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R9AP isacommonreceptor for EBV infection
inepithelial cellsand B cells
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Epstein—Barr virus (EBV) persistently infects more than 90% of the human population,

causing infectious mononucleosis, susceptibility to autoimmune diseases? and
multiple malignancies of epithelial or B cell-origin®. EBV infects epithelial cells and

B cells through interaction between viral glycoproteins and different host receptors®,
but it has remained unknown whether acommon receptor mediates infection of its
two major host cell targets. Here, we establish ROAP as a crucial EBV receptor for entry
into epithelial and B cells. R9AP silencing or knockout, R9AP-derived peptide and
R9AP monoclonal antibody each significantly inhibit, whereas R9AP overexpression
promotes, EBV uptake into both cell types. R9AP binds directly to the EBV glycoprotein
gH/gL complex to initiate gH/glL-gB-mediated membrane fusion. Notably,
theinteraction of R9AP with gH/gL is inhibited by the highly competitive gH/gL-
neutralizing antibody AMMO1, which blocks EBV epithelial and B cell entry.
Moreover, R9AP mediates viral and cellular membrane fusionin cooperation with
EBV gp42-human leukocyte antigen class Il or gH/gL-EPHA2 complexes in B cells or
epithelial cells, respectively. We propose R9AP as the crucial common receptor of

B cells and epithelial cells and a potential prophylactic and vaccine target for EBV.

The oncogenic gammaherpesvirus EBV is highly tropic for B cells and
epithelial cells’. EBV causes 200,000 cancers per year, approximately
evenly divided between B cell and epithelial cell malignancies®. EBV
is highly associated with Burkitt, Hodgkin and post-transplant B cell
lymphomas, nasopharyngeal carcinoma and gastric carcinoma®. It
hasbeensuggested that EBV uses multiple viral glycoproteins and dis-
tinct host receptors to infect human epithelial cells versus B cells*. EBV
attachment to B cells depends on the interaction between gp350 and
the complement receptor type 2 (CR2 (also known as CD21)) or CD357%,
Gp42,incomplex withgH/gL, interacts with human leukocyte antigen
(HLA) class Il to trigger the EBV fusogen gB to drive B cell entry® ™. By
contrast, EBV epithelial cell infection is more complex. As core fusion
machinery members™, gH/gL and gB are also required for epithelial
cell infection. However, although critical for uptake in B cells, gp42
inhibits EBV infection of epithelial cells™". Furthermore, epithelial cells
donottypically express CR2, CD35 or HLA class I1*"*', Instead, EPHA2,
NRP1, integrins and non-muscle myosin heavy chainIA (also known as
myosin-9) have been suggested to drive EBV epithelial cell infection via
amultistep process'?°. Nonetheless, the gH/gL-neutralizing antibody

AMMOI1 blocks EBV infection in both epithelial cells and B cells**,
suggesting a potential shared mechanism of EBV uptake, potentially
atthelevel of anunidentified common cellular receptor or other entry
mediator. Here, we describe R9AP (encoded by RGS9BP) as akey recep-
tor for EBV infection of epithelial and B cells, whose interaction with
gH/gL is disrupted by AMMOL1.

Screenidentifies R9APin EBV infection

Since EBVinfection efficiency ofimmortalized nasopharyngeal epithe-
lial cells (NPECs) is significantly higher when cultured as sphere-like cells
(SLCs) than as monolayer cells (MLCs)*, we hypothesized that unidenti-
fied EBV receptor(s) might be expressed at higher levels in SLCs than
MLCs. We therefore performed genome-wide microarray analysis to
identify genes that are differentially expressed between SLCs and MLCs
(Extended DataFig.1aand Supplementary Table 1). Then, we screened
EBV transcripts that were more highly expressed in SLCs by shortinter-
fering RNA (siRNA) silencing to investigate their rolesin EBV entry. This
identified four candidates, CNGAL, GPR1, SLC26A9 and R9AP, whose
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knockdown reduced NPEC infection by more than 50% when grown
as SLCs (Extended Data Fig. 1b,c). Immunoblot analysis revealed that
CNGA1land R9AP, but not GPR1 or SLC26A9, were expressed across all
celllines that were susceptible to EBV infection (Extended Data Fig.1d).
However, overexpression of ROAP, but not CNGAL, increased EBV infec-
tionby nearly threefold compared with controlempty vector (Extended
DataFig. 1e,f). Results of the screen are summarized in Extended Data
Fig. 1g. Quantitative PCR with reverse transcription (RT-qPCR) and
flow cytometry analysis further verified R9AP expression in multi-
ple EBV-infected epithelial and B cell lines (Extended Data Fig. 2a,b).
Together, these data suggest a potential role of ROAP in EBV infection.

R9AP has akeyrolein EBV infection

To explore a potential role for ROAP in epithelial cell infection, we chal-
lenged control or ROAP-depleted HNE1 nasopharyngeal cells with recom-
binant EBV that encodes a GFP reporter. siRNA-mediated knockdown of
R9APssignificantly diminished EBV infection, as judged by reduced GFP
expression at 24 h post-EBV co-incubation (Fig.1a,b and Extended Data
Fig. 2c). Consistent with this analysis, CRISPR-Cas9-mediated ROAP
depletion using independent single guide RNAs (sgR9AP 1 or sgR9AP
2) significantly reduced EBV infection rates compared with control cells
(Fig.1c and Extended Data Fig. 2d). Notably, EBV infection efficiency of
R9AP-knockout cells (sgR9AP 1) was significantly restored by rescue
RO9AP expression (Fig.1d and Extended DataFig. 2e), indicating on-target
CRISPR effects on EBV uptake. Of note, EBV infection was almost com-
pletely abolished in single-cell R9AP-knockout HNE1 clones (Fig. 1e,f),in
which EBV gene expression was undetectable at 72 h after co-incubation
(Extended Data Fig. 2f-h). Consistently, EBV infection efficiency of
R9AP-knockout HNEI1 clone (clone 1) was significantly restored by res-
cue R9AP expression (Extended Data Fig. 2i,j). Similar ROAP-knockout
and cDNA rescue assay phenotypes were observed in AGS and MKN74
gastric carcinoma cells (Fig. 1g-i and Extended Data Fig. 3a-e).

We next examined theroles of ROAP in EBV infection of B cells. ROAP
knockout significantly decreased EBV infection of Raji Burkitt lym-
phoma cells, which are commonly used as B cell targets (Fig. 1j and
Extended DataFig. 3f). Moreover, EBV infection was nearly completely
inhibited in Raji single-cellRO9AP-knockout clones (Fig. 1k,1), and largely
restored by ectopic R9AP expression (Extended Data Fig. 3g,h). Fur-
thermore, ROAP knockout by independent single guide RNA (sgRNA)
substantially reduced primary human B cellinfection by EBV (Extended
DataFig. 3i).

By contrast, ROAP overexpression significantly increased EBV infec-
tion in nasopharyngeal epithelial CNE1 cells, gastric epithelial AGS
cells and EBV-negative Akata Burkitt cells (Extended Data Fig. 4a-d).
Together, these data indicated that R9AP supports EBV infection of
both epithelial and B cells.

R9AP triggers EBV fusion

To investigate the molecular basis for ROAP support of host cell infec-
tionwith EBV, we first tested whether it supports EBV binding to target
cells. In contrast to CR2 overexpression in HEK-293T cells, ROAP over-
expression did not significantly alter EBV binding to HEK-293T, CNE1
or EBV-negative Akata cells (Extended Data Fig. 4€,f). Moreover, R9AP
depletion did not affect virus binding to HNE1 or EBV-negative Akata
cells (Extended Data Fig. 4g). Nonetheless, ROAP overexpression sig-
nificantlyincreased EBV entry into CNE1 and EBV-negative Akata cells
(Extended Data Fig. 4h), whereas CRISPR depletion of R9AP reduced
EBV entry into HNE1 and EBV-negative Akata cells (Extended Data
Fig.4i). Thus our data suggest that ROAP is not animportant receptor
for EBV attachment to B or epithelial cells.

Toinvestigate potential downstreamroles of ROAP in EBV uptake, we
used acell-based EBV fusion assay, which showed that ROAP depletion
significantly reduced EBV glycoprotein-driven fusioninboth HEK-293T
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and Daudi Burkitt B cells (Extended Data Fig. 4j,k). Overexpression of
R9AP with gH, gL and gB increased HEK-293T fusion (Extended Data
Fig. 41). However, co-expression of ROAP with EBV gH/gL or gB was
not sufficient to induce fusion (Extended Data Fig. 41). These results
therefore suggested that ROAP supports membrane fusion driven by
EBV gH/gL and gB.

R9APinteracts with EBV gH/gL

gH/gl and gB are each critical for EBV epithelial and B cell infection.
We therefore assayed interactions between R9AP and these EBV glyco-
proteins. We transiently expressed MYC epitope-tagged gH/gL, gH or
gB together with Flag-tagged R9AP in HEK-293T cells. ROAP strongly
co-immunoprecipiated with gH/gL, but only weakly with gH alone
(Fig.2a,b), inline with essential roles of gL in gH folding and trafficking®.
No association was observed between R9AP and gB (Fig. 2a,b). Similar
results were obtained using mixture of whole-celllysates from HEK-293T
cellsinwhichR9AP or gH/gL were expressed separately (Extended Data
Fig. 5a). Moreover, MYC-tagged gH and gL that was overexpressed in
HEK-293T cells could be used to co-immunoprecipitate endogenous
RIAP from Raji cell extracts (Fig. 2c). Consistent with this result, con-
focal microscopy revealed co-localization of a large fraction of Alexa
Fluor 594-labelled EBV with GFP-tagged R9AP expressed in HEK-293T
cells (Fig. 2d) and similar results were obtained with endogenous R9AP
in HNE1 cells (Fig. 2e). Furthermore, a pull-down assay using purified
recombinant proteins identified association between GST-tagged
R9AP?°and His-tagged gH/gL (Fig. 2f). In support of their potentially
directinteraction, high-affinity binding was detected by biolayer inter-
ferometry (BLI) assay (dissociation constant (K,) = 3.27 x 10~° M; Fig. 2g).

