THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 46, pp. 31572-31578, November 13, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

The Ilg Domain Protein CD9P-1 Down-regulates CD81 Ability
to Support Plasmodium yoelii Infection*
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Invasion of hepatocytes by Plasmodium sporozoites is a pre-
requisite for establishment of a malaria natural infection. The
molecular mechanisms underlying sporozoite invasion are
largely unknown. We have previously reported that CD81 is
required on hepatocytes for infection by Plasmodium falcipa-
rum and Plasmodium yoelii sporozoites. CD81 belongs to the
tetraspanin superfamily of transmembrane proteins. By inter-
acting with each other and with other transmembrane proteins,
tetraspanins may play a role in the lateral organization of mem-
brane proteins. In this study, we investigated the role of the two
major molecular partners of CD81 in hepatocytic cells, CD9P-
1/EWI-F and EWI-2, two transmembrane proteins belonging to
a novel subfamily of immunoglobulin proteins. We show that
CD9P-1 silencing increases the host cell susceptibility to P. yoe-
lii sporozoite infection, whereas EWI-2 knock-down has no
effect. Conversely, overexpression of CD9P-1 but not EWI-2
partially inhibits infection. Using CD81 and CD9P-1 chimeric
molecules, we demonstrate the role of transmembrane regions
in CD81-CD9P-1 interactions. Importantly, a CD9P-1 chimera
that no longer associates with CD81 does not affect infection.
Based on these data, we conclude that CD9P-1 acts as a negative
regulator of P. yoelii infection by interacting with CD81 and reg-
ulating its function.

Malaria remains the most important parasitic human dis-
ease, responsible for nearly one million deaths each year (1).
Plasmodium natural infection is initiated by the inoculation
of sporozoites in the host by a female Anopheles mosquito.
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Within the first hours of infection the motile sporozoites
reach the liver and invade hepatocytes, where they further dif-
ferentiate into a replicative exo-erythrocytic form (EEF)” that
will ultimately give rise to thousands of merozoites that initiate
the pathogenic erythrocytic cycle. Plasmodium sporozoites
invade hepatocytes actively by forming a membrane-bound
compartment called the parasitophorous vacuole (PV), where
the parasite resides for further intracellular development (2, 3).
The nature of the molecular interactions mediating sporozoite
invasion still remains elusive. Two well-characterized sporozo-
ite surface proteins, the circumsporozoite protein and the
thrombospondin-related adhesive protein, are known to inter-
act with the liver heparan sulfate proteoglycans (HSPGs) (2, 3).
HSPGs play a role in the initial sequestration of the sporozoites
in the liver sinusoids (4, 5), and activate sporozoites for produc-
tive invasion, leading to proteolytic processing of the circum-
sporozoite protein (6). Two sporozoite proteins, P36 and P36p/
P52, were shown to play a major role during infection of
hepatocytes (7-9). Both belong to a Plasmodium-specific fam-
ily characterized by the presence of domains with six conserved
cysteines, but their precise function during sporozoite invasion
and/or maintenance of the PV early after invasion remains
unknown.

To date, the only host molecule clearly identified as being
essential for sporozoite invasion is CD81. Indeed, we have pre-
viously reported that CD81 is required for invasion of hepato-
cytes by sporozoites of human Plasmodium falciparum and
rodent Plasmodium yoelii. This was evidenced by the lack of
infection of CD81-deficient mouse hepatocytes by P. yoelii
sporozoites (10) and by the inhibition of P. yoelii and P. falcipa-
rum sporozoite invasion by antibodies or siRNA targeting
mouse and human CD81, respectively (10, 11). Another host
cell surface protein, the scavenger receptor class B type I (SR-
BI), also plays a role during sporozoite invasion (12, 13). SRBI
regulates CD81 expression level as well as membrane choles-
terol (12), which is known to modulate CD81 ability to support
Plasmodium infection (11). This suggests that SRBI acts indi-
rectly during sporozoite infection through regulation of CD81
expression and function.

