 
illness throughout the world. Nontyphoidal Salmonella 
frequently colonizes the gastrointestinal tracts of live-
stock and poultry, and there are limited effective inter-
ventions for the prevention of disease in humans. 
Salmonellosis is the second most common bacterial gas-
trointestinal infection in humans after campylobacter-
iosis and is a major cause of foodborne outbreaks [1]. 
Therefore, understanding the mechanisms that contri-
bute to Salmonella infection of host cells is paramount 
for designing effective intervention strategies that can 
prevent or alleviate the burden of Salmonella infections.

Eukaryotic tetraspanins are defined by a common 
structure which is composed of four transmembrane 
domains with short cytosolic N- and C-terminal regions, 

and two extracellular loops termed short extracellular 
loop (SEL) and large extracellular loop (LEL) [2]. 
Tetraspanins interact with a diverse array of eukaryotic 
surface and cytosolic proteins through lateral organiza-
tion and interaction at the cytoplasmic domains. Thus, 
they localize receptors and interacting partner proteins 
to a defined region on the cell surface, forming clusters 
of tetraspanins and associated proteins, termed “tetra-
spanin-enriched microdomains” (TEMs) [3]. By cluster-
ing receptor proteins locally, tetraspanins act as 
molecular scaffolds, amplifying cellular signalling pro-
cesses and corresponding biological processes, such as 
cellular adhesion, motility, and membrane fusion [4].

In mammals, 33 tetraspanins have been described. 
CD81 has been extensively studied, and the crystal 
structure of the full-length protein in complex with 
cholesterol is known [5]. Although the function of the
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CD81 SEL is yet to be fully elucidated, the LEL has five 
distinct helical segments and is postulated to be respon-
sible for tetraspanin oligomerization [6]. Additionally, 
a cholesterol-binding pocket which was postulated to 
regulate an open-to-closed conformational switch of 
the tetraspanin and affect its molecular interactions 
with partner proteins was deduced from molecular 
modelling studies and tested experimentally [5]. 
Moreover, the intracellular domains (intracellular loop 
and the N- and C-termini) are implicated to provide 
a link to intracellular signalling molecules [7].

In recent years, it has been demonstrated that entry 
into host cells of several pathogens including viruses 
[8], bacteria [9] and parasites [10] is tetraspanin- 
dependent. For example, CD81 plays a key role as 
receptor for hepatitis C virus (HCV) entry [11,12]. In 
addition, CD81 facilitates Listeria monocytogenes inva-
sion in HeLa cells and macrophages [13,14], and CD81 
and CD9 were shown to directly influence Burkholderia 
pseudomallei membrane fusion and facilitate bacterial 
spread [15]. Moreover, antibody blocking of tetraspa-
nins such as CD63 was demonstrated to inhibit 
Salmonella binding but not bacterial uptake into 
human monocyte-derived macrophages [16].

Adhesion and invasion of the intestinal epithelium is 
a critical step for Salmonella to initiate infection. 
Salmonella invades into epithelial cells by bacterial- 
mediated macropinocytosis, through either a trigger- 
mediated invasion (using a Type III secretion machin-
ery) or via a zipper-like invasion mechanism (eg. via 
the outer membrane proteins Rck and PagN) [17,18]. 
After translocation across the epithelium, the bacteria 
can be taken up by macrophages and dendritic cells. 
Coupled with intestinal inflammatory reactions, these 
processes eventually result in diarrhoea and intestinal 
inflammation. Here, we demonstrate that human CD81 
species-specifically supports invasion of several 
Salmonella serovars into host epithelial cells. In addi-
tion, we show that the closely related human tetraspa-
nin CD9 co-localizes with human CD81 during 
Salmonella invasion but does not contribute to 
invasion.

Materials and methods

Tissue culture preparation

HepG2 (ATCC HB-8065) and HT29-MTX-E12 [19] (a 
kind gift from Marguerite Clyne, University College 
Dublin) cells were grown in Dulbecco’s modified 
Eagle’s medium with 10% foetal calf serum (FCS) 
(Merck) and 1× non-essential amino acids (Gibco). 
Caco2 clone C2BBe1 cells (ATCC, CRL-2102

TM
) were 

maintained in the same medium with the addition of 
10 µg/ml holotransferrin (Sigma).

Bacterial culture preparation

Salmonella strains listed in Table A1, were grown in 
lysogeny broth (LB) and harvested at an early log 
growth phase. Listeria monocytogenes was grown in 
Brain Heart Infusion.

Tetraspanin overexpression in HepG2 cells

HepG2 cells (which do not express CD81 [12]) were 
transduced to overexpress human CD81, human CD9, 
or rat CD81 using a lentiviral packaging system as 
previously described [20]. Briefly, lentiviral pseudopar-
ticles encoding either human CD81, rat CD81, or 
human CD9 were generated using a three-plasmid sys-
tem (Table A2): a plasmid encoding vesicular stomatitis 
virus G (VSV-G) protein, a plasmid encoding HIV gag- 
pol as well as pTRIP-hCD81, pTRIP-CD9, or pTrip- 
rCD81 mixed in 1:3:3 ratios. HepG2 cells were seeded 
at 8.0 × 104 cells per well of a six-well plate and infected 
24 h later with the packaged lentivirus in DMEM sup-
plemented with 3% FCS and 4 μg/ml polybrene (Sigma) 
for 6 h followed by replenishment with fresh culture 
medium. Transduced cells were manually sorted by 
flow cytometry using Becton-Dickinson FACSAria III 
Fusion by the Hannover Medical School FACS core 
facility. Flow cytometry analyses were done by using 
FlowJo v.10 software. Table A3 lists the antibodies used 
for flow cytometry.

Generation of CD81- and CD9-deficient intestinal 
cell lines by CRISPR/Cas9

CD81 synthetic guide RNA (5’-TGGTGGTCT 
GCGGGTCATGG-3’), CD9 synthetic guide RNA (5’- 
GCGACATACCGCATAGTGGA −3’) or a scrambled 
sequence as control guide RNA (5’-CTAAGGTT 
AAGTCGCCCTCG-3’) cloned into pLentiCRISPR V2 (a 
gift from Feng Zhang (Addgene plasmid #52961; http://n2t. 
net/addgene:52961; RRID:Addgene_52961) was incorpo-
rated into a lentiviral packaging system (Table A2) [12]. 
C2BBe1 and HT29-MTX-E12 cells seeded at 3 × 105 in 
6-well plates were transduced with the lentiviral particles 
encoding either the CD81 guide RNA, CD9 guide RNA, or 
scrambled sequence. Cells were selected with puromycin 
and stained with anti-human CD81-APC or isotype- 
matched IgG1 kappa. Cells were gated for single cells not 
expressing CD81 or CD9, respectively, and were sorted by 
flow cytometry using Becton-Dickinson FACSAria III. 
CD81(-) or CD9(-)cells were seeded into fresh culture 
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medium, expanded and maintained in medium containing 
1 µg/ml puromycin.

