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ABSTRACT Epstein-Barr virus (EBV) is associated with a number of T-cell diseases,
including some peripheral T-cell lymphomas, hemophagocytic lymphohistiocytosis,
and chronic active EBV disease. The tropism of EBV for B cells and epithelial cell in-
fection has been well characterized, but infection of T cells has been minimally ex-
plored. We have recently shown that the EBV type 2 (EBV-2) strain has the unique
ability to infect mature T cells. Utilizing an ex vivo infection model, we sought to un-
derstand the viral glycoprotein and cellular receptor required for EBV-2 infection of T
cells. Here, using a neutralizing-antibody assay, we found that viral gp350 and com-
plement receptor 2 (CD21) are required for CD3* T-cell infection. Using the HB5
anti-CD21 antibody clone but not the Bly-4 anti-CD21 antibody clone, we detected
expression of CD21 on both CD4* and CD8* T cells, with the highest expression on
naive CD4 and CD8* T-cell subsets. Using CRISPR to knock out CD21, we demon-
strated that CD21 is necessary for EBV entry into the Jurkat T-cell line. Together,
these results indicate that EBV uses the same viral glycoprotein and cellular receptor
for both T- and B-cell infection.

IMPORTANCE Epstein-Barr virus (EBV) has a well-described tropism for B cells and
epithelial cells. Recently, we described the ability of a second strain of EBV, EBV type
2, to infect mature peripheral T cells. Using a neutralizing antibody assay, we deter-
mined that EBV uses the viral glycoprotein gp350 and the cellular protein CD21 to
gain entry into mature peripheral T cells. CRISPR-Cas9 deletion of CD21 on the Jur-
kat T-cell line confirmed that CD21 is required for EBV infection. This study has
broad implications, as we have defined a function for CD21 on mature peripheral T
cells, i.e., as a receptor for EBV. In addition, the requirement for gp350 for T-cell en-
try has implications for EBV vaccine studies currently targeting the gp350 glycopro-
tein to prevent EBV-associated diseases.
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pstein-Barr virus (EBV) is a human gammaherpesvirus with a well-characterized

tropism for B cells and epithelial cells. The predilection of EBV to infect B cells and
epithelial cells is reflected in the EBV-associated B-cell lymphoproliferative diseases and
lymphomas (1-4) and epithelial cell malignancies (5, 6). Less well characterized is the
tropism of EBV for T cells. In 1988, EBV was detected in tumor cells in three cases of
T-cell lymphoma (7), sparking early interest in a potential role for EBV in T-cell diseases.
Subsequent studies have shown that EBV-infected T cells are found in both peripheral
T-cell lymphomas and T-cell lymphoproliferative diseases, including hemophagocytic
lymphohistiocytosis, hydroa vacciniforme, and chronic active EBV disease (8-12). The
presence of EBV in a subset of peripheral T-cell lymphomas has been linked to an
unfavorable prognosis, suggesting that the virus contributes to the poor outcome of
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these malignancies (13). Detection of EBV in T cells of healthy children (14) and in
tonsils of infectious mononucleosis patients (15, 16) suggests that infection of T cells is
part of EBV's life cycle.

Understanding T-cell susceptibility to EBV infection and the role of EBV in associated
T-cell diseases has been limited due to the lack of an in vitro model to study infection
of primary T cells. EBV type 1 (EBV-1), the predominant strain of EBV, was found to infect
human thymocytes, with the viral genome being detected through 6 weeks postinfec-
tion (17). CD8" T cells could not be infected with EBV-1 even though viral binding
occurred (18). T-cell lines have also been reported to be resistant to EBV infection (19)
or susceptible (20, 21), but follow-up studies were not done. Recently, we reported that
in contrast to the EBV-1 strain, the less common EBV type 2 strain (EBV-2) can latently
infect primary mature CD3* T cells in vitro with a higher frequency of CD8* T cell
infection than with CD4™ T cells (22, 23). Infection is characterized by proliferation,
upregulation of activation markers and inflammatory cytokines, and expression of EBV
latent but not lytic genes. EBV-2 can also infect CD3* T cells in a humanized mouse
model, confirming both in vitro and in vivo susceptibility with this EBV strain (24).