® The abbreviations used are: EEF, exo-erythrocytic form; PV, parasitophorous
vacuole; LEL, large extracellular loop; TM, transmembrane; siRNA, small
interfering RNA; HCV, hepatitis C virus; mAb, monoclonal antibody; WT,
wild type; FACS, fluorescent-activated cell sorting.
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CD81 belongs to a family of largely distributed integral mem-
brane proteins called tetraspanins. These proteins display four
transmembrane domains delimiting two extracellular domains
of unequal size and three short intracellular regions. Tetraspan-
ins have been implicated in various biological processes such as
cell adhesion, migration, cell fusion, co-stimulation, signal trans-
duction, and differentiation (reviewed in Refs. 14—16). They also
play a role in infection by different pathogenic agents and notably
several viruses including HIV. It is interesting to note that CD81 is
essential for the infection of hepatocytic cells by the hepatitis C
virus (HCV) (17, 18) although the exact mechanism by which
CD81 mediates HCV infection is still unclear.

In all these processes, the precise function of tetraspanins
remains unknown. A current model is that through their
mutual interaction and the association with other surface mol-
ecules tetraspanins organize a network of interaction referred
to as the “tetraspanin web” (14-16). Within this network of
interactions, tetraspanins form primary complexes with a lim-
ited number of proteins called tetraspanin partners. These tet-
raspanin-partner interactions are direct and highly specific. For
example, CD9P-1 (EWI-F, FPRP) and EWI-2 (PGRL), two
related proteins of the immunoglobulin superfamily, associate
directly only with CD81 and CD9 (19-22). These primary
interactions resist detergents such as digitonin (and in some
cases Triton X-100) and typically occur at a high stoichiometry
(14). From the recent analysis of the dynamics of the tet-
raspanin web (23, 24), we suggested that the transient associa-
tion of various primary complexes would facilitate the assembly
of more complex proteolipidic structures upon proper stimu-
lation (14). In this study, we have examined whether the two
major CD81 partners, CD9P-1 and EWI-2, play a role in the
infection of hepatocytic cells by Plasmodium sporozoites.

EXPERIMENTAL PROCEDURES

Antibodies—The anti-human CD81 (TS81) CD82 (TS82b),
and CD9P-1 (1F11) were previously described (19). The anti-
mouse CD9 (4.1F12) and CD81 mAbs (MT81 and MT81w)
have been described elsewhere (11). A goat polyclonal anti-
mEW!I-2 was purchased from R&D systems and an anti-mouse
a5 integrin mAb MER5 from BD Pharmingen (Le Pont de Claix,
France). For generation of 8G1 (anti-mouse CD9P-1 mAb), a
rat was injected intraperitoneally twice with 107 L-CD9 cells,
and a final boost was performed 3 weeks later with CD9-contain-
ing complexes collected from a Brij 97 lysate of ~10° L-CD9 cells.
Spleen cells were fused with P3 X 63AG8 mouse myeloma cells to
generate hybridomas according to standard techniques.

Construction of Chimeric Molecules—Plasmids encoding
CD9, CD82, hCD9P-1, and hEWI-2 were previously de-
scribed (19, 20). The mCD9P-1 plasmid was generated in our
laboratory after RT-PCR on RNA purified from LM cells. All
chimeras were engineered by classical PCR protocols using
c¢DNA coding the human molecules as a template and entirely
sequenced. The chimeras CD82 X 81 and CD82LEL81 were
inserted into the pCNC retroviral vector (25). CD9P-1/MHC
class I chimeras were inserted into pcDNA3 (Invitrogen, Cergy
Pontoise, France). The junctions are as follows: CD82 X 81:
CD82-NMGK-IAKD-CD81; CD82LEL81: same junction and
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CD81-GKLY-IILG-CD82; CD9P-1/HLA: CD9P-1-AFKYPIVGIV-
MHC; CD9P-1/cytHLA: CD9P-1-SSHW-CRRK-MHC.