Adhesion assay

C2BBe1 cells were seeded at 1.0 × 105 cells in 24-well 
tissue culture plates (Sarstedt) 48 h prior to infection. 
Prior to infection, medium was replaced by cold (4ºC) 
medium, and cells were infected at an MOI of 100 at 
4ºC for 60 min. Cells were washed 3× with 1 ml of PBS 
per well before cells were lysed with lysis buffer (PBS 
containing 1% (v/v) Triton X-100, 0.1% (v/v) sodium 
dodecyl sulphate (SDS)). Cell lysates were serially 
diluted in PBS and plated on LB agar plates. The 
percentage of adhesion was calculated as the ratio of 
the CFU/well recovered from the cell lysates to the 
CFU/well of the inoculum.

Gentamicin killing assay

HepG2 and HT29-MTX-E12 cells were seeded in 24- 
well plates at a density of 2 × 105 cells/well 1 d prior to 
infection. C2BBe1 cells were seeded at 1.0 × 105 cells in 
24-well tissue culture plates (Sarstedt), 48 h prior to 
infection. Cells were cultured in their respective media 
and incubated in 5% CO2 at 37°C. One hour prior to 
infection, the medium was exchanged to a serum-free 
culture medium. Cells were infected at an MOI 10 for 
30 min (S. Tm SL1344, S. Enteritidis LA5, S. Infantis 
119944, S. Paratyphi A 45157) or 60 min (S. Tm 
14028s, 14028s/3Δ or 14028s/3Δ+rck) at 37ºC with 5% 
CO2; non-adherent bacteria were removed by washing 
with phosphate-buffered saline solution (PBS) with 
Mg2+ and Ca2+ (Gibco). To enumerate host-associated 
bacteria (which includes early invaded and cell- 
adherent bacteria), cells were lysed with lysis buffer. 
Cell lysates were collected, and serial dilutions plated 
on LB agar plates. The percentage of host association 
was calculated as CFU/well recovered from cell lysates 
normalized to the CFU/well of inoculum.

To quantify bacterial invasion, unbound extracellu-
lar bacteria were removed by three washes with PBS, 
and culture medium containing 100 µg/ml gentamicin 
was added. Cells were further incubated for 1 h to kill 
the remaining extracellular bacteria. After three 
washes with PBS, internalized bacteria were recovered 
by lysing host cells and plating serial dilutions as 
described above. Bacterial colonies were counted, 
and invasion was calculated as the ratio of the CFU/ 
well recovered from the cell lysates to the CFU/well of 
inoculum.

CD81 antibody blocking

Cells were treated with mouse anti-human CD81 (clone 
JS-81 RUO, RRID no. AB_396028) or its mouse IgG1 
isotype-matched control (clone MOPC-21, RRID no. 
AB_396088) (Table A4) for 1 h at 37°C prior to infection. 
Thirty minutes post infection, cells were washed 3× with 
1 ml of PBS per well before cells were lysed with lysis 
buffer. The amount of host-associated Salmonella was 
enumerated by plating serial dilutions of the cell lysates.

HCV E2 blocking

Recombinant HCV E2 was produced as described pre-
viously [21]. HepG2 cells were incubated with soluble 
HCV E2 at indicated concentrations in serum-free 
media for 1 h followed by infection with S. Tm 
SL1344 at an MOI 10 for 30 min. Then, 100 µg/ml 
gentamicin was added, and the amount of intracellular 
Salmonella was enumerated 1.5 h post infection.

Cell surface cholesterol depletion

Cell surface cholesterol depletion was carried out 
according to established methods [22]. Briefly, cell 
monolayers were incubated with 10 mM methyl-β- 
cyclodextrin (MCD, Sigma) in serum-free medium at 
37°C for 15 min followed by infection with S.Tm. 
Infection and gentamicin killing assay were performed 
as described above.

Immunofluorescence microscopy

C2BBe1 cells were seeded on glass coverslips in 24 well 
plates. After infection with GFP-expressing S.Tm 
SL1344 (MOI 100, 15 min), samples were fixed using 
4% PFA, washed three times with PBS, and blocked and 
permeabilized with a buffer solution containing 10% 
normal goat serum, 0.1% Triton X-100, 0.05% Tween 
20 in PBS. Primary and secondary antibodies (Table A5) 
were diluted in the same buffer. Host cell nuclei were 
detected using 4′,6-diamidino-2-phenylindole, dilactate 
(DAPI, Invitrogen). F-actin was detected using 
Phalloidin-iFluor647 (Abcam), and cells were mounted 
using Dako mounting medium.

Proximity ligation assay

Proximity ligation assays were performed using the Red 
Duolink in situ PLA Kit (Sigma-Aldrich). Briefly, 
C2BBe1 cells were seeded in an 8-well chamber slide 
at 5 × 104 cells per well and were infected with S. Tm 
SL1344/pFPV25.1 at an MOI 100. Fifteen minutes post-
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infection, cells were washed 3× with PBS followed by 
PFA-fixation and permeabilization and blocking with 
PBS containing 10% normal goat serum, 0.1% Triton 
X-100, 0.05% Tween 20. Cells were immunolabeled 
with rabbit anti-human CD81 (RRID: AB_2789447) 
and mouse anti-human CD9 (RRID: AB_314907). 
PLA was performed using secondary antibodies, ligase, 
amplification, and detection reagents included in the 
kit according to the manufacturer’s protocol.

Image acquisition and analysis

Microscopy and Image acquisition was done using 
a Zeiss Apotome 2 (Figure 2e, 4c, 5c Figure A4, A5) 
or a Leica Thunder Live Cell imaging platform 
(Figure 3, A2) for widefield imaging or with a Zeiss 
LSM 980 with Airyscan 2 (Figure 5a) for laser confocal 
imaging performed at the Research Core Unit for Laser 
Microscopy, Hannover Medical School. Image data 
were visualized and analysed using Zen Blue 3.4, Leica 
LAS X software and FIJI/ImageJ software. To quantify 
CD81 in S.Tm-induced ruffles, images were taken on 
a Zeiss Apotome 2 with at a magnification of 200X at 
eight random fields of view (FOV). Cells with invasion 
events with ruffles were counted and normalized by the 
total number of infected cells. CD81 staining was 
assessed in ruffles.

