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Abstract 
 

Epstein-Barr virus (EBV) is an oncogenic herpesvirus with over 90% of the adult 
population being latently infected. Here, we tested feasibility of anti-EBV chimeric 
antigen receptor (CAR) T cells targeting the lytic antigen glycoprotein (gp) 350 of EBV. 
Single chain variable fragments of two novel anti-gp350 antibodies were fused to a 

pre-existing CAR backbone with CD28.CD3z or 41BB.CD3z as signaling domains. 

CD28.CD3z.gp350CAR-T cells showed cytotoxicity against gp350+ 293T as well as 

against the EBV+ B95.8 cell line. However, no cytotoxic effects could be observed 
against an autologous lymphoblastoid cell line (LCL) infected with the EBV viral strain 

M81. 41BB.CD3z.gp350CAR-T cells showed activation and interferon (IFN)-g 
production upon co-culture with gp350+ 293T and B95.8, though only minimal in the 
case of 293T co-cultures to no cytotoxic effects in co-cultures with B95.8 were 
measured.  
A fully humanized mouse EBV infection model was established using NOD.rag.gamma 
mice transplanted with CD34+ cord blood cells and infected with the viral strains B95.8 
and M81. Rapid and systemic spread of infection as well as tumor development similar 
to monomorphic post-transplant lymphoproliferative disorder (PTLD) or high-grade 
diffuse large B-cell lymphoma (DLBCL) were observed. Monitoring of infectious spread 
was simplified by the usage of firefly luciferase (fLuc) expressing viral strains. Pilot 
therapeutic administration of gp350CAR-T cells showed persistence of CAR-T cells in 
vivo and hinted recognition of gp350CAR-T cells of tumor tissue. Prophylactic and 
therapeutic administration performed by Simon Danisch and Maja Kalbarcyzk 
respectively showed reduced viral spread and efficacy against lymphoproliferation. 
Due to these promising results, an application for intellectual property rights has been 
filed to secure interest of the private sector on developing the project further and 
bringing it to the clinics. 
In sum, gp350CAR-T cells are a novel and promising approach for combating EBV- 
associated malignancies.  
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Introduction 
 

1. EBV 
 
EBV belongs to the family of gamma herpesviruses. Like other herpes viruses it is 
composed of a large double stranded DNA encoding more than 85 genes surrounded 
by a tegument and a viral envelope.1  
In humans, EBV infection is very common with over 90% of the adult population being 
asymptomatic EBV carriers.2 Usually, primary infection occurs during early childhood 
without causing any symptoms. However, primary infection during adolescence can 
lead to infectious mononucleosis. This is a self-limiting nonetheless temporarily 
debilitating disease characterized by fever, generalized lymphadenopathy and fatigue. 
In most infected individuals infected cells become immortalized but remain in viral 
latency with a T-cell dependent immune response keeping infected cells under control. 
However, this immune response can be bypassed by numerous immune escape 
mechanisms of EBV resulting in a variety of EBV-associated hematological and 
epithelial malignancies.3  
 

1.1. Immune-evasive mechanisms of EBV 

 

One of the most important immune escape mechanisms of EBV is the limited 
expression of viral proteins during viral latency. After primary infection, EBV infected 
cells remain in viral latency only expressing very few viral proteins making recognition 
of infected cells by the immune system immensely difficult. Especially immune-
stimulatory proteins like Epstein-Barr virus nuclear antigen (EBNA) 3A, 3B, 3C are not 
being expressed during this stage.4 Further, EBNA1 with its glycine alanine repeat 
domain inhibits ribosomal translation and inhibits the major histocompatibility complex 
(MHC) dependent presentation of its own peptides.5 Nonetheless, efficient CD4+ and 
also CD8+ cytotoxic T lymphocyte (CTL) responses against EBNA1 have been 
reported in EBV+ malignancies.6 
Another mechanism of immune escape is the downregulation of human leukocyte 
antigen (HLA) molecules on EBV+ tumor cells therefore making detection of infected 
cells by the adaptive immune system extremely difficult. Complete loss of HLA I 
expression has been reported in nasopharyngeal carcinoma (NPC) patients.7,8 As 
complete loss of HLA expression leads to recognition by the innate immune system 
via natural killer (NK) cells, expression of HLA-G in NPC has been observed.9 HLA-G 
is an immunomodulatory HLA-type known to inhibit NK cell activation and lysis against 
fetal tissue during pregnancy.  Furthermore, Le Gal et al. could also show inhibition of 
cytotoxic T lymphocytes by HLA-G.10 However, also upregulation of HLA expression 
has been reported in EBV+ Hodgkin lymphoma, advantages for infected cells and 
corresponding pathways remain yet unknown.11  
Furthermore, increased levels of the immunosuppressive human cytokine interleukin 
(IL)-10 as well as its viral homologue vIL-10 were found in several EBV associated 
malignancies.4,7,8 IL-10 is known to inhibit T-helper (Th)1 as well as CTLs and reduces 
loading of MHC-1 complexes resulting in dysfunctional, unstable MHC complexes and 
therefore inefficient antigen presentation to the adaptive immune system.8 
Mechanisms of elevated IL-10 secretion include increased expression of IL-10 by 
EBV’s latent membrane protein (LMP) 2A as well as deregulation of annexin II on tumor 
cells which in turn stimulates production of IL-10 by dendritic cells.12,13 Moreover, 
elevated levels of transforming growth factor (TGF)-ß, another immunosuppressive 
cytokine, were found in Hodgkin lymphoma.14 TGF-ß causes macrophages and 
neutrophils in the tumor microenvironment to support tumor cells, induces 
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1.2. Malignancies with association to EBV  