Parasites and Cells—P. yoelii (265BY strain) and Plasmo-
dium berghei (ANKA strain) sporozoites were obtained from
dissection of infected Anopheles stephensi mosquito salivary
glands. The human hepatocarcinoma cells stably expressing
CD81 (HepG2/CD81) has been previously described (26). This
cell line as well as the mouse hepatoma cells Hepal-6 (ATCC CRL-
1830) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% fetal calf serum (Biowest,
Nuaillé, France), 2 mm glutamine, and antibiotics (Invitrogen).

Small-interfering RNA (siRNA) and Plasmid Transfections,
Flow Cytometry—We used small double-stranded RNA oligo-
nucleotides targeting mouse and human CD9P-1 (5'-CAU
UUG AGA UGA CUU GCA A dTdT-3’), and mouse and
human EWI-2 (5'-GUU CUC CUA UGC UGU CUU U dTdT-
3’). A non-functional siRNA targeting human CD82 (5'-ACC
TCC TCC AGC TCG CTT AdTdT-3') was used as a control
siRNA throughout the study. Cells (5-10 X 10° cells in 400 pl of
RPMI) were transfected with 200 pmol of siRNA by electropo-
ration (300V, 500 wF) using the Gene Pulser apparatus (Bio-
Rad, Ivry, France). Following siRNA transfection, cells were
cultured for 48 h before flow cytometry analysis or sporozoite
infection. Hepal-6 cells were transfected with plasmids using
Lipofectamine 2000 reagent according to the manufacturer’s
recommendations, and all experiments were performed 24 —48
h later. Immunolabeling and flow cytometry analysis were per-
formed as described previously (11). Hepal-6 transfectants sta-
bly expressing hCD9P-1 were selected in the presence of G418.
Two different populations of hCD9P-1-positive cells were
sorted using a FACS-VANTAGE-DIVA (Becton-Dickinson-
BDIS) after immunolabeling with the anti-hCD9P-1 mAb.

Sporozoite Infection Assay—Hepal-6 or HepG2 cells (1.5 X
10° per well) were seeded in 8-chamber plastic Lab-Tek slides
(Nalge Nunc International, Cergy Pontoise, France), 24—48 h
prior to inoculation with P. yoelii (2-5 X 10* sporozoites per
well). After 3 h at 37 °C, the cells were washed and further incu-
bated in fresh medium for 24 —36 h before immunolabeling and
counting of EEFs as described (10). All experiments were done
in triplicates.

Immunoprecipitation—Surface labeling of cells with EZ-
link-Sulfo-NHS-LC-biotin (Pierce) was performed as described
previously (19, 20). Cells, biotin-labeled or not, were lysed at
4 °Cinlysis buffer containing 30 mm Tris, pH 7.4, 150 mm NaCl,
0.02% NaNs3, protease inhibitors, and either 1% Brij97 (Sigma)
or 1% digitonin (high purity; Calbiochem, San Diego, CA).
Immunoprecipitations were then performed using protein
G-Sepharose beads (Amersham Biosciences) as described (19,
20). The immunoprecipitates were separated by SDS-PAGE
(5-15% gel) under non-reducing conditions and transferred to
a nitrocellulose membrane (GE Healthcare).

Immunoprecipitates were analyzed by Western blotting
using biotinylated mAbs and Alexa Fluor 680-labeled strepta-
vidin or specific mAb labeled with Alexa 680 (Invitrogen), and
the data were acquired using the Odyssey Infrared Imaging
System (LI-COR Biosciences). Biotin-labeled surface pro-
teins were revealed using Alexa Fluor 800-labeled streptavi-
din (Invitrogen).
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FIGURE 1. CD9P-1 and EWI-2 are CD81 major partners in mouse hepa-
tocytic cells. After cell surface biotinylation, Hepa1-6 cells were lysed with
digitonin, and immunoprecipitations (/P) were performed as indicated on the
top of each lane. The antibodies used for immunoprecipitations were MFR5
(Int. &5), a polyclonal antibody to EWI-2, 8G1 (CD9P-1), MT81 (CD81), and 4.1.
F12 (CD9). The proteins in the immunoprecipitates were revealed using
IRdye800-conjugated streptavidin. Bands corresponding to CD9P-1, EWI-2,
CD81, and CD?9 are indicated on the left. In the lower panel, the presence of
CDA81 in the different IPs was analyzed by Western blot using Alexa 680-con-
jugated CD81 antibody (MT81). CD81 is present in both CD9P-1 and EWI-2 IP
but not in the integrin a5 (Int. &5) IP.