The mechanism that allows virus attachment and entry into B cells and epithelial
cells has been well characterized. Initial attachment to B cells occurs through the most
abundant viral glycoprotein on the surface of the virion, gp350, and its receptors, either
CD21 (complement receptor 2 [CR2]) or CD35 (complement receptor 1 [CR1]) on the cell
surface (25-30). This initial attachment event induces endocytosis of the virion (31). The
next step involves the viral glycoprotein gp42, in a trimeric complex with gH and gL,
binding to HLA class Il (32-34). This allows fusion with the endocytic membrane by the
EBV glycoprotein gB (35, 36). In contrast, neither gp350 or gp42 is required for epithelial
cell infection. The initial attachment to epithelial cells is with the dimeric complex of gH
and gL, with gH binding to avB5, avpB6, or avB8 integrin (37, 38) or (as was more
recently reported) ephrin receptor A2 (39, 40). This induces fusion directly at the plasma
membrane with gB, which has been shown to bind neuropilin-1 (41). In this study, we
asked what viral glycoproteins and cellular receptors are required for T-cell infection.

RESULTS

EBV infection of CD3* T cells is neutralized by antibodies against viral gp350
and cellular CD21. Two viral neutralization assays have been used to identify the viral
glycoproteins and cellular receptors used for EBV entry into B cells. The first is a cord
blood transformation assay based on EBV's ability to immortalize B cells (42). An
alternative assay was developed that relies on the insertion of the gene for green
fluorescent protein (GFP) into the EBV-1 genome and infection of the Raji B-cell line
assessed by flow cytometry (43). Because EBV-2 infection of T cells does not result in cell
immortalization and there is no recombinant EBV-2 expressing GFP, a quantitative PCR
(gPCR)-based neutralization assay developed for B-cell infection (44) was adapted for
evaluation of T-cell infection.

EBV-2 was incubated with monoclonal antibodies against gp350 (clone 72A1), gp42
(clone F2.1), gHgL (clone E1D1), or gH (clone CL59). These antibodies were previously
shown to block infection of B cells (clones 72A1 and F2.1) and epithelial cells (clones
E1D1 and CL59) at the concentrations used in our study (45-48). Following a 2-h
infection, the cells were washed and cultured for 3 days. DNA was extracted, and the
viral load was analyzed by a qPCR assay. At 3 days postinfection (dpi), only the
anti-gp350 antibody (P = 0.0022) neutralized T-cell infection (Fig. 1A), suggesting that
the viral gp350, not gp42, gHgL, or gH, is utilized for entry into CD3* T cells.

The EBV gp350 has two known cellular receptors, the well-characterized CD21 (also
known as complement receptor 2 [CR2]) and the more recently described CD35 (CR1)
(25, 26, 28-30). Therefore, we used the 3-day neutralization assay to determine the
requirement for these receptors in EBV-2 entry into T cells. We incubated the purified
CD3* T cells with blocking antibodies against CD35 (clone J3D3) or CD21 (clone 171 or
clone 1048) (49, 50) and observed that both antibodies against CD21 significantly
neutralized EBV-2 infection of T cells (clone 171, P = 0.0061; clone 1048, P = 0.0061)
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FIG 1 Neutralization assay to assess viral glycoproteins and cellular receptors for EBV-2 infection of T cells. CD3+
T cells were infected with EBV incubated with antibodies to either EBV glycoproteins (A) or complement receptors
(B). (A) Neutralization assay after incubation of virus with 10 wg monoclonal antibodies against EBV glycoproteins.
Mock, uninfected cells; EBV-2, no antibody; anti-gp350, clone 72A1; anti-gp42, clone F2.1; anti-gHgL, clone E1D1;
anti-gH, clone CL59. Viral loads were normalized to the uninhibited EBV-2 infection for each experiment and are
presented as normalized infection. 72A1, P = 0.0022; F2.1, P = 0.6991; E1D1, P = 0.4610; CL59, P = 0.3939). (B)
Neutralization assay with incubation of purified T cells with 20 ug monoclonal antibodies against CD35 (clone
J3D3) or CD21 (clones 171 and 1048). Viral loads were normalized to infection with uninhibited EBV-2 infection
(J3D3, P=0.1174; 171, P = 0.0061; 1048, P = 0.0061). Infections were performed with 5 EBV genome copies/cell
(n =4 to 6). (C) CD3* T cells were incubated with EBV-2 at different MOI for 1 h at 4°C (binding) or for 1 h at 4°C
with a subsequent shift to 37°C (entry). Cells were analyzed for viral load by qPCR at 24 hpi. Data are from replicate
wells. (D) CD19+ B cells were incubated with EBV-2 at different MOI for 1 h at 4°C (binding) or for 1 h at 4°C with
a subsequent shift to 37°C (entry). Cells were analyzed for viral load by gPCR at 24 hpi. Data are from replicate wells.
(E) CD3™* T cells were infected with EBV-2, and viral gene expression was analyzed by RT-PCR at 24 hpi. Data shown
are from four replicates.
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(Fig. 1B). Incubation with anti-CD35 antibody prior to T-cell infection reduced the EBV
load, but this reduction was not significant. Data from these assays suggest that, like B
cells, the viral gp350 interaction with CD21 was important for T-cell infection by EBV-2.