 

Several hematological malignancies associated to EBV infection are known to this date 
including Hodgkin, DLBCL, PTLD and Burkitt lymphoma. 
Hodgkin lymphoma is a subtype of lymphoma characterized by only few malignant 
Hodgkin-Reed-Sternberg cells surrounded by inflammatory tissue. There are believed 
to be three subsets of Hodgkin lymphoma: EBV+ Hodgkin lymphoma in young children 
caused by an abnormal reaction to primary infection, EBV- Hodgkin lymphoma in 
adolescents and EBV+ Hodgkin lymphoma in elderly patients where the senescent 
immune system fails to sustain control over EBV infected cells.27 A similar disease 
etiology with failure of the immune system to control EBV infection is suspected in 
DLBCL. DLBCL is a very common subtype of lymphoma and occurs predominantly in 
elderly patients.28 Around 14% of DLBCLs are EBV+. Sadly, EBV positivity is known to 
be associated with shorter progression free survival as well as lower overall survival 
throughout the age groups.29  
During the immunosuppressive drug regime following organ or hematopoetic stem cell 
transplantation some patients develop infectious mononucleosis like lesions, poly- or 
monomorphic B cell hyperplasia called PTLD associated with EBV infection or 
reactivation. Clinical presentation is often non-specific with symptoms including high 
fever, lymphadenopathy, weight loss, sweats and fatigue.30 Patients negative for EBV 
prior to transplantation receiving a solid organ of an EBV positive donor or patients 
positive for EBV receiving hematopoetic stem cells from an EBV negative donor are 
especially at high risk.31 
Burkitt lymphoma is mainly found in equatorial Africa and causes huge tumor 
formations in the face and jaw of children. Almost all endemic Burkitt lymphomas are 
EBV+.32 
Additionally, EBV has shown to be associated with epithelial malignancies like 
nasopharyngeal as well as gastric carcinoma. Nasopharyngeal carcinomas are tumors 
derived from epithelial cells lining the nasopharynx. They are most frequently found in 
South East Asia. EBV infection was hereby found to correlate to treatment response 
and overall prognosis.33,34 
10% of all gastric tumors show an association with EBV. This subset of tumors is 
characterized by lymphoepithelioma like lesions with lymphoid infiltrations. While 
Burkitt lymphoma and nasopharyngeal carcinoma show distinct endemic hot spots, 
EBV associated gastric tumors are found around the world but predominantly in males. 
However, compared to overall incidence of gastric tumors, percentages of EBV 
associated gastric tumors are highest in USA and Germany (16-18%) and lowest in 
China with 4% of all gastric tumors.35 Possible explanations for geographical 
differences in disease occurrence and association to EBV infection include different 
exposure to certain environmental toxins, different ethical backgrounds, but also 
existence of multiple subtypes of EBV with different malignant potential.2,36 For 
instance, several EBV viral strains are isolated so far and tested extensively in vitro 
and in in vivo models displaying each unique features. EBV/B95.8 is a laboratory virus 
strain isolated from the cotton top tamarin, widely used in the field of EBV research 
and known for its B-cell tropism. In contrast, EBV/M81 isolated from a Chinese 
nasopharyngeal carcinoma patient is known for its enhanced lytic features and 
epitheliotropism compared to EBV/B95.8.36 Therefore, genetic diversity of EBV 
subtypes might explain differences in geographical distribution of EBV associated 
malignancies.2 
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1.3. Current EBV treatment options 

 

So far, there is neither a directed off-the shelf therapy against EBV nor an efficiently 
working vaccine on the market. Tumor development associated with EBV infection is 
currently treated by chemo- or immunotherapy. Recently, treatment with autologous or 
allogeneic virus specific T (VST) cells against EBV expanded in vitro have been 
explored.37,38 While clinical successes have been reported, they have several pitfalls. 
They rely on HLA-dependent target recognition. As EBV is known to downregulate 
HLA expression as part of its immune-evasive strategy this is of extreme disadvantage. 
Further, pre-existing EBV-specific T cells or a suitable HLA-compatible donor have to 
be available. If cells are available, they need to be expanded and extensively tested in 
vitro first before infusion.38 This is immensely costly and would require a huge logistic 
network. A widely used VST based anti-EBV treatment is therefore hindered by these 
practical reasons.  