Because the monoclonal antibody AMMOL1 inhibits EBV infection of
both epithelial cells and B cells, we examined whether its binding site
on gH/gL might overlap with that of ROAP with a competition binding
assay using BLI. We used the antibody CL59 as a control because it binds
to gH and efficiently blocks EBV infection of epithelial cells, but only
partially blocks EBV infection of B cells®. To quantify the competition
between antibody and R9AP inbinding to the gH/gL, we recorded raw
antibody-binding signals with (R.) or without (R,) GST-R9AP. The ratio
R./R,reflects the intensity of competition. Aratio close to1.0 indicates
non-competitive binding whereas ratios of less than 0.7 indicate com-
petition. Our results showed that AMMO1 strongly competed withROAP
(R./R,=0.39) whereas CL59 did not (R./R, =1.02) (Fig. 2h). Furthermore,
AMMOYI, but neither control IgG nor CL59, prevented the interaction
between gH/glL and R9AP by co-immunoprecipitation assay (Fig. 2i).
Together, these results demonstrated that the interaction between
R9AP and gH/gL is specific and can be inhibited by AMMOL, which sug-
gests that this is the mechanism of AMMOI1-mediated neutralization.

Gp42inhibitsinteraction of gH/gL and R9AP

Given that gp42 is necessary for EBV fusion with B cells but is inhibi-
tory for fusion with epithelial cells'**, we investigated its effect on
the interaction between R9AP and gH/gL. Co-immunoprecipitation
assays revealed that soluble gp42inhibited the interactiononly in the
absence of HLA class Il (HLAII) (Extended Data Fig. 5b). Furthermore,
fusion assays revealed that gp42 blocked the effects of ROAP on fusion
inthe absence or HLAII, and promoted the effects of ROAP onviral entry
inthe presence of HLAII, in dose-dependent manners (Extended Data
Fig.5c). These observations may explain how gp42 inhibits EBV infec-
tion of epithelial cells and indicate that gp42-HLAIl and gH/gL-R9AP
co-operate to promote EBV fusion.

R9AP works together with EPHA2 and NRP1

Previous reports have shown that EPHA2 and NRP1 mediate EBV mem-
brane fusion with and infection of epithelial cells”*. To examine
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Fig.1|Inhibition of R9AP impairs EBVinfectioninepithelialand B cells.
a,b, HNE1 cells were transfected with R9AP siRNA (siR9AP 10or siR9AP 2) or
control siRNA (siCtrl), then co-incubated with EBV. a, GFP expression was
quantified by flow cytometry analysis and ROAP expression was analysed by
westernblot. b, Representative fluorescence microscopy images with EBV-
positive cellsshowningreen.Scalebars,100 um. c,d, R9AP protein expression
in CRISPR-edited HNE1 cells using control (sgVector) orindependent ROAP
sgRNA (sgR9AP1and sgR9AP 2) (c) and R9AP-reconstituted R9AP-knockout
cells (d). EBVwas added to the ROAP-knockout or reconstituted cellsand EBV
infection efficiency was analysed by flow cytometry. e,f, EBV infectionin
control and two R9AP-knockout single-cell HNE1 clones was measured by flow
cytometry (f) and quantified (e, top). e, Bottom, R9AP protein expressionin
control cellsand two R9AP-knockout HNE1single-cell clones. g, R9AP protein

expressionin AGS cells expressing sgVector or ROAP sgRNA.EBV was added to
AGS cellsand infection efficiency was analysed by flow cytometry. h,i, EBV
infectionin control and two R9AP-knockout single-cell AGS clones was measured
by flow cytometry (i) and quantified (h, top). h, Bottom, ROAP protein expression
incontrol cells and two R9AP-knockout AGS single-cell clones. j, R9AP protein
incontrol versusin ROAP-knockout Raji cells. EBV infection efficiency was
analysed by flow cytometry. k,I, EBV infectionin control and two R9AP-knockout
single-cell Raji clones was measured by flow cytometry (I) and quantified (k, top).
k, Bottom, R9AP protein expressionin control cells and two R9AP-knockout
Rajisingle-cellclones. Threeindependent experimentsin triplicates (n=9);
dataare mean ts.e.m.; one-way ANOVA with Tukey’s correction for multiple
comparisons (a,c-e,g,h,j k). FSC, forward scatter.
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Fig.2|R9APdirectlyinteracts with gH/gL. a,b, HEK-293T cells were co-
transfected with Flag-R9AP together withempty vector (EV), MYC-gH and gL,
MYC-gH or MYC-gB, lysed and immunoprecipitated (IP) with antibodies against
MYC (a) or Flag (b). WCL, whole-cell lysate. ¢, HEK-293T cells were transfected
withempty vectoror MYC-gH and gL, lysed and incubated with Raji cell lysates.
Anti-MYCimmunoprecipitation was then performed with the mixed lysates,
followed by westernblot (WB) analysis. d,e, HEK-293T or HNE1 cells expressing
GFP or GFP-R9AP wereincubated with EBV at4 °Cfor1h, thenincubated at

37 °Cfor30 min. GFP or GFP-R9AP (d) and ROAP immunofluorescence (e) are
showningreen. EBV was detected with Alexa Fluor 594-conjugated gp350
antibody (72A1) andisshowninred. Nucleiwere stained with DAPI (blue). The
far right panel shows co-localization of greenand red signals. Scale bars, 10 pm.
f, His—gH/gL (containing gH amino acids19-682 and gL amino acids 23-137)
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proteins were precipitated with GST or GST-R9AP'?* and detected by western
blot. GST fusion proteins were detected by Coomassie blue staining. g, His-gH/gL
was captured on Ni-NTA biosensors and assayed for binding to GST-R9AP ',
K4, onrate (K,,) and offrate (K,) calculated from the fit model for binding
curves areshownbelow the graph. h, BLIgH/gL competition assay, with gH/gL
binding to GST-R9AP'° or the monoclonal antibodies AMMO1 or CL59 added
intheindicated order. PBST, PBS Tween-20 vehicle. i, HEK-293T cells were lysed
after transfection with empty vector, MYC-gH/gL or Flag-R9AP. Lysates
containing MYC-gH/gL were pre-incubated with the indicated amount of
antibody or IgG control and thenincubated with lysates containing Flag-R9AP
overnight. Mixtures were thenimmunoprecipitated with antibodies against
MYC and western blot was performed. a-f, Dataare from threeindependent
experiments. g-i, Dataare from twoindependent experiments.



whether ROAP and EPHA2 might jointly mediate epithelial infection, we
performed rescue assays. Depletion of either EPHA2 or ROAP strongly
reduced EBV fusion and infection, which were rescued by restoring
expression of these proteins (Extended Data Fig. 6a-f), consistent
with the model that each areimportant for epithelial celluptake. Next,
sequential co-immunoprecipitation assays revealed that bothR9AP and
EPHA2 were pulled down by immunoprecipitation of Flag-tagged gH/gL
followed by MYC-tagged R9AP (Extended Data Fig. 6g). These results
suggest that R9AP and EPHA2 may be present in a protein—protein
complex together with gH/gL that is essential for epithelial cell infec-
tion. Overexpression of NRP1could not rescue EBV fusion or infection
of R9AP-depleted HNE1 cells (Extended Data Fig. 6h-j), indicating that
R9AP and NRP1do not have redundant roles in EBV infection.

Characterization of R9AP domains

R9AP is predicted to be a 234-residue, single-pass type IV transmem-
brane protein®. Wefirst explored the role of the ROAP transmembrane
domain (TMD; predicted to span amino acids 211-231(ref. 26); Extended
Data Fig. 7a) on EBV infection. EBV infection of HEK-293T-transfected
cellswas markedly decreased in cells expressing aR9AP mutant lacking
the TMD (R9AP %) compared with cells expressing wild-type ROAP
(Fig.3aand Extended Data Fig. 7b). These results indicated that the TMD
of R9APis critical for EBV infection, potentially owing to an obligatory
role in membrane anchoring.

To further explore R9AP domains that are important for EBV infec-
tion, we constructed a series of ROAP mutants with deletions in the
N-terminal region (Extended Data Fig. 7a). Deletion of the N-terminal
Habc trihelical bundle (HTB) domain and linker amino acids 1-50, but
not of amino acids 51-100, 101-152 or the SNARE domain 153-200,
significantly impaired the ability of ROAP to support EBV infection
of HEK-293T cells compared with HEK-293T cells over-expressing
wild-type ROAP (Fig.3b and Extended Data Fig. 7c). Notably, flow cytom-
etry analysis showed similar cell surface expression levels of wild-type
R9AP and R9AP(A1-50) (Extended Data Fig. 7d).

The N-terminal region of R9AP was previously assumed to local-
ize intracellularly to anchor RGS9 to the disk membrane®. Next, we
used InterPro” and TMHMM? software, confocal microscopy and
biochemical analysis to characterize the subcellular localization of
RIAP. Both algorithms predicted extracellular localization for the
N-terminal region of ROAP (Extended Data Fig. 8a,b), which was veri-
fied by immunofluorescent staining using an anti-R9AP antibody that
targets the N terminus of endogenous R9AP (Extended Data Fig. 8c).
Moreover, immunofluorescent staining assays revealed that MYC-
RIAP 2 was exlusively localized in the cytoplasm (Extended Data
Fig. 8d). By contrast, MYC-R9AP was detected at the cell surface of
intact HNEI1 cells and was detected both in the cytoplasm and at the
plasma membrane of these cells after permeabilization (Extended
DataFig. 8d). Together, these results indicated that the N terminus of
R9AP could be exposed to cell surface.

Furthermore, we designed abiochemical experiment to confirm the
extracellular localization of the N terminus of ROAP by introducing a
PreScission protease (PSP)-recognition site (psp) between the Flag tag
and full-length R9AP (Flag-psp—R9AP) or ROAP' 2 (Flag—psp—-R9AP' 2°),
The Flag tag would be removed only if the PSP recognition site was pre-
sented outside of cells in the presence of PSP (Extended Data Fig. 8e).
Westernblotting assays revealed that PSP treatment markedly reduced
theamount of Flag-psp-R9AP detected by anti-Flag but not by anti-R9AP
(Extended DataFig. 8f), indicating the removal of the N-terminal Flag tag
of Flag-psp-R9AP at the extracellular surface by PSP digestion. By con-
trast, similaramounts of ROAP"?° were detected by anti-Flag or anti-R9AP
antibodies in HNE1 cells expressing Flag-psp—-R9AP"*° regardless the
presence or absence of PSP, suggesting the intracellular localization of
the N terminus with the PSP recognition site. Collectively, these data
suggest that the N terminus of R9AP could be exposed on the cell surface.

