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Epstein-Barr virus (EBV) is a latent and oncogenic human
herpesvirus. Lytic viral protein expression plays an impor-
tant role in EBV-associated malignancies. The EBV envelope
glycoprotein 350 (gp350) is expressed abundantly during
EBV lytic reactivation and sporadically on the surface of
latently infected cells. Here we tested T cells expressing
gp350-specific chimeric antigen receptors (CARs) containing
scFvs derived from two novel gp350-binding, highly neutral-
izing monoclonal antibodies. The scFvs were fused to
CD28/CD3z signaling domains in a retroviral vector. The
produced gp350CAR-T cells specifically recognized and
killed gp350+ 293T cells in vitro. The best-performing
7A1-gp350CAR-T cells were cytotoxic against the EBV+

B95-8 cell line, showing selectivity against gp350+ cells. Fully
humanized Nod.Rag.Gamma mice transplanted with cord
blood CD34+ cells and infected with the EBV/M81/fLuc
lytic strain were monitored dynamically for viral spread.
Infected mice recapitulated EBV-induced lymphoprolifera-
tion, tumor development, and systemic inflammation. We
tested adoptive transfer of autologous CD8+gp350CAR-T
cells administered protectively or therapeutically. After
gp350CAR-T cell therapy, 75% of mice controlled or
reduced EBV spread and showed lower frequencies of
EBER+ B cell malignant lymphoproliferation, lack of tumor
development, and reduced inflammation. In summary,
CD8+gp350CAR-T cells showed proof-of-concept preclinical
efficacy against impending EBV+ lymphoproliferation and
lymphomagenesis.
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INTRODUCTION
Epstein-Barr virus (EBV) is an almost ubiquitous herpes virus and a
relevant pathogen in humans.1,2 Primary infection, mostly asymp-
tomatic, usually occurs during early childhood and pre-adolescence.3

After primary infection, hosts become latently infected. EBV lytic re-
activation can be controlled, but the virus is not cleared, so infection
and sporadic reactivation can persist for life.4 Latency is the preferred
lifestyle of EBV, but expression of a single viral gene, BamHI Z frag-
ment leftward open reading frame 1 (BZLF1), can lead to a lytic
cascade of gene expression regulation, including epigenetic changes
resulting in viral genome replication and late gene expression.4,5 Pri-
mary infection during adolescence and later in life can lead to infec-
tious mononucleosis (IM) with inflammatory symptoms and CD8+

T cell inflation or over-activity that can persist for a long time.4 It
has also been shown that IM elevates the risks of Hodgkin lymphoma
and multiple sclerosis.3 In a setting of impaired T cell surveillance or
immunosuppression, EBV reactivation can result in fatal lymphopro-
liferative disease (LPD) and predispose to lymphomagenesis.1,2 EBV-
related post-transplant LPD (PTLD) in the setting of hematopoietic
stem cell transplantation (HCT) or solid organ transplantation
(SOT) is a severe complication. B cell depletion is the standard of
care, with an approximately 60% success rate.2 Monoclonal PTLD
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can form a disseminated malignant lymphoma. Other EBV+ hemato-
logical neoplasias include Burkitt’s lymphoma, Hodgkin’s disease,
and diffuse large B cell lymphoma (DLBCL).2,6–8 Additionally,
when epithelial cells are involved, EBV is associated with the etiology
of nasopharyngeal and gastric cancer.9,10

Virus-specific T (VST) cell therapies using autologous or allogenic
T cells reactive against EBV have shown efficacy in clinical trials.11,12

VST cells rely on pre-existing antiviral memory T cells with functional
T cell receptors (TCRs). They can be expanded in vitrowith EBV anti-
genic epitopes presented in the context of human leukocyte antigens
(HLAs). Several antigens associated with viral latency have been
explored for generation of EBV VST cells, such as Epstein-Barr
nuclear antigen 1 (EBNA-1), latent membrane protein 1 (LMP-1),
and LMP-2.11,12 Despite some clinical success12, use of VST cells
against EBV+ PTLD and EBV+ malignancies suffers from practical
limitations: (1) EBV’s mechanism of immune escape downregulates
expression of HLA on EBV-infected cells, (2) pre-existing memory
T cell populations are required, and (3) matching HLA class I and II
in the allogeneic setting between donor and recipient is complex.

The most abundant viral envelope glycoprotein, gp350, classified as a
late lytic protein, binds to the cellular receptor CD21, initiating B cell
infection.13 gp350 can be detected on the surface of cells during EBV
reactivation, and its expression is sporadically observed in several
EBV-associated malignancies.7,14,15 It has been reported that gp350
expression can be detected in EBV+ nasopharyngeal carcinoma cell
lines,16 primary EBV+ carcinoma samples from patients,17 and tissues
obtained from humanized non-obese diabetic (NOD).Cg-Prkdcscid

Il2rgtm1Wjl/SzJ (NSG) mice after EBV/M81 infection.18 gp350 is rela-
tively conserved among EBV subtypes and is a major viral target for
neutralizing antibodies; therefore, it has been explored extensively as
an antigen for vaccine development.19 Major histocompatibility com-
plex (MHC) class II-restricted CD4+ T helper (Th) responses against
immunodominant gp350 epitopes have been documented, and
gp350-reactive cytotoxic CD4+ Th cells recognize and kill HLA-
matched lymphoblastoid cell lines (LCLs).20 However, expansion
and testing of gp350-specific CD8+ cytotoxic T lymphocyte (CTLs)
for use as VST cells has not been described.

T cells expressing a chimeric antigen receptor (CAR) can bypass
several limitations of VST cells and have emerged as a promising ther-
apeutic option against cancer. CARs rely on target-specific single-
chain variable fragments (scFvs) fused to domains that enable potent
T cell signaling for activation, proliferation, and target cytotoxicity.
CAR-T cells combine the ability of antibody-based recognition of
target molecules with the strong cytolytic potency of T cells but
without HLA restrictions or the requirement for memory T cells.21

CAR-T cell therapies have shown therapeutic benefits against hema-
tologic malignancies that are refractory to combination chemoimmu-
notherapy or antibody-based immunotherapies.22 Exceptional results
have been reported in clinical studies using CD19CAR-T cells redir-
ected against B cell malignancies with high rates of complete or partial
response rates in chemorefractory patients.23,24 Beyond the oncology
field, CAR-T cells redirected against viral antigens expressed on the
surface of infected cells are in development; for example, against hu-
man cytomegalovirus (HCMV), human immunodeficiency virus
(HIV), and hepatitis C virus (HCV).25–29

To generate EBV-specific gp350-targeted CARs, we relied on scFvs
derived from two novel gp350-binding, highly neutralizing mono-
clonal antibodies (mAbs) (7A1 and 6G4). In this study, we show
that these scFvs fused to a second-generation CAR backbone contain-
ing CD28 and CD3z as signaling domains are efficiently expressed on
the surface of transduced T cells. These gp350CAR-T cells display
gp350-specific activation and cytotoxic effects in vitro. 7A1-
gp350CAR-T cells recognized and killed B95-8 EBV+ cells in vitro,
with the remaining targets showing lower levels of gp350. Further-
more, using the preferentially lytic recombinant EBV M81/fLuc
strain, we established a cord blood (CB)-based, fully humanized
mouse model to non-invasively monitor EBV spread in vivo and
evaluate the effects of CAR-T cells. CD8+ 7A1-gp350CAR-T cells
generated with the same CB units used for mouse humanizations
were evaluated in protective and therapeutic experiments. A 75%
response rate against EBV spread was observed after CD8+ 7A1-
gp350CAR-T cell therapy, which was correlated with lower impend-
ing LPD, tumor development, and systemic inflammation. This novel
adoptive CAR-T cell immunotherapy is a promising EBV-specific
strategy for management and treatment of IM, PTLD, LPD, and
EBV-associated hematologic and epithelial malignancies.

RESULTS
Novel Neutralizing mAbs Used for Flow Cytometry Detect gp350

Expression on the Surface of B Cell Lines Latently Infected with

EBV

A mouse mAb raised against gp350 and derived from the hybridoma
cell line 72A1 was produced in 1980, and in the past decades it has
been shown to neutralize EBV infection of B cells in vitro, prevent
development of EBV-positive tumors in xenograft mouse models,
and provide some passive immunization effects in patients.30,31

Recently, we generated two novel rat-derived, highly neutralizing
anti-gp350 mAbs, 7A1 and 6G4, showing higher in vitro neutralizing
activity than 72A1 (Figure S1A). Therefore, we used fluorescence-
activated cell sorting (FACS) analyses to compare whether 72A1,
7A1, and 6G4 mAbs could similarly detect gp350 expression on the
surface of B cell lines latently infected with EBV. We analyzed the
B95-8 cell line (derived from a cotton-top tamarin monkey infected
with EBV-1), the Jijoye cell line (representing human lymphoma
infected with EBV-2), the BL-60 cell line (representing Burkitt’s lym-
phoma), and two LCLs (derived from adult-donor B cells infected
with EBV/M81) (see gating strategy in Figure S1B). We could detect
higher frequencies of gp350+ cells with the 7A1 and 6G4 mAbs than
with the 72A1 mAb (in the range of 1.5- to 7-fold higher sensitivity)
(Figure 1A). These results indicate that the epitopes recognized by the
7A1 and 6G4 mAbs are highly conserved because these cells lines are
infected with different EBV strains. Hence, these findings opened the
perspective of exploring the variable sequences of these novel mAbs to
develop CAR-T cells targeting gp350+ EBV+ malignancies.
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Generation and Specificity Testing of gp350-Specific CAR-T

Cells

The sequences of the variable heavy (VH) and variable light (VL) do-
mains of the 7A1 and 6G4 mAbs were used to design scFv sequences.
Initially, two different types of linkers interspacing the VH and VL
domains were tested. The encoding DNAs were inserted into a retro-
viral vector backbone carrying an immunoglobulin HL (IgHL) signal
peptide, an IgG4 hinge, an IgG1 Fc CH3 spacer, a CD28 transmem-
brane and endo-cytoplasmic domains, and a CD3 zeta signaling
domain (Figure 1B). The vector backbone DNA plasmids were kindly
provided by the Brenner laboratory (Baylor College of Medicine,
Houston) and were used to transfect 293T cells. Expression of 7A1-
gp350CAR after DNA transfection was higher than of 6G4-
gp350CAR. In addition, constructs incorporating the first linker
design showed quite superior expression of both CARs (Figure S2A).
Therefore, the constructs incorporating the 7A1 and 6G4 scFvs and
the linker type 1 were used for production of retroviral particles by
transient transfection of 293T cells. T cells obtained from adult pe-
ripheral blood mononuclear cells (PBMCs) were transduced with
the packaged retroviral vectors. Expression of gp350CARs on
T cells was compared with gBCAR, recognizing the glycoprotein gB
of HCMV and generated with the same vector backbone and
signaling domains.29 The mean fluorescence intensities of the
different CAR+ T cells were calculated (see flow cytometry gating
strategy in Figures S2B and S2C). The reference gBCAR showed
significantly higher expression on the surface of CD4+ and CD8+