Multiple sequence alignment

For the multiple sequence alignment (MSA), sequence 
data were acquired from the publicly available protein 
database UniProt. Specifically, sequences for the proteins 
CD81_HUMAN (UniProt: P60033), CD81_MOUSE 
(UniProt: P35762) and CD81_RAT (UniProt: Q62745) 
were selected. The MSA was conducted using the 
Clustal Omega (ClustalO) server (https://www.ebi.ac.uk/ 
Tools/msa/clustalo/). The alignment was carried out 
using the default parameters with the output format set 
to “ClustalW.” To visualize the MSA, the CLC Sequence 
Viewer 8.0 (qiagenbioinformatics.com) was utilized.

Statistical analysis

Data were analysed using GraphPad Prism V8.4.3 soft-
ware (GraphPad Software, LLC). Graphs display the 
mean values ± SD of a representative experiment out 
of three independent experiments unless otherwise sta-
ted. One-way analysis of variance (ANOVA) with post- 
hoc Tukey’s multiple comparison test, or unpaired two- 
tailed Student’s t-test, was used in the statistical analysis 
as indicated. P-values smaller than 0.05 were consid-
ered statistically significant.

Results

Tetraspanin CD81 overexpression in epithelial cells 
contributes to the invasion of various Salmonella 
strains

Here, we were interested in clarifying the role of CD81 
during Salmonella infection of epithelial cells. We cre-
ated a HepG2 cell line with CD81 cell surface over-
expression by lentiviral transduction. The resulting cells 
were validated by flow cytometry for surface expression 
of CD81 (Figure 1a). As previously reported [12], CD81 
surface expression is absent on wild-type HepG2 cells 
(grey histogram), whereas HepG2 cells overexpressing 
hCD81 show high CD81 surface expression (red histo-
gram). The sorted cells were expanded and used for 
infection experiments with S. Typhimurium (S. Tm) 
SL1344. Host-associated (30 min post infection which 
includes adherent and early invaded bacteria) and 
intracellular bacteria (1.5 h post infection) were recov-
ered and enumerated as described in Materials and 
Methods. As shown in Figure 1b,c, S. Tm SL1344 
associated and invaded significantly better into HepG2 
cells overexpressing human CD81 compared to wild- 
type HepG2 cells. Salmonella serovars differ in their 
efficiency to invade into epithelial cells. Therefore, to 
test if the effect of CD81 is strain-dependent, different 
representative non-typhoidal and typhoidal Salmonella 
strains were tested. S. Typhimurium, S. Enteritidis, and 
S. Infantis were used to represent the most epidemio-
logically prevalent non-typhoidal Salmonella serovars 
reported in the EU [1] and the typhoidal serovar S. 
Paratyphi A as an emergent strain causing major dis-
ease burden particularly in Asia [23] (Figure 1b,c). In 
all cases, the overexpression of human CD81 was 
observed to enhance Salmonella invasion in HepG2 
cells compared to the absence of CD81 (wild-type 
HepG2). This indicates that CD81 facilitates adhesion 
and invasion of various Salmonella serovars into 
HepG2 epithelial cells.

S. Tm primarily invades host cells through a trigger- 
like invasion mechanism mediated by a Type III secre-
tion system (T3SS–1) encoded by the Salmonella 
Pathogenicity Island-1 (SPI-1) followed by macropino-
cytosis of the bacteria into the host cell [24]. However, 
S. Tm can also invade host cells via a zipper-like inva-
sion mechanism mediated by the outer membrane pro-
teins Rck or PagN [18,25]. Furthermore, an S. Tm 
mutant strain lacking the three known invasins InvA 
(without T3SS–1), PagN, and Rck (“3Δ” mutant) was 
demonstrated to invade multiple epithelial host cell 
lines in a primarily zipper-like invasion process [26]. 
We tested whether CD81 could support T3SS
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Figure 1. CD81 surface expression in HepG2 cells facilitates invasion of various Salmonella serovars. (a) Flow cytometry staining 
profile of wild-type (gray region) and CD81-overexpressing HepG2 cells (red region). (b) Host association assay of S. Typhimurium 
SL1344; S. Enteritidis LA5, S. Infantis 119944 and S. Paratyphi a 45157 (MOI 10). The percentage of host-association (adherent and 
internalized bacteria) is calculated as a ratio of all associated bacteria with the host cells (30 min post-infection) normalized to the 
inoculum used for infection. (c) The percentage of invasion is calculated as a ratio of internalized bacteria recovered after gentamicin 
treatment (1.5 h p.i.), normalized to the inoculum. Data shown are mean ± S.D. from a representative experiment of at least three 
independent experiments. (d) CD81-dependent host-association of Salmonella Typhimurium 14028s, S.Tm 14028s 3Δ mutant, and 
rck-complemented 3Δ mutant. The percentage of host-association (adherent and internalized bacteria) is calculated as a ratio of all 
associated bacteria with the host cells at MOI 10 (60 min post-infection) normalized to the initial inoculum and (e) percentage of 
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–1-independent bacterial internalization. S. Tm 3Δ and 
its rck-complemented counterpart associated with 
HepG2 cells significantly more when CD81 is present 
on the host cell surface (Figure 1d). However, the 
proportion of intracellular S. Tm 3Δ and S. Tm 3Δ +  
rck bacteria recovered after invasion was very low and 
not significantly dependent on CD81 in contrast to the 
parental wild-type strain S.Tm 14028s (Figure 1e).

Previous studies have identified an HCV E2 binding 
domain in the LEL region of human CD81 which is 
important for HCV entry into hepatocytes [27]. To test 
whether the LEL mediates invasion of S. Tm into 
epithelial cells, increasing concentrations of HCV E2 
glycoprotein were added to HepG2 cells (with and 
without CD81-overexpression) 1 h prior to infection 
with S. Tm. Increasing concentrations of HCV E2 
resulted in a dose-dependent reduction of Salmonella 
invasion into CD81-overexpressing HepG2 cells 
(Figure 1f, red bars) but HCV E2 treatment did not 
affect Salmonella internalization into CD81-deficient 
wild-type HepG2 cells (black bars). We performed 
a similar experiment with intestinal epithelial HT29- 
MTX-E12 cells using an anti-CD81 mAb that specifi-
cally binds to the CD81-LEL domain [27] and noted 
a significant reduction of S. Tm associated with host 
cells upon antibody treatment (Figure A1 a). These data 
demonstrate that blocking the LEL domain exerts an 
inhibitory effect towards CD81-dependent Salmonella 
association with intestinal epithelial cells.