e

RESULTS

CD9P-1/FPRP and EWI-2/PGRL Are the Major Partners of
CD81 in Human and Mouse Hepatocytic Cells—We have pre-
viously shown that the two major surface proteins co-immuno-
precipitated with CD81 in primary human hepatocytes corre-
spond to the two main partners of CD81, CD9P-1 and EWI-2,
two members of a novel subfamily of immunoglobulin proteins
(20). Here, we analyzed the molecular partners of CD81 in
Hepal-6 cells, a model cell line supporting P. yoelii sporozoite
infection (27). We performed co-immunoprecipitation experi-
ments using digitonin lysates from biotin-labeled cells. Under
these conditions, tetraspanins to tetraspanins interactions are
not conserved (or strongly reduced) and only partners directly
associated in primary complexes coprecipitate with tetraspan-
ins (28). In Hepal-6 cells, like in human hepatocytes, CD81
co-immunoprecipitated two major proteins with molecular
masses consistent with that of CD9P-1 (125 kDa) and EWI-2
(65 kDa) (Fig. 1). The high molecular mass protein indeed co-
migrates with the major protein immunoprecipitated by a new
mAb 8G1 specific for mouse CD9P-1 (see “Experimental Pro-
cedures”), and the 65 kDa protein co-migrates with the major
protein immunoprecipitated by an antibody specific for EWI-2.
The interaction of CD9P-1 with CD81 is further demonstrated
by the ability of 8G1 to co-immunoprecipitate a fraction of
CD81 (Fig. 1, lower panel). As a control, an anti-integrin a5
antibody did not co-immunoprecipitate CD81.

The Expression Level of CD9P-1 Modulates Hepatocyte Sus-
ceptibility to P. yoelii Sporozoites—To test whether CD9P-1 and
EWI-2 play a role during infection by Plasmodium sporozoites,
we first used siRNA to specifically knock-down the expression
of these molecules in Hepal-6 cells. We could achieve a ~65—
70% inhibition of mCD9P-1 and EWI-2 expression as shown by
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FIGURE 2. The knock-down of CD9P-1 expression increases the infection
of Hepa1-6 cells by P. yoelii sporozoites. Hepa1-6 cells were transfected
with a siRNA oligonucleotide targeting CD9P-1 (siCD9P-1) or EWI-2 (siEWI-2)
or with a control siRNA (cont). A, the efficiency of silencing was determined
48 h later by indirectimmunofluorescence and flow cytometry analysis using
anti-CD9P-1 mAb (8G1, left panel) or anti-EWI-2 polyclonal antibody (right
panel). For both, silencing yields ~65-70% inhibition of the expression level
of their target. B, 48 h after transfection, the cells were incubated with P. yoelii
sporozoites, and the level of infection was determined by quantification of
the number of EEFs 36 h later (mean of triplicate wells = S.D.). **, p < 0.01 as
compared with control.

FACS analysis (Fig. 2A). Interestingly, whereas mEW1I-2 silenc-
ing had no significant effect on P. yoelii infection, the knock-
down of mCD9P-1 significantly increased the number of P. yoe-
lii-infected cells, up to 35% (Fig. 2B).