T cells than 7A1-gp350CAR (p % 0.01) and 6G4-gp350CAR (p %

0.001) (Figures 1C and 1D; Table S1). 7A1-gp350CAR was signifi-
cantly higher expressed on CD4+ and CD8+ T cells in comparison
with 6G4-gp350CAR (p % 0.001) (Figures 1C and 1D; Table S1).
7A1-gp350CAR-T cells could be also effectively produced with CB
mononuclear cells (CBMCs), showing a non-significant trend for
higher frequencies of CAR+CD8+ compared with CAR+CD4+

T cells (Figure 1E; Table S1). We established a clonal cell line stably
expressing gp350 (83% positive), 293T/gp350, for conducting the
initial in vitro CAR-T cell experiments to assess their specificity
against the target (Figure 1F). These tests were performed as triplicate
experiments. Although the overall expression of 7A1-gp350CAR was
Figure 1. Design and Specificity of CAR-T Cells Targeting gp350

(A) EBV+ immortalizedmonkey cells (B95-8) and human cells (Jijoye, BL-60, LCL/M81fL

gp350 was performedwith primary monoclonal antibodies (mAbs) using as a reference t

followed by a second fluorochrome-labeledmAb. As negative controls for analyses, only

gp350+ cells. (B) Schematic representation of the chimeric antigen receptors (CARs) co
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retroviral vector and analyzed for CAR detection by flow cytometry. (D) Mean fluorescenc

control reference: gBCAR (n = 6, gray), 6G4-gp350CAR (n = 7, blue), or 7A1-gp350CAR

%0.01, ***p%0.001. (E) Detection of 7A1-gp350CAR expression on CD4+- and CD8+-C

clonal cell line stably expressing gp350 stained with the primary 7A1 mAb (red) and wi

antibody only). (G) 293T/gp350 cells were cultured with CAR-T cells (gB, gray; 6G4-gp

panel: concentrations of secreted IFN-g (ng/mL) measured in the cell supernatants (n =

analyzed by flow cytometry for one experiment. Right panel: percentages of viable gp35

culture of 293T/WT cells with CAR-T cells. Left panel: no detectable secreted IFN-g. Rig

Table S1.
higher than that of 6G4-gp350CAR, whole T cells were used in the
assays to avoid any putative T cell selection bias (see representative
data in Figure S3A). The effector (E) CAR-T cells were incubated
with the target (T) cells (293T/gp350 cells or 293T wild type [WT])
at effector:target (E:T) ratios of 1:1 and 3:1 for 24–48 h. A flow
cytometry strategy was designed to quantify the cytotoxic effects of
CD45+CAR-T cells against the CD45�293T target cells (see gating
strategy in Figure S3B). Cell supernatants were collected after 24
and 48 h for interferon g (IFN-g) secretion analyses. Co-cultures
with gBCAR-T control cells showed baseline levels of IFN-g, whereas
significantly higher levels of IFN-g production were seen for both
types of gp350CAR-T cells (Figure 1G; Figure S4A; Table S1). 7A1-
gp350CAR-T cells secreted significantly higher levels of IFN-g in
comparison with 6G4-gp350CAR-T cells (E:T 1:1, p % 0.01; E:T
3:1, p % 0.001) (Figure 1G; Figure S4A; Table S1). IFN-g was not
detectable for CAR-T cells co-cultured with 293T WT cells, showing
no alloreactive effects (Figure 1H; Figure S4B). The cells were
collected after co-culture for flow cytometry quantification of the re-
maining viable target cells (see gating strategy in Figure S3; Figures 1G
and 1H; Figures S4A and S4B). For 24 h co-culture at an E:T ratio of
3:1, only 68% and 48% of target cells remained viable after exposure to
6G4- and 7A1-gp350CAR-T cells, respectively, whereas cells exposed
to gBCAR-T cells were not affected (Figure 1G). Restricting the sur-
vival analyses to the remaining viable gp350+ target cells showed that
56% and 34% of target cells remained viable after exposure to 6G4-
and 7A1-gp350CAR-T cells, respectively (Figure 1G; data for 48-h
co-culture are shown in Figure S4A). In conclusion, both types of
gp350CAR-T cells specifically recognized gp350. 7A1-gp350CAR-T
cells were selected for further studies because they showed higher
CAR expression and higher reactivity against 293T/gp350 target cells
than 6G4-gp350CAR-T cells.

Reactivity of 7A1-gp350CAR-T Cells against gp350+EBV-

Infected B95-8 Cells

To evaluate the reactivity of 7A1-gp350CAR-T cells against gp350+

EBV-infected cells, the EBV+B95-8 cell line was used as a target.
Co-culture experiments were performed for 38–86 h (Figure 2A).
Cultures of B95-8 cells with no T cells or co-cultures with gBCAR-T
uc-11, and LCL/M81fLuc-C) contain gp350+ cell subpopulations. FACS detection of

he 72A1-positive control antibody specific for gp350 or the novel 6G4 and 7A1mAbs

the secondmAbswere used for staining. The numbers represent the percentages of

ntaining the IgHL signal peptide, scFv sequences (SM5-1 targeting HCMV/gB and

nsmembrane and endocytoplasmic domains, and CD3 zeta signaling domains. The

ion sites. (C) Representative examples of CD4+ andCD8+ T cells transduced with the

e intensity (MFI) calculated for different CAR-T cells using mock T cells as a negative

(n = 7, red). PBMCs from 3 different donors were used for CAR-T cell production. **p

AR-T cells generated with 5 different CB units. (F) Flow cytometry analyses of a 293T

th the second antibody (the gray histogram shows control staining with the second

350, blue; 7A1-gp350, red) for 24 h at effector:target (E:T) ratios of 1:1 or 3:1. Left

3). **p% 0.01, ***p% 0.001. Center panel: percentages of viable 293T/gp350 cells

0+ 293T/gp350 cells analyzed by flow cytometry for one experiment. (H) Control co-

ht panel: no cell killing. A summary of the descriptive statistical analyses is shown in
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Figure 2. 7A1-gp350CAR-T Cells Recognize and Kill gp350+ B95-8 Cells Latently Infected with EBV

(A) Experimental scheme. CAR-T cells were co-culturedwith B95-8 target cells at 0.1:1, 1:1, and 10:1 E:T ratios for 38–86 h. Analyses were performed to follow activation and

proliferation of CAR-T cells (IFN-g ELISA and FACS) and to assess the effects on viability of target cells (FACS). (B) IFN-ɣ detection in cell supernatants after 38 h, showing

that, after co-culture, 7A1-gp350CAR-T cells produced significantly higher levels of IFN-g than control gBCAR-T cells. *p% 0.05, **p% 0.01, ***p% 0.001 (n = 9). (C and D)

Analyses of CD4+ (C) or CD8+ (D) CAR-T cells by flow cytometry to evaluate proliferation after 38 or 86 h of co-culture. The graphs show the percentages of proliferated viable

lymphocytes showing loss of the CellTrace dye (n = 3). Higher 7A1-gp350CAR-T cell proliferation of was observed after 86 h of co-culture. *p% 0.05. (E) Left: representative

examples showing the remaining viable B95-8 cells (negative for the viability dye) after 38 h of co-culture with gBCAR-T (center panel) or with gp350CAR-T cells (bottom

(legend continued on next page)
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cells were used as reference controls. After 38 h of co-culture,
gp350CAR-T cells secreted significantly more IFN-g than gBCAR-
T cells for all E:T ratios (p % 0.05 to p % 0.001) (Figure 2B; Table
S2). T cell proliferation and cytotoxicity were differentially quantified
by flow cytometry analyses (see flow cytometry gating strategy in Fig-
ures S5A and S5B). CD4+ (Figure 2C) and CD8+ gp350CAR-T cells
(Figure 2D) showed a trend of higher proliferation than gBCAR-T
cells. For 86-h co-cultures, more than 60% of CD4+ and CD8+

gp350CAR-T cells proliferated. At an E:T ratio of 0.1:1, proliferation
of gp350CAR-T cells was significantly higher than that of gBCAR-T
cells (p % 0.05) (Figures 2C and 2D; Table S2). For analyses of the
remaining viable target cells after co-cultures, a viability dye was em-
ployed for flow cytometry analyses to exclude dead cells (see flow cy-
tometry gating strategy in Figure S5A; Figures 2E and 2F). At an E:T
ratio of 10:1 and 38-h co-culture, more than 95% of the total B95-8
targets remained viable, whereas viability dropped to 87% for co-cul-
tures with gp350CAR-T cells (Figure 2E). At an E:T ratio of 10:1,
when only gp350+ B95-8 cells were included in the analyses, about
25% of the target cells exposed to gp350CAR-T cells remained viable
compared with 100% viability for co-culture with gBCAR-T cells
(Figure 2F). Therefore, 7A1-gp350CAR-T cells demonstrated specific
reactivity and selective killing of gp350+EBV+ cells in vitro.