Deletion of CD81 in intestinal epithelial cells 
attenuates S. Typhimurium internalization

We further investigated the role of CD81 in two commonly 
used intestinal epithelial cell lines, HT29-MTX-E12, and 
C2BBe1 [28]. We used CRISPR/Cas9 to create CD81- 
deficient intestinal epithelial cell lines as described in 
Materials and Methods. Figure 2a and A1b, show the flow 
cytometry analysis of CD81 (+) and CD81-KO cell popula-
tions of C2BBe1 and HT29-MTX-E12, respectively. These 
cells were then infected with S. Tm, and adhesion and 
invasion were analysed. Our results show that the deletion 
of CD81 in both cell lines resulted in fewer host cell asso-
ciated Salmonella (host cell association includes early 
invaded and adherent Salmonella) and in less efficient 

invasion of Salmonella into the cells compared to WT 
cells (Figure 2b,c and A1 c). As a control, we quantified 
invasion of Listeria monocytogenes (Figure 2d) which was 
previously shown that its invasion into HeLa cells is par-
tially dependent on CD81 [13]. To distinguish between 
a role of CD81 in adhesion and in invasion, we followed 
two approaches: first, C2BBe1 cells were infected with GFP- 
expressing S. Tm at 4°C to inhibit Salmonella-induced actin 
polymerization and subsequent bacterial uptake while 
allowing Salmonella to bind to the host cell surface. 
Imaging data revealed cytoplasmic, perinuclear, and faint 
membrane staining of CD81 but no major CD81 recruit-
ment to Salmonella adhesion sites (Figure 2e). Non- 
infected control cells grown at 37°C show a similar distri-
bution of CD81 (Figure A2). These observations are con-
firmed by the results of the bacterial adhesion assay 
performed at 4°C (Figure 2f) where no differences were 
found in number of bacteria adhering to CD81(+) com-
pared to CD81-KO cells, indicating that CD81 does not 
influence Salmonella adhesion to C2BBe1 cells. However, at 
4°C, not only the invasion of Salmonella but also CD81 
trafficking is most likely abrogated. Therefore, we used the 
S. Tm 3Δ and S. Tm 3Δ+rck mutants that adhere well to 
epithelial cells but do not efficiently invade. We observed 
that there is no significant difference for adhesion or inva-
sion of S. Tm 3Δ mutant into CD81 wt or CD81-deficient 
C2BBe1 cells (Figure 2b, c). Taken together, these data 
suggest that the uptake of Salmonella into C2BBe1 epithelial 
cells, but not adhesion to the epithelium, drives CD81 
localization to the Salmonella entry site.

Cell surface cholesterol depletion impacts 
CD81-dependent Salmonella invasion

Previous studies have found that membrane cholesterol 
plays a role in the invasion of different pathogens, such as 
Listeria monocytogenes [29], Salmonella [30], and 
Plasmodium [22]. CD81 is known to possess a cholesterol- 
binding pocket in its central cavity [5] which dictates its 
structural conformation and affects interactions with other 
ligands [31] that may be associated within the tetraspanin- 
enriched microdomain (TEM). To test whether CD81- 
mediated enhancement of Salmonella invasion into host 
cells is cholesterol-dependent, we depleted cholesterol 
using methyl-β-cyclodextrin (MβCD), which sequesters

invasion of S. Tm 14028s, S. Tm 14028s 3Δ mutant, and rck-complemented 3Δ mutant were calculated as a ratio of internalized 
bacteria recovered after gentamicin treatment (2.5 h p.I.) and cell lysis, normalized from initial inoculum used for infection. Data 
shown are mean ± S.D. from a representative experiment of three independent experiments. (f) HepG2 cells (WT vs CD81-positive) 
were pretreated with HCV E2 for 1 h at 37°C, 5% CO2 prior to gentamicin killing assay with S. Tm SL1344. Percent invasion is 
calculated as a ratio of the internalized bacteria recovered after cell lysis from total initial inoculum used for infection. Data shown 
are mean ± S.D. from a representative experiment of two independent experiments. (b-e): data were analyzed using student’s t-test. 
ns, not significant, *p < .05, **p < .01, ***p < .001, ****p < .0001. (f): data were analyzed using one-way ANOVA followed by tukey’s 
post-hoc multiple comparison test. ns, not significant, ***p < .05, ****p < .0001.
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Figure 2. CD81-dependent Salmonella invasion is reduced by the lack of CD81 in C2BBe1 cells. (a) Flow cytometry staining profile of 
CD81-positive (red region) and CD81-knockout (gray region) C2BBe1 cells. Adhesion and invasion assay of (b-c) S. Tm 14,028, S.Tm 3Δ, 
S.Tm 3Δ+rck, and were analyzed for adhesion and invasion into C2BBe1 wt and CD81-deficient cells. Data shown are from 
a representative experiment of at least three independent experiments and were analyzed using student’s t-test. *p < .05, 
**p < .01, ***p < .001, ns: not significant. (d) L. monocytogenes EGD invasion into C2BBe1 wt and CD81-deficient cells. Data are 
from one experiment and were analyzed using student’s t-test. *p < .05). (e) Adhesion site of S. Tm SL1344 (MOI 100, green) on host 
cell surface showing cortical actin (red) and CD81 (white) and host nuclei (blue). Scale bar 20 µm. lower left panel. Cropped and 
magnified image of adherent S. Tm on C2BBe1 cell surface. CD81 (white, lower right panel) is located mainly perinuclear/cytoplasmic 
with faint membrane staining. Actin cytoskeleton (red, upper right panel). Scale bar 5 µm. ROI = region of interest as indicated by the 
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cholesterol in cell membranes. To this end, wildtype and 
CD81-KO C2BBe1 cells were pre-treated with MβCD prior 
to S. Tm SL1344 infection. Our data show that MβCD- 
treatment of CD81(+) C2BBe1 cells results in a significant 
reduction of Salmonella invasion, whereas cholesterol 
depletion did not significantly affect S. Tm invasion into 
CD81-deficient cells (Figure 2g) indicating that the CD81- 
mediated Salmonella internalization into host cells may be 
cholesterol-dependent.