In the qPCR-based neutralization assay, DNA from EBV-infected CD3* T cells was
evaluated for viral load at 3 dpi. However, it is possible that at 3 dpi, we could have
been measuring only bound virus and not internalized viral genomes. To test this
possibility, CD3* T cells were incubated with EBV-2 at three different multiplicities of
infection (MOI; 10, 5, or 1) either at 4°C for 3 h to measure viral binding or at 4°C
incubation for 3 h followed by a temperature shift to 37°C for 1 h to measure viral entry.
DNA was extracted and analyzed by qPCR for EBV DNA load to quantify viral genome
copy number. At all MOI tested, EBV genomes were detected in the entry assay
(Fig. 1C), even when cells were infected at the low MOI of 1 genome copy per cell.
Consistent with a model where more virions bind to the cell than gain entry into the
cell, the number of EBV copies per microgram of total DNA was higher in the binding
assay than in the entry assay at all MOI tested.

We next compared the ability of EBV-2 to bind to and enter CD19* cells using the
same assay. As shown in Fig. 1D, EBV-2 was more efficient at entry into B cells at the
higher MOI (10 and 5 genome copies/cell) than at entry into T cells. However, at lower
MOI (1 genome copy/cell), numbers of EBV-2 genome copies were comparable when
entry into T and B cells was measured. As a further demonstration of viral entry into
CD3* T cells, we next measured the EBV latent gene transcripts, LMP-1, LMP-2, and
EBNA-2, at 24 hpi by a probe-based reverse transcription-PCR (RT-PCR). To determine
the relative levels of transcripts, the cycle threshold (C;) of each transcript was normal-
ized to the C; of the housekeeping gene B2 microglobulin. Consistent with our
previously published data (22), we were able to detect the EBV latent gene expression
in EBV-2 infected T cells. These data suggest that the 3-day neutralization assay
detected internalized genomes by 3 days postinfection.

CD21 is expressed on mature peripheral T-cell subsets. The observation that
blocking CD21 could prevent EBV-2 infection of T cells was a paradox, as the expression
of CD21 on mature T cells is controversial: some studies detected CD21 expression
(51-53), while others did not detect any CD21 (54). Consistent with the latter obser-
vation, we tested whether an anti-CD21 monoclonal antibody (clone Bly4) could detect
CD21 on CD19" B cells and CD3* T cells. When this antibody was used, the majority
of peripheral CD19% B cells expressed CD21; however, no expression of CD21 was
detected on peripheral CD3™* T cells (Fig. 2A). Interestingly, studies that described CD21
expression on mature, peripheral T cells (51) all used the anti-CD21 monoclonal
antibody clone HB5 (52, 53). When this antibody was used to evaluate CD21 expression
by flow cytometry, we were able to detect expression of CD21 on a subset of peripheral
CD3* T cells, as well as CD19" B cells (Fig. 2B), although the percentage of cells
expressing CD21 was low in T cells (mean, 34.4% CD21%) compared to the nearly
ubiquitous expression on B cells.