R9AP peptide impairs EBV infection

Since the N-terminal 50 residues of ROAP support EBV infection, we next
tested the effects on EBV infection of exogenous addition of a series of
peptides tiling the N terminus of ROAP (R9AP' 2, ROAP™2* ROAPY %,
RIAP**"* and R9AP**¢) compared with a scrambled control peptide.
Flow cytometry assays revealed that ROAP¥*°inhibited EBV infection
of HNE1 epithelial and Raji B cells inadose-dependent manner (Fig. 3c,d
and Extended Data Fig. 9a,b), with a half-maximal effective concen-
tration (ECso) 0f 232.9 mg 1™ (181.2 uM) in HNE1 cells and 215.4 mg [
(167.6 uM) in Raji cells (Extended Data Fig. 9¢). Notably, ROAP¥3°also
inhibited EBV infection of primary NPECs and B cells (Fig. 3e). BLI assays
showed that the binding of ROAP®3° to gH/gL was significantly stronger
than that of the scrambled control peptide (Fig. 3f). Together, these
data suggest that ROAP*° has an important role in support of EBV
entry into epithelial and B cells in vitro.

Next, we evaluated the effect of ROAP¥*°in EBV infection in human
cord blood reconstituted B-NDG humanized mice (Extended Data
Fig. 9d; see Methods for details). Quantitative PCR (qPCR) assays
revealed increasing EBV DNA load in the peripheral blood four weeks
after EBV inoculation as expected (Fig. 3g), but with much lower EBV
copy number at six weeks post-EBV inoculation in mice treated with
RIAPY3° mice than in mice treated with control peptide (Fig. 3h).
Moreover, ROAP¥* treatment extended the survival of EBV-infected
B-NDG mice (Fig. 3i). However, body weight did not differ between mice
treated with ROAP”°versus control peptide (Extended Data Fig. 9¢).
Human CD20-positive B cellsand EBV non-coding nuclear RNAs (EBERs)
were detected in the spleens of all mice (Extended Data Fig. 9f). How-
ever, the proportion of EBER-positive cells was significantly lower in
mice treated with ROAPY° peptide versus control peptide (Extended
DataFig. 9g). These in vivo data suggest that ROAP**° offers a degree
of protection from EBV infection and that targeting R9AP could be a
potential strategy against EBV infection.

Anti-R9AP antibody blocks EBV infection

We produced amonoclonal antibody (5E9) against ROAP, and validated
itsbinding affinity and specificity for ROAP using enzyme-linked immu-
nosorbent assay (ELISA), BLI and immunoblotting (Extended Data
Fig.10a-d). 5E9 inhibited EBV infection of primary human B cells and
primary NPECs (Fig. 3j,k and Extended Data Fig. 10e), Akata and Raji
Burkitt cells, HNE1 nasopharyngeal carcinoma AGS gastric carcinoma
cells and HEK-293T cells (Fig. 31 and Extended Data Fig. 10f-j). These
results further suggestacrucial role for RO9AP in EBV infection of both
B cells and epithelial cells.

R9AP expressionin human tissues

To characterize R9AP expression in primary human cells, we isolated
epithelial and B cells from human tonsil tissues and primary B cells from
peripheral blood. Reverse transcription-PCR revealed RGS9BP expres-
sioninbothnaiveand memory B cells from blood and tonsil tissues, as
well asin tonsil epithelial cells (Extended Data Fig. 11a). Moreover, we
detected R9AP protein in peripheral blood B cells, as well as in tonsil
epithelial cells, tonsilmemory, naive, germinal centre and non-germinal
centre B cells subsets by flow cytometry (Extended DataFig. 11b,c). We
also detected R9AP protein by immunostaining of tonsil epithelial,
memory and naive B cells (Extended Data Fig. 11d,e). R9AP-positive
cells were evident from lymphoid tissue germinal centre follicular
areas and were detected in the mantle cell zone, as well as within basal
and suprabasal stratified squamous epithelial layers obtained from the
tongue and floor of the mouth (Fig. 4aand Extended Data Fig.12a,b). It
was noteworthy that the distribution of ROAP-positive cells was simi-
lar to that of CR2-positive cells (Extended Data Fig. 12a). R9AP was
also weakly expressed in nasopharyngeal pseudostratified ciliated
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columnar epithelium (Extended Data Fig. 12c). We also found strong
RI9AP expression within dysplastic nasopharyngeal epithelium tissues
(Extended DataFig.12c), which are more susceptible to EBV infection
than normal nasopharyngeal epithelium®?. By contrast, ROAP was not
detected instomach tissues (Extended Data Fig. 12c).

Moreover, we observed a similar distribution of ROAP and EBER
expression in consecutive sections of EBV-positive human tumour
samples, including nasopharyngeal carcinoma, gastric carcinomaand B
celllymphoma (Fig.4b). Furthermore, western blot analysis confirmed
RIAP expression in human tongue and lymph node, and in tumour
samples, including EBV-positive nasopharyngeal and gastric carcinoma
and B cell lymphoma, but not in normal human gastric mucosa, liver,
lung or thyroid tissues (Fig. 4c). These results demonstrate that ROAP
isexpressed in tissues that are susceptible to EBV infection.

Discussion

Enveloped viruses enter host cells by binding to the cell surface and
fusing with cellmembranestorelease the capsid and nucleicacid into
the cytoplasm*. EBVinfection of B cellsis generally believed to require
the interaction of gp42 with HLAII, which may trigger the gH/gL and
gB core fusion complex, with or without an unknown host cell recep-
tor, to achieve virus—host membrane fusion'?. We previously identi-
fied EPHA2 and NRP1 as receptors for gH/gL or gB in EBV fusion with
epithelial cells”™. Our results here suggest that gp42 in the tripartite
gH/gl-gp42 complex can restrict access of gH/gL to R9AP, but that
gp42interactionwithitsreceptor HLAIl allows gH/gL within the tripar-
tite complex to then interact with R9AP to drive B cell entry (Fig. 4d).
These results suggest that a gp42 conformational change after bind-
ing to HLAIl might cause a further conformational change in gH/gL to
exposeits ROAP-binding region. Interaction of gH/gL with ROAP might
further trigger a conformational change in gB to drive its membrane
fusogenic activity. However, gp42 inhibits EBV fusion with epithelial
cell membranes, which has been proposed as a mechanism by which
epithelial cell-derived EBV, which has abundant gp42, exhibits greater
B celltropism™. In epithelial cell entry, EPHA2 and ROAP interact simul-
taneously withgH/gL, and both have crucial roles in promoting fusion
(Fig. 4d). Thus, our results provide a model in which R9AP has a criti-
calrolein EBV fusion with both B and epithelial cells. This model may
assist efforts to develop anti-EBV agents and vaccines that target the
gH/gL-R9AP interaction.

R9APisexpressedinretinal photoreceptor cellsandislocalizedinrod
outer segment membranes, where it functions asamembrane anchor
forsoluble interacting partners®. Although R9AP expression has thus
far been documented predominantly in mammalian retina, several
studies have reported an important role for R9AP in bladder cancer
and lung adenocarcinoma®®®, Our results here not only demonstrate
ROAP expression in EBV-associated tumours including nasopharyn-
geal carcinoma, EBV-positive gastric carcinoma and EBV-positive B
cell lymphoma, but also confirmed expression of RGS9BP or R9AP in
peripheralblood, tonsillar B cells and tonsillar epithelium by RT-qPCR,
immunoblot, flow cytometry and immunostaining. Several RNA-seq
studies have found ROAP expression in B cells®**, but others have not
done so**. Several factors may explain these inconsistencies, such as
GC content bias®, sequencing depth® and other variables.

We found that 8-32% of primary B cells, and nearly 23% of tonsil
epithelial cells expressed ROAP. The N terminus of ROAP has previously
beenassumed tobe presentintracellularly, for example to anchor RGS9
to the disk membrane®. However, prompted by insilico predictions of
an extracellular R9AP N terminus??, we tested this with several bio-
chemical experiments. Our experiments lead usto propose that ROAP
may flip dynamically across the lipid bilayer in response to changesin
membrane composition® *°, which may also lead to an underestima-
tion of its expression levelsin flow cytometry analyses of unfixed cells
that rely upon antibodies against the N terminus. Furthermore, we
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note thatlow expression of certain virus receptorsinvirus-susceptible
host cells has been reported, such as with ACE2, which shows low or
absent expressionin the airway epithelium and alveoli of human lung
tissues despiteits crucial role in SARS-CoV-2 entry*. Similarly, cell sur-
face expression of CR2 varies at the single-cell level inboth Daudiand
Akata cells. However, CR2-negative or low-expressing cells detected
by flow cytometry are still susceptible to EBV infection, although the
infectionrateislowerin these cellscompared with those with high CR2
expression*. These findings support the existence of mechanisms that
dynamically regulate plasma membrane receptor expression during
viralinfectionin vivo, and suggest that low surface expression of virus
receptor can support virus infection.

We observed higher R9AP expressionintonsil memory cellsthanin
naive B cells. We noted that EBV establishes persistence in IgD*CD27*
non-switched memory and IgD"CD27" switched memory B cells, but
apparently not in IgD*CD27 naive cells in vivo*. Given the physiol-
ogy of memory cell selection, one view is that memory B cells can
be preferentially infected in vivo**. Several studies have detected
EBV-positive cells in germinal centres as well as in the interfollicular
area, but notin the mantle cell zone in lymphoid tissues**. This could
be explained at the level of R9AP expression and R9AP distribution
in vivo, where there is evidence of expression of ROAP in the germi-
nal centre and interfollicular areain lymphoid tissues. EBV caninfect
both memory and naive B cells in vitro*>*8, However, differences in
the extent to which primary B cells are susceptibility to EBV infection
have been reported. Dorner et al.* reported that naive (CD27°) and
totalmemory (CD27%) B cells from tonsils were equally susceptible to
infection in short-term assays, whereas naive B cells from peripheral
blood were more infectable than peripheral blood memory (CD27*)
preparations. Heath et al.* found no significant differences in virus
binding, infectability or transformability between peripheral blood
naive cells, non-switched memory and switched memory B cells. Thus,
factorsinaddition to R9AP expression, which may differ in vivo versus
invitro, may account for varying susceptibility to EBV infection across
B cell populations. However, since an anti-R9AP monoclonal antibody
efficiently blocked peripheral blood B cellinfectionin vitro, our results
nonetheless demonstrate that ROAP hasacrucial rolein B cellinfection
by EBV, together with additional host cell receptors that may together
determine infection efficiency.
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Methods

Celllines

Bmil immortalized NPECs (NPEC-Bmil) were constructed and cul-
tured in a keratinocyte serum-free medium (17005-075, Invitrogen)
as described™. Human embryonic kidney 293T (HEK-293T) cells were
purchased from ATCC and grown in DMEM (C11995500BT, Gibco) sup-
plemented with 10% (vol/vol) fetal bovine serum (FBS; 10099-141C,
Gibco). Raji, BJAB, Daudi, HNE1, HK1, CNE1, AGS, MKN74 and Akata
cells were maintained in RPMI medium 1640 (C11875500BT, Gibco)
supplemented with 5% (vol/vol) FBS. Raji, BJAB and Daudi cells were
purchased from ATCC. The remaining cell lines were gifts. All cells
were cultured at 37 °Cina humidified atmosphere comprising 5% CO,
incubators without mycoplasma contamination.