CD81 localizes to actin-enriched membrane ruffling 
regions triggered by Salmonella invasion

To visualize CD81 during Salmonella invasion, C2BBe1 cells 
were infected with GFP-expressing S. Tm, and CD81 and 
F-actin were analysed using immunofluorescence staining. 
Membrane ruffles during early Salmonella invasion are 

indicated by the localized presence of massive cytoskeletal 
rearrangements around Salmonella entry sites (Figure 3a). In 
addition to the cytoplasmic staining pattern, the recruitment 
of CD81 to areas also enriched in F-actin around invading 
Salmonella is apparent (Figure 3a, region of interest). This data 
shows that CD81 locally reorganizes around the invasion foci 
on the host cell surface during invasion into C2BBe1 cells. 
Quantification of the GFP-expressing S.Tm invasion trigger-
ing ruffle formation showed that approximately 10% of inva-
sion events were associated with ruffles. Ruffles were almost 
exclusively CD81-positive (Figure 3b).

Human CD81 but not rat CD81 drives salmonella 
invasion

For certain viruses (e.g. HCV), uptake is mediated 
exclusively by human CD81, while for other viruses

white frame in the overview panel. (f) Adhesion assay of S. Tm SL1344 (MOI 100, 60 min, 4°C). Data shown are from a representative 
experiment of three independent experiments and were analyzed using Student’s t-test. ns: not significant. (g) Cell surface 
cholesterol depletion (with 10 mM methyl-ß-cyclodextrin, MßCD treatment for 15 min) impairs CD81-dependent Salmonella invasion 
in CD81-expressing C2BBe1 (MOI 10, 30 min). Internalized bacteria relative to the inoculum is reflected as percent invasion. Data 
shown are mean ± S.D. from a representative experiment of two independent experiments and were analyzed using one-way 
ANOVA followed by Sidak’s post-hoc multiple comparison test. ns, not significant, *p < .05, ***p < .001.

a

b

Figure 3. CD81 is recruited to actin-enriched membrane ruffles induced by Salmonella during invasion into C2BBe1 cells. (a) Imaging 
of C2BBe1 cells 15 min post-infection with gfp-expressing S.Tm SL1344 (green) at MOI 100. Magnified subsection is a membrane 
ruffle initiated by early invading salmonellae with CD81 recruitment (white) along an area with actin polymerization (red), nuclei 
shown in blue. Scale bar 20 µm. (b) Quantification of CD81 in S.Tm-induced ruffles: CD81 staining in S.Tm-induced ruffles were 
counted in eight FOV at 200X magnification and normalized to the total amount of infected cells. Data are mean ± S.D. from 
a representative experiment of three independent experiments and were analyzed using one-way ANOVA followed by Tukey’s post- 
hoc multiple comparison test. ns, not significant, ****p < .0001.
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(e.g. Chikungunya virus) both human and rodent CD81 
can mediate virus replication [32]. The amino acid 
sequences of human and rat CD81 share 93% identity 
(Table A6) based on sequence alignment with Clustal 
Omega, and the highest sequence variability lies within 
the LEL region (Figure A3). Previous studies have 
speculated that sequence variation within and outside 
the LEL region might have implications for structure- 
function attribution of tetraspanins [11]. To test 
whether host species-specific CD81 is important for S. 
Tm invasion, we compared human CD81 and rat CD81 
overexpressed in HepG2 cells (Figure 4a). Invasion 
assays demonstrate that the overexpression of rat 
CD81 in HepG2 cells did not promote S. Tm invasion 
compared to human CD81, indicating a species-specific 
effect of human CD81 (Figure 4b).

Role of CD9 in S. Typhimurium uptake into 
epithelial cells

CD9, another tetraspanin that has been reported to 
interact with CD81 [33] was also tested to see if it can 
enhance S. Tm uptake. We noted a basal CD9 gene 
expression in HepG2 cells and that CD81 overexpres-
sion slightly upregulates CD9 expression as well (data 
not shown). We investigated the localization of CD9 
during early Salmonella invasion at 15 min post- 
infection. Immunostaining of CD9 in GFP-expressing 
S.Tm-infected C2BBe1 cells revealed that CD9 localizes 
to Salmonella entry sites along with F-actin (Figure 4c). 
An analysis of the role of CD9 in Salmonella adhesion 
and invasion in HepG2 cells overexpressing CD9 
revealed that, CD9 facilitates Salmonella invasion but 
does not influence Salmonella adhesion (Figure 4d,e). 
Staining of CD9 in HepG2 wt cells was weak, while 
a clear pattern was seen in HepG2/hCD9 cells 
(Figure 4a). The distribution of CD9 was comparable 
to the distribution in C2BBe1 cells with partial localiza-
tion of CD9 with actin and partial co-localization with 
invading S.Tm (Figure 4a, yellow arrowheads). Of note, 
the overexpression of hCD9 in HepG2 cells did not 
affect CD81 expression (Figure 4b). Next, we generated 
C2BBe1 lacking CD9 using CRISPR/Cas9 as described 
in Materials and Methods. In contrast to the results 
obtained in HepG2 cells, however, infection of 
C2BBe1 wt and CD9-/- cells showed no role for CD9 
in adhesion or invasion of S. Typhimurium 
(Figure 4f,g). Altogether, these observations suggest 
that although CD9 is recruited to the Salmonella inva-
sion site, it is not required for Salmonella adhesion or 
invasion into C2BBe1 cells.

CD9 and CD81 are both recruited to the Salmonella 
entry site during the early phase of cellular 
invasion

Previous reports have noted that CD9 and CD81 are 
frequently found together in tetraspanin-enriched 
microdomains [33]. Thus, we investigated if CD9 and 
CD81 interact with each other and assessed the spatial 
localization of CD9 and CD81 during Salmonella inva-
sion. Double immunostaining for CD81 and CD9 in 
C2BBe1 cells after GFP-expressing S.Tm infection 
revealed that both tetraspanins partially co-localize at 
the Salmonella entry site (Figure 5a).

To further clarify whether CD9 and CD81 were 
indeed recruited together as partner proteins during 
Salmonella invasion, we performed an in situ proximity 
ligation assay (PLA) after immunolabelling CD9 and 
CD81 in C2BBe1 cells infected with S.Tm. PLA detects 
proteins that are at most 40 nm apart, indicating not 
only proximity but also likely protein–protein interac-
tion [34] as illustrated in a schematic diagram in 
Figure 5b. PLA signals (red) probing CD9/CD81 inter-
action were observed to be clustered near the entry 
point of Salmonella during invasion but also in the 
cytoplasm (Figure 5c). The PLA signal was found to 
be specific for detecting a complex of CD9 and CD81. 
The control set up omitting either anti-CD81, anti-CD9 
or all primary antibodies gave no fluorescence signal, 
which further validates that PLA signals were specific 
for the close interaction of CD9 and CD81 (Figure A5). 
These data confirm the previous observation from dou-
ble immunostaining using anti-CD81 and anti-CD9 
antibodies where we observed that both CD9 and 
CD81 co-localize at the Salmonella invasion foci 
(Figure 5a), indicating a protein complex formation of 
these tetraspanins during S. Tm invasion.