Given the detection of CD21 on mature peripheral CD3* T cells, we next evaluated
CD21 expression on peripheral T-cell subsets using the HB5 anti-CD21 antibody and
flow-cytofluorimetric analysis. CD21 was detected on both CD4* and CD8™* T cells (Fig.
2C), with a higher level of CD21 detected on CD8* T cells than CD4+ T cells, in terms
of both the percentage of cells that were CD21* (P = 0.0012) and the higher geometric
mean fluorescent intensity (gMFI) of the CD217 cells (P = 0.0005) (Fig. 3D and E). This
is consistent with a higher level of EBV-2 infection in the CD8™ T cells than CD4* T cells,
which we previously reported (22). To further evaluate CD21 on T-cell subsets, we
stained peripheral blood mononuclear cells (PBMCs) with fluorescently conjugated
anti-CCR7 and anti-CD45RA antibodies to distinguish the naive (CD45RA* CCR7™),
memory (CD45RA~ CCR7*/~), and effector (CD45RA* CCR7 ) T-cell subsets. CD21 was
expressed on naive, memory, and effector CD4+ and CD8* T cells (Fig. 2E), with a
higher percentage of CD217* cells and a higher gMFI of CD21 expression in both the
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FIG 2 Expression of CD21 on peripheral T cell subsets. Representative flow cytometry plot of PBMCs labeled with FITC-conjugated
anti-CD19 monoclonal antibody (MAb) or FITC-conjugated anti-CD3 MAb and either anti-CD21 antibody clone Bly4 (A) or clone
HB5 (B) conjugated with APC or PE, respectively. CD21 expression of CD19* B cells (left) and CD3* T cells (right) was determined.
Gates were set based on an unstained control. (C) Representative gating strategy for CD21 analysis of CD8* and CD4+ T cells. (D)
Comparison of the percent CD21-positive cells in the total CD4+ and CD8* T-cell populations (P = 0.0012) and gMFI of CD21
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FIG 3 EBV-2 infection of CD21" and CD21' T cells. (A) T-cell purity analysis of T cells for CD21 sorting. (B). Sorting gates used for CD21
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CD21 gene expression analysis postinfection. Mock, uninfected cells. (E) EBV viral load at 24 and 72 hpi in sorted CD21'° and CD21h
populations. Infections were done at 5 EBV genome copies/cell.

CD4+ and CD8" naive T-cell populations than in the effector or memory T-cell subsets
(Fig. 2F).

CD21 is required for EBV infection of T cells. To assess the requirement of CD21
for EBV infection of mature T cells, CD3* T cells were negatively selected, confirmed for
high purity, and then sorted based on CD21 expression (Fig. 3A and B). Following cell
sorting, the CD21' population showed no detectable expression of CD21 and the
CD21h population was 97.9% CD21 positive as measured by flow cytometry (Fig. 3C).
However, there was still detectable CD21 mRNA in the CD21' population (Fig. 3D),
although CD21 mRNA was 21-fold higher in the CD21h" population. To determine if
there was a differential susceptibility in the CD21'° and CD21" cells to EBV-2 infection,
sorted cell subsets were infected at 5 EBV genome copies/cell. DNA was extracted at 1
and 3 dpi, and gPCR was performed to measure EBV DNA (Fig. 3E). While we still
detected the EBV-2 genome in both the CD21'° and CD21h populations, the amount of
viral genome detected at both 1 and 3 dpi was higher in the CD21" cells, suggesting
that the level of CD21 on the surface of the mature CD3* T cells was critical to a robust
infection.

To test our hypothesis that CD21 was required for EBV-2 infection of T cells, we
needed a more manipulatable model system. Consistent with earlier reports, we
confirmed the expression of CD21 on the Jurkat T cell line (53, 55) using the anti-CD21
antibody (clone HB5) (Fig. 4A). Similar to what was observed in primary cells, CD21
expression was lower on the Jurkat T cell line than on a representative B-cell line, Raji
(Fig. 4A). To evaluate the susceptibility of Jurkat cell line to EBV infection, Jurkat cells

FIG 2 Legend (Continued)

expression in CD4" and CD8* T cells (P = 0.0005) (n = 8). (E) Representative gating strategy for CD21 expression analysis of CD4"
and CD8* T-cell subsets. (F) Comparison of the percent CD21-positive cells and gMFIl in CD4+ and CD8* T-cell subsets. The data
are from 3 donors.
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with EBV-2. Viral loads were normalized to the uninhibited EBV-2 infection of Jurkat cells. Virus was incubated
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GSENATNLFLLELLGAGELALTMRSKKLPINVTTGEEQQVSLESVDVYFQDVFGTMWCHHAEMQNPVYLIPETVPYIKWDNC

NSTNITAVVRAQGLDVTLPLSLPTSAQDSNFSVKTQMLGNEIDIECIMEDGEISQVLPGDNKFNITCSGYESHVPSGGILTSTSPV

ATPIPGTGYAYSLRLTPRPVSRFLGNNSILYVFYSGNGPKASGGDYCIQSNIVFSDEIPASQDMPTNTTDITYVGDNATYSVPMV

TSEDANSPNVTVTAFWAWPNNTETDFKCKWTLTSGTPSGCENISGAFASNRTFDITVSGLGTAPKTLIITRTATNATTTTHKVIF

A

SKAPESTTTSPTLNTTGFADPNTTTGLPSSTHVPTNLTAPASTGPTVSTADVTSPTPAGTTSGASPVTPSPSPRDNGTESKAP

FIG 5 Comparison of gp350 amino acid sequences. The amino acid sequence (amino acids 1 to 504) of the gp350
protein of the EBV-1 strain Akata is shown. The known CD21 binding regions are underlined. The amino acid

differences in gp350 of the EBV-2 strain Jijoye are in bold above the EBV-1 sequence.