Reagents

Peptides including R9AP' 2 (MAREECKALLDG), ROAP®2* (LNKT-
TACYHHLV), R9AP¥3° (CYHHLVLTVGGS), R9AP*°"*! (SADSQN-
LRQELQ), R9AP**% (NLRQELQKTRQK) and scrambled control
peptide (LVHYTHCGSLGV) were synthesized by Chinese Peptide.
Antibodies used include: anti-R9AP for western blot and immuno-
histochemistry (HPA049791, Sigma-Aldrich), anti-R9AP for immuno-
fluorescence (CSB-PA765076LA01Hu, Cusabio), anti-MYC tag (M5546,
Sigma-Aldrich), anti-Flag (F3165, Sigma-Aldrich), anti-CNGA1(DF3929,
Affinity), anti-GPR1 (DF2720, Affinity), anti-SLC26A9 (SAB2105558,
Sigma-Aldrich), anti-B-actin (8H10D10, 3700, Cell Signaling), anti-His
tag (D3110,12698, Cell Signaling), anti-EPHA2 (D4A2, 6997, Cell Signal-
ing), anti-NRP1(446921, AF3870,R&D Systems), CD27-AF700 (302814,
BioLegend), mouse CD27-PE (LG.3A10 clone,BioLegend), EpCAM-AF594
(118222, BioLegend), CD19-AF647 (302220, BioLegend) and CD10-PE
(312204, BioLegend). 72A1, CL59 and AMMO1 antibodies were gener-
ated based onthereported sequence by ourselves. PSP was a gift from
S. Gao. All other reagents were obtained from Sigma-Aldrich unless
indicated otherwise.

Microarray analysis

NPEC-Bmil MLCs and SLCs were formed and total RNA was extracted.
Microarray experiments were performed by Shanghai Biochip using
the Agilent Whole Human Genome Oligo Microarray 4x44K (Agilent
Technologies). Differentially expressed genes were selected accord-
ing to the threshold set as fold change >2.0 and a P value <0.05
according to t-test. The heat map was generated using GraphPad
Prism.

Genesilencing
ON-TARGET plus SMART pool siRNAs against 72 upregulated
membrane-associated genes and ON-TARGET plus siCONTROL Non-
Targeting pool siRNA were purchased from GE Dharmacon (California).
The two single siRNA duplexes against ROAP were as follows:

SiR9AP 1: 5’-GCGAGAUGAUCGACAACAU-3’; siR9AP 2: 5’-GCAAA
AGACGCGCCAGAAG-3'. siRNAs were delivered using RNAi MAX
(13778150, Invitrogen) according to the kit instructions.

Generation ofisogenic R9AP-knockout cell lines

The generation of HNE1, AGS, MKN74, and Raji ROAP-knockout cell lines
was based on CRISPR-Cas9 gene-editing technology. The guide RNA
(gRNA) sequences were 5-CGAGTCCGCCGAGCCACCGA-3’ (sgR9AP1)
and 5-GCTGACCGTCGGTGGCTCGG-3’ (sgRIAP 2). Oligonucleo-
tides corresponding to the gRNA were synthesized and cloned into
Cas9-expressing plasmid lentiCRISPRv2 (52961, Addgene). HNE1 cells,
AGS cells, MKN74 cells and Raji cells were infected with lentivirus encod-
ing R9AP gRNA for 6 h, and after 24 h, cells were selected with puro-
mycin (1 pg ml™) for 3 days. Then, these selected cells were diluted to
onecell per 100 pl medium and cultured in 96-well plates to obtain the
single-cell-derived ROAP-knockout cell clones.

Expression of cDNA

The indicated plasmids were delivered using Lipofectamine 3000
(L3000150, Invitrogen) following the instructionsin the kit. The estab-
lishment of ROAP stable expression EBV-negative Akata cells was based
onthe pBABE-Puro Retroviral system (RTV-001-puro, Cell BioLabs) or
pHAGE-puro Lentivirus vector (#118692, Addgene).

Invitro EBV infection

Recombinant EBV encoding an GFP maker (EBfaV-GFP) was prepared
from EBV-positive Akata cells'**2. Viral gene equivalents were deter-
mined by analysing viral supernatants, as reported previously, by
qPCR**!, SLCs of NPEC-Bmil, HEK-293T, Raji, BJAB and EBV-negative
Akata cells were infected with ~10-50 encapsidated EBV genomes per
cell; HNEL, CNE1, AGS and MKN74 cells were infected with ~-50-100
encapsidated EBV genomes per cell. The indicated cell lines were
incubated with EBV for 3 h at 37 °C, and the unbound virus was dis-
carded by washing with PBS three times. Then, cells were cultured in
afreshmedium for 24 h, then quantified GFP-positive cells using flow
cytometry.

Binding, entry and fusion assay

EBVbinding, entry and fusion assay was performed as described'*'®",

Peptide blocking assay

EBVwas pre-incubated at 4 °C for 2 hwith the indicated peptide, diluted
t0 100 or 200 pg ml™ in FBS-free RPMI1640, then added to the cells.
The scramble control peptide was used at 200 pg ml™. Cells were
co-incubated with EBV at 37 °C for 3 h and washed 3 times with PBS.
The percentages of EBV-infected HNE1 and Raji cells were determined
by flow cytometry at 24 h post-infection. Primary NPECs were collected
after 24 h,and primary B cells were collected after 72 hto extract DNA.
EBV DNA copy number was determined by qPCR.

Protein expression and purification

GST-R9AP" °was expressed in Escherichia coliBL21 (DE3) cells (CB105-
02, Tiangen), His-gH/gL protein containing gH amino acids 19-682,
gL amino acids 23-137 and His-gp42 protein containing the extracel-
lular portion of gp42 (amino acids 34-223) were expressed in expi293F
cells (A14527, Thermo Fisher). Proteins were purified as described®>*,

Immunoprecipitation and GST pull-down assay

For co-immunoprecipitation assays, HEK-293T cells were transfected
with theindicated plasmid and lysed inlysis buffer containing 1% NP-40
(N885726,Macklin),150 mM NacCl, 2.5 mMEDTA,20 mMHEPES pH 7.4
and protease inhibitor cocktail (5892970001, Roche). The lysates were
cleared by centrifugation at 12,000 rpm, 4 °C for 10 min. The super-
natants were incubated overnight with Anti-Flag M2 Gel or Anti-MYC
Agarose Affinity Gel. Then, gels were washed three times with lysis
buffer and subjected to western blot analysis.

To determine whether ROAP and EPHA2 could bind simultaneously
togH/gL, HEK-293T cells were transfected with MYC-R9AP and EPHA2
with Flag-gH/gL or empty vector for 36 h. Then cells were lysed and
immunoprecipitated with antibodies against Flag asindicated. A por-
tion of the sample was used as input and analysed by western blot.
Theremaining sample was eluted by the Flag peptide. A portion of the
elution was used as input and analysed by western blot analysis. The
remaining elution was re-immunoprecipitated with antibody against
MYC as indicated followed by western blot analysis.

GST-R9AP 2 and His-gH/gL were incubated in lysis buffer over-
night, washed three times with lysis buffer, and analysed by western
blot for the GST pull-down assay.

HEK-293T cells were transfected with Flag-R9AP or MYC-gH/gL for
the antibody competition binding assay and lysed. Cells transfected
withempty vector were used as control. Lysates containing MYC-gH/gL



protein were incubated with indicated antibody overnight and then
incubated with lysates containing Flag-R9AP or the control overnight.
Finally, MYC-gH/gL was pulled down using Anti-MYC Agarose Affinity
Gel, washed three times with lysis buffer and analysed by western blot.

For the effect of gp42 protein on the R9AP interaction with gH/gL,
HEK-293T cells were co-transfected with ROAP, empty vector or Flag-
HLAII, empty vector or MYC-gp42, and empty vector or MYC-gH/gL
for 36 h. Cells were lysed. Then immunoprecipitated with antibody
against MYC, followed by western blot analysis using Image Lab (v.5.2.1)
with the indicated antibody.

Biolayer interferometry

BLI assays were performed on an Octet Red 96 instrument (18-1127,
ForteBio), and the results were analysed using ForteBio data analysis
software (v.8.0);. All signals were recorded at the standard frequency
(5.0 Hz). For kinetic analysis, Ni-NTA biosensors (18-5101, ForteBio) were
incubated in PBS with 0.05% Tween-20 for 15 min before performing
thekineticanalysis. After 60 s of primary baseline, His-gH/gL protein
diluted with the buffer was loaded at 0.5 pg ml™ for 120 s, followed by
asecondary baseline equilibration for 30 s. Then, the association of
baseline-control and GST-R9AP* 2 at a concentration gradient from
6.25nMto 100 nM was recorded for 180 s, followed by a transition to
adissociation process for 600 s and multiple rounds regeneration
with 10 mM glycine pH 1.5 (GE Healthcare). Similar procedures were
performed to determine the binding affinity of ROAP peptide or control
peptidetogH/gL, except for changesin association time and dissocia-
tiontime to100 sand 200 s. The raw curves were baseline-subtracted
beforefittingto the 1:1binding model using the ForteBio data analysis
software, after which the mean kinetic parameters (K, K., K.) were
rendered via a global fit to all binding curves.

For competition analysis, His—gH/gL protein diluted with the same
buffer was loaded onto the Ni-NTA biosensor at 1 ug ml ™ for 180 s.
After 30 s of equilibration, the primary association of GST-R9AP*2°
or PBST was recorded until saturation for 600 s, followed by the sec-
ondary association of AMMOI or CL59 for another 600 s. The sensors
were regenerated with 10 mM glycine pH 1.5. Real-time binding was
recorded during the experiment, and competitive or non-competitive
behaviour was determined by the binding response presented by dif-
ferent association couples.