Discussion

It is well documented that many pathogens hijack tet-
raspanins to their own advantage to facilitate the colo-
nization of host cells [8,9]. In recent years, several 
studies have shown that tetraspanins contribute to the 
entry and invasion process of various pathogens includ-
ing viruses, bacteria, and parasites. Our results show 
that the overexpression of human CD81 in HepG2 cells 
leads to an enhancement of Salmonella invasion com-
pared to wild-type HepG2 cells. Furthermore, we 
observed this effect for typhoidal and non-typhoidal 
Salmonella strains, indicating an active involvement of 
CD81 during Salmonella invasion in clinically and epi-
demiologically relevant strains.
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Figure 4. CD81-mediated Salmonella invasion into epithelial cells is species-specific. (a) Flow cytometry staining histogram profiles of 
different HepG2 cell lines showing overexpression of human CD81 (red), rat CD81 (blue) and human CD9 (green). Wild-type HepG2 
cells lack endogenous expression of CD81. (b) Overexpression of human CD81 but not rat CD81 facilitates invasion of S. Tm SL1344, 
1.5 hours post-infection with an MOI of 10. Percent invasion is expressed as the ratio of internalized bacteria recovered after cell lysis 
to the inoculum used for infection. Data shown are mean ± S.D. from a representative experiment of at least three independent 
experiments and were analyzed using one-way ANOVA followed by Tukey’s post-hoc multiple comparison test. **p < .01, 
***p < .001, ns: not significant. (c) Human CD9 localizes to S. Tm SL1344 (green) entry site during invasion. Human CD9 (white) is 
recruited along S. Tm SL1344 entry sites (yellow arrows) during early invasion of C2BBe1 cells, 15 min post-infection (MOI 100). Upper 
right box inset: overview of infected cells with enclosed region of interest. Scale bar 10 µm. (d) Adhesion assay of S. Tm SL1344 (MOI 
100, 60 min, 4°C) in wild-type HepG2 cells and HepG2/hCD9. (e) Human CD9 overexpression facilitates S. Tm invasion in HepG2 cells 
but (f-g) CD9 does not affect host cell association or invasion into C2BBe1 cells. Data shown are mean ± S.D. from a representative 
experiment of at least three independent experiments and were analyzed using a student’s t-test. ns: not significant, ***p < .001.

10 K. G. ALVAREZ ET AL.



We demonstrate a species-specific role of human 
CD81 for the invasion of Salmonella into human 
epithelial cells. Overexpression of rat CD81 in HepG2 
cells did not increase the efficiency of S. Typhimurium 
invasion compared to an overexpression of human 
CD81. We assume that there is species-specificity for 
tetraspanins to cluster together based on their sequence 
alignment and homology (Figure A3, Table A6) as the 
sequence affects protein folding and exposed interac-
tion residues for partner proteins. For example, the 
overexpression of rat CD81 in HepG2 cells does not 
enhance HCV infectivity [35]. This may be because 
human CD81 bears a unique binding site for the 

HCV E2 ectodomain at the human CD81-LEL, based 
on previous studies which demonstrated that the LEL 
α-helices are also important for homomeric clustering 
among CD81 molecules and heteromeric clustering 
with their partner proteins, i.e. CD9 or CD151 [6].

Infection of epithelial cells, the primary target for 
Salmonella infection, demonstrated that loss of CD81 
expression reduced Salmonella invasion, further vali-
dating the importance of CD81 on the host cell surface 
during Salmonella invasion. Earlier studies have found 
that downregulating CD81 expression in HeLa cells 
using siRNA reduces Listeria monocytogenes invasion 
which invades in a zipper-like manner [13].

a

b c

Figure 5. CD81 and CD9 are recruited to the Salmonella entry site during invasion. (a) Immunostaining of human CD81 (white, upper 
left panel), human CD9 (purple, upper right panel), S. Tm SL1344 (green) and DAPI (blue) overlay (lower left panel) and merged frames 
(lower right panel) on C2BBe1 cells during early invasion of S. Tm SL1344 (15 min post-infection, MOI 100). Scale bar 5 µm. (b) 
Principle of in situ proximity ligation assay (PLA) detecting possible protein–protein interaction of CD81 and CD9 due to close 
proximity (~40 nm). Illustration created using Biorender.com (c) PLA signal (red) from CD9 and CD81 co-localization on host cell 
surface of C2BBe1 cells during early invasion of S. Tm SL1344 (green) validates their co-recruitment and putative protein–protein 
interaction during Salmonella entry. Scale bar 5 µm (upper right panel and bottom panels). Overview of infected host cells (upper left 
panel) where nuclei are visible through DAPI staining (blue). Scale bar 20 µm.
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Furthermore, previous studies have also demonstrated 
that siRNA knockdown of CD81 in primary human 
hepatocytes reduces the amount of internalized 
P. falciparum exo-erythrocytic forms recovered from 
infected hepatocytes [22]. On the other hand, other 
investigators found that a CD81 knockout in A549 
cells has no effect on invasion of Burkholderia pseudo-
mallei [15].

Previous studies have demonstrated the importance 
of cholesterol in Salmonella invasion [30]. 
Furthermore, other studies have shown that cholesterol 
depletion also reduced Listeria monocytogenes invasion 
[29] and that cholesterol-rich cells at the metaphase 
stage are preferential targets for Salmonella invasion 
[30]. In our study, we found that cholesterol depletion 
prior to Salmonella infection of C2BBe1 cells has 
a more pronounced effect on bacterial invasion in the 
presence of CD81. This might be due to the fact that 
CD81 possesses a cholesterol-binding pocket which 
affects its conformational structure and subsequent 
interaction with host proteins [5]. Another explanation 
could be the fact that CD81 can sequester cholesterol 
and that CD81–cholesterol interactions affect TEM 
organization and membrane deformations, thereby 
influence bacterial uptake [36].