Development of a Fully Humanized NRG Mouse Model of EBV-

M81/fLuc Infection and Pilot Testing of Syngeneic 7A1-

gp350CAR-T Cells Administered Prophylactically

We have shown previously that fully humanized NRG mice trans-
planted with human CB CD34+ hematopoietic stem cells and infected
with the preferentially latent recombinant EBV/B95-8 strain recapit-
ulated EBV+ LPD, and approximately one-third of the animals pro-
gressed to a pathology recapitulating DLBCL.32 EBV latency and lytic
cycles have been associated with development of aggressive EBV+

DLBCL.33 Similar observations were obtained from studies of human-
ized mice infected with EBV recombinant strains, showing that EBV
pathogenesis resembling EBV+ LPD requires early lytic viral protein
expression to accelerate development toward an EBV+ DLBCL
phenotype.18,34 Tsai et al.17 showed high frequencies of gp350+ cells
by immunohistochemistry analyses of mesenteric lymph nodes of hu-
manized mice infected with M81. Therefore, for the current studies,
we used the more infectious and preferentially lytic EBV/M81 strain
for infection of humanizedmice.18 The Delecluse laboratory (German
Cancer Center, University of Heidelberg) kindly provided a recombi-
nant EBV/M81 strain expressing firefly luciferase (fLuc) for our
studies, allowing sensitive non-invasive monitoring of EBV infection
and bio-distribution by bioluminescence imaging (BLI) analyses.35

Because EBV infection causes profound immune dysregulation of
CD4+ and CD8+ T cells in fully humanized mice, the initial goal of
the model was to evaluate the protective effects of adoptive 7A1-
panel). B95-8 cells with no T cells are shown as a control (top panel) Right: quantified rem

(n = 3). Cultures with no T cells were used as references. (F) Left: representative example

38 h of co-cultures with gBCAR-T (center panel) or with gp350CAR-T cells (bottom pan

remaining viable gp350+B95-8 cells showing cytotoxic effects for co- culture at a 10:1 E

shown in Table S2.
gp350CAR-T cells prior to EBV/M81 infection. The CAR-T cells
were autologous to the CB CD34+ stem cells used to humanize the
mice to avoid alloreactivity. We processed the CB for CD34+ cell
isolation and then cryopreserved the CD34pos fraction for HCT and
the CD34neg fraction for CAR-T cell production. 15 weeks after
HCT, after confirmation of long-term human reconstitution in
mice, the CD34neg fraction was thawed, and donor-matched CAR-
T cells were generated (Figure 3A). After retroviral transduction
and a short expansion, approximately 36% of CD4+ and 42% of
CD8+ T cells were CAR+. Furthermore, to reduce putative xenograft
versus host disease (xeno-GVHD) caused by activation of human
TCRs by the mouse MHC, only the CAR+ T cell fraction was used.
CAR+ T cells were selected by sorting and re-expanded, resulting in
highly pure and viable CD4+ CAR+ (83%) and CD8+ CAR+ (88%)
T cells (Figure 3B). To test whether CD4+ CAR+ T- cells were
required, sorted CD8+ CAR+ T cells were administered alone or in
combination with CD4+ CAR+ T cells 1 day prior to EBV infection,
keeping in mind that EBV infection is associated with inflammatory
expansion of CD8+ T cells, resulting in decreased levels of CD4+

T cells.32 Further, to avoid xeno-GVHD with non-specific human
T cells, as a control, only phosphate-buffered saline (PBS) was admin-
istered to mice a day prior to EBV challenge. Two of three infection
controls showed high progressive EBV spread from the spleen to
the rest of the body until 5 weeks post infection (wpi), whereas for
one mouse, the infection was very low and mostly restricted to the
spleen (Figures 3C and 3D). On the contrary, mice administered
with a 1:1 mixture of CD8+ and CD4+ 7A1-gp350CAR-T cells
(n = 4) 1 day before infection showed a significantly slower pace of
EBV progression compared with the control group (p % 0.05) (Fig-
ure 3D; Table S3). Administration of only CD8+7A1-gp350CAR-T
cells (n = 3) prior to infection showed slower progression of EBV
spread compared with the control cohort (p % 0.05) (Figure 3D;
Table S3). For the single measurements at the terminal analyses at
5 wpi, the BLI signals were not significantly different among the
cohorts (Figure 3D).

To access possible adverse immune-related effects (AIREs) because of
CAR-T cell administration in this EBV infection model, we moni-
tored weight, a very important indicator of the health and immuno-
logical status of mice and humans.36 Changes in weight after CAR-T
cell administration and EBV infection were plotted relatively to the
baseline, the actual day of infection (Figure 3E). Interestingly, control
mice infected with EBV showed a temporary weight increase along
EBV progression. We speculate that this may be associated with in-
flammatory CD8+ expansion because recent observations have linked
CD8+ T cell and IFN-g responses with metabolic changes and
obesity.36 Mice administered CD8+ gp350CAR-T cells showed an
even higher weight gain (8% at 5 wpi relative to baseline). On the
aining viable B95-8 cells showing cytotoxic effects for co-culture at a 10:1 E:T ratio

s showing the remaining viable gp350+B95-8 cells (negative for the viability dye) after

el). B95-8 cells with no T cells are shown as a control (top panel). Right: quantified

:T ratio (n = 3). *p% 0.05 (n = 3). A summary of the descriptive statistical analyses is
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contrary, mice administered CD4+CD8+ gp350CAR-T cells showed
5% weight loss at 5 wpi (5% at 5 wpi relative to baseline). The relative
body weights were significantly different between the two CAR-T cell
treatments (p % 0.05) (Figure 3E; Table S3).

At 5 wpi, mice were sacrificed, and blood, spleen, and bone marrow
specimens were collected. Analyses of EBV infection by in situ
hybridization for analyses of EBV-encoded small RNA 1 (EBER-1)
using spleen specimens were performed. On average, a 100-fold
and a 10-fold reduction in the numbers of EBER+ cells were observed
for mice pre-treated with CD4+CD8+gp350CAR-T and CD8+7A1-
gp350CAR-T cells compared with controls, respectively (Figure 3F;
the differences were not significant; Table S3). Quantitative polymer-
ase chain reaction (qPCR) analyses to measure the EBV load in the
spleen and bone marrow were performed. We observed a lower infec-
tion trend for the cohort receiving CD4+CD8+ gp350CAR-T cells
compared with the other cohorts (Figures 3G and 3H; Table S3).
Therefore, the CD4+CD8+gp350CAR-T cell mixture seemed to be
superior to CD8+ gp350CAR-T cell alone to lessen EBV spread. How-
ever, CD4+gp350CAR-T cells promoted weight loss, which was a
concern regarding the well-being of the mice used in further
experiments.

Immune Monitoring after Prophylactic 7A1-gp350CAR-T Cell

Administration

A flow cytometry-based immunemonitoring panel was used to follow
the overall dynamics of human lymphocytes in humanized mice
after CAR-T cell administration and EBV infection (see gating strat-
egy in Figure 4A). All humanized mice maintained human hemato-
poietic cells in the blood until 5 wpi (between 3%–25% human (hu)
CD45+) (Figure 4B; Table S4). Administration of gp350CAR-T cells
was correlated with a transitory increase in the relative frequencies
of CD45+CD8+ T cells (Figure 4C; the CTR cohort showed a linear
model, and CAR-T cell cohorts showed quadratic models; Table
S4). Administration of gp350CAR-T cells was correlated with an
expansion of CD45+CD4+ T cells (Figure 4D; the CTR cohort showed
a linear model, and the CAR-T cell cohorts showed a sigmoid model;
Table S4). Analyses of the total numbers of T cells in the spleen at
5 wpi showed that administration of gp350CAR-T cells was associ-
Figure 3. Protective Effects of gp350CAR-T Cells Administered to Humanized

(A) Experimental scheme. Nod.Rag.Gamma (NRG) mice were transplanted with cord bl

M81/fLuc (106 GRUs, intravenously [i.v.]). The CD34neg fraction obtained from the sam

expanded in culture until administration 1 day prior to EBV infection. For this protective

received 2 � 106 CD4+CD8+gp350-CAR-T cells i.v. (n = 4, blue), and one cohort rece

imaging (BLI) analyses, weight measurements, and peripheral blood (PB) collection we

graphs showing CD4+ and CD8+ gp350CAR+-T cells analyzed before (top panels) and a

T cells. Enriched and expanded gp350CAR-T cells were highly viable. (C) Sequential BLI

5 wpi. Signal intensity was measured with the same settings for all mice and depicted in

region of interest (ROI) for BLI quantification was set for whole left body views. (D) Lef

longitudinal ANCOVA. Right: final BLI at 5 wpi, showing values for individual mice. (E) Left

administered CD4+CD8+gp350CAR-T cells showed significant weight losses compared

BLI at 5 wpi, showing values for individual mice. *p% 0.05. (F) In situ hybridization for EBE

per mm2 of spleen. (G and H) Quantification of EBV viral load in DNA isolated from the s

IU/mg DNA). A summary of the descriptive statistical analyses is shown in Table S3.
ated with lower infiltration of CD8+ and CD4+ T cells (Figures 4E
and 4F; lower averages but not statistically significant; Table S4). An-
alyses of human cytokines in mouse plasma showed the highest in-
flammatory responses in the control group regarding the average
levels of human IFN-g and interleukin-10 (IL-10), IL-12, IL-6, IL-8,
and monocyte chemoattractant protein 1 (MCP-1) (Figure 4G). For
both cohorts administered gp350CAR-T cells, IFN-g and IL-10
were also detectable in most mice, but with a lower trend than con-
trols (Figure 4G; Table S4).The levels of granulocyte macrophage col-
ony-stimulating factor (GM-CSF), IFN-a2, IL-2, and tumor necrosis
factor alpha (TNF-a) were uniform among the three cohorts (Fig-
ure S6A). CAR+ lymphocytes were not detectable in the blood and
spleen above background levels by flow cytometry and PCR analyses
(data not shown). In summary, prophylactic administration of
gp350CAR-T cells lowers virus-induced inflammation in the blood,
spleen, and plasma.

Therapeutic Effects of CD8+ 7A1-gp350CAR-T Cell Adoptive

Transfer against EBV Spread

Subsequently, the M81/fLuc infection model was used for therapeutic
studies (Figure 5A; Figure S7; Table S5). We preferentially evaluated
sole CD8+ CAR-T cells because, as shown above, their use did not
result in weight loss. For the first pilot study, we compared
gp350CAR-T cells (reacting specifically against the EBV-infected
cells) with CD19CAR-T cells (which could potentially deplete normal
and EBV-infected B cells) (Figure S7A). CD8+ 7A1-gp350CAR-T and
CD8+ CD19CAR-T cells were generated with the CB CD34neg frac-
tion (autologous to the CD34+ cells used for HCT), and after CD8+-

CAR+ sorting and short expansion, they showed high viability and
purity (Figure 5B; Figure S7B). After infection of mice with EBV
(time point 0 of the experiment), humanized mice were randomized
at 3 wpi between non-treated and CAR-T cell treated cohorts.
Mice were administered CD8+CD19CAR-T (n = 3) or CD8+7A1-
gp350CAR-T cells (n = 7) at 3 and 5 wpi. Controls were injected
with PBS (n = 6). One mouse administered CD8+CD19CAR-T cells
succumbed at 5 wpi. For all other mice, no side effects were observed,
and EBV spread was monitored by BLI analyses until 8 wpi (Fig-
ure S7C). For most mice, EBV infection was low from 3–4 wpi and
mostly restricted to the anatomical region of the spleen. At 6 wpi,
Mice before EBV Infection

ood (CB) CD34pos hematopoietic stem cells and, 17 weeks later, infected with EBV-

e CB donor was used for production of CAR-T cells. The sorted CAR-T cells were

study, the control cohort received PBS i.v. (control [CTR], n = 3, gray), one cohort

ived 2 � 106 CD8+gp350CAR-T cells i.v. (n = 3, red). Sequential bioluminescence

re performed 2, 3, 4, and 5 weeks post infection (wpi). (B) Flow cytometry dot plot

fter (bottom panels) sorting for fractionation into CD4+CAR+- or CD8+CAR+-enriched

analyses, showing pictures of the left body of individual mice, performed 2, 3, 4, and

logarithmic scale as log (flux) (photons/second [p/s]; see the color-coded bar). The

t graph: sequential BLI for the left body for each cohort. *p % 0.05, calculated by

graph: longitudinal weight monitoring frombaseline prior to infection until 5 wpi. Mice

with the other cohorts. ***p% 0.001, calculated by longitudinal ANCOVA. Right: final