To ensure that this effect of CD9P-1 silencing on P. yoelii
infection is not cell type-dependent, similar experiments were
performed in human hepatocarcinoma HepG2 cells transduced
to stably express CD81, which also support P. yoelii sporozoite
infection (29). As seen with Hepal-6 cells, the knock-down of
human CD9P-1 in HepG2/CDS8]1 cells increased the suscepti-
bility to P. yoelii infection, whereas EWI-2 siRNA had no effect
(Fig. 3A). Importantly, the knock-down of CD9P-1 in HepG2/
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FIGURE 3. Silencing of CD9P-1 only affects CD81-dependent sporozoite
infection. HepG2/CD81 were transfected with siRNA targeting CD9P-1
(siCD9P-1), EWI-2 (siEWI-2), or with a control siRNA (control) 48 h before infec-
tion assay. A, quantification of P. yoelii EEFs (mean of triplicate wells == S.D.).
B, quantification of P. berghei EEFs. **, p < 0.01 as compared with control.

CDS81 cells had no consequence on infection by P. berghei
sporozoites, which is CD81-independent (30) (Fig. 3B).

The above data suggest that CD9P-1 is a negative regulator
of P. yoelii infection. To further confirm this hypothesis, we
then tested the effects of overexpressing CD9P-1 and EWI-2
by transient plasmid transfection in Hepal-6 cells. As shown
in Fig. 4A, overexpression of both mouse and human CD9P-1
significantly reduced the susceptibility of Hepal-6 cells to
P. yoelii sporozoite infection. In contrast, overexpression of
human EWI-2 did not modify the number of infected cells.
Finally, to further investigate the role of CD9P-1 on infection by
sporozoites, we performed stable transfections to generate two
Hepal-6 cell lines expressing different levels of hCD9P-1,
Hepal-6/CD9P-1m°¢ and Hepal-6/CD9P-1Me" As shown in
Fig. 4C, both cell populations were less susceptible to P. yoelii
infection than parental Hepal-6 cells, confirming the inhibi-
tory effect of CD9P-1 overexpression observed under transient
transfection conditions. Interestingly, despite expressing ~4
times more CD9P-1 (Fig. 4B), Hepal-6/CD9P-1"¢" cells were
not less susceptible to infection than Hepal-6/CD9P-1™? cells
(Fig. 4C). Importantly, the expression level of CD9 (not shown)
and CD81 was not altered by overexpression of CD9P-1 (Fig.
4B). In addition, the binding of MT81w, a mAb that specifically
recognizes a fraction of CD81 associated with the tetraspanin
web (11), was also unchanged (Fig. 4B). Altogether these results
indicate that CD9P-1 plays a negative role on P. yoelii sporozo-
ite infection without interfering with CD81 expression.

The Interaction of CD81 with CD9P-1 Requires Transmem-
brane Regions—As an initial step to determine whether the
effect of CD9P-1 on infection is related to its association with
CD81, we first characterized the structural determinants of
CDB81-CD9P-1 interaction. We took advantage of the absence
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FIGURE 4. Transfection of CD9P-1 inhibits the infection of Hepa1-6 cells by P. yoelii sporozoites. A, Hepa1-6 cells were transiently transfected with
plasmids coding for mouse CD9P-1 (mCD9P-1), human CD9P-1 (hCD9P-1), human EWI-2 (hEWI-2), or with the empty vector (mock), 24 h before infection
with P. yoelii sporozoites. The number of EEF (mean = S.D.) was determined as described under “Experimental Procedures.” B, flow cytometry analysis
of hCD9P-1 expression in two sorted populations stably expressing medium (Hepa1-6/CD9P-1™¢) or high (Hepa1-6/CD9P-1"9") levels of CD9P-1. The
expression level of CD81 is controlled using two different CD81 mAb (MT81 and MT81w). C, Hepal-6 cells as well as these two populations of
CD9P-1-expressing cells were infected with P. yoelii sporozoites, and the number of EEFs was determined (mean of triplicate wells = S.D.). **, p < 0.01