Using microscopy and image analysis, we observed 
that CD81 recruitment and redistribution occur at the 
invasion foci of Salmonella (marked by actin polymer-
ization and membrane ruffle formation) as early as 15 
min of infection. Inhibiting Salmonella uptake by incu-
bating cells at 4°C during infection also inhibited traf-
ficking and recruitment of CD81 into the Salmonella 
adhesion site. As Salmonella adhesion is not affected 
during these conditions, these observations suggest that 
CD81 does not play a role in Salmonella adhesion but 
only during an active invasion event. Since Salmonella 
strains used for infection experiments were cultivated 
under SPI-1 inducing conditions, coupled with obser-
vations of massive membrane ruffles (which were pre-
dominantly CD81-positive) and actin polymerization 
around the Salmonella invasion foci, it could be con-
cluded that CD81 participates in a trigger-like entry of 
Salmonella into host cells. Additionally, we tested 
a triple mutant S. Tm 14028s/3Δ (invA, pagN, and 
rck), which had been found to have severely reduced 
invasion efficiency in various cell lines [26]. We 
observed that rck-complemented S. Tm 14028s/3Δ rck 
mutant showed enhanced CD81-dependent host cell 
association but not increased CD81-dependent invasion 
in HepG2 cells. However, it must be noted that inva-
sion of S. Tm 14028s/3Δ and rck-complemented S. Tm 
14028s/3Δ strains in HepG2 cells was very low, limiting 
the informative value of this invasion experiment. It has 

been reported that zipper-like invasion by Salmonella 
can be induced by growing the bacteria in the presence 
of acyl homoserine lactones and inducing a swarming 
behavior and expression of SdiA – a LuxR homolog 
which detects AHLs from other bacteria and upregulate 
the rck operon [37]. Furthermore, other investigators 
have found that S. Tm exhibits a discrete invasion 
mechanism in the murine gut driven by the T3SS–1 
effector, SipA [38]. However, our data implicate that 
CD81 rather supports a trigger-like invasion of 
Salmonella into host cells.

Antagonizing the effect of CD81 on Salmonella inva-
sion by targeting it at the LEL with CD81-mAbs or 
HCV E2-derived glycoproteins demonstrated that the 
LEL region specifically influences Salmonella invasion. 
CD81 has been demonstrated as a direct receptor for 
HCV E2 glycoprotein, specifically interacting with the 
LEL domain of CD81 [39,40] and that saturating the 
CD81-LEL with HCV E2 reduced the infectivity of 
HCV particles [21]. These observations support the 
concept that the LEL region is a critical domain for 
CD81-dependent entry of Salmonella. Interestingly, it 
has been shown that anti-CD81 antibodies can block 
binding of S. Tm to macrophages. However, the uptake 
of Salmonella by macrophages seems to be CD81- 
independent but dependent on other tetraspanins 
[16]. This points to a cell-type specific role of CD81 
for S. Tm infection.

Similar to CD81, CD9 also localizes to the 
Salmonella entry site. Although CD9 seemed to facil-
itate Salmonella invasion when overexpressed in 
HepG2 cells, we did not see decreased uptake in 
CD9-deficient C2BBe1 cells. In addition, CD9 did 
not promote Salmonella adhesion. Therefore, we 
conclude that CD9 itself is not necessary for 
Salmonella invasion at least into C2BBe1 intestinal 
epithelial cells. Double immunostaining of CD81 and 
CD9 further revealed that both tetraspanins are 
recruited to the entry site of Salmonella and the 
PLA assay demonstrated that CD81 and CD9 co- 
localize to tetraspanin webs at the Salmonella entry 
site. CD9 is a tetraspanin often reported to be an 
interactor with CD81 and these tetraspanins co- 
localize also in the absence of infection [33,41]. 
Other studies demonstrate that CD63 and CD151 
also associate within this tetraspanin network. 
Furthermore, high-resolution imaging of primary 
endothelial cells demonstrated that CD9 recruits 
ICAM-1 clusters following stimulation with TNF-α 
[42]. The authors noted that CD9 clusters around 
cellular protrusions primarily in microvilli and 
lamellipodia and that a knockdown of CD9 dysregu-
lates its association with adhesion factors such as
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JAM-A and ICAM-1 and consequently reduces cel-
lular protrusions and microvilli formation [42]. It 
could be hypothesized that CD9 clustering (together 
with CD81 and other partner proteins) coordinates 
cellular microvilli formation followed by an increas-
ing recruitment of CD81 as membrane ruffle forma-
tion becomes more pronounced. Two previous 
studies independently observed that CD81 is coupled 
to Rac, independent of its activation and this direct 
interaction is essential for the formation of mem-
brane protrusions and cell migration [43]. Thus, 
CD9 and CD81 could potentially play a role in 
membrane curvature and protrusion processes con-
sidering their high degree of localization in such 
cellular structures.

Furthermore, CD9 and CD81 have been shown to play 
a role in membrane fusion [15]. These tetraspanins may 
play a role in the macropinocytosis by facilitating mem-
brane ruffling and remodelling to allow efficient enclosure 
of the bacteria into a host-derived vacuolar membrane 
called the Salmonella-containing vacuole during the macro-
pinocytotic process. Indeed, tetraspanins can modify the 
biophysical characteristics of the cell membrane, to control 
the morphogenesis of membrane protrusive structures 
such as the membrane curvature or the membrane connec-
tions of the cytoskeletal network [31,43]. Moreover, the 
tetraspanin CD82 is recruited to phagosomes containing 
internalized bacterial pathogens (Escherichia coli and 
Staphylococcus aureus) and fungal pathogens 
(Cryptococcus neoformans, Candida albicans, and 
Aspergillus fumigatus) [44]. As tetraspanins are known to 
exhibit functional redundancy and interact with each other, 
the independent overexpression of either CD9 or CD81 in 
HepG2 may promote membrane curvature and invasion of 
Salmonella by properly localizing receptors and host pro-
teins at the invasion foci. This process then supports the 
internalization and enclosure of the bacteria into an SCV.

In summary, we demonstrate that CD81 is recruited 
to the site of the invasion foci, following the action of 
secreted effectors or binding of an unknown bacterial 
ligand to a host receptor and other host proteins in 
a tetraspanin-enriched microdomain. This cascade of 
events causes membrane ruffling on the host cell sur-
face and localized formation of F-actin polymers at the 
invasion foci, perhaps through a Rac-dependent 
mechanism. Macropinocytotic uptake and internaliza-
tion of the bacteria is then facilitated by tetraspanins, 
leading to the engulfment of Salmonella into the SCV.
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Appendix. Supplementary data
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Figure A1. CD81-dependent salmonella invasion is reduced by the lack of CD81 in HT29-MTX-E12 cells.
(a) Anti-CD81 mAb treatment (clear bars) or IgG1 isotype matched mAb treatment (shaded bars) for 1 h at 37°C, 5% CO2 of HT29-MTX-E12 
cells prior to infection with S. Tm SL1344. After 30 min of infection, cells were washed 3× with PBS, and serial dilutions of cell lysates were 
plated to enumerate host-associated bacteria. (b) Flow cytometry staining profile of CD81-positive (red region) and CD81-KO (gray region) 
HT29 MTX E12 cells after CRISPR/Cas9 targeting of CD81. (c) Gentamicin killing assay of HT29-MTX-E12 cells after infection with S. Tm 
SL1344 (MOI 10, 30 min). Percent invasion is calculated as a ratio of internalized bacteria recovered after cell lysis from the initial inoculum 
used for infection. Data shown are mean ± S.D. from a representative experiment of at least three independent experiments and were 
analyzed using a Student’s t-test. ns, not significant, **P < 0.01, ****P < 0.0001.