 

1.4. Anti-EBV drug development in vivo testing platforms 

 

EBV’s pathogenity is restricted to humans and monkeys, making in vivo studies to test 
novel treatment strategies rather complicated. 
Previously, several groups have established EBV infection mouse models by injection 
of EBV infected human cells into young NOD.scid.gamma (NSG) mice.39,40 However, 
these models are limited by immune reactions of host cells against the injected cells 
as well as the inability to evaluate the human immune systems response to EBV 
infection. Stem cell transplantation prior to EBV infection and therefore establishment 
of a human immune system, similar to one in the post-transplant settings in humans, 
can succumb the pitfalls mentioned above.41  

 

2. CAR-T cells 
 

2.1. Current applications of CAR-T cells 

 

CAR-T cells have emerged in recent years as promising immunotherapeutic strategies 
especially against B cell malignancies. They combine the ability of antibody-based 
recognition of targets with T cell signaling.  
Outstanding results have been reported in clinical studies using CD19CAR-T cells 
against B cell malignancies in chemo-refractory patients.42–44  
Having these promising results in mind, CAR-T cells are now being tested also in 
context of various viral diseases. They are explored as treatment options against 
human immunodeficiency virus (HIV), hepatitis C virus (HCV), human cytomegalovirus 
(HCMV) as well as in our study EBV. 
While HIV disease can be controlled by antiretroviral therapy a cure is still warranted. 

CAR-T cells using the CD4 receptor joined to a CD3z domain showed cytotoxic effects 
against HIV infected cells and suppressed viral replication in vitro. Eventually they were 
tested in a clinical trial being the first CAR-T cells in the clinics. However, they showed 
only minimal antiviral efficacy. Different reasons for their malperformance have been 
suggested e.g. their own susceptibility to HIV infection and extensive in vitro expansion 
strategies used in this study. These aspects are currently addressed to enhance 
efficacy of HIV-specific CAR-T cells in vivo.45,46 First, encouraging results in vitro as 
well as in vivo were recently reported using a duoCAR-T strategy where CAR 
molecules of different specificity against highly conserved sites of the HIV1 envelope 
glycoprotein where expressed on administered T cells.47  
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Although new drugs against HCV infection have given us the possibility of curing the 
disease, they fail in some patients. To develop treatment options for non-responders 
or relapsing patients, CAR-T cells against HCV glycoprotein HCV/E2 have been 
developed. So far, they show cytotoxic effects against infected target cells in vitro.48  
HCMV infection is particularly dangerous in the post-transplant setting and existing 
treatment options are scarce. CAR-T cells targeting the glycoprotein gB have shown 
to kill infected cells in vitro and lower HCMV infection in vivo.49 
Further, CAR-T cells targeting EBV have also been reported previously. Using LMP1 
as a target antigen, CAR-T cells showed cytotoxicity in vitro and inhibition of tumor 
growth in a nasopharyngeal carcinoma xenograft mouse model.50 
 
 

2.2. Construction of CAR-T cells 

 

CAR-T cells consist of an ectodomain and an endodomain. The ectodomain includes 
a heavy and a light chain of an antibody joined by a linker in form of a single chain 
variable fragment. The single chain variable fragment is responsible for target 
recognition and specificity. A hinge region provides a maximum of flexibility of the 
construct while ideally not being immunogenic. A transmembrane domain joins ecto- 
and endodomain, often the transmembrane domain of CD28 is used. The endodomain 
is comprised of T cell derived signaling domains. First generation CARs are only 

equipped with the CD3z domain of the TCR.51 CD3z induces through NFAT, AP-1 and 

NFkB pathways release of cytokines, as well as transcription and translation of anti-
apoptotic proteins like B cell lymphoma (Bcl)-X therefore causing increased 
proliferation, cell growth, ameliorated cytotoxic effects and prevention of apoptosis.26 
Second generation CARs have one additional costimulatory molecule. In third 

generation CARs two costimulatory domains are combined with a CD3z domain 
(Fig.1).51–54 Currently widely costimulatory domains used include CD28, 41-BB, the 
inducible T cell costimulator (ICOS) or OX40.51 These additional co-stimuli further 