as compared with control cells.
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FIGURE 5. The fourth TM domain of CD81 and the TM domain of CD9P-1
are required for CD81-CD9P-1 interaction. Hepa1-6 cells were transiently
transfected with plasmids encoding different constructs as indicated. All con-
structs encode the human molecules. 48 h after transfection, the cells were
lysed with digitonin, and immunoprecipitations were performed as indicated
at the top of each lane. Immunoprecipitates were analyzed by Western blot
using biotin-labeled mAbs (CD9P-1 and CD81 or CD82) and Alexa 680-labeled
streptavidin. A, analysis of the CD81 regions contributing to the interaction
with CD9P-1 using CD82/CD81 chimeric molecules. A schematic representa-
tion of CD82/CD81 molecules is shown above each panel. B, analysis of the
human CD9P-1 regions contributing to the interaction with CD81 using
CD9P-1/MHC Class | chimeric molecules (CD9P-1/HLA or CD9P-1/CytHLA). A
schematic representation of CD9P-1/MHC Class | molecules is shown on the
right of each panel.

of interaction between the tetraspanin CD82 and CD9P-1 after
lysis in digitonin, and tested the ability of chimeric human
CD81/CD82 molecules to associate with CD9P-1 in transiently
transfected Hepal-6 cells. The chimeras were similarly
expressed on the cell surface as determined by flow cytometric
analysis of transfected cells (data not shown). The chimeric
molecule consisting of the first half of CD82 joined to the large
extracellular loop (LEL), fourth TM region, and C-terminal
cytoplasmic end of CD81 (CD82 X 81) still interacted with
CDO9P-1 in the same proportion as CD81. In contrast, no inter-
action was observed with a chimeric molecule in which only the
LEL of CD82 was replaced by that of CD81 (CD82LEL81) (Fig.
5A), pointing out the importance of the fourth TM domain
and/or C-terminal cytoplasmic end of CD81 to confer its inter-
action with CD9P-1.

We then generated a chimeric molecule in which the TM
domain and the cytoplasmic region of hCD9P-1 were substi-
tuted by the equivalent moiety of human MHC class I molecule
(CD9P-1/HLA). CD9P-1/HLA is totally defective for its associ-
ation with CD81 (Fig. 5B). In contrast, a chimera in which only
the cytoplasmic portion of CD9P-1 was replaced by the cyto-
plasmic part of MHC class I molecule (CD9P-1/CytHLA) inter-
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FIGURE 6. A CD9P-1 mutant defective for the association with CD81 has
no effect on sporozoite infection of hepatocytic cells. A, Hepal-6 cells
were transiently transfected with plasmids coding for CD9P-1, CD9P-1/HLA,
CD9P-1/CytHLA, EWI-2, or empty vector (mock), 24 h before infection with
P. yoelii sporozoites. The number of EEF-infected cells (mean * S.D.) was
determined as described under “Experimental Procedures.” **, p < 0.01 as
compared with control cells. B, analysis of interaction between human
CD9P-1 and endogenous mCD81. Hepa1-6 cells were transiently transfected
with CD9P-1, CD9P-1/HLA, or empty vector (mock). After 48 h, the cells were
lysed in 1% Brij97 before immunoprecipitation with mAbs against mCD81
(MT81),hCD9P-1 (1F11) or mouse integrin a5 (Int.a5) as a control, asindicated
at the top of each lane. Immunoprecipitates were analyzed by Western blot-
ting using biotin-labeled mAbs (hCD9P-1, mCD81) and Alexa 680-labeled
streptavidin.

acted with hCD81 at the same level as WT CD9P-1 (Fig. 5B),
indicating that the cytoplasmic domain of CD9P-1 is not
required for interaction with CD81. Altogether these data
strongly suggest that the interaction between CD9P-1 and
CD81 occurs via the fourth TM domain of CD81 and the TM
region of CD9P-1.

CD9P-1 Exerts a Negative Effect on Sporozoite Infection by
Interacting with CD81—The CD9P-1/HLA chimera, which is
expressed on the cell surface but does not associate with CD81,
constitutes a unique tool that allowed us to investigate whether
the inhibitory effect of CD9P-1 on sporozoite infection is linked
to its interaction with CD81.