R detection performedwith the spleen. The graph shows the number of EBER+ cells

pleen (G) and bone marrow (H) analyzed by qRT-PCR (shown as international units,
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Figure 4. ImmuneMonitoring Analyses to Assess the Effects of gp350CAR-TCells Administered prior to EBV Infection in Human T Lymphocytic Populations

(A) An exemplary gating strategy for the flow cytometry analyses of human lymphocyte subpopulations in the blood. Shown is gating of lymphocytes (side scatter [SSC] �
forward scatter [FSC]), huCD45+, CD3+, CD8+, and CD4+ T cells. Calculations of the frequencies of CD8+ and CD4+ T cells within the sample were performed by back-gating

to the huCD45 lymphocyte population. (B) Percentages of human CD45+ within total lymphocytes in PB for sequential time points. The cohort pre-treated with CD4+-

CD8+gp350-CAR-T cells is represented in blue, the cohort pre-treated with CD8+gp350CAR-T cells is represented in red, and non-treated CTRs receiving PBS are rep-

resented in gray. (C and D) Percentages of CD8+ T cells (C) and CD4+ T cells (D) within huCD45+ cells for sequential time points. The time point of CAR-T cell administration is

indicated. (E and F) Terminal analyses at 5 wpi, showing the total numbers of CD8+ (E) and CD4+ (F) T cells in the spleen. (G) Concentration (picograms per milliliter) of human

cytokines detected in the plasma of mice at 5 wpi: IFN-g, IL-10, IL-12 (p70), IL-6, IL-8, and MCP-1. A summary of the descriptive statistical analyses is shown in Table S4.
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Figure 5. CD8+gp350CAR-T Cells Administered Therapeutically to Humanized Mice after EBV Infection Lower Viral Spread in Most Mice

(A) Experimental scheme. NRG mice were transplanted with CB CD34+ hematopoietic stem cells and, 17 weeks later, infected with EBV-M81/fLuc (106 GRUs, i.v.). The

CD34� fraction obtained from the sameCB donors was used for production of CAR-T cells. The sorted CAR-T cells were expanded in culture until administration 3 and 5wpi.

For this therapeutic study, the CTR cohort received PBS i.v. (n = 11, gray), and the test group received 2� 106 CD8+gp350CAR-T cells i.v. (CAR, n = 12, black). Sequential

BLI analyses, weight measurements, and PB collection were performed 3, 4, 6 and 8 wpi. (B) Flow cytometry dot plot graphs showing CD8+gp350CAR+-T cells analyzed

before (top panel) and after (bottom panel) sorting for enrichment of CD8+CAR+ T cells. (C) Sequential BLI analyses, showing pictures of the left body of individual mice,

performed 3, 4, 6, and 8 wpi. Mice transplanted with CD34pos derived from CB1 and CB2 are indicated. Onemouse of the CTR group succumbed 7 wpi. Signal intensity was

measured with the same settings for all mice and depicted in logarithmic scale as log (flux) (p/s; see color-coded bar). The ROI for BLI quantification was set for the whole left

(legend continued on next page)
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systemic EBV spread could be observed at different levels among the
mice, but the bioluminescence signals showed no differences between
the control and CAR-T cell-treated cohorts (Figure S7D; Table S5). At
8 wpi, a trend was observed, and the average bioluminescence signal
was almost 10-fold higher for controls than for CAR-T cell-treated
cohorts (Figure S7E; Table S5). Sequential analyses tomonitor the fre-
quencies of human CD8+ T cells within huCD45+ cells in blood
showed a steeper CD8+ T cell expansion for controls, indicating a
higher virus-induced inflation, than for CAR-T treated mice (Fig-
ure S7F). Because these pilot results indicated that gp350CAR-T cells
promoted therapeutic antiviral effects comparable with CD19CAR-T
cells, we subsequently expanded the control and CD8+gp350CAR-T
cohorts using mice reconstituted with a second CB unit (CB2). The
results of the duplicate experiments were homogeneous and were
merged for statistical analyses (Figures 5C–5F; Table S5). At 7 wpi,
one control mouse of the CB2 reconstitution succumbed, and post-
mortem analyses showed development of tumors. From 6–8 wpi, sub-
tle but homogeneous increases in bioluminescence signals were
observed for the remaining 10 of 11 mice of the control cohort (Fig-
ures 5D and 5E; Table 1; Table S5). The mice were classified by
outcome based on the BLI analyses: 4 of 10 showed increasing or pro-
gressive EBV spread, 4 of 10 showed stable levels of EBV spread, and 2
of 10 showered lower or controlled EBV (Figure 5E; see classification
criteria based on BLI analyses in Table 1). None of the mice treated
with gp350CAR-T cells died until 8 wpi. The BLI signals measured
at 8 wpi were not significantly different between the gp350CAR-T
cell-treated and control groups (Figure 5F; Table 1). Nonetheless,
75% of CAR-T cell-treated mice (9 of 12), called “responders,”
showed significantly reduced BLI signals from 6–8 wpi (p = 0.007;
Table 1) and at 8 wpi compared with controls (p = 0.005; Table 1; Fig-
ures 5E and 5F; see quantified optical imaging analyses for the frontal
view in Figure S8A). On the other hand, 25% of CAR-T cell-treated
mice, called “non-responders,” showed an opposite outcome to ther-
apy; i.e., the BLI signal was significantly augmented at 8 wpi
compared with the control cohort (p = 0.046; Table 1; Figures 5E
and 5F; Figure S8B; Table 1). Because there was a noticeable diver-
gence in outcome (i.e., the non-responders showed exacerbated
EBV spread), for the subsequent analyses, we depicted the data as a
whole “all” CAR-T cell-treated cohort and subgroups of responders
and non-responders.

Because EBV infection initiates in the spleen and then spreads to
other organs, liver tissues were explanted from mice and directly
analyzed by BLI. Non-responder mice showed a trend of higher
bioluminescence in comparison with the other cohorts and could
not control systemic EBV spread (Figures S8C and S8D; Table S5).
Quantification of EBV genomic load by qPCR in the spleen and
bone marrow showed lower infection trends for CAR-T responder
views. The BLI analyses showed, in the CAR group, 9 responders (R) with low BLI signa

the left body shown for eachmouse of the CTR cohort (top graph) or CAR cohort (bottom

each mouse from 6–8 wpi. R and NR mice are indicated. ***p% 0.001. (F) Quantification

CTR, CAR, CAR-T cell Rs, and CAR-T cell NRs. *p% 0.05 and **p% 0.01. (G and H) Qua

analyzed by qRT-PCR (shown as IU/mg DNA). A summary of the descriptive statistical
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mice compared with the control and non-responder cohorts (Figures
5G and 5H; Table S5). Together, these results indicate that the major-
ity of gp350CAR-T cell-treated mice systemically controlled and low-
ered EBV spread. Still, about 25% of gp350CAR-T cell-treated mice
showed exacerbation of EBV spread compared with controls.

Mice Responding to CD8+ 7A1-gp350CAR-T Cell Therapy Gain

Weight, Lack Tumors, and Have Low Levels of EBV+ B Cell

Lymphoproliferation

After showing that some responder mice treated with gp350CAR-T
cells were capable of reducing EBV spread, additional analyses were
undertaken to evaluate correlations between control of virus dissem-
ination and morbidity or occurrence of malignancy development
(Table S6). Longitudinal relative body weight monitoring showed
that CAR-T-treated responder mice gained weight, whereas non-
responder mice lost weight (Figure 6A). 4 of 11 control mice and 2
of 12 CAR-T cell-treated and non-responder mice developed macro-
scopically detectable tumors. No tumors were found in responder
mice (Figure 6B; Table 1). Histopathological analyses were conducted
to evaluate EBV+ lymphoproliferation and malignancy progression.
In situ hybridization for detection of EBER in the spleen provided
direct means to follow intracellular EBV infection at all latency
stages: 0 (quiescent memory B cells), I (dividing memory B cell), II
(germinal center), and III (clonal expansion). A trend of higher total
numbers and frequencies of EBER+ cells were detectable in control
mice compared with the whole-CAR-T cell-treated cohort, and signif-
icant differences were observed between control and responder mice
(p% 0.05) (Figures 6C and 6D; Table 1). To characterize EBV+ B cell
neoplasms, EBER+ quantifications were then combined with addi-
tional immunohistochemistry analyses. Spleens of control mice
showed EBER+ tumor masses intensively stained with Giemsa and
predominantly containing CD30+Ki67+ proliferating B cells (Fig-
ure 6E; Figure S9A). Analyses of spleens from CAR-T responder
mice showed EBER+ cells with dispersed distribution and frequently
near vessels and, at the same time, low quantities of CD30+ cells (Fig-
ure 6E; Figure S9B). These results indicate that response to
gp350CAR-T cell therapy leading to reduction of EBV lytic replica-
tion and spread is associated with control of tumor development.

CD8+ 7A1-gp350CAR-T Cell Therapy Is Associated with Anti-

inflammatory Effects

We have shown that long-term humanized NRG mice infected with
EBV or HCMV show inflammatory responses associated with
T cell expansion, activation, and release of cytokines in the
plasma.32,37 Therefore, we investigated whether a response to CAR-
T cell administrations could show lower virus-associated inflamma-
tion. We quantitatively integrated analyses of infiltrating B and T
lymphocyte types with their cell proliferation status by multiplexed
ls and 3 non-responder (NR) mice with high signals. (D) Quantified sequential BLI for

graph). R andNRmice in the CAR cohort are indicated. (E) Detail of sequential BLI for

of the BLI intensity of the lateral left body view at endpoint analysis (log (flux] p/s) for

ntification of EBV viral load in DNA isolated from the spleen (G) and bonemarrow (H),

analyses is shown in Table S5.