EBV fluorescence labelling

The72Alantibody** waslabelled with LinKine AbFluor 594 Labeling Kit
(KTL0540-50K, Abbkine) according to the manufacturer’sinstructions.
To label EBV with AF59, the labelled antibody was incubated with EBV
solution ataratio of 1:200 at 4 °C for 2 h.

Analysis of ROAP expressionin cell lines and human samples by
RT-qPCR and flow cytometry

Blood peripheral blood mononuclear cells (PBMCs) wereisolated using
Ficoll density gradient centrifugation. Tonsil biopsies were minced,
sorted with EasySep Human EpCAM Pos Slctn Kit Il (17846, STEM-
CELL) or EasySep Hu Memory B Cell Iso Kit (17864, STEMCELL). Then
sorted cells were verified by flow cytometry using Beakman Gallios,
CytExpert (v.2.4.0) with anti-Human Epithelial Cell Antibody, Clone
5E11.3.1(60147, STEMCELL) or anti-human CD19, anti-mouse/rat/human
CD27and anti-human CD10 (302220, 124209 and 312204, respectively,
Biolegend).

Todetect ROAP by RT-qPCR using Bio-Rad CFX Maestro 1.1, RNAs of
separated cells were extracted, and reverse-transcribed and reaction
systems without reverse transcriptase were used as a negative control.
The mRNA level was quantified and normalized to ACTB.

For detection of ROAP by flow cytometry, collected tonsil epithe-
lial cells were stained with anti-human R9AP antibody or anti-human
IgG antibody (CSB-PA765076LA01Hu or CSB-PAOO120E1Rb, Cusabio)
and Alexa Fluor 594 anti-mouse CD326 (EpCAM) Antibody (118222

Biolegend). Blood and tonsil cells were stained with anti-human R9AP or
IgG antibodies (CSB-PA765076LAO01Hu or CSB-PAO0120E1Rb, Cusabio)
and indicated antibodies. Followed by staining with Goat anti-Rabbit
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor
488 (A-11034, Invitrogen).

Immunofluorescence staining

For the co-localization assay of exogenous or endogenous R9AP with
EBV using OLYMPUS FV1000, GFP-tagged R9AP or GFP transfected
HEK-293T cells or HNE1 cells were co-incubated with EBV labelled
with Alexa Fluor 594 for 1 h at 4 °C and 30 min at 37 °C. After remov-
ing the unbound virus, cells were fixed with 4% paraformaldehyde
in PBS for 20 min at room temperature and permeabilized with 0.1%
Triton X-100. Endogenous R9AP protein was stained with R9AP anti-
body (HPA049791) and Alexa Flour 488-labelled goat anti-rabbit IgG
antibody. To determine exogenous R9AP localization, HNEI1 cells
were transfected with indicated plasmids, fixed and then either per-
meabilized with 0.1% Triton X-100 or left untreated. Then, cells were
incubated with the antibody for the MYC tag (M5546, Sigma-Aldrich)
and Alexa Flour 594-labelled goat anti-mouse IgG antibody. To detect
the endogenous R9AP, HK1 cells were fixed and incubated with anti-
body targeting ROAP (HPA049791) and Alexa Flour 594-labelled goat
anti-rabbit IgG antibody. For detection of endogenous R9AP in tonsil
epithelial cells, memory, and naive B cells, frozen tonsil tissue sections
were fixed, thenincubated with ROAP antibody or anti-human IgG anti-
body (CSB-PA765076LA01Hu or CSB-PAOO120EIRD), anti-human CD19
and anti-mouse/rat/human CD27 Antibody (302220 and 124209, Biole-
gend), followed by staining with Goat anti-Rabbit IgG (H+L) antibody,
Alexa Fluor 488 (A-11034, Invitrogen). Cell nuclei were counter-stained
with 0.1% DAPI (D9542, Sigma-Aldrich).

PSP digestion assay

Cells were transfected with the indicated plasmids for 24 h and fixed
in 4% paraformaldehyde. Then, 10 pg PSP was diluted in 500 pl PBS
andincubated with the fixed cellsat4 °Cfor 8 h. The treated cells were
washed three times with PBS and collected for western blot analysis.

R9AP monoclonal antibody screening with rabbitimmunization
Two three-month-old New Zealand white male rabbits (Genescript)
were immunized intramuscularly with GST-R9AP*2° mixed with an
equal volume of Freund’s complete adjuvant four times at two-week
intervals to establish the humoral response to R9AP. To determine the
R9AP-specific antibody titre, PreScission protease (Beyotime) was
added to GST-R9AP"#° to remove the GST tag. Post-immunization
blood was collected to confirm the seropositive level for ROAP. Then,
rabbits were euthanized and the spleens were collected to collect
PBMCs.

Toisolate the ROAP-specific B cells, PBMCs were dyed with reagents
and antibodies for sorting, including anti-rabbit IgG-AF488 (Abcam)
and R9AP labelled with AF594. IgG'R9AP’ B cells were sorted using
aBD Rhapsody cell sorter into 96-well plates containing precoated
293T-rCD40L as feeder cells, 20 ng ml™ rabbit IL-2 (Beyotime), and
35 ng mlI™ human IL-21(Sigma). Isolated B cells were observed for viabil-
ity and cultured for seven days, and the supernatants of each well were
collected for ELISA. If the endpoint ELISA titre for ROAP was greater
than 512,000, the B cells from that well would be collected for further
clonal sequencing.

To perform B cell clonal sequencing, B cell RNA was extracted, and
cDNAwas synthesized using Superscript Ill reverse transcriptase (Invit-
rogen). Antibody variable regions of heavy and light chains were ampli-
fied via nested PCR with GXL polymerase (Takara). The first PCR used
gene-specific primers, while the second employed primers overlapping
theleader sequence (5") and CH1or Ck regions (3’). PCR products were
cloned into pcDNA3.1 vectors containing rabbit constant regions for
antibody production.
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Antibody blocking assay

Primary B cells, NPECs, Akata, Raji, HNE1, AGS and HEK-293T cells
were pretreated with anti-R9AP monoclonal antibody (5E9), then
infected with EBV. EBV infection efficiency was analysed by counting
colony formation using B cell transformation assays and calculating
EBERs-positive cells by in situ hybridization (ISH) in primary B cells, by
calculating the copy number of EBV DNA using qPCR in NPECs, or by
flow cytometry in Akata, Raji, HNE1, AGS and HEK-293T cells.

Invivo EBV infection of humanized mice

Tenfour-to five-week-old female immunodeficient NOD/SCID gamma
(NDG) mice were purchased from Biocytogen and randomized, divided
into two groups. Human cord blood was obtained from Guang-
zhou Women and Children’s Medical Center (China). Human cord
blood mononuclear cells were separated, and then 1 x 107 cells were
injected intraperitoneally into 4 to 5-week-old B-NDG mice. Oethicn
the same day, mice were injected through the tail vein with indicated
peptide at 20 mg kg™ of body weight and 30,000 encapsidated EBV
genomes. Then, the mice were injected intraperitoneally with indi-
cated peptide at 20 mg kg™ of body weight on days -3, -7, and -14
and injected intraperitoneally with 50 pg OKT3 (B104, Nobimpex)
on day -7. Blood was collected from the mice to extract DNA on
days- 0, 14, —28 and —42. To quantify the EBV DNA copy number in
mouse blood, qPCR was used to detect the BamHI-W fragment of the
EBV genome using the primers 5-CCCAACACTCCACCACACC-3’ and
5’-TCTTAGGAGCTGTCCGAGGG-3'.

Analysis of R9AP and CR2 expression by immunohistochemistry
and EBER expression by ISH

Humantissues fromthe tongue, the floor of the mouth, lymphoidtissue,
nasopharyngeal carcinoma, gastric carcinoma and B cell ymphoma
were obtained from patients admitted to the Sun Yat-sen University
Cancer Center. To detect ROAP and CR2 by immunohistochemistry, the
antibodies against human R9AP (HPA049791, Sigma-Aldrich, diluted
1:50) and CR2 (EP64, ZSGB-Bio, diluted 1:200) were used. EBERs were
detected using the ISH detection Kit (ISH-7001, ZSGB-Bio).

Analysis of the spleen of EBV-infected mice

Mice were euthanized at seven weeks. The spleens of all the mice
were fixed in formalin to examine if the animals had persistent EBV
infection using H&E and immunohistochemistry with antibodies
againsthuman CD20, and detection of EBERs using the ISH detection
Kit. The results wereindependently evaluated by three pathologists,
who were blinded to the status of the samples. The expression of
human CD20 and EBERs was evaluated by counting 3 representative
high-power fields (x40 objective) per sample, with approximately
100 cells per field.

Plasmids

cDNA fragments encoding R9AP, SLC26A9, CNGAIL, R9AP
N-terminal plus TMD of ROAP (1-231), R9AP deletion mutants (A1-50,
A51-100, A101-152 and A153-200), the sequence encoding the PSP
recognition site and full-length sequence of ROAP (psp—R9AP) or PSP
site and N-terminal amino acids 1to 210 of ROAP (psp-R9AP' %), the
sequences of gL (amino acids 23-137, M81 strain) and gH ectodomain
(amino acids 19-679, M81 strain) connected by a linker (GGGGS)*3
were individually cloned into PCDNA3.1 (+) vector (V79020, Invitro-
gen); for EBV infection of EBV-negative Akata cells, the cDNA frag-
ment encoding R9AP was cloned into the pBABE-Puro retroviral
vector (RTV-001-puro, Cell Biolabs) or pHAGE-puro lentivirus vec-
tor (#118692, Addgene); forimmunofluorescence staining in HNE1
cells orimmunoprecipitation assay, the cDNA of full-length of ROAP,
R9AP''°, MYC-gH, gL or MYC-gB was cloned into the pCDNA6 vec-
tor; for the GST pull-down assay, the sequence encoding ROAP' ?° was

cloned into the pGEX6p-1-GST vector; for the cell-based fusion assay,
expression plasmids for pCAG-T7, pT7EMC-Luc, gB, gH or gL were
used.