Whereas transient transfection of CD9P-1 in Hepal-6 cells
reduced infection, transfection of CD9P-1/HLA had no signif-
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icant effect on the number of infected cells (Fig. 64). Impor-
tantly, we checked that hCD9P-1 transfected in Hepal-6 cells
was able to interact with the endogenous mCD81, whereas,
under the same conditions, CD9P-1/HLA was not (Fig. 6B).
Finally, the chimeric molecule CD9P-1/cytHLA, which has
retained a normal ability to interact with CD81, had the same
inhibitory effect as CD9P-1 (Fig. 6A4). This result indicates that
the cytoplasmic region of CD9P-1 is not involved and confirms
that the negative effect of CD9P-1 on P. yoelii infection oper-
ates via interaction of CD9P-1 with CD81.

DISCUSSION

Infection of hepatocytes by sporozoites is a crucial step in the
Plasmodium life cycle within the mammalian host. We have
demonstrated before that the tetraspanin CD81 expressed on
the surface of host hepatocytes plays an essential role during
Plasmodium sporozoite invasion. Like for other tetraspanins,
the function of CD81 is thought to be linked to its ability to
associate with other transmembrane molecules. In this study,
we show that CD9P-1, a direct partner of CD81, negatively reg-
ulates the infection of hepatocytic cells by P. yoelii sporozoites,
whereas the closely related molecule EWI-2, another CD81
partner, does not influence infection.

How does CD9P-1 inhibit Plasmodium infection? In one
hypothesis, CD9P-1 would interfere with some signaling path-
ways required for infection. However, this hypothesis is not
supported by the finding that the cytoplasmic domain of
CD9P-1 is not necessary for its inhibitory effect. To date, the
only known cytoplasmic proteins interacting with CD9P-1 are
the ERM (Ezrin-Radixin-Moesin) proteins (31), which function
as membrane-microfilament linkers (32). Host actin cytoskele-
ton was recently shown to be involved during Plasmodium
sporozoite invasion (33), but the role of ERM during infection
was not investigated. Our data showing that replacement of the
cytoplasmic end of CD9P-1, which interacts with ERM, has no
effect on the inhibitory effect of CD9P-1, clearly indicate that
the association of CD9P-1 with ERM proteins does not contrib-
ute to its ability to inhibit infection.

An important finding is the demonstration that a chimeric
CD9P-1 molecule not associating with CD81 lacks the ability to
inhibit P. yoelii infection. This strongly suggests that CD9P-1
modulates CD81 function during P. yoelii infection. This is
consistent with the finding that CD9P-1 expression does not
regulate the CD81-independent infection of HepG2 cells by
D. berghei. The key role of CD81 was recently strengthened by
the demonstration that the effect of SR-BI depletion on P. yoelii
infection was, at least in part, a consequence of a decreased
CD81 expression (12). This is not the case for CD9P-1 because
the effect of CD9P-1 silencing (data not shown) or overexpres-
sion (Fig. 4B, middle panel) on infection was observed without
any change in CD81 surface expression level. We also consid-
ered the hypothesis that CD9P-1 could modify the CD81 mem-
brane environment. Indeed, using a particular CD9 mAb, C9BB
thatis distinct from other anti-CD9 antibodies in terms of bind-
ing affinity and preference for clustered CD9, Yang et al. (34)
have shown that the ectopic expression of CD9P-1 and EWI-2
can modify the cell surface CD9 organization. Similarly to this
CD9 mAb, MT81w is a mAb that specifically recognizes a frac-
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tion of CD81 associated with other tetraspanins and thus can be
used as a tool to probe the changes in the organization of CD81
at the cell membrane (11). For example, using MT81w as a
marker for tetraspanin-tetraspanin interactions, we provided
clear evidence that the membrane cholesterol regulates the
organization of cell surface tetraspanins complexes, and we
showed a correlation between MT81w binding and infection
level (11). We did not observe any changes in the binding of
MT81w to Hepal-6 cells either after CD9P-1 silencing (data
not shown) or after its stable overexpression (Fig. 4B, bottom
panel). This strongly suggests that the modulation of CD9P-1
expression level does not modify CD81 organization, although
we cannot exclude the possibility of changes not detected by
MT81w.