Table 1. Summary of the Descriptive Statistics Comparing Control (CTR) and CAR Therapy and Subdividing Responders (Rs) and Non-responders (NRs)

Analysis Cohorts and Mouse Numerical IDs

BLI Analyses (Lateral View)

EBER+ Spleens (%)

Cytokines (pg/mL)

Week 6 Week 8 Fold Change Week 8 versus Week 6 IFN-g IL-10

CTR

1 Stable Disease 6.60E+05 6.15E+05 0.93 0.02 N/A N/A

2 Response 1.63E+06 5.60E+05 0.34 0.03 69.12 2.67

3 Progressive Disease 1.56E+06 3.49E+06 2.23 0.39 238.87 19.51

4 Response 2.97E+08 6.66E+06 0.02 0.80 52.77 18.25

5 Stable Disease 9.11E+06 8.72E+06 0.95 61.57 85.99 10.14

6 Stable Disease; T 1.98E+08 1.11E+08 0.56 0.37 450.88 118.17

7 Stable Disease 6.70E+06 5.46E+06 0.81 0.19 161.67 28.67

8 Progressive Disease; T 2.98E+05 1.16E+08 389.26 7.80 67.53 43.87

9 Progressive Disease; T 3.90E+07 1.47E+08 3.77 7.98 92.84 20.22

10 Progressive Disease 4.82E+05 3.80E+08 788.38 9.16 105.46 91.77

11 death T 6.91E+09 N/A N/A 40.63 N/A N/A

mean 6.78E+08 7.79E+07 118.72 11.72 147.24 39.25

SD 1.97E+09 1.14E+08 265.02 19.40 120.48 37.27

CAR
R

1 Stable Disease 5.36E+05 3.84E+05 0.71 0.83 207.44 16.51

2 Response 4.85E+05 2.45E+05 0.50 0.01 41.15 8.72

3 Response 5.52E+06 3.75E+05 0.07 0.05 49.89 35.24

4 Response 2.47E+07 3.21E+05 0.01 0.01 32.64 21.73

5 Response 6.24E+06 5.43E+05 0.09 NA 93.27 22.38

6 Response 7.54E+06 1.29E+06 0.17 0.14 79.91 10.06

7 Response 4.28E+07 5.44E+05 0.01 0.33 3.82 0.01

8 Response 3.27E+07 6.75E+05 0.02 1.04 69.91 21.34

9 Response 2.85E+07 1.12E+06 0.04 0.16 49.89 13.12

mean 1.66E+07 6.11E+05 0.18 0.32 69.77 16.57

SD 1.48E+07 3.44E+05 0.25 0.37 54.72 9.56

R (mean) versus CTR (mean) 0.020 0.008 0.001 0.030 0.470 0.420

p value CTR versus CAR R 0.738 0.005 0.007 0.026 0.188 0.247

CAR NR

1 Progressive Disease 3.47E+07 9.59E+07 2.76 1.48 162.73 39.44

2 Progressive Disease;T 1.21E+05 1.52E+08 1256.20 1.74 3114.68 1309.19

3 Progressive Disease; T 4.38E+08 1.74E+09 3.97 1.18 1960.22 545.18

mean 1.57E+08 6.61E+08 420.97 1.47 1745.88 631.27

SD 1.99E+08 7.60E+08 723.32 0.23 1214.62 521.94

NR (mean) versus CTR (mean) 0.230 8.490 3.550 0.103 11.860 16.080

p value CTR versus CAR NR 0.965 0.046 0.376 0.257 0.188 0.247

All CAR (mean) versus CTR (mean) 0.076 2.127 0.888 0.054 3.320 4.337

p value CTR versus all CAR 0.831 0.15 0.145 0.10 0.84 0.78

Definition for outcome classifications: fold change 0.5 or less; fold change 0.5–1.0; fold change 1.0 or higher; T, detection of macroscopic tumors.

www.moleculartherapy.org
immunohistochemistry analyses of spleen tissues for quantification of
CD20+Ki67+ and CD3+Ki67+ cells. Control mice showed, on average,
higher levels of proliferating CD20+ tumor cells and CD3+ infiltrating
lymphocytes than CAR-T cell-treated responder animals (Figures 6F
and 6G). Proliferating EBV-infected cells in latency stages I–III typi-
cally express antigenic proteins that stimulate T cell responses
(EBNA-1, LMP-1, and LMP-2), whereas quiescent EBV-infected cells
in latency stage 0 do not express these antigens. Therefore, our results
suggested that gp350CAR-T cells can keep EBV-infected cells in la-
tency stage 0, concomitant with a lower T cell inflammatory profile.

We complemented the inflammation analyses by evaluating the
immune-phenotypic profile by flow cytometry analyses. Longitudi-
nal monitoring of huCD45+ and huCD4+ T cells in the blood did
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Figure 6. Response to CD8+gp350CAR-T Cell

Therapy Is Associated with Weight Gain, Lower

Tumor Development, and Lower EBER+ LPD

(A) Longitudinal weight monitoring from baseline prior to

infection until 8 wpi. Mice responding to CD8+gp350CAR-T

cell therapy showed the highest weight gain compared with

the NR or CTR cohorts. (B) Stacked histogram representing

the number of mice in each group with macroscopically

detectable tumors (black) or with no detectable tumors

(gray). Note that R mice showed no macroscopic tumors.

(C and D) In situ hybridization for EBER detection performed

with the spleen. The graph shows the number of EBER+ cells

per mm2 of spleen (C) or the frequency of EBER+ cells in the

analyzed field (D). The mean and SD for each group is

shown. *p % 0.05, ***p % 0.001. (E) Histopathological an-

alyses of the spleen for a representative CTR mouse (top

panels) and for a mouse responding to CD8+gp350CAR-T

cell therapy (bottom panels). Giemsa staining: in both

groups, perivascular spread of neoplastic cells is observed.

Larger tumors were observed in CTR mice. EBER staining:

EBV-infected cells are labeled in dark purple. CD20 andKi67

staining: positive cells are labeled in brown. (F) Immunohis-

tochemistry multiplex analysis was performed to detect

CD3+ (green), CD20+ (purple), and Ki67+ (orange) cells.

Exemplary analyses of the spleen of one CTR (top panel) and

one CAR-T cell R mouse (bottom panel) are shown. (G)

Quantitative results representing detectable double-positive

CD20+Ki67+ cells (left graph) or CD3+Ki67+ (right graph)

within the total cells analyzed for the spleen. These results

indicate lower quantities of proliferating B and T cells in mice

responding to gp350CAR-T cell therapy compared with

CTR mice. A summary of the descriptive statistical analyses

is shown in Table S6.
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not reveal differential patterns for control, responder, or non-
responder mice (Figures S10A–S10C). Control and non-responder
mice showed significant increases in the frequencies of CD8+

T cells in the blood from 6–8 wpi (p % 0.01 and p % 0.05, respec-
tively; Figures 7A and 7B), whereas a drop at 8 wpi was observed
for responder mice. The analyses of the mean absolute numbers
indicated a trend of higher infiltration of CD8+ T and CD4+

T cell in the spleen for controls and responders compared with
non-responder mice (Figure 7C). We previously showed that
EBV spread and malignancies in humanized mice were associated
516 Molecular Therapy: Oncolytics Vol. 18 September 2020
with upregulation of programmed cell death
protein 1 (PD-1) on T cells, which is known
as a relevant activation/exhaustion marker
and checkpoint for T cell responses.32 Analyses
of blood T cells indicated that responders con-
tained lower levels of PD-1+CD8+ T cells (p %

0.05 for the experiment performed with CB2)
(Figure 7D; see flow cytometry gating strategy
in Figure S11A). Low persistence of CAR-T
cells was observed because, at 8 wpi, only three
responders and one non-responder mouse
showed CAR detectable on CD8+T cells of PB
above background levels (Figure 7E; see gating strategy in Fig-
ure S11B). A trend of lower concentrations of human IFN-g and
IL-10 was observed in the plasma of responder mice compared
with the other groups (Figure 7G; Table 1). Concurrently, non-
responder mice showed the highest concentrations of IFN-g,
IL-10, IL-12, IL-6, IL-8, and MCP-1 in plasma, indicative of vi-
rus-associated inflammatory responses (Figure 7G; Table 1). The
levels of GM-CSF, IFN-a, IL-2, and TNF-a were comparable
among the groups (Figure S6B). CD8+7A1-gp350CAR-T cells
were barely detectable at 8 wpi, nonetheless, the therapy was



Figure 7. Immune Monitoring Analyses to Assess the

Affects of CD8+gp350CAR-T Cells Administered after

EBV Infection in the Human T Lymphocytic

Population

(A) Mice were grouped into CTR (gray, n = 11), R (red, n = 9)

and NR (blue, n = 3). Analyses were performed at baseline

prior to EBV infection (week 0) and sequentially after

infection (3, 4, 6, and 8 wpi). Frequencies of human CD8+

T cells within huCD45+ cells were determined. Time points

of CAR-T cell administration are indicated. (B) Comparison

of the relative frequencies of human CD8+ T cells in the

blood, analyzed 6 and 8 wpi. The mean and SD for each

group is shown. R mice show lower expansion of CD8+

T cells than the other groups at 8 wpi. *p % 0.05, **p %

0.01. (C) Absolute numbers of huCD8+ T cells within

huCD45+ (left graph) and CD4+ T cells within huCD45+ cells

(right graph) in the spleen. Note the lower number of CD8+

T cells and higher numbers of CD4+ T cells in spleens of the

R group compared with CTR mice. (D) MFI of PD-1

expression on CD45+/CD8+ (left graph) or on CD45+/CD4+

T cells (right graph), showing results from two experiments

(CB1 and CB2). *p% 0.05. (E) Detection of CAR+-T cells in

PB within CD45+/CD8+ T cells at 8 wpi. The threshold for

baseline detection was set arbitrarily at 1% (shadowed

area). (F) Concentration (pg/ml) of human cytokines de-

tected in the plasma of mice at 8 wpi: IFN-g, IL-10, IL-12

(p70), IL-6, IL-8, and MCP-1. The mean and SD for each

group is shown. A summary of the descriptive statistical

analyses is shown in Table S7.
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associated with lower CD8+ T cell inflation, reduced CD8+ T cell
exhaustion, and a pattern of lowered cytokine release, indicating
an overall decline of the inflammatory responses caused by EBV.