enhance CD3z signaling and are essential for a robust effector function as well as for 
in vivo persistence. However, each co-stimulatory domain has its own properties and 
therefore advantages and disadvantages. CD28 is known to induce strong effector 
functions but causes rapid exhaustion of CAR-T cells by constitutively and chronically 

active signaling. Therefore CD28.CD3z.CAR-T cells show a comparatively low in vivo 
persistence.51,55 In contrast, 41BB is known to significantly increase in vivo 
persistence.56,57 OX40 causes a lower but prolonged antigen recognition dependent 
cytokine production compared to CD28.58 ICOS was found to significantly increase 
CD4+CAR-T cell in vivo persistence and in turn also increasing persistence of 

CD8+CD28.CD3z or 41BB.CD3z.CAR-T cells. Further, third generation 

ICOS.41BBz.CAR-T cells showed a combination of superb effector functions with 
increased in vivo persistence.51,54,59  
 
Ideal CAR engineering and balanced co-stimulatory signaling is especially crucial for 
anti-EBV CAR-T cells as EBV is known to induce the various immune-evasive 
mechanisms already described above. For instance, upregulation of PDL-1 on EBV+ 
tumor cells and therefore increased binding of PDL-1 to PD-1 on CAR-T cells leads to 
a direct inhibition of the stimulatory pathways of the signaling domains of CAR-T 
cells.21 Surpassing these mechanisms will therefore play a crucial role to develop an 
efficiently working anti-EBV CAR-T product (Fig.1). 
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Objectives 
 

The rationale of this study was to construct, produce and validate CAR-T cells directed 
against EBV. As a target antigen for the CAR-T cells we chose the glycoprotein 
gp350/220. It is incorporated in the viral envelope of EBV, encoded in the viral gene 
BLLF1 and expressed in the late lytic phase of EBV replication. There are two splice 
variants weighing each either 350 or 220 kDa. The glycoproteins gp350/220 are found 
to play an important role in initiating EBV infection by binding to CD21 causing host 
cell binding of the virion. Further a participation of gp350/220 and CD21 in the release 
of the viral capsid into the endosomal compartment is supposed.60 gp350/220 is found 
on the surface of infected cells and is also expressed in several EBV associated 
diseases.32,61,62 Prof. Reinhard Zeidler discovered two rat-derived anti-gp350/220 
antibodies: 6G4 and 7A1. They both show high affinity and have a high neutralization 
capacity to hinder EBV infection. Whether they bind only to one or both splice variants 
is still unknown so any following references to gp350 include its splice variant gp220. 
Single chain variable fragments of both 6G4 and 7A1 antibodies were fused to an 

existing CAR-construct including CD28 and CD3z or 41BB and CD3z as signaling 
domains kindly provided by Dr. Maksim Mamonkin and Dr. Cliona Rooney (Baylor 
College of Medicine, Houston, TX, USA). CAR-T cells were produced and tested in 
vitro first on 293T cells lentivirally transduced to express gp350, then on the EBV 
infected cell line B95.8 and an autologous lymphoblastoid cell line created by infection 
with the EBV strain M81. A humanized mouse model to mimic invasive EBV infection 
using the viral strains B95.8 and M81 and showing histopathological similarities to 
human monomorphic PTLD or DLBCL was developed to test gp350CAR-T cells in 

vivo. A pilot experiment with therapeutic treatment with CD28.CD3z.gp350CAR-T cells 
in the B95.8 infection model led to first encouraging results. Proof-of-concept 
prophylactic as well as therapeutic experiments in the M81 infection model were then 
performed by Simon Danisch and Maja Kalbarczyk respectively. 
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Results 
 

1. Original publication I 
 

Spatiotemporally Skewed Activation of Programmed Cell Death Receptor 1-
Positive T Cells after Epstein-Barr Virus Infection and Tumor Development in 
Long-Term Fully Humanized Mice 

Simon Danisch*, Constanze Slabik*, Angela Cornelius, Manuel Albanese, Takanobu 
Tagawa, Yen-Fu A Chen, Nicole Krönke, Britta Eiz-Vesper, Stefan Lienenklaus, Andre 
Bleich, Sebastian J Theobald, Andreas Schneider, Arnold Ganser, Constantin von 
Kaisenberg, Reinhard Zeidler, Wolfgang Hammerschmidt, Friedrich Feuerhake, 
Renata Stripecke, American Journal of Pathology 2019, * S.D. and C.S. contributed 
equally to this work. 