were infected with EBV-2 at an MOI of 5 genome copies/cell. The EBV-2 genome was
detected in cell extracts at 24 hpi (Fig. 4B). To test the requirement for gp350 and CD21
for viral entry, we utilized the in vitro neutralization assay and quantified viral genome
copies following infection of Jurkat cells with virus incubated with the anti-gp350
neutralizing antibody or with cells incubated with a CD21-blocking antibody (Fig. 4C).
Both incubation with anti-gp350 antibodies or anti-CD21 antibodies significantly re-
duced the amount of EBV genomes detected in the Jurkat cells, suggesting that, similar
to infection of peripheral CD3* T cells, infection of the Jurkat T-cell line was mediated
by binding of the viral gp350 to the cellular receptor CD21.

To conclusively determine if CD21 is required for EBV infection of T cells, we used
CRISPR-Cas9 to knock out CD21 expression in Jurkat cells. To ensure that the effects
were not due to off-target activity, we created CD21 knockout cell pools with three
distinct single guide RNAs (sgRNAs) targeting the CD217 gene. Furthermore, to ensure
the purity of the CD21 knockout cells, the CD21-negative cells were purified by
fluorescence-activated cell sorting (Fig. 4E). Jurkat CD21~ and Jurkat Cas9 cells were
then infected with EBV-2 (10 genome copies/cell) for 1 or 3 days. DNA was extracted,
and viral genomes were quantified by qPCR. Viral genomes were detected in Jurkat and
Jurkat Cas9 cells but not in cells in which CD21 was knocked out (Fig. 4F).

EBV-2 gp350 differs in the CD21 binding domain. Our data indicated that EBV-2,
unlike EBV-1, has the unique ability to infect primary T cells in vitro and in vivo (14, 22).
An unanswered question is why EBV-2 readily infects mature peripheral T cells while
EBV-1 cannot. Our initial analysis and published phylogenetic analysis of 225 EBV strains
(56) showed that EBV-1 and EBV-2 were distinct in the gp350 gene. Upon analysis of the
amino acid differences between two common EBV isolates, the EBV-1 Akata strain and
the EBV-2 lJijoye strain, we observed 12 amino acid changes within the first 504
N-terminal amino acids of the gp350 gene (Fig. 5). Three of these changes fell within
one of the known CD21 binding regions for gp350 (57). Notably, the second binding
region, also the epitope for the anti-gp350 neutralizing antibody 72A1 used in this and
other studies (58), was not altered.

DISCUSSION

These data identified CD21 as a cellular receptor for EBV-2 entry into mature CD3*
T cells. The demonstration that T-cell infection is blocked following incubation of the
virus with a gp350-neutralizing antibody is also consistent with this result. Together,
these data suggest that EBV uses the same glycoprotein and cellular receptor for entry
into B cells and T cells.

While several older studies reported expression of CD21 on peripheral T cells

FIG 4 Legend (Continued)

and CD21 knockout cells. (E) Pre- and postsorting analysis of CD21 knockout cells. (F) EBV viral load at 1 dpi
and 3 dpi following infection of Jurkat, Jurkat Cas9, and the three CD21 knockout cell lines with EBV-2 virus

(10 genome copies/cell). ND, not detected.
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(52, 53), others have reported that CD21 is not expressed on peripheral T cells (54). Our
data suggest that the discrepancies in these findings could be due to the variability in
commercial antibody binding to CD21 on CD19" B cells compared to CD3™* T cells. The
anti-CD21 HB5 antibody has been mapped to short consensus repeats 3 and 4 of CD21,
but the Bly4 antibody has yet to be epitope mapped (59), so it is unknown why Bly4
detects CD21 only on B cells. It is possible that the HB5 antibody was generated with
pure CD21 antigen while the Bly4 clone was selected for CD21 from B cells. On B cells,
CD21 is complexed with CD19, CD81, and Leu-13 or with CD35 (60, 61). But, as CD19
is a B-cell-specific protein, CD21 either is complexed with different cell surface proteins
on T cells or is a stand-alone molecule, as suggested in one study (62).