Figure A2. CD81 staining of uninfected C2BBe1 cells.
C2BBe1 cells were incubated at 37°C, fixed with PFA, permeabilised using 0.1% triton-X100 in 10% NGS/PBS. Anti-CD81 (white) antibody 
was diluted in blocking buffer containing the respective permeabilizing agents. After three washes, secondary antibodies were applied. 
Cytoskeleton is stained using phalloidin (red), and nuclei were visualized using DAPI (blue). Note the typical perinuclear/cytoplasmic pattern 
of CD81 (green arrows) and membrane staining (yellow arrows). Scale bar: 20 µm.
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Figure A4. CD9 localization in HepG2 cells.
(a) HepG2 and HepG2/hCD9 cells were infected S. Tm SL1344 for 15 min. CD9 is weakly stained in HepG2 cells, whereas there is a strong 
signal in HepG2/hCD9 cells. Human CD9 (white) partially recruited to S. Tm SL1344 entry sites (yellow arrows) and partially co-localized with 
actin. Scale bar: 10 µm. (b) Total RNA was extracted from uninfected HepG2 and HepG2/hCD9 cells. qPCR analysis of CD9 showed strong 
upregulation in CD9 overexpressing cells. CD9 overexpressing cells did not significantly induce CD81 expression. Data were analysed using 
one-way ANOVA followed by Sidak’s post-hoc multiple comparison test. ns, not significant, *p < 0.05, ****p < 0.0001.

Figure A3. MSA alignment visualization of human CD81, rat CD81 and mouse CD81 using CLC sequence viewer 8.0.
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Figure A5. Validation of in situ proximity ligation assay of CD81/CD9 co-recruitment at the Salmonella entry site.
Control set-ups (anti-CD81 only, anti-CD9 only or no antibodies) validating specificity of PLA signal to the co-recruitment of CD9 and CD81 
interaction during early invasion of Salmonella indicating its proximity and suggesting possible protein–protein interaction. Absence of, or 
addition of, single antibodies targeting either CD9 and CD81 do not produce PLA signal. Scale bar: 20 µm. Illustrations created using 
Biorender.com.

Table A1. List of bacterial strains used in this study.
Species Serovar Strain Genotype Plasmid Resistance Reference

Salmonella enterica Typhimurium SL1344 Wild-type (-) Streptomycin [46]
Salmonella enterica Typhimurium 14028s Wild-type (-) None [47]
Salmonella enterica Enteritidis LA5 Wild-type (-) Nalidixic Acid [48]
Salmonella enterica Infantis 119944 Wild-type (-) Tetracycline [49]
Salmonella enterica Paratyphi A 45157 Wild-type (-) No [50]
Salmonella enterica Typhimurium 14028s 3Δ (ΔinvA:kanΔpagN:cm Δrck) (-) ChloramphenicolKanamycin [26]
Salmonella enterica Typhimurium 14028s 3Δ (ΔinvA:kanΔpagN:cm Δrck) pSup202-GFP ChloramphenicolKanamycin Tetracyclin This work
Salmonella enterica Typhimurium 14028s 3Δ + rck pSup202-RckGFP ChloramphenicolKanamycin Carbenicillin This work
Listeria monocytogenes EGD Wild-type (-) [51]
Salmonella enterica Typhimurium SL1344 GFPmut3 pFPV25.1 Ampicillin [52]

18 K. G. ALVAREZ ET AL.



Table A6. Percent identity matrix of the aligned CD proteins (clustal).
Tetraspanin human CD81 mouse CD81 rat CD81

human CD81 100.00 91.95 93.22
mouse CD81 91.95 100.00 94.49
rat CD81 93.22 94.49 100.00

Table A2. List of plasmids.
Plasmid name Reference

pSup202-GFP [53]
pSup202-RckGFP [53]
pFPV25.1 [51]
pTRIP-hSEL-hLEL CD81 (human CD81) [35]
pTRIP-rSEL-rLEL CD81 (rat CD81) [35]
pTRIP-human CD9 [35]
pczVSV-Gwt [12]
pCMV-dR8.74 GK [12]
pLentiCRISPR V2 [54]
pLentiCRISPR V2-CD81 [12]
pCMV-dR8.74 GK [12]

Table A3. List of antibodies used for flow cytometry and fluorescence activated cell sorting.
Target Clone Fluorophore Brand Catalog no. RRID no.

Human CD81 JS-81 RUO APC BD Bioscience 551112 AB_398491
IgG1-Kappa MOPC-21 APC BD Bioscience 555751 AB_398467
Human CD81 5A6 APC Biolegend 349509 AB_2564020
Human CD9 Hl9a-RUO APC Biolegend 312107 AB_2721450
IgG1-Kappa Isotype MOPC-21 APC Biolegend 400121 AB_2665396
Rat/mouse CD81 Eat-2 APC Biolegend 104909 AB_2562993
IgG1-Kappa isotype HTK888 APC Biolegend 400911 (-)

Table A4. List of primary antibodies used for immunofluorescence, blocking, and PLA experiments.
Target/Reactivity Clone Host Brand Catalog no. RRID no.

Human CD81 JS-81 RUO Mouse BD Bioscience 555675 AB_396028
IgG1 isotype cntrl MOPC-21 mouse BD Bioscience 555746 AB_396088
Human CD81 NA Rabbit Invitrogen PA5 -82,288 AB_2789447
Human CD9 Hl9a-RUO mouse Biolegend 312102 AB_314907

Table A5. List of secondary antibodies used for immunofluorescence.
Reactivity Fluorophore Brand Catalog no. RRID no.

anti-rabbit Alexa Fluor®546 Invitrogen A-11071 AB_2534115
anti-mouse AlexaFluor®633 Invitrogen A-21050 AB_2535718
anti-mouse AlexaFluor®546 Invitrogen A-11003 AB_2534071
anti-mouse AlexaFluor®633 Invitrogen A21053 AB_2535720
anti-rabbit AlexaFluor®633 Invitrogen A21072 AB_2535733
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