Author contributions: R.S. planned the project, designed experiments, obtained 
funding and regulatory approvals, enrolled collaborators, interpreted the data, wrote 
the second draft, and edited the final manuscript; S.D. and C.S. conducted 
experiments, analyzed data, performed the statistical analyses, and wrote the first 
manuscript draft; F.F. performed the histopathological analyses, generated figures, 
and edited the final manuscript; N.K. established and performed histopathological 
staining and in situ hybridization; B.E.-V. assisted in the setup and conducted the 
ELISpot assays; M.A., R.Z., T.T., Y.-F.A.C., and W.H. generated and produced the 
genetically modified Epstein-Barr virus strains and edited the final manuscript; A.S., 
S.J.T., and A.C. assisted in preparation and analyses of humanized mice; S.L. and 
A.B. assisted with technical know-how for the computed tomographic analyses; C.v.K. 
procured cord blood for generation of the humanized mice.		
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Humanized mice developing functional human T cells endogenously and capable of recognizing cognate

human leukocyte antigenematched tumors are emerging as relevant models for studying human immuno-

oncology in vivo. Herein, mice transplanted with human CD34þ stem cells and bearing endogenously

developed human T cells for >15 weeks were infected with an oncogenic recombinant Epstein-Barr virus

(EBV), encoding enhanced firefly luciferase and green fluorescent protein. EBVefirefly luciferase was

detectable 1 week after infection by noninvasive optical imaging in the spleen, from where it spread rapidly

and systemically. EBV infection resulted into a pronounced immunologic skewing regarding the expansion of

CD8þ T cells in the blood outnumbering the CD4þ T and CD19þ B cells. Furthermore, within 10 weeks of

infections, mice developing EBV-induced tumors had significantly higher absolute numbers of CD8þ T cells in

lymphatic tissues than mice controlling tumor development. Tumor outgrowth was paralleled by an up-

regulation of the programmed cell death receptor 1 on CD8þ and CD4þ T cells, indicative for T-cell

dysfunction. Histopathological examinations and in situ hybridizations for EBV in tumors, spleen, liver, and

kidney revealed foci of EBV-infected cells in perivascular regions in close association with programmed cell

death receptor 1epositive infiltrating lymphocytes. The strong spatiotemporal correlation between tumor

development and the T-cell dysfunctional status seen in this viral oncogenesis humanized model replicates

observations obtained in the clinical setting. (Am J Pathol 2019, 189: 521e539; https://doi.org/10.1016/

j.ajpath.2018.11.014)
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In recent years, immunotherapeutic approaches with immune

checkpoint inhibitors showed unprecedented and long-lasting

responses even in cancer patients with advanced disease.1

Nivolumab, an antibody blocking the programmed cell

death receptor (PD)-1, inhibited tumor immune evasion in

patients with relapsed or refractory Hodgkin lymphoma (HL)

with remarkable 87% objective responses.2 Consequently, a

promising rich pipeline of novel therapeutic antibodies and

innovative combination therapies targeting checkpoint mole-

cules expressed on T cells and/or tumor cells is currently

being developed to abrogate tumor-induced immunosup-

pression. A limitation in this preclinical field is testing these

human-specific antibodies in vivo because the immune re-

sponses obtained in mice or nonhuman primates sometimes

do not predict what can be observed in immunologically

distinct and genetically heterogeneous humans. Therefore,

novel in vivo models suitable for validating these immuno-

therapies are warranted to accelerate their translation to pa-

tients. Mice reconstituted with a human immune system (alias

humanized mice) have emerged in the past decade as an

important preclinical platform for in vivo efficacy testing of

human-specific therapeutic drugs.3 Several groups have re-

ported that the use of CD34þ human hematopoietic stem cell

transplantation (huHSCT) into severely immune-deficient

mouse strains, such as nonobese diabetic (NOD)/severe

combined immune-deficient IL2rgnull,4 NOD Rag1null

IL2rgnull,5,6 or BALB/c-Rag2null Il2rgnull7 mice, resulted in

consistent human hematopoietic engraftment in the bone

marrow and development of human lymphocytes in

lymphatic tissues. Remarkably, highly xenoreactive human T

cells seem to be functionally depleted in the thymus, so that

endogenously developing human mature T cells can persist

long-term for several months up to nearly a year after

huHSCT with only sporadic occurrence of graft-versus-host

disease.6,8 Concurrently, patient-derived tumor xenograft

cancer models transplanted into NOD/severe combined

immune-deficient IL2rgnull mice showed that these in vivo

models can be predictive of clinical outcomes.9 Patient-

derived tumor xenograft mouse models combined with hu-

manized immune systems could further enable their use for

testing immunotherapies. Recently, Wang et al10 showed that

after huHSCT, NOD/severe combined immune-deficient

IL2rgnull humanized mice transplanted with patient-derived

tumor xenograft cells matched to a few but not all of the

class I human leukocyte antigen developed tumors. More-

over, treatment with an antiePD-1 antibody (pembrolizumab)