Early studies on the pattern of CD21 expression reported that thymocytes were
CD21+ (63) and that anti-CD21 antibody blocked EBV infection of thymocytes (17).
More recently, recent thymic immigrants were found to express CD21 (64), which would
be consistent with our observations that CD21 was expressed on both naive CD4" and
CD8* mature peripheral T cells. This suggests a model whereby EBV uses CD21 to infect
both immature and mature T cells.

Both strains of EBV encode gp350 and express it on the viral envelope, facilitating
attachment to CD21 on B cells. Why only EBV-2 and not EBV-1 is able to readily infect
T cells is unknown. We hypothesize that differences in the gp350 protein, specifically in
the CD21 binding region, may create a higher-affinity or -avidity interaction between
gp350 and CD21, allowing the lower level of CD21 expression on T cells to be sufficient
for viral entry of the EBV-2 strain. Consistent with this hypothesis, we identified
sequence differences in the CD21 binding regions of the EBV-1 and EBV-2 gp350 genes.
It is also possible that differences in the level of CD21 expression on T cells, in
combination with sequence differences in the CD21 binding region of gp350, could
allow EBV-2 infection of T cells. For example, Levy et al. (53) found that in patients with
systemic lupus erythematosus, more than 80% of T cells express CD21. It could also be
that binding of the EBV-2 gp350 to CD21 could be greater due to potential structural
differences of CD21 on T cells compared to B cells (51).

In sum, our study shows that CD21 is expressed on mature peripheral CD3* T cells,
with a higher level of expression on the naive CD4* and CD8* T-cell subsets. These
studies point the way to future mechanistic studies of the function of CD21 on T cells
and raise the question of whether CD21 expression differs among high-risk populations
or in people with EBV-associated T-cell diseases. This could provide insight into the
susceptibility of T cells to EBV infection in unique populations and their potential for
increased risk of EBV-associated T-cell malignancies. In addition, we show that EBV
gains access to T cells and B cells through a common pathway utilizing the viral
glycoprotein gp350 and the cellular complement receptor CD21. This suggests that EBV
vaccines targeting gp350 will prevent both B- and T-cell infection (65). Further studies
are needed to determine if other steps in the viral entry pathway are similar between
B cells and T cells. Finally, the availability of a model system to evaluate EBV infection
of T cells will be of importance for understanding how EBV drives oncogenesis and aid
in the identification of potential targets for therapeutic intervention of EBV-associated
T-cell diseases.

MATERIALS AND METHODS

Blood processing and T-cell purification. After consent had been obtained, peripheral blood was
taken from healthy U.S. adults as per a protocol approved by the Institutional Review Board of the
University of Colorado Anschutz Medical Campus and according to the Declaration of Helsinki. Ficoll-
Paque Plus (GE Healthcare, Little Chalfont, United Kingdom) was layered under peripheral blood to
isolate peripheral blood mononuclear cells (PBMCs). CD3* T cells and CD19+ B cells were isolated by
negative enrichment using the human pan-T-cell isolation kit and the pan-B-cell isolation kit, respectively
(Miltenyi Biotec, Bergisch Gladbach, Germany). Purity analysis of isolated cell populations was performed
following cell isolation via flow cytometry to stain for CD3 and CD19 using anti-CD3* (BD Biosciences,
Franklin Lanes, NJ) or anti-CD19* (BD Biosciences) monoclonal antibodies and analyzed on a BD
LSRFortessa cell analyzer (BD Biosciences). Flow cytometry data were analyzed by FlowJo software (Tree
Star, Ashland, OR). The purity of isolated CD3* T cells and that of CD19+ B cells were greater than 95%
and 90%, respectively. Primary cell cultures were grown at 37°C and 5% CO, in complete RPMI (Fisher
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Scientific, Hampton, NH) supplemented with 10% fetal bovine serum (Equafetal; Atlas Biological, Fort
Collins, CO), 1% L-glutamine (Fisher Scientific), and 1% penicillin and streptomycin (Fisher Scientific).