RT-qPCR

Total RNA was extracted using TRIzol reagent. RNA was reverse-
transcribed using the RNA Reverse Transcription System (A5001,
Promega). The mRNA level was quantified using the LightCycler 480
SYBR Green | Master mix (04887352001, Roche). All the gene expres-
sion data were normalized to ACTB. Primers were as follows: CNGAI:
5’-AAGGGAGGACCATCACAGA-3’and 5-TTCTGGTTCCTGGTCCTTA-3’;
GPRI: 5-TCTTATCTCATCGGCATCG-3’ and 5-GCTTCGCTTCTTCACC
TT -3’; SLC26A9: 5-CAACAAGCACGGCTACGAC-3’ and 5-TTGAGGG
AGTTCTTGAGATTGA-3; R9AP: 5-ATGAAGAGCGTTCGTGCCG-3’
and 5-GCACGCAGTCGTCTTGTTGAG-3’; EBERI: 5'-GCCGAATACC
CTTCTCCCA-3’ and 5-TGCCCTAGTGGTTTCGGACA-3’; EBNAIL: 5'-GT
AGGGGATGCCGATTATTTTG-3’and5’- CTCCTTGACCACGATGCTTTC-3";
BZLFI:5-CCCAGTCTCAGACATAACCC-3’ and 5- CAGGCTGTGGA
GCACCAATG-3’; BXLF2: 5- TCGATTGGGCTGGTCTGAG-3’" and 5’-
TTAACCTCGCTAAGGCTGGC-3'.

Statistical analyses

The results represent the mean or mean + s.e.m. from two or three
independent experiments or the indicated number of biological rep-
licates. Statistical analyses were performed using GraphPad Prism
(GraphPad Software).

Ethical standards

Written informed consent forms were signed by all the donors and
patients. The utilization of human samples was approved by the insti-
tutional review board of each institution taking part in the project.
Human cord blood was obtained from Guangzhou Women and Chil-
dren’s Medical Center (China), approved by the Committee on the
Ethics of Guangzhou Women and Children’s Medical Center. Human
tissues including lymphoid tissues, floor of mouth, tongue, lymph
node, liver, lung, thyroid, blood, tonsil, nasopharynx epithelium,
gastric mucosa and tumour tissues were collected from Sun Yat-sen
University Cancer Center, approved by the Committee on the Eth-
ics of Sun Yat-sen University Cancer Center. All animal experiments
with infectious EBV were performed in the animal biosafety level 2
facilities at Sun Yat-sen University Zhongshan School of Medicine,
approved by the Committee on the Ethics of Animal Experiments of
Sun Yat-sen University. The animal studies were carried out according
to the recommendations promulgated in the Guide for the Care and
Use of Laboratory Animals of the Ministry of Science and Technology
of the People’s Republic of China.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|Screeningidentifies ROAP as apotential EBV
receptor. a, Heatmap of genesin SLCs compared to MLCs of NPEC1-Bmiland
NPEC2-Bmilcells. b, siRNA screening. Relative EBV infection efficiency was
determined by flow cytometry. 72 siRNA pools were screened in NPEC2-Bmil
SLCsfirst,and 10 siRNA pools were selected and re-screened in NPEC1- Bmil
SLCs. Arrows indicated genes whose knockdown reduced EBV infection
efficiency by more than 50% compared to the siCtrl. The dotted pink line
indicated 50% of relative EBV infected cellsin siCtrl transfected SLCs. Dataare
mean (n=2biological replicates). c, RT-qPCR was used to detect knockdown
efficiency of indicated siRNA. Results were quantified relative to the
housekeeping gene beta-actin (ACTB). Two independent experimentsineither
triplicate or duplicate (n = 5) and mean and S.E.M. of those n = 5 were used.
(***P< 0.0001)d, WB analysis of the endogenous CNGA1, R9AP, GPR1, and
SLC26A9%inindicated EBV susceptible cells. Data are representative of two

independent experiments. e, f, EBV infection efficiencies, and ectopic R9AP,
CNGA1lproteinlevel of HEK-293T cells after being transfected with CNGA1,
R9AP,orEV (e). Threeindependent experimentsin triplicates (n=9) and the
meanandS.E.M. of those n=9 were used. The percentage of EBV-infected cells
was shown (f), data are representative of threeindependent experiments.

g, Schematic summary of screening. Microarray was used to analyze gene
expressionin NPECs-BmilSLCs compared to MLCs. AsiRNA library targeting
upregulated transmembrane associated genes in SLCs was transfected into
NPECs-Bmil. Knocking down of CNGA1, R9AP,SLC26A9, or GPR1reduced EBV
infection more than 50%, while only CNGAland R9AP were expressedinall
indicated cell lines by WB. Finally, ectopic expressing ROAP but not CNGA1
enhanced EBV infectionin HEK-293T cells. One-way ANOVA was carried out
with Tukey’s correction for multiple comparisons (c, e).
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Extended DataFig.2|R9AP mediates EBV infectioninnasopharyngeal
epithelial cells. a, RT-qPCR was used to quantify the mRNA level of ROAP in
HNEI, AGS, and Raji cells. The mRNA without reverse transcription was used
asanegative control. Threeindependent experimentsin either triplicate or
duplicate (n=8) and meanand S.E.M. of those n =8 were used. b, Raji, HNE1,
and AGS cells were stained with antibodies against RO9AP and analyzed by flow
cytometry. c, HNE1 cells were transfected with ROAP siRNAs (siR9AP 1 or
siR9AP 2) orsiCtrl, theninfected with EBV, and the percentage of infected cells
was determined using flow cytometry.d, e, HNE1 cells were knockout of ROAP
using sgR9AP1and sgR9AP 2 (d). Then R9AP knockout cells were reconstituted
withan R9AP expression vector (sgR9AP1+R9AP) (e). EBV was added to the
R9AP knockoutand reconstituted HNE1 cells, and EBV infection efficiency was
analyzed by flow cytometry.f, g, Representative images of R9AP knockout

HNE1single-cell clones or sgVector HNE1 cells infected with EBV then hybridized
with an EBVEBERs probe (f). Scale bar=50 um. The proportion of EBERs-positive
cellswasindependently evaluated by three pathologists (g). h, Single-cell clones
of R9AP knockout HNE1 cells were infected with EBV and analyzed by RT-qPCR
to quantify the mRNA level ofindicated EBV genes. i, j, The ROAP proteinin
R9AP knockout single-cell clone 1HNE1 cells without or with reconstitution
with R9AP (i). EBV was added to these cells, and the EBV infection efficiency was
analyzed by flow cytometry (j) and quantified (i). Data are representative of
threeindependent experiments (b-f,j). Threeindependent experiments by
threeindividual evaluation (n=9;g) orintriplicates (n=9;h,i)and meanand
S.E.M.ofthosen=9wereused, and one-way ANOVA was carried out with Tukey’s
correction for multiple comparisons (g-i).
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Extended DataFig.3|R9AP mediates EBV infectioningastric epithelialand
Bcells. a, EBVinfection was determined in R9AP knockout AGS cells using flow
cytometry. b, c, The R9AP proteinin MKN74 cells knockout of ROAP using
sgRIAP 1and sgR9AP 2 (b). EBV infection was determined using flow cytometry
(c), and the quantification datawas shownin (b).d, e, The R9AP protein level in
R9AP knockout single-cell clone 1AGS cells without or with reconstitution with
R9AP (d). EBV was added to these cells, and the EBV infection efficiency was
analyzed by flow cytometry (e) and quantified (d). f, EBV infection was determined
inR9AP knockout Raji cells using flow cytometry. g, h, The R9AP proteinlevelin
R9AP knockout single-cell clone1Raji cells without or with reconstitution with

R9AP (g). EBV was added to these cells, and the EBV infection efficiency was
analyzed by flow cytometry (h) and quantified (g). i, sgVector, sgR9AP 1, or
sgRIAP 2 was delivered into primary B cells by alentivirus package system. The
R9AP proteinlevel was analyzed by WB. EBV infection was analyzed by qPCR.
Threeindependent experimentsin triplicates (n =9) and mean andS.E.M. of
thosen=9wereused (b, d, g), Twoindependent experiments from two donors’
primary B cells experimentsintriplicate (n=6) and meanandS.E.M. of those
n=6wereused (i). One-way ANOVA was carried out with Tukey’s correction for
multiple comparisons (b, d, g, i). Dataare representative of threeindependent
experiments (a,c, e, f, h).
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Extended DataFig.4|R9AP mediates EBV entry and fusion. a-d, Ectopic R9AP
proteinand EBVinfection efficiency in CNE1and AGS cells (a, b) or EBV-negative
Akatacells (c, d). e, EBVbindinginR9AP, CR2, or EV transiently transfected HEK-
293T cells. f, g, EBV binding in R9AP or EV transiently transfected CNE1cells or
stably delivered EBV-negative Akata cells (f), in R9AP knockout HNE1 cells and
EBV-negative Akatacells (g).h, i, EBVentryinR9AP or EV transiently transfected
CNE1cellsorstably delivered EBV-negative Akata cells (h), in ROAP knockout
HNE1 cells or EBV-negative Akata cells (i).j-1, Cell-based EBV fusion assay by co-
culture of ROAP knockdown HEK-293T cells and HEK-293T cells transfected
withgBand gH/gL (j), by co-culture of ROAP knockout Daudi cells, HEK-293T
cellstransfected withgB and gH/gL and His-gp42 protein at 0.5 pg/mL (k),

by co-culture of R9AP overexpressed HEK-293T and HEK-293T cells transfected
withgB, gH/gL, orgH/gL/gB (I). Threeindependent experimentsin triplicates
(n=9)and meanandS.E.M.ofthosen=9wereused (a,c,j, k, e), twoindependent
experimentsin triplicates (n = 6) and mean and S.E.M. of those n = 6 were used
(f-i), or threeindependent experiments in quadruplicates (n =12) and mean
andS.E.M. of those n=12 were used (I). Two-tailed unpaired Student’s t-test