showed significant tumor growth inhibition. Inherent limita-

tions of patient-derived tumor xenograft models surgically

grafted into humanized mice include human leukocyte anti-

gen mismatch between stem cell donor(s) and tumors and

sequential loss of the original tumor microenvironment

(TME) during tumor outgrowth in the mouse. Both problems

can be overcome in an in vivo model of virus-induced he-

matological tumors, in which the malignant cells and the

immune system carry the same human leukocyte antigens and

tissue antigens and the neoplasm development induces its

own individual TME. Epstein-Barr virus (EBV) is a type 1

carcinogen that is directly associated with the development of

human B-cell neoplasms.11 EBV infection models in hu-

manized mice 6 to 10 weeks after huHSCT have been

described previously.12e14 Nevertheless, at this early time

point, the human immune reconstitution consists of an

insufficient development, maturation, and egress of human

lymphocytes from primary lymphatic tissues to the periphery,

and it is thus not advanced enough to counteract the virus and

explosive outgrowth of EBV-induced tumors.15e18 Indeed,

one study by Lee et al19 elegantly showed that the time point

of EBV infection after huHSCT critically affected the burden

and types of developing tumors. Thus, consistent outgrowth

of tumors resembling non-Hodgkin lymphomas developed

when EBV infection occurred at 8 weeks after huHSCT

(when immature B cells predominated, and T cells were

lacking), whereas fewer tumors developed and resembled the

TME of HL when mice were infected 15 weeks after

huHSCT (at the time point when T-cell development and

maturation can be observed in this model). These HL-like

tumors were histologically more complex and contained

Hodgkin Reed-Sternbergelike cells.19 These observations by

Lee et al19 suggested a link between the level of reconstitu-

tion of the human adaptive immunity in humanized mice and

the shaping of the tumor and, in turn, the establishment of an

immunosuppressive TME. Herein, we hypothesized that EBV

infection and tumor progression in long-term humanized mice

would shape the activation of T-cell lineages and induce PD-

1 up-regulation. The data reveal that most mice infected with

EBV 15 to 17 weeks after huHSCT and analyzed 10 weeks

later did not develop macroscopically detectable tumors, but

nevertheless showed a skewed CD8þ T-cell expansion in

several lymphatic tissues compared with noninfected mice. In

animals showing tumors caused by EBV infection, an even

more substantial expansion of CD8þ PD-1þ T cells was

observed in tumor tissues. Histopathology analyses of adja-

cent tissue, combined with EBER in situ hybridization,

characteristically revealed recurrent patterns of spatial orga-

nization with foci of EBV-infected cells in close association

with PD-1þ infiltrating lymphocytes, often in perivascular

regions. Therefore, long-term humanized mice infected with

EBV demonstrated a range of dynamic and vigorous interplay

between tumor development and the immune system in

multiple organs. This working model recapitulates clinical

findings of chronic and acute EBV infection and could be

used to study systemic T-cell activation and local responses in

the TME at different stages of organ involvement and tumor

formation.

Materials and Methods

Ethics Statement

All subjects donating cord blood provided written informed

consent. This study was approved by the Ethics Committee

of Hannover Medical School (Hannover, Germany).
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Generation of EBV Engineered Strains

EBV-B95.8/green fluorescent protein (GFP) is a genetically

modified strain (alias 2089-EBV), derived from the B95-8

strain,20,21 and was amplified in HEK293 cells, as

described.22 EBV-B95.8/firefly luciferase 2 (fLuc2) was

derived from the EBV-B95.8/GFP strain and contains a

codon-optimized fLuc cDNA (luc2; Genscript Biotech,

Piscataway Township, NJ) coupled to a preceding T2A

element and engineered to be expressed downstream of the

viral Epstein-Barr nuclear antigen 2 (EBNA2) gene. The

viral genome was constructed using recombinant DNA

technologies in a modified Escherichia coli DH10B

strain.23e25 The resulting maxi-EBV plasmid p6476 was

carefully analyzed by restriction enzyme analysis, and all

relevant genetically modified regions were confirmed by

sequencing. The EBV-B95.8/fLuc2 virus was introduced

into HEK293 cells, and single-cell clones were isolated and

induced to produce progeny virus. Viral titers were deter-

mined and indicated as GFP Raji infectious units, as pre-

viously described.26

Generation of Humanized Mice

All experiments involving mice were performed in accor-

dance with the regulations and guidelines of the animal

welfare of the State of Lower Saxony (Niedersächsiches

Landesamt für Verbraucherschutz und Leb-

ensmittelsicherheit, Dezernat 33/Tierschutz). NOD Rag1null

IL2rg
null mice, aged 4 to 6 weeks, were originally obtained

from The Jackson Laboratory (Bar Harbor, ME) and bred in

house under pathogen-free conditions. Cord blood (CB)