Given the ability of tetraspanins to interact with many other
integral proteins to functionally modulate these proteins (14—
16) and in the absence of evidence that CD81 could be a recep-
tor for sporozoites, one major hypothesis is that CD81 modu-
lates the activity of a partner molecule that may function as a
sporozoite receptor. In this context, could CD9P-1 compete
with such a putative receptor for association with CD81? This
seems unlikely for several reasons. (i) Silencing of CD9P-1
increases infection despite the fact that CD9P-1 is expressed at
a much lower level than CD81 and thus associates with only a
small fraction of CD81 (see Fig. 1). (ii) We have tested the sus-
ceptibility to infection of two sorted populations of CD9P-1-
expressing cells differing in their level of CD9P-1 expression by
a factor of ~4. The reduction of infection observed in both
populations was partial and very similar (about 30%), arguing
against a simple competition phenomenon. (iii) We have dem-
onstrated that the interaction of CD81 with CD9P-1 required
the 4th transmembrane region of CD81. However, according to
the modeling of Seigneuret (35), this region lies opposite the
extracellular region previously determined to play a key role in
infection (36). This evidence is rather compatible with the
hypothesis that CD9P-1 could form a complex with both
CD81 and another still unidentified partner, the function of
which would be altered in the presence of CD9P-1. However,
as yet, we have failed to collect evidence for the existence of
such a putative partner, which could be because of technical
limitations.

Relatively few studies have analyzed the regions of tetraspan-
ins involved in the interaction with their molecular partners.
The best characterized tetraspanin/partner pair is CD151/inte-
grin a3f1, and several studies have revealed the importance of
the CD151 large extracellular domain for this interaction (37,
38). This is consistent with the LEL of tetraspanins being the
most variable region of these molecules (14—-16). Our results
clearly reveal that other regions of tetraspanins contribute to
interactions with their partners. Indeed, we have demonstrated
that the interaction of CD81 with CD9P-1 relies on the 4th
transmembrane domain of CD81 and the transmembrane
domain of CD9P-1. Interestingly, CD9P-1, like EWI-2, has a
GXXX(G/A/S) motif involved in transmembrane helix-helix
association (39). CD81, in contrast to other tetraspanins, does
not have such a motif in TM4, but it has an AXXXA motif that
mediates a-helix interaction in soluble proteins (40). Further
work is required to determine whether these motifs mediate
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CD81/CD9P-1 interaction. Other tetraspanins may also inter-
act with their partner proteins through transmembrane helix
interactions. Indeed, the interaction of CD9 with EWI-2 was
shown to be mediated by two independent domains. One is
located in the LEL, and the second one is located in the TM2/
TM3 region, which is mainly composed of transmembrane
regions (20). In addition, the analysis of urothelial plaques, hexag-
onally packed 16-nm uroplakin particles that cover the urothelial
apical surface, by cryo-electron microscopy at 6 A resolution
revealed that the non-tetraspanin uroplakins were in contact with
both the LEL and the transmembrane domains (most likely TM3
and/or TM4) of their tetraspanin partners (41).

CD81 is essential for the infection of hepatocytic cells not
only by several Plasmodium species but also by the hepatitis C
virus. However, the expression of this molecule in non-hepatic
cell lines does not lead to HCV entry, suggesting that additional
molecule(s) regulate HCV cellular tropism. Very recently,
Rocha-Perugini et al. (42) have identified a cleavage product of
EWI-2, referred to as EWI-2wint, which associates with CD81
and inhibits its interaction with the HCV envelope glycopro-
teins. Ectopic expression of this molecule in a hepatoma cell
line susceptible to HCV infection blocked viral entry. By con-
trast, expression of CD9P-1 has no effect on HCV infection.®
This further suggests that CD81 supports Plasmodium and
HCV infections through different mechanisms.
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