(a, c, f-k), one-way ANOVA was carried out with Tukey’s correction for multiple
comparisons (e), or two-way ANOVA was carried out with Sidak’s correction
for multiple comparisons (I). Dataare representative of threeindependent
experiments (b, d). NS, notsignificant.
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or Myc-gH/gL/gp42, and FLAG-HLA Il (HLA-DR1). Cells were lysed and

immunoprecipitated with antibodies against Myc, followed by WB analysis
withtheindicated antibodies. ¢, Cell-based EBV fusion assay by co-culture of
R9AP,HLAII (HLA-DR1), or ROAP/HLAII (HLA-DR1) overexpressed HEK-293T
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Extended DataFig. 6 | See next page for caption.
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Extended DataFig.6|R9AP, EPHA2, and NRP1are not redundant for EBV
infection of epithelial cells. a-c, Cell-based EBV fusion assay by co-culture of
sgVector transfected HNE1 cells, EPHA2 knockout HNE1 cells, ROAP overexpressed
while EPHA2 knockout HNE1 cells or EPHA2 rescued EPHA2 knockout HNE1 cells,
and HEK-293T cells transfected with gH/gL/gB (a). EBV infection efficiency was
analyzed by flow cytometry (c) and quantified (b) in the above-indicated HNE1
cells. d-f, Cell-based EBV fusion assay by co-culture of sgVector transfected
HNE1cells, ROAP knockout HNE1 cells, EPHA2 overexpressed while ROAP
knockout HNE1 cells or R9AP rescued R9AP knockout HNE1 cells,and HEK-293T
cellstransfected with gH/gL/gB (d). EBV infection efficiency was analyzed by
flow cytometry (f) and quantified (e) in the above-indicated HNE1 cells. g, HEK-
293T cellswere transfected with Myc-R9AP, EPHA2 together with FLAG-gH/gL
orEV, lysed, and immunoprecipitated with antibody against FLAG asindicated

IPx1:FLAG. Theimmunoprecipitated proteins were eluted by FLAG peptide and
re-immunoprecipitated with antibody against Myc asindicated IPx2: Myc,
followed by WB analysis with indicated antibodies. Dataare representative of
twoindependent experiments. h-j, Cell-based EBV fusion assay by co-culture of
sgVector transfected HNE1 cells, ROAP knockout HNE1 cells, NRP1overexpressed
while R9AP knockout HNE1 cells or ROAP rescued R9AP knockout HNE1 cells,
and HEK-293T cells transfected with gH/gL/gB (h). EBV infection efficiency was
analyzed by flow cytometry (j) and quantified (i) in the above-indicated HNE1
cells. Twoindependent experimentsin triplicates (n = 6) and mean and S.E.M.
ofthosen=6wereused (a,d, h,i),orthreeindependent experimentsin
triplicates (n=9) and mean andS.E.M. of those n =9 were used (b, ). One-way
ANOVA was carried out with Tukey’s correction for multiple comparisons.
Dataarerepresentative of three (c, ) or two (j) independent experiments.
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Extended DataFig.7|Functional domains of R9AP. a, Schematicrepresentation
of ROAP wild-type (WT), R9AP'2'°, ROAP' 23! ROAP mutants deleted of amino
acids 1-50 (A1-50), 51-100 (A51-100),101-152 (A101-152), or 153-200 (A153-200).

b, ¢, EBVinfection efficiency was analyzed in EV, ROAP'?'°, ROAP' 3" or WT
transiently transfected HEK-293T cells (b), aswell as EV, A1-50, A51-100, A101-152,

A153-200 or WT transiently transfected HEK-293T cells (c). d, EV, N-terminus
FLAG-tagged WT or A1-50 ROAP mutant was transiently transfected into HEK-
293T cells. Cells were stained with FITC-FLAG antibody and analyzed by flow
cytometry. Dataarerepresentative of three independent experiments (b-d).
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Extended DataFig. 8 |N-terminus of ROAP locates at cell surface.

a, b, Prediction of R9AP localization by using TMHMM (a) or InterPro (b). ¢, HK1
cellswerefixed and thenincubated with antibody targeting N-terminal of ROAP
and Alexa Flour 594-labelled goat antibody (red), nuclei were stained with DAPI
(blue). d, HNE1 cells transfected with Myc-R9AP**° or Myc-R9AP™ expression
plasmid for 24 h, fixed and treated with or without Triton X-100, followed by
incubation with the antibody specific for Myc tag and Alexa Flour 594-labelled
goatantibody (red), nuclei were stained with DAPI (blue). e, f, PreScission

protease (PSP) cleavage site was inserted between the FLAG tag and the
N-terminal end of ROAP**° (FLAG-psp-R9AP**°) or ROAP™ (FLAG-psp-R9AP™)
expressing plasmid. Cells transfected with indicated plasmid were cultured
for 24 hfollowed by PSP treatment toremove FLAG located at outside of cells.
The schematic was used to show that FLAG tag is removed by the PSP whenitis
located outside the cell whereasitis retained whenlocated in the cytoplasm
(e). WBwas used todetect the R9AP or FLAG tag after adding PSP enzyme (f).
Dataarerepresentative of three (c) two (d, f) independent experiments.
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Extended DataFig.9|R9AP peptide inhibits EBVinfectioninvitroand
invivo.a, b, EBV was pretreated withR9AP''2, ROAP'>?* ROAP'*3°, ROAP3* 4,
R9AP>5*¢, or Ctrlpeptide, thenadded to HNE1 cells (a), ROAP¥>° or Ctrl pretreated
EBV was added to Raji cells (b). EBV infection efficiency was analyzed by flow
cytometry.c, EBV was pretreated with R9AP"3°at a concentration of 0, 50,100,
200, 0r400 pgmL™, thenadded to HNE1 or Raji cells. EBV infection efficiency
wasanalyzed by flow cytometry, and the EC50 of ROAP*° was determined.

d, Schematicrepresentation ofin vivo EBVinfection using humanized B-NDG
mice. e, The body weight of humanized B-NDG mice treated with R9AP**° or
Ctrlpeptide atindicated time points (Ctrl, n =5mice; ROAP3°, n = 5mice).
f,Representative images of spleen tissue sections of humanized B-NDG mice

infected with EBV and treated with ROAP?° or Ctrl peptide stained with
hematoxylin-eosin staining (H& E), anti-human CD20, or hybridized with EBV
EBERs probe. Scalebar=50 pum. The samples’ representative images were
detected (Ctrl, n=5mice; ROAPY3°, n = 5mice).g, The proportion of EBERs-
positive cellsin the spleen of EBV-infected and R9AP">° or Ctrl peptide-treated
humanized B-NDG mice wereindependently evaluated by three pathologists.
Threeindependent evaluation of each mouse (n=15) and mean and S.E.M. of
those n=15were used, two-tailed unpaired Student’s t-test (Ctrl, n = Smice;
R9AP¥3° n=5mice). (P< 0.0001) Dataarerepresentative of three (a, b) two (c)
independent experiments.
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10| Characterization of the anti-R9AP monoclonal
antibody 5E9 and its effects on blocking EBV infection. a, Complementarity
determining regions (CDR) details for the anti-R9AP monoclonal antibody SE9
antibody. b, ELISA binding for 5E9 and control antibody to ROAP**'°. The A450
signals were fromtriplicate wells and the mean signal were presented. ¢, BLI
binding assay for 5SE9 to R9AP'?'°, 5E9 were captured onto ProA biosensors and
assayed for binding to R9AP?°. d, WB for 5E9 binding to ROAP in comparison
tocommercial antibody. HEK-293T cells were transfected with FLAG-R9AP.
Cellswerelysed and immunoprecipitated with SE9 or anti-R9AP antibody
(Cat#HPA049791, Sigma). e, Primary B cells were pretreated with anti-R9AP

monoclonal antibody (SE9), theninfected with EBV. The proportion of EBERs-
positive cellswere independently evaluated by three pathologists. Each
pathologist counted 3 representative high-power fields (x40 objective) per
sample, withapproximately 100 cells/field, and obtained ameanvalue. Bars
represent proportion of EBERs-positive cells. Dataare mean + S.E.M. and
representative of two independent experiments (n = 3). f-j, Akata, Raji, HNE1,
AGS and HEK-293T cells were pretreated with anti-R9AP monoclonal antibody
(SE9), theninfected with EBV. EBV infection efficiency was analyzed by flow
cytometry. Dataare representative of two (b-d) or threeindependent
experiments (f-j).
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Extended DataFig.11|R9AP expressionin human tonsil and blood tissues.
a, RT-qPCRwas used to quantify the mRNA level of the R9AP in tonsil epithelial
cellsof 2donors and memory B cells and naive B cells from 2 donor’s blood and
tonsil tissues. Dataare mean + S.E.M. (n =3 biological replicates) and are from 2
donors. b, Blood PBMC were co-stained with CD19/R9AP antibody and analyzed
by flow cytometry. Results are representative of 10 donors. ¢, Cells from tonsil
tissues were co-stained with EpCAM/R9AP, CD19/CD27/R9AP, or CD19/CD10/
R9AP antibody and analyzed by flow cytometry. Results are representative of 3
donors.d, e, Epithelium, and lymphoid tissues from tonsil were stained with

hematoxylin-eosin staining (H&E), co-stained with ROAP (imaged as green)
antibody and EpCAM (imaged as red) antibody, or co-stained with ROAP
(imaged as green), CD19 (imaged as red) and CD27 (imaged as gray) antibodies,
nuclei were stained with DAPI (blue), and analyzed by immunofluorescence.
Epithelial cellswere delineated by the dotted line (d). The white dotted areas
indicated CD19*CD27'R9AP" cells and were magnified 3 times, and the white
solid areas indicated CD19*CD27 R9AP" cells (e). Results are representative of
2donors.
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Extended DataFig.12|R9AP expressionin humanlymphoid, tongue, floor
of mouth, nasopharynx epithelium and gastric mucosa tissues.a, Human
lymphoid tissues (n = 3) were stained with hematoxylin-eosin (H&E) (left), ROAP
antibody (middle), and CR2 antibody (right). Images of insets were magnified

4 times. GC: germinal center; MCZ: mantle cell zone; MZ: marginal zone. Scale
bars:100 um. b, The keratinocytes and spinous cell layer of human tongue
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(n=5)and floor of the mouth tissues (n = 5) were stained with hematoxylin-eosin
(H&E) (left) and R9AP antibody (right). Images of insets were magnified 4 times.
Scalebars: 50 pm. ¢, Tissues of human normal (n = 5) and dysplastic nasopharynx
epithelium (n =4) and normal gastric mucosa (n = 5) were stained with H& E (top
row) and R9AP antibody (bottom row). Images of insets were magnified 4 times.
Scale bar=50 pum. Representative images from the samples detected (a-c).
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Population characteristics Cohort 1: Histological specimens from patients with benign diseases of tongue (eight samples), floor of mouth (five samples),
lymphoid (eight samples) and chronic tonsillitis (ten samples), and with malignant diseases of nasopharyngeal
carcinoma(eleven samples), EBV-positive gastric carcinoma (nine samples), EBV-positive B cell ymphoma (seven samples),
liver tissues(three samples), lung tissues (three samples), thyroid tissues (three samples), normal nasopharynx epithelium
tissues (five samples), dysplastic nasopharynx epithelium tissues (four samples), normal gastric mucosa tissues (five samples)
were obtained from Sun Yat-sen university cancer center. The patient age range: 20-70 years, with a male-to-female ratio of
1.1:1.