DISCUSSION
Engineering and Validation of gp350CAR-T Cells against EBV

After primary infection, EBV lytic reactivation is controlled immuno-
logically, but the virus is never cleared, and latent infection persists for
life. EBV reactivation from latency can result in often fatal LPD in
immune-compromised patients.2 In addition, virus latency and
lytic cycles seem to be associated with development of aggressive
EBV+ DLBCL.33 Studies of humanized mice, making use of EBV lab-
oratory strains, have shown that EBV pathogenesis resembling EBV+

LPD required early lytic viral protein expression to accelerate devel-
opment toward an EBV+ DLBCL phenotype.34 Thus, Ma et al.34

postulated that “lytically infected cells promote EBV-induced lym-
phomas through paracrine mechanisms and/or immunosuppressive
factors.” Several immune therapies are in development and approved
Molecular Th
for treatment of lymphomas, but their implica-
tions regarding putative EBV lytic reactivation
are still unknown. CD19CAR-T cell therapies
are currently approved as a second- or third-
line treatment approach against hematologic ma-
lignancies refractory to combination chemoim-
munotherapy or antibody-based immunother-
apies,22 but they have not been specifically validated against EBV+

lymphomas.

Here, we developed and tested gp350CAR-T cells as an EBV-specific
adoptive T cell therapeutic option against LPD and lymphoma. We
showed that CAR constructs containing the CD28 and CD3z domain
and incorporating 7A1-derived scFvs were highly expressed on
gp350CAR-T cells produced with PBMCs or with CBMCs after retro-
viral gene transfer. 7A1-gp350CAR-T cells showed high levels of
specificity and reactivity against 293T/gp350 cell targets in vitro. In
addition, 7A1-gp350CAR-T cells co-cultured with EBV+, latently in-
fected B95-8 cells in vitro could effectively produce IFN-g, proliferate
and kill target cells, and reduce the frequencies of gp350+ cells in the
target cell population.

Protective and Therapeutic Studies in Fully Humanized Mice

The effects of the gp350CAR-T cell immunotherapy were assessed pre-
clinically in a relevant animalmodel. BecauseEBVhas anarrow tropism
erapy: Oncolytics Vol. 18 September 2020 517
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to humanB lymphocytes, we developed a dynamicmousemodel with a
human immune system (HIS) to elucidate the events related to EBV
infection and the associated human immune responses. HIS models
are at the forefront of biomedicine, and several different mouse strains
and xenografting approaches have been optimized.38 Besides engraft-
ment of human hematopoietic cells in bone marrow, it is now possible
to follow the full human adaptive immune reconstitution in HIS mice.
We have shown that HIS mice develop functional human memory
CD4+ and CD8+ T cells and fully mature IgG+ and IgA+ B cells reactive
against human herpes antigens.32,37,39 We have also shown that chal-
lenge ofHISmicewith EBV/B95-8 resulted in LPD (perivascular lesions
with abundant tumor infiltrating lymphocyte [TILs]) and a pathology
recapitulating DLBCL (large and necrotic lesions with fewer TILs).32

A hallmark of EBV LPD progression toward DLBCL was emergence
of highly activated/exhausted PD-1+CD8+ T cells.32

Here we used the preferentially lytic EBV/M81 strain, known to result
in lytic infection and expression of gp350 in tissues of humanized
mice.17 Two weeks after infection, viral spread was assessed longitu-
dinally by dynamic optical imaging analyses, and the BLI results
served as criteria to define responses. Purified CD8+gp350CAR-T
and CD8+CD4+gp350CAR-T cells showed protective effects against
EBV challenge, but, surprisingly, CD8+CD4+gp350CAR-T cells
caused weight loss. Covassin et al.40 showed that CD4+ T cells purified
from PBMCs and applied to humanized Nod.Rag.severe combined
immunodeficiency (SCID) (NSG) mice mediated xeno-GVHD
accompanied by weight loss and that the reactivity against mouse
MHC was critical for this effect. Therefore, it is plausible to infer
that some of the purified CD4+gp350CAR-T cells still expressed
endogenous TCRs highly reactive against murine MHC class II,
which promoted xeno-GVHD.

CD8+gp350CAR-T cells were subsequently tested in a therapeutic
model setting because they did not cause weight loss. We observed
by BLI that administration of CD8+gp350CAR-T cells 3 and 5 weeks
after EBV/fLuc infection reduced viral spread from 6–8 wpi in 9 of 12
mice (75% response rate). Mice responding to gp350CAR-T cell ther-
apy presented lower levels of EBV+ LPD and no tumor occurrences
and showed lower signs of inflammation (lower levels of circulating
PD-1+CD8+ T cells in the blood and lower levels of human cytokines
in the plasma). These positive therapeutic effects of gp350CAR-T cells
substantiate the observation that lytic reactivation seems to be impor-
tant for development of EBV+ malignancies in humanized mouse
models.34 Clinical observations have also confirmed that the EBV
lytic cycle is involved in EBV+ DLBCL development and, therefore,
that gp350CAR-T cell therapy can be of clinical value.33 Notably, in
the clinical setting, a correlation was observed between gp350 expres-
sion in EBV+ DLBCL tumors and expression of IFN-g and IL-10
transcripts.33 Thus, cytotoxic responses against EBV can coexist
with the lymphoma tolerogenic microenvironment.41 This duality
was also observed in our model, depending on the lymphocytes hom-
ing in the LPD milieu, which could be immune-stimulatory or im-
mune-suppressive. Therefore, depending on the triggering context
(probably involving antigenic stimulation or immune suppression
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of T cells), the immune responses could be shifted in favor of
or against EBV. In fact, unexpectedly, 25% of mice receiving
CD8+gp350CAR-T therapeutically showed higher EBV infection
than controls, indicating exacerbation of EBV infection. Compared
with control and responder mice, non-responders showed EBV
rebound in the spleen, progressive weight loss, frequent tumor occur-
rence, and higher levels of cytokine release (particularly human IFN-
g and IL-10). Similarly, we recently observed that humanized mice
infected with M81/fLuc and treated with pembrolizumab (a clinically
used PD-1-blocking antibody) showed acceleration and augmenta-
tion of EBV spread and LPD (R.S. and F.F., unpublished data). This
was also associated with weight loss, increased cytokine release, and
higher levels of T cell exhaustion (expression of PD-1, LAG-3, and
TIM-3) but also higher frequencies of tolerogenic regulatory T cells
(R.S. and F.F., unpublished data). EBV has different mechanisms of
immune escape; e.g., it has been shown that EBV-LMP-1 and
IFN-g can upregulate PD-L1 in EBV+ malignancies.42 Therefore, it
is tempting to speculate that IFN-g-producing gp350CAR-T cells
interacting with EBV-infected cells could promote PD-L1 upregula-
tion. Interaction of activated PD-1+ gp350CAR-T cells with PD-L1
on EBV-infected cells would, in turn, result in dysfunctional cytotoxic
responses and apoptosis. These considerations remain to be evaluated
experimentally in the future (for example, by combining gp350CAR-
T cells with PD-L1 blockade). In summary, CD8+gp350CAR-T cells
showed therapeutic responses for most mice. Further, our preclinical
humanized mouse model warned about andn aggravated EBV spread
in some non-responding mice.

Approaches to Improve the Persistence and Function of

gp350CAR-T Cells

As a proof of principle, gp350CAR-T cells showed efficacy. However,
as discussed above, evading immune response is a recognized hall-
mark of EBV. Persistent stimulation of gp350CAR-T cells during
active EBV infection in humanized mice probably resulted in their
exhaustion, hypoproliferation, and subsequent loss of functionality.
Thus, as a logical first approach, it is important to disrupt the PD-
1/PDL-1 axis; for example, by blocking PD-L1 with a minibody ex-
pressed by CAR-T cells, an approach proven previously to be effective
for solid tumors by Porter et al.43 In addition, we can explore the
“TRUCK” (T cells redirected for antigen-unrestricted cytokine-initi-
ated killing) technologies, i.e., CAR-T cells can be co-engineered to
deliver IL-12, known to activate the innate immune response, reduce
regulatory T cells (Tregs), and increase Th17 cells in the tumor
milieu.44 Alternatively, transgenic co-expression of IL-15 can poten-
tially promote better CAR-T cell proliferation and persistence.44 In
the future, the efficacy of gp350CAR-T cells can be further improved
by combining the CAR signaling domains with 4-1BB and inducible
T cell costimulatory (ICOS) signaling domains, which may improve
gp350CAR-T cell in vivo persistence.21,45 Incorporating a suicide
switch could allow more controlled treatment and the option to
stop therapy if adverse effects become severe.46–48

It is worth mentioning that CAR-T cells targeting EBV LMP-1
showed potency in vitro and in mice xenografted with an
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EBV-negative nasopharyngeal carcinoma cell line (SUNE1) geneti-
cally modified for LMP1 overexpression.49 Nonetheless, LMP-1-
CAR-T cells were not tested in the context of EBV+ cells or in vivo
models recapitulating EBV infection or LPD. Therefore, other poten-
tial target EBV glycoproteins, such as gB, gH, gL, and gp42, could be
tested in novel CAR designs and combinations to avoid immune
escapemechanisms and to provide high efficacy to combat EBV infec-
tion and associated malignancies. In addition, combinations of
different targets need to be evaluated to see whether a synergistic ef-
fect regarding tumor control and enhanced avoidance can be
observed.

Prospects for CB-Derived CAR-T Cells for Herpesvirus Infection

after HCT and SOT

Herpesvirus infections and reactivations are still major complications
during the period of immune suppression for patients undergoing
allogeneic HCT or SOT and adoptive T cell therapies have been devel-
oped.50–52 This is the case for CB HCT because the T cells in CB have
not yet been exposed to and selected against EBV, and, in this case, no
memory T cells are accessible. In our model, we showed that CB-
derived CD8+gp350CAR-T cells could be efficiently produced,
expanded, and sorted to very high purity. Administration of these pu-
rified CD8+gp350CAR-T cells did not produce any signs of acute
GVHD even in this fully humanized mouse model system. Thus, it
is tempting to foresee rational use of CD8+gp350CAR-T cells in the
setting of CB HCT patients because they require a long time to
recover immune function and are commonly affected by virus reacti-
vation. In a recent related study, we have shown that CB-derived
CAR-T cells targeted against the HCMV gB envelope also showed ef-
ficacy in vitro and in vivo.29 Therefore, similar to VST cells expanded
with peptides and targeted against several viruses, polyfunctional
CAR-T cells targeted simultaneously against EBV and HCMV can
be developed in the future.

The incidence of EBV PTLD in post-allogeneic HCT is rising because
of an increasing number of transplantations and relatively older do-
nors and recipients.53 Treating EBV PTLD and EBV+ malignancies
is rather problematic because there are no EBV-specific therapies
approved by the European Medicine Agency (EMA) or by the US
Food and Drug Administration (FDA). Our proof-of-concept in vivo
studies showed the potency of CD8+gp350CAR-T cells in a state-of-
the-art animal model recapitulating EBV spread and LPD and
DLBCL development. Therefore, gp350CAR-T cells remain to be
further optimized and developed clinically to combat EBV lytic reac-
tivation and associated malignancies.