Cell lines and virus production. The EBV-2-positive Burkitt's ymphoma cell line Jijoye (P-2003, P-3J;
ATCC, Manassas, VA) and the EBV-negative cell line BL41 (gift of J. Sixbey, St. Jude Children’s Research
Hospital) were maintained in complete RPMI at 37°C and 5% CO,. The Jurkat T cell line (American Type
Culture Collection, Baltimore, MD) was maintained in complete RPMI with 10 mM HEPES. Jijoye cells were
used for production of virus, as virus produced from this cell line has been shown to infect T cells in vitro
(22). EBV stocks were generated as described before (66). In short, Jijoye cells were treated with sodium
butyrate (Sigma-Aldrich, St. Louis, MO) and tetradecanoyl phorbol acetate (Sigma-Aldrich) (4 mM and
25 ng/ml, respectively). Cell debris was removed by centrifugation at 4,000 X g for 10 min at 4°C, and
supernatant was passed over a 0.45-um sterile filter (Fisher Scientific). Viral particles were then pelleted
by ultracentrifugation at 16,000 X g for 90 min at 4°C. Virus pellets were resuspended in 1/200 of the
original volume in complete RPMI with 100 ng/ml bacitracin (Fisher Scientific). Virus was DNase treated
(100 wg/ml) (Sigma-Aldrich), and encapsulated genomes were quantitated by quantitative PCR (qPCR)
using primers and probes designed to amplify a 70-bp region of the EBV BALF5 gene and B-actin gene
as a control for DNA input, as previously described (67). Infections were done with 5 to 10 DNase-
resistant EBV-2 genome copies per cell.

EBV neutralization assay. A qPCR-based neutralization assay was adapted for T-cell infection from
the assay described by Weiss and colleagues for B-cell infection (44). For analysis of neutralization of EBV
entry using anti-EBV monoclonal antibodies, 5 X 10° copies of EBV-2 virus were incubated with 10 g of
monoclonal antibody against EBV glycoproteins for 2 h at 37°C in a total of 100 ul complete RPMI.
Antibody clones against EBV glycoproteins were targeting gp350 (72A1), gp42 (F2.1), gHgL (E1D1), and
gH (CL59) (45-48). These antibodies were received as a gift from Lindsey Hutt-Fletcher (Louisiana State
University Health Sciences Center, Shreveport, LA). The antibody-virus mixture was added to 1 X 106
CD3* cells in a total volume of 200 ul in a 96-well tissue culture plate (Fisher Scientific) and incubated
for 2 h at 37°C. For analysis of neutralization using anti-cell surface receptor antibodies, 1 X 10° purified
CD3* T cells were incubated with 20 ug of blocking antibody clones against CD35 (clone J3D3)
(Beckman-Coulter) and CD21 (clones 171 and 1048) in 100 ul complete RPMI for 2 h at 37°C (49). CD21
antibodies were received as a gift from Michael Holers (University of Colorado Anschutz Medical Campus,
Aurora, CO). Following incubation with antibodies, the virus with or without antibodies was added to
CD3* T cells for 2h at 37°C. Following infection, the T cells were washed 3 times with phosphate-
buffered saline (PBS) (Fisher Scientific) to remove any free virus, plated in 1 ml complete RPMI in a 24-well
tissue culture plate (Fisher Scientific), and incubated for 3 days at 37°C with 5% CO,. After 3 days, cells
were washed again three times with PBS, pelleted by centrifugation at 200 X g at room temperature, and
frozen at —80°C. DNA was extracted from the cells using the Qiagen DNeasy kit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany). EBV viral load was determined as previously de-
scribed by qPCR for the BALF5 gene and B-actin (67). The viral load following infection with virus or cells
incubated with each monoclonal antibody was normalized to the viral load following infection with no
antibodies. Experimental conditions were performed in triplicate for each donor and repeated using 2 or
3 donors. Normalized infection was calculated by dividing the viral load of an antibody-inhibited sample
by the mean viral load of the uninhibited samples for each donor.

Measurement of viral gene expression. CD3* T cells were infected with EBV-2 at a multiplicity of
infection (MOI) of 5 to 10 genome copies/cell. At 24 h postinfection (hpi), RNA was extracted using the
RNeasy kit (Qiagen). Epstein-Barr nuclear antigen 2 (EBNA-2), latent membrane protein 1 (LMP-1), and
LMP-2 gene expression was measured using specific primer and probes and normalized to 82 micro-
globulin expression, as previously described (68). RNA was extracted from infected T cells at 24 hpi. This
PCR was performed using the ITaq Universal Probes Supermix and run on the 1Q5 real-time PCR platform
(Bio-Rad). The PCR protocol was as follows: 95°C for 10 min and 45 cycles of 95°C for 15s and 60°C for
1 min (68). An EBV-2 lymphoblastoid cell line, LCL-10, was used as a positive control (69). Delta cycle
threshold (C;) analysis was used to evaluate EBV transcript expression relative to 32 microglobulin
expression by subtracting the C; value of the EBV target gene from the C; value of B2 microglobulin.