Cohort 2: Human cord blood (five samples) was obtained from Guangzhou Women and Children's Medical Center (China).
The patient age range: 24-36 years, all were female.

Cohort 3: Periphery blood samples (21 samples) were obtained from Sun Yat-sen university cancer center. The patient age
range: 20-50 years, with a male-to-female ratio of 1:1.2.

Recruitment No recruitment strategy was employed in this study. All patients were diagnosed with indicated benign diseases or
malignantdiseases by the pathologist. Informed written consent was obtained prior to surgery. We don't anticipate any self-
selectionbias.

Ethics oversight Written informed consents forms were signed by all the donors and patients. All the utilization of human samples was
approved by the institutional review board of each institution taking part in the project. Human cord blood was obtained
from Guangzhou Women and Children's Medical Center (China) , approved by the Committee on the Ethics of Guangzhou
Women and Children's Medical Center. Human tissues including lymphoid tissues, floor of mouth, tongue, lymph node, liver,
lung, thyroid, blood, tonsil, nasopharynx epithelium, gastric mucosa, and tumor tissues were collected from Sun Yat-sen
University Cancer Center, approved by the Committee on the Ethics of Sun Yat-sen University Cancer Center.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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reference and all sample sizes for experiments in this study are sufficient to perform statistical presentation and examination according to the
used statistical method mandatory requirement and previous study outcomes. Sample sizes are indicated in figure legend;For in vitro
experiments, sample sizes were determined based on the numbers required to achieve statistical significance using indicated statistics, but
with a minimum of two independent experiments except Extended Data Fig. |a, |b, to ensure data reproducibility; For in vivo experiments, we
used five immunodeficient B-NDG mice per group and followed the 3R's of animal research; For IHC assay of ROAP expression in human
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tissues, five cases of human tongue, five cases of floor of mouth, five cases of lymphoid, five cases of nasopharyngeal carcinoma, three cases
of gastric carcinoma, four cases of EBV-positive B cell lymphoma, three cases of tonsil, five cases of normal nasopharynx epithelium, four
cases of dysplastic nasopharynx epithelium, five cases of normal gastric mucosa tissues were included;For WB assay of ROAP expression in
human tissues, three cases of tongue, three cases of lymph node, three cases of gastric mucosa, three cases of liver, three cases of lung, three
cases of thyroid, six cases of EBV-positive lymphoma, six cases of nasopharyngeal carcinoma, three cases of EBV-positive gastric carcinoma
were included;For sgRNA, ROAP peptides and ROAP monoclonal antibody blocking assays in primary B cells, PBMCs from nine healthy donors
were collected;For detection of R9AP expression by gRT-PCR, two cases of PBMCs from healthy donors and two cases of tonsil tissues from
tonsillitis patients were collected; for detection of R9AP expression by IF assays, two cases of tonsil tissues from tonsillitis patients were
collected; for detection of ROAP expression by flow cytometry, ten cases of PBMCs from healthy donors and three cases of tonsil tissues from
tonsillitis patients were collected.

Data exclusions  No data were excluded.

Replication All in vitro experiments were performed with at least two biological or technical replicates shown in figure legends, and all in vitro
experiments were repeated and the repeated times for each experiment was stated in figure legends; For in vivo experiments, we used five
immunodeficient B-NDG mice per group and the statistical significance was shown in figure legends; For human tissue experiments, we used
at least two samples to yield the results, and the sample number was shown in indicated figure legends; All attempts to replicate results were
successful.

Randomization  Randomization was applied wherever possible. All the in vitro experiments were randomly assigned to experimental conditions. For example,
during flow cytometry analyses, samples were processed and subjected to the CytExpert in random orders. All microscopic images were
randomly taken throughout the slide of each sample. Mice were sex- and age-matched and grouped randomly according to the genotype.
Otherwise, randomization was not performed. For example, when performing immunoblotting, samples needed to be loaded in a specific
order to generate the final figures.

Blinding During the histological analyses, the sample collection and processing were labelled as code names. The fields of view were chosen on a

random basis and independently evaluated by three pathologists who did not participate in sample collection and processing. In other
experiments, Blinding was not necessary, as most datawas acquired by unbiased automated means.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [] chip-seq

D Eukaryotic cell lines D Flow cytometry

g D Palaeontology and archaeology g D MRI-based neuroimaging
D g Animals and other organisms

g D Clinical data

IZI |:| Dual use research of concern

IZI |:| Plants

Antibodies

Antibodies used IP: ANTI-FLAG M2 Gel (A2220, Sigma-Aldrich, 1:200), Anti-c-Myc Agarose Affinity Gel (A7470, Sigma-Aldrich, 1:200), CL59 antibody
(generated based on the reported sequence by ourselves, 1:200 and 1:100), AMMO1 (generated based on the reported sequence by
ourselves, 1:200 and 1:100).

WB: Anti-R9AP (HPA049791; Sigma-Aldrich, 1:1000), Anti-Myc tag (M5546; Sigma-Aldrich, 1:1000), Anti-FLAG (F3165; Sigma-Aldrich,
1:1000), Anti-CNGA1 (DF3929, Affinity, 1:1000), Anti-GPR1 (DF2720, Affinity, 1:1000), Anti-SLC26A9 (SAB2105558, Sigma-Aldrich,
1:1000), Anti-beta-actin (8H10D10, 3700, CellS ignaling, 1:1000), Anti-His tag (D3110, 12698, Cell Signaling, 1:1000), Anti-EphA2
(D4A2, 6997, Cell Signaling, 1:1000), Anti-NRP1 (446921, AF3870, R&D Systems, 1:1000).

IF or FCM: Anti-R9AP (CSB-PA765076LA01HU, CUSABIO, IF 1:100, FCM 1:200), CD27-AF700 (302814, BioLegend, IF 1:100, FCM
1:200), mouse CD27-PE (LG.3A10 clone,BiolLegend, IF 1:100, FCM 1:200), EpCAM-AF594 (118222, BiolLegend, IF 1:100, FCM 1:200),
CD19-AF647 (302220, BioLegend, IF 1:100, FCM 1:200), CD10-PE (312204, BioLegend, 1:200), anti-human IgG antibody (CSB-
PAOO120E1Rb; CUSABIO, 1:200).

IHC: Anti-R9AP (HPA049791; Sigma-Aldrich), CR2 (EP64, ZSGB-BIO, 1:200).

Antibody blocking assay: Anti-R9AP (5E9, generated by ourselves, 1:80 and 1:20).

EBV label: 72A1 (generated based on the reported sequence by ourselves, 1:200).

Validation The commercially available antibodies were validated by the company. The sequences of the antibodies generated by ourselves were
validated by PCR, as well as antibodies validated by BLI with certain antigen.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK-293T, Raji, BJAB and Daudi were purchased form ATCC; We thank Dr. Maria Masucci (Karolinska Institute, Sweden) for
providing the Akata cell line; Dr. Quen-Tin Liu (Sun Yat-sen University, Guangzhou, China) for providing the CNE1 cell line; Dr.
Sai-Wah Tsao (University of Hong Kong, Hong Kong SAR) for providing the HNE1 and HK1 cell lines; Dr. Qian Tao (Chinese
University of Hong Kong, Hong Kong SAR) for providing the AGS cell line; Dr. Xu Rui-Hua (Sun Yat-sen University, Guangzhou,
China) for providing the MKN74 cell line.

Authentication Cell lines HEK-293T, AGS, MKN74, HK1, Raji, Akata, BJAB, Daudi, NPECI-Bmil and NPEC2-Bmil were authentication by
STRanalysis before use in this study. There are only few nasopharyngeal carcinoma cell lines available and we chose HNE1
and CNE1 for the functional experiments besides the authenticated HK1 cells. HNE1 and CNE1 is not listed in ICLAC database,
but may be contaminated by Hela cells. However, unlike Hela cells , which are resistant to EBV infection, CNE1 cells are
susceptible to EBV infection in vitro. Therefore, we used HK1, HNE1 and CNE1, and all these cells showed similar results in
this study, which demonstrated that R9AP is acommon receptor for EBV infection in both epithelial cells and B cells.
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Mycoplasma contamination Mycoplasma tests were performed monthly and confirmed to be negative by PCR and gel electrophoresis.

Commonly misidentified lines  Not applicable.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Ten 4 to 5-week-old female immunodeficient NOD/SCID gamma (NDG) mice were purchased from BIOCYTOGEN (China); 2 3-month-
old New Zealand white rabbits were purchased from Genescript (China). Mice were housed with free acess to water and standard
diet under pathogen-free conditions. The light was on from 8:00 to 20:00, with temperature kept at 21-24 Celsius degree and
humidity at 40-70%.

Wild animals The study did not involve wild animals.
Reporting on sex Sex is not predetermined in this study, not relevant to any conclusion and not involved in experimental design.
Field-collected samples  The study did not involve samples collected form field.

Ethics oversight All animal experiments with infectious EBV were performed in the animal biosafety level 2 facilities at Sun Yat-sen
UniversityZhongshan School of Medicine, which was approved by the Committee on the Ethics of Animal Experiments of Sun Yat-
senUniversity. The animal studies were carried out in strict accordance with the recommendations promulgated in the Guide for
theCare and Use of Laboratory Animals of the Ministry of Science and Technology of the People's Republic of China.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not applicable.

Novel plant genotypes  Not applicable.

Authentication Not applicable.




Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation Cell lines were routinely cultured prior to EBV infection, samples were filtered prior to staining, and kept on ice
duringstaining, all fluorescent antibodies were aliquotted. Staining samples were protected from light throughout; For
detectoin ofR9AP expression in human tonsil tissues, we collect the tissues and digest with DNAse 1 plus Collagenase IV.

Instrument Beckman Gallios, Beckman CytoFLEX S

Software FlowJo vI0.5.3, Graphpad Prism 8.3

Cell population abundance No sorting were performed.

Gating strategy The non-infected cells or anti-human IgG antibody treated cells were analyzed, and set as negative cell population.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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