MATERIALS AND METHODS
Primary Leukocytes and Cell Lines

Study protocols for procurement of primary cells from healthy do-
nors were approved by the Ethics Committee of Hannover Medical
School. Blood was collected and apheresis was performed at the Insti-
tute of Transfusion Medicine (Hannover Medical School) after
informed consent of the donors. PBMCs were isolated using Ficoll
density gradient separation (Biocoll Separating Solution; Biochrom,
Berlin, Germany) and used for production of CAR-T cells and
LCLs. Collection of umbilical CB was performed at the Department
of Gynecology and Obstetrics (Hannover Medical School) after
informed consent of the mothers. CBMCs were used for isolation
of CD34+ HSCs after two rounds of positive selection using immune
magnetic beads (CD34 MicroBead Kit, MACS� Cell Separation Mil-
tenyi Biotec, Bergisch Gladbach, Germany) as described previously.54

The CD34� fraction was cryopreserved for production of CAR-T
cells. HEK293T cells (ATCC, Manassas, VA, USA) were cultured at
37�C and 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA) and
100 units/mL penicillin G and 10 mg/mL streptomycin sulfate (P/S;
Merck Millipore, Billerica, MA, USA). A clonal 293T/gp350 cell
line was established by transduction using a lentiviral vector express-
ing gp350, single-cell dilution, and selection of gp350-positive clones
by FACS. B95-8 cells were kindly provided by Prof. Wolfgang Ham-
merschmidt (Helmholtz Zentrum Munich) and cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Lonza, Basel,
Switzerland) with 10% FBS and 1% P/S. The Raji, Jijoye, and BL-60
cell lines were kindly provided by Dr. Andreas Moosmann (Helm-
holtz Zentrum Munich) and cultured in RPMI 1640 medium with
10% FBS and 1% P/S. HEK293 cell lines producing the EBV/M81/
fLuc and B95-8/GFP strains and BZLF1 and BALF4 expression plas-
mids were kindly provided by Prof. Henri-Jacques Delecluse
(German Cancer Research Center, Heidelberg, Germany) and culti-
vated in RPMI 1640 medium supplemented with 10% FBS, 1% P/S,
and 100 mg/mL hygromycin.

Generation of the 7A1 and 6G4 mAbs and Neutralization Assays

Rats were immunized with EBV virus-like particles, and mAbs
against gp350 were produced by standard hybridoma technologies.
The hybridoma supernatants were purified with protein G columns,
and the 7A1 and 6G4 antibodies were selected by immunostaining
and flow cytometry analyses using parental HEK293 cells and
HEK293 cells stably transfected with a plasmid expressing gp350.
The reference murine gp350-specific antibody 72A1 was obtained
from the Core Facility “Monoclonal Antibodies” at the Helmholtz
Centre Munich. To test the neutralizing capacity of the antibodies,
200,000 primary B cells isolated from adenoids were infected with
the recombinant EBV 2089 expressing GFP55,56 at a MOI of 0.2.
Prior to infection, the virus was incubated with serial dilutions of
the antibodies at room temperature for 30 min. Two days later,
the frequencies of GFP+ infected cells were determined by flow
cytometry.

EBV Production, LCL Generation, and gp350 Detection on Cells

Virus production was performed as described previously.13 Briefly,
packaging HEK293 cell lines were induced to produce virus by
transfection of the BZLF1 and BALF4 expression plasmids in the
presence of polyethylenimine (PEI MAX transfection-grade linear
polyethylenimine hydrochloride; Polyscience, Hirschberg, Germany).
Supernatants were harvested 3 days after induction and centrifuged
at 300 � g for 10 min and then at 4,000 � g for an additional
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20 min to remove cell debris. Supernatants were harvested and ultra-
centrifuged at 100,000 � g for 2 h. Viral pellets were resuspended in
PBS and shaken in an ice bath for 1 h. Viral stocks were stored at 4�C.

Determination of the titer was performed by infecting Raji cells with
different volumes of B95-8/GFP virus stock as described previously.34

One day after infection, fresh mediumwas added. After 3 days, the per-
centage of GFP+ cells was determined by flow cytometry. Virus titers
were expressed as “green Raji units” (GRUs), calculated using the
following formula: total number of Raji cells infected � percentage of
GFP+ cells/volumeof the virus stock used. Because direct determination
of M81/fLuc GRUs is not possible, first the titer (copies per microliter)
was determined via EBV qPCR for the B95-8/GFP andM81/fLuc virus
stocks. Subsequently, the viral copies per microliter were calculated for
both viral strains. The titers of EBV/M81/fLuc lots can be determinedby
correlationof the numberof viral copieswithEBNA2 staining andusing
the B95-8/GFP virus with a known titer determined byGRUs as a refer-
ence. For that, B cells from CB were isolated through positive selection
using magnetic beads (CD19 MicroBead Kit, MACS Miltenyi Biotec).
Isolated cells were then seeded in 24-well plates with 2 � 105 cells per
well and infected in parallel with B95-8/GFP andM81/fLuc at different
MOIs. After 3 days of culture, the infection ratewasdeterminedby anal-
ysis of EBNA2 staining. For detection of EBNA2, intracellular staining
was performed. Cells were fixed with Cytofix (BD Biosciences, Becton
Dickinson, Heidelberg, Germany). Then cells were washed twice with
Perm/Wash buffer (BD Biosciences). Staining was then performed us-
ing the primary EBNA2 mAb (Table S8) diluted in Perm/Wash buffer,
followed by washing with Perm/Wash buffer. Then the secondary
mouse anti-rat IgG antibody (Table S8), also diluted in Perm/Wash
buffer, was applied. Cells were subsequently washed and analyzed.

LCLs were generated by infection of PBMCs or CBMCs with EBV/
M81/fLuc at a MOI of 0.1 overnight. The next day, cells were centri-
fuged at 300 � g and resuspended in fresh RPMI 1640 medium with
10% FBS and 1% P/S. LCLs were expanded for at least 4 weeks. For
detection of gp350, cells were incubated with PBS containing 10% hu-
man serum for blocking (Capricorn Scientific, Ebsdorfergrund, Ger-
many), and for staining, the antibodies were diluted in PBS contain-
ing 1% human serum. For detection of gp350 on the cell surface, the
primary 72A1 mouse IgGmAb (1:10, kindly provided by GeneVector
Laboratory, Munich, Germany) and secondary goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories, Bar Harbor, ME, USA) or
primary rat 7A1 and 6G4mAbs (kindly provided by GeneVector Lab-
oratory) and secondary mouse anti-rat IgG (Jackson ImmunoRe-
search Laboratories) were used (Table S8). Then samples were fixated
with CellFix (BD Biosciences). Flow cytometry data were acquired us-
ing a BD LSR II (BD Biosciences) or a CytoFLEX S apparatus (Beck-
man Coulter, Brea, USA) and analyzed using FlowJo (v.10, Tree Star,
Ashland, OR, USA).

CAR Design, CAR-T Cell Production, and Flow Cytometry

Sequences of scFvs of the gp350-specific rat-derived mAbs 6G4 and
7A1 in VH/VL orientation and incorporating a signal peptide for
CAR transmembrane translocation and an interspacing linker
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sequence were synthesized after codon optimization (Thermo Fisher
Scientific). The DNA fragments were excised with PmI1 and BamHI
sites and subcloned into a SFG retroviral expression plasmid incorpo-
rating a CAR backbone,57 and a CD19CAR construct was used as a
reference (kindly provided by Prof. Malcolm Brenner and Prof.
Cliona Rooney, Baylor College of Medicine, Houston, TX, USA).57

The identity of the vectors was confirmed by restriction digestion
with the Fast Digest enzymes Pml1, Cla1, and BamHI (Thermo Fisher
Scientific, Waltham, MA, USA) and sequencing of the CAR insert
(Microsynth Seqlab, Göttingen, Germany). A cognate vector express-
ing a control CAR targeting the HCMV gB protein was used as a
non-specific control.29 Retroviral vectors were produced after tran-
sient co-transfection of 293T cells with RD114 envelope and PegPAM
plasmids using a standard calcium phosphate-based method.57 16 h
after transfection, cells were treated with sodium butyrate for 8 h
and washed, and 24 h later, the cell supernatants were harvested,
filtered, and cryopreserved. Retroviral stocks were tested in transduc-
tion of 293T cells. PBMCs or CBMCs were thawed and cultured in
RPMI 1640 medium supplemented with 10% FBS, 1% P/S, IL-7,
and IL-15 (5 ng/mL each, Miltenyi Biotec). PBMCs were activated
with plate-bound CD3 (OKT3; eBioscience, Waltham, MA, USA)
and CD28-binding antibodies (CD28.2; BioLegend, San Diego, CA,
USA) for 2 days. CBMCs were activated with magnetic beads conju-
gated with anti-CD2, anti-CD3, and anti-CD28 antibodies (Miltenyi
Biotec) in a bead-to-cell ratio of 1:2 for 3 days. After activation, T cells
were transduced with the retroviral vectors by spinoculation on retro-
nectin-coated plates (Takara Bio, Otsu, Japan) for 60 min at 4,500� g
at 32�C. The medium was exchanged 6 h after transductions and, a
day later, T cells were harvested and transferred to a non-adherence
plate. CAR-T cells produced with PBMCs were further expanded in
RPMI 1640 medium supplemented with 10% FBS, 1% P/S, IL-7,
and IL-15 (5 ng/mL each). CAR-T cells generated from CBMCs
were expanded in the presence of activation beads, IL-7, and IL-15.
For CAR detection, cells were blocked in PBS containing 10 mg/mL
mouse-IgG (Sigma-Aldrich, St. Louis, MO, USA) (Table S8). Fluoro-
chrome-conjugated isotype controls and anti-human CD3, CD4,
CD8 were purchased from BioLegend (Table S8). CARs were detected
with fluorochrome-conjugated goat anti-human IgG-Fc Fab frag-
ments directed against the IgG4 spacer incorporated in the CAR
(Jackson ImmunoResearch Laboratories) (Table S8). After staining,
samples were fixed with CellFix (BD Biosciences, Becton Dickinson).
Flow cytometry data were acquired using a BD LSR II (BD Biosci-
ences, Becton Dickinson) and analyzed using FlowJo (v.10, Tree
Star, Ashland, OR, USA).