Binding and entry assay. CD3* T cells or CD19" B cells isolated by negative enrichment were
generated as described above. The virus binding and entry assay was done as described (70, 71).
Essentially, for the virus binding assay, purified T or B cells were incubated with various EBV genome
copies for 3 h at 4°C. Cells were washed 3 times with cold PBS, and then DNA was extracted using the
Qiagen DNeasy kit as per the manufacturer’s protocol for the binding assay (Qiagen). For the entry assay,
after the 3-h incubation on ice, cells were washed 3 times with cold PBS and moved to 37°C for 1h to
allow for virus entry. After 1 h at 37°C, cells were washed again and incubated with 1 mg/ml proteinase
K for 1 h on ice. Cells were then washed 3 times with PBS, and DNA was extracted with the Qiagen
DNeasy kit. EBV viral load was determined as previously described by qPCR for the BALF5 gene and
B-actin (67).

Flow cytometry and cell sorting. Cells were analyzed for CD21 expression by flow-cytometric
analysis. PBMC or Jurkat cells were washed in flow cytometry buffer (PBS, 0.5% bovine serum albumin,
and 2 mM EDTA). Cells were then incubated with Fc Block (BD Biosciences) for 20 min. After washing,
cells were stained for 20 min at room temperature with fluorophore-conjugated antibodies against CD3
(BD Biosciences), CD19 (BD Biosciences), CD4 (eBioscience), CD8 (eBioscience), and CD21 (clone Bly4 or
HBS5). For T-cell subset analysis, the following antibody panel was used: fluorescein isothiocyanate
(FITC)-conjugated anti-CD3, anti-CD4-AF700, allophycocyanin (APC)-conjugated anti-CD8, anti-CCR7-
PeCy7 (BD Biosciences), anti-CD45RA-BV421 (BD Biosciences), and phycoerythrin (PE)-conjugated anti-
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CD21 (HB5). All experiments were run on the BD-LSR Fortessa X-20 (BD Biosciences). Data analysis was
done using FlowJo 10.
For sorting, negatively isolated T cells or Jurkat cells were blocked with Fc Block (BD Biosciences) for
20 min. Cells were then stained for 20 min with a CD21-PE antibody (clone HB5). Cells were sorted on
the BD Aria Fusion sorter (BD Biosciences). Gates were determined based on the unstained control.

CRISPR-Cas9. Jurkat cells with stable expression of Cas9 were generated by lentivirus transduction
and selection with blasticidin as previously described (72). Cas9 activity was confirmed using pXPR-011
(gift from John Doench; Addgene plasmid number 59702), which encodes GFP and a short guide RNA
(sgRNA) that targets GFP, as previously described (73). CD27-targeting sgRNA oligonucleotides from the
Broad Avana sgRNA library were generated by Integrated DNA Technologies and cloned into the
pLentiGuide-Puro vector (gift from Feng Zhang, Massachusetts Institute of Technology; Addgene plasmid
number 52963), as previously described (72). The sequences of the sgRNAs were as follows: sg1,
GCACTTCCTATGATCCACAA; sg2, TTGCAAAGCTGATAACACCT; and sg3, TCTGACTATCAACTGTACAA. Pu-
romycin selection (3 pg/ml) was added 48 h after lentivirus transduction, and loss of CD21 protein

expression was measured by flow-cytometric analysis for cell surface CD21.

between EBV-1 and EBV-2 were identified manually from aligned sequences.
Statistical analysis. Statistical analysis was performed using Prism version 6.0 (GraphPad, San Diego,

Phylogenetic analysis. Amino acid sequences for gp350 were downloaded from GenBank using
previously published, annotated amino acid sequences (74). Sequences were uploaded into Molecular
Evolutionary Genetics Analysis (MEGA) 7 and aligned using the MUSCLE alignment algorithm (75).
Phylogenetic trees were generated using the maximum-likelihood method. Genetic differences in gp350

CA). Comparison of EBV viral loads in the neutralization assays was carried out using the Mann-Whitney
U test. Comparison of CD21 expression on CD4* and CD8" T cells, as determined by percent positivity
and gMFI, was performed using a paired t test. Differences in EBV viral load following infection of Jurkat
clones was determined by a t test.
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