units were obtained after informed consent from donors

(mothers at term), and study protocols were approved by the

Ethics Committee of the Hannover Medical School. Human

CD34þ hematopoietic cells were isolated from CB after two

rounds of positive selection using immune magnetic beads

(Direct CD34 Progenitor Cell Isolation Kit, human; MACS

Miltenyi Biotec, Bergisch Gladbach, Germany), as

described.27 CD34þ/CB units were pretested in a couple of

transplanted mice, and only those resulting into 20% or

higher frequencies of human CD45þ cells in mouse pe-

ripheral blood lymphocytes 15 weeks after HSCT were used

Figure 1 Epstein-Barr virus (EBV) infection intravenously primarily targets the spleen and spreads systemically. A: Flow cytometry analyses of PD-L1 and PD-1

expression on lymphoblastoid cell lines (LCLs) generated using EBV/B95.8-green fluorescent protein (GFP) or EBV/B95.8efirefly luciferase (fLuc2). B: A schematic

representation of experiments. Humanizedmice were infected with 105 GFP Raji infectious units (GRUs) of either EBV/B95.8-GFP or EBV/B95.8-fLuc2 15 weeks after

huHSCT. Mice infected with EBV/B95.8-fLuc2 were longitudinally monitored for biodistribution of EBV infection by optical imaging and computed tomographic

analyses, andmice infectedwith EBV/B95.8-GFPwere regularly bled tomonitor the dynamics of reconstitution of human lymphocytes. For both experimental setups,

micewere euthanized 10weeks after infection. C: Luciferase signal of three representative EBV/B95.8/fLuc2 infected humanizedmice generatedwith stem cells from

different cord blood (CB) is displayed in a two-dimensional bioluminescence analysis in lateral view at weeks 1, 3, and 5 after infection. D: Quantification of the

intensity of bioluminescence in the spleen region over the course of the experiment. E: Three-dimensional analysis 5 weeks after infection using IVIS SpectrumCT and

LivingImage. F: Ex vivo optical imaging analysis of explanted tissues showing bioluminescence signals. FACS, fluorescence-activated cell sorting; LN, lymph node;

NRG, nonobese diabetic Rag1null IL2rgnull; p/s/cm2/sr, average radiance; PD-L1, programmed cell death ligand 1; SG, salivary glands.
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for further experiments. Before HSCT, mice were suble-

thally irradiated (450 cGy) using a [137Cs] column irradiator

(Gammacell 3000 Elan; Best Theratronics, Ottawa, ON,

Canada). At 4 hours after irradiation, 2.0 ! 105 CD34þ cells

were administrated to mice through the tail vein, as

described.6,28 For these experiments, both male and female

mice were used.

Analysis of Human T- and B-Cell Reconstitution in
Different Tissues

Patterns of human T- and B-cell reconstitution in periph-

eral blood, spleen, mesenteric lymph nodes (mLNs),

peripheral lymph nodes (LNs), and bone marrow (BM)