Co-culture of Effector CAR-T Cells with Target Cells

For co-culture of CAR-T cells with 293T/gp350 target cells, 293T/
WT and 293T/gp350 cells were seeded in 96-well plates with 1 �
104 cells per well 1 day before addition of CAR-T cells. The
following day, CAR-T cells were added to the 293T cultures at 1:1
and 3:1 effector to target ratios. Triplicates were performed for
each group. After co-incubation periods of 24 and 48 h, cell super-
natants were harvested from triplicate wells and analyzed indepen-
dently. IFN-g secretion was analyzed using an ELISA kit (Ready-
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Set-Go!, Thermo Fisher Scientific, Waltham, MA, USA; according
to the manufacturer, the detection limit is 4 pg/mL). The cells
were harvested, and triplicates were pooled for FACS analyses. Cells
were stained with the fixable viability dye e450 (eBioscience) prior
to flow cytometry analyses, allowing distinction between viable
and dead cells. The dye was used according to the company’s pro-
tocol. The percentage of viable cells was calculated as follows: per-
centage of viable target cells in co-cultures/percentage of viable
target cells in target-only cell cultures.

Gp350 staining was performed using the 72A1 antibody (to avoid
binding of the antibody to CAR-T cells) as described above. The per-
centage of gp350+ viable targets was calculated as follows: percentage
of viable gp350+ target cells in co-cultures/percentage of viable
gp350+ target cells in target-only cell cultures.

For co-cultures of CAR-T cells with B95-8 target cells, CAR-T cells
were labeled for 20 min in the dark with CellTrace Yellow (Thermo
Fisher Scientific, Waltham, MA, USA) according to the vendor’s pro-
tocol prior to setup of the co-cultures. 1� 104 target cells were seeded
in 96-well plates, and effector CAR-T cells were added at different E:T
ratios. Triplicates were performed for each co-culture. 38 and 86 h af-
ter co-culture, cell supernatants were harvested from triplicate wells
and analyzed independently. IFN-g secretion was analyzed using
an ELISA kit (Ready-Set-Go!). The cells were harvested and pooled
for FACS analyses. For analysis of T cell proliferation, loss of the pro-
liferation dye CellTrace upon cell division was detected by flow
cytometry.

Cells were stained with the fixable viability dye e450 (eBioscience)
prior to flow cytometry analyses, allowing distinction between viable
and dead cells, and gp350 staining was performed using the 72A1
antibody as described above. The percentage of viable cells as well
as the percentage of gp350 viable cells were calculated as described
above for 293T co-cultures.

Generation of Humanized Mice, EBV Infection, and CAR-T Cell

Administration

All experiments involving mice were performed in accordance with
the German Animal Welfare Act and European Union Directive
2010/63 and were approved by the Lower Saxony Office for Con-
sumer Protection and Food Safety – LAVES (permit 16/2222).
Breeding pairs of NRG mice were originally obtained from The Jack-
son Laboratory (Bar Harbor, ME, USA) and bred under pathogen-
free conditions. 5- to 6-week-old female mice were used for CB-
CD34+ HCT using techniques described previously.54,58–60 CD34+

cells were pretested in twomice to confirmmore than 15 weeks of hu-
man reconstitution. Only CB units resulting in 20% or higher fre-
quencies of human CD45+ cells in mouse PB lymphocytes 15 weeks
post-HCT were used for further experiments. Prior to HCT, mice
were irradiated sublethally (450 cGy) using a [137Cs] column irradi-
ator (Gammacell 3000 Elan; Best Theratronics, Ottawa, ON, Canada).
4 h after irradiation, 2.0� 105 CD34+ cells were administrated tomice
through the tail vein as described previously.59,61 Weight and signs of
GVHD were monitored weekly after HCT. Reconstitution of human
CD45/CD3/CD19/CD4/CD8 cells in the blood was monitored during
weeks 10 and 15 after HCT as described below. For the protective
experiment, gp350CAR-T cells autologous to the CB stem cells
used for humanization were produced, expanded as described above,
sorted as CD4+CAR+ or CD8+CAR+ (83% and 89% purity, respec-
tively), and expanded for 1 week prior to administration. To obtain
comparable initial cohorts of control and CAR-T cell treatment
groups, humanized mice were grouped based on the levels of human
immune reconstitution at week 15 after HCT. 17 weeks after HCT, 3
humanized mice received 2 � 106 CD8+ gp350CAR+ T cells, 4 mice
received 2 � 106 CD4+gp350CAR+ plus CD8+gp350CAR+ T cells
(at a 1:1 ratio), and 3 mice were injected with PBS and served as con-
trols. One day later, mice were infected with 106 GRUs EBV-M81/
fLuc.

For the therapeutic experiments, humanized mice were generated
with CD34+ stem cells from two donors. 17 weeks after HCT, mice
were infected with EBV-M81/fLuc. To obtain comparable initial co-
horts of control and CAR-T cell treatment groups, humanized mice
used in the therapeutic experiments were grouped based on the levels
of human immune reconstitution at week 17 after HCT and EBV
infection levels 3 wpi. CD8+CD19CAR-T cells or CD8+gp350CAR-
T cells matched to the HCT donor were produced as described above.
CD8+gp350CAR-T cells were consistently expanded and sorted
to purity (83.0%–98.2% purity for 4 independent productions).
2 � 106 CD8+gp350CAR-T cells were administered 3 and 5 wpi
(n = 12 mice). 10 mice served as PBS injection controls. Weight
was monitored weekly until euthanasia.

BLI Analyses of EBV-Infected Mice and Their Explanted Organs

Mice infected with EBV-M81/fLuc were analyzed by BLI using the
IVIS SpectrumCT apparatus (PerkinElmer, Waltham, Massachusetts,
USA) as described.32 In brief, mice were anesthetized using isoflurane.
5 min before imaging, mice were injected intraperitoneally (i.p.) with
2.5 mgD-Luciferin potassium salt (SYNCHEM, Elk Grove Village, IL,
USA) dissolved in 100 mL PBS. For explanted mouse organs, BLI an-
alyses were performed 5 min after the organs were incubated in
25 mg/mL D-Luciferin potassium salt solution. Datasets were
analyzed using LivingImage software (PerkinElmer, Waltham, MA,
USA).

Immunomonitoring, PD-1 Expression, and Detection of CAR-T

Cells in Mouse Tissues

The human immune reconstitution and persistence of CAR detection
in different tissues were analyzed by flow cytometry as described pre-
viously.29,32 Lysis of erythrocytes was performed in 0.83% ammonium
chloride/20 mMHEPES (pH 7.2) for 5 min at room temperature, fol-
lowed by stabilization with cold PBS (Biochrom) and washing. Spleen,
bone marrow, and tumor tissue were isolated and homogenized. Cell
suspensions were washed and resuspended in PBS for staining as
described above. Anti-human CD45, CD3, CD4, CD8, CD19, and
PD-1 (BioLegend) in pretested dilutions were used to stain the respec-
tive cell surface markers (Table S8).
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RT-qPCR for Determination of EBV Copies

Snap-frozen tissue samples were processed with a blood DNA isola-
tion kit (QIAGEN, Hilden, Germany). DNA concentration and purity
were determined by spectrophotometry. For detection of EBV DNA,
20 mL of the DNA samples were used. Quantification of EBV DNA
was performed with a commercial kit (Altona Diagnostics, Hamburg,
Germany) according to the manufacturer’s instructions. qRT-PCR
was performed and analyzed with a StepOnePlus-PCR cycler
(Thermo Fisher Scientific). Cycle threshold (CT) values were used
to calculate the number of copies of EBV genomes by a standard dilu-
tion curve provided with the kit and adjusted to the respective DNA
concentrations.

Analysis of Human Cytokines in Mouse Plasma

At sacrifice, PB samples were collected by heart puncture, and cells
were subsequently sedimented by centrifugation. The supernatant
containing plasma was stored at �80�C until analysis. After thaw-
ing, plasma samples were centrifuged at 2,000 � g for 10 min at
room temperature prior to analysis to remove the remaining cell
debris. 25 mL of plasma was used for analysis of each sample.
The concentration in plasma of human GM-CSF, IFN-a, IFN-g,
MCP-1, TNF-a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10,
and IL-12 (p70) was analyzed by a multiplex bead kit for cytokine
analysis (Milliplex; Millipore, MA, USA) according to the manufac-
turer’s protocol.

Analyses of Tissues for EBER by In Situ Hybridization and

Immunohistochemistry

3-mm-thick spleen and liver sections were produced from formalin-
fixed, paraffin-embedded tissue blocks. Consecutive sections were
subjected to Giemsa staining according to standard protocols, immu-
nohistochemistry for CD30 and Ki67 using the Ultra-View 3,30-Dia-
minobenzidine (DAB) universal staining kit (Roche), and detection of
EBER 1 by in situ hybridization (EBER 1 DNP Probe, Ventana/Roche
Tissue Diagnostics, Tucson, AZ, USA) on the automated Benchmark
Ultra instrument (Ventana/Roche Tissue Diagnostics, as described
previously).32 Multiplexed immunohistochemistry was performed
using the Opal technology (Akoya Bioscience, Menlo Park, CA) for
detection of CD3 (polyclonal; Dako, Bollschweil, Germany), CD20
(clone L26, Dako), and Ki67 (Thermo Scientific, Waltham, MA,
USA). The detection reagents Opal 650, Opal 690, and Opal 620
(Akoya Bioscience) were applied (Table S8). Multiplexed immuno-
histochemistry was analyzed by the VectraPolaris instrument (Akoya
Biosciences). For quantitative analysis, multiplexed images were
analyzed using inForm 2.4.8 software (Akoya Biosciences) as
described previously.32 Several representative regions of interest
(ROIs) were selected from the spleen (2–4 ROIs per sample) and liver
(3–6 per sample, near blood vessels). ROIs were scanned at 5,568 �
4,176 pixel or 3,728 � 2 729 pixel at 0.5 or 0.25 mm/pixel resolution.

Statistical Analysis

Comparisons between different treatments/conditions were carried
out byWelch’s t test, taking into account the variance inhomogeneity.
Bonferroni-Holm correction was applied to account for multiple
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comparisons. When values were depicted on a logarithmic scale,
Welch’s t test was also applied to the logarithmic values. For longitu-
dinal data analyses, except for Figures 3D and 3E, Welch’s t test was
applied at each time point, again with Bonferroni-Holm correction
for the treatments/conditions. It should be noted that, for small sam-
ple sizes, the p values forWelch’s t test might carry a bias. For the lon-
gitudinal data in Figures 3D and 3E (left panels), analysis of covari-
ance (ANCOVA) was applied because, in these cases, the linear
model was the most suitable according to the Bayesian information
criterion. Mean and standard deviation (SD) are displayed; *p %

0.05, **p % 0.01, ***p % 0.001.
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