were analyzed by flow cytometry, essentially as

described,6,28 with minor modifications. Lysis of erythro-

cytes was performed in 0.83% ammonium chloride/20

mmol/L HEPES, pH 7.2, for 5 minutes at room tempera-

ture, followed by stabilization with cold phosphate-

buffered saline (Biochrom, Berlin, Germany) and

washing. Spleen, peripheral LNs, mLNs, and BM cells

were isolated and homogenized. Before homogenization,

the spleen was cut in small pieces and predigested with 2

mg/mL Collagenase D (Roche, Mannheim, Germany) and

2 U/mL DNAseI (NEB, Frankfurt, Germany) in RPMI

1640 medium (Thermo Fisher Scientific, Waltham, MA) at

Table 1 Mouse Characteristics

Mouse ID Sex Cord blood ID Group hHSCT ID CD45 %

EBV detection

(qPCR/EBER FISH) Tumors

601 M 263 Control 88 23.7 #/ND Liver (mouse)

Z6 F 215 Control 95 68 #/ND No

Z5 F 215 Control 95 41.7 #/ND No

Z4 F 215 Control 95 55.8 #/ND No

Z17 F 185 Control 96 42.7 #/ND No

Z10 F 185 Control 96 47.5 #/ND No

1481 F 272 Control 105 82 #/ND No

1480 F 272 Control 105 75.3 #/ND No

1062 F 229 Control 92 58.2 #/ND No

1061 F 229 Control 92 33.5 #/ND No

1060 F 229 Control 92 21.7 #/ND No

618 M 195 Control 88 70.5 #/ND No

616 M 153 Control 88 84.8 #/ND No

603 F 212 Control 89 83.8 #/ND No

600 F 212 Control 89 81.6 #/ND No

582 M 264 Control 88 65.6 #/ND No

188 F 230 Control 83 72.5 #/ND No

12 F 222 Control 108 22.1 #/ND No

2 F 222 Control 109 44.6 #/ND No

1508 F 272 EBV 105 75 #/þ No

1469 F 147 EBV 104 61.7 þ/ND No

1391 F 147 EBV 104 66.2 þ/ND No

1016 F 229 EBV 92 16.1 þ/ND No

1014 F 229 EBV 92 25.7 þ/þ No

617 M 195 EBV 88 72.9 þ/þ No

615 M 153 EBV 88 72 þ/þ No

606 F 212 EBV 89 82.7 #/þ No

605 F 212 EBV 89 76.9 þ/ND No

604 F 212 EBV 89 83.9 #/þ No

599 M 264 EBV 88 60.7 þ/ND No

1509 F 272 EBV-Tumor 105 83.8 #/þ SPL

1440 F 147 EBV-Tumor 104 49.3 þ/þ SPL

3 F 222 EBV-Tumor 109 72.5 þ/ND SPL

1510 F 272 EBV-Tumor 105 79.4 þ/þ SPL

602 M 263 EBV-Tumor 88 15.5 þ/ND SPL, KID, PA

1570 F 222 EBV-Tumor 108 77.7 þ/ND SPL, LIV

187 F 230 EBV-Tumor 83 50.9 þ/þ SPL, LIV

1015 F 229 EBV-Tumor 92 50 þ/þ SPL, KID, LIV

F, female; M, male; þ, positive; #, negative; EBV, Epstein-Barr virus; FISH, in situ hybridization; ID, identification; KID, kidney; LIV, liver; ND, not

determined; PA, pancreas; qPCR, real-time quantitative PCR; SPL, spleen.
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Figure 2 Dynamics of frequencies of human CD45þ (hCD45þ) in peripheral blood and relative frequencies of CD19þ and CD3þ lymphocytes within hCD45

cells. Results are shown for control, Epstein-Barr virus (EBV), and EBV-Tumor cohorts, and the bar graphs represent the data analyzed on week 6 after infection.

Bars filled with white, gray, and black represent control, EBV, and EBV-Tumor cohorts, respectively. A and B: Examples displayed for control, EBV, and EBV-

Tumor representative mice 6 weeks after infection, showing the gating strategy for the CD45þ population (A) and overall results and a bar graph each showing

mean and SEM of each group 6 weeks after infection (B). C: Exemplary results for CD19þ and CD3þ populations (gated in CD45þ). D and E: CD19 (D) and CD3

(E) (gated in CD45þ) over the course of the experiment, and a bar graph each showing SEM of each group 6 weeks after infection. Six weeks after infection was

chosen as a time point for statistical analyses because it best signaled the turning point of the dynamics in the lymphocyte population. *P < 0.05,

**P < 0.01, and ***P < 0.001. K, 1000; SSC, side scatter; wpi, weeks post infection.
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37!C for 1 to 2 hours. Cell suspensions were washed and

resuspended in phosphate-buffered saline for counting and

staining with the following fluorochrome-conjugated

monoclonal antibodies: Pacific blue anti-CD45, Alexa

Flour 700 anti-CD19, brilliant violet 510 anti-CD3,

peridinin chlorophyll anti-CD4, phycoerythrin-cyanine 7

anti-CD8, phycoerythrin antiePD-1, allophycocyanin

anti-CD69, allophycocyanin anti-CD366 [T-cell

Figure 3 Dynamics of relative frequencies of human CD4þ and CD8þ lymphocytes in human CD45þ (hCD45þ) cells of peripheral blood. Results are shown for

control, Epstein-Barr virus (EBV), and EBV-Tumor cohorts, and the bar graphs represent the data analyzed on week 6 after infection. Bars filled with white, gray, and

black represent control, EBV, and EBV-Tumor cohorts, respectively.A: Examples displayed for control, EBV, and EBV-Tumor representativemice 6weeks after infection,

showing the CD4þ and CD8þ populations (gated in CD45þ CD3þ T cells).B and C: CD4 (B) and CD8 (C) frequencies relative to human CD45þ cells detected inmice over

the course of the experiment and a bar graph, each showing SEM of each group 6 weeks after infection. **P < 0.01, ***P < 0.001. wpi, weeks post infection.

Table 2 Quantified Absolute Cell Numbers Obtained for Spleen (CD45þ, CD3þ, CD19þ, CD8þ, CD4þ, CD8þ/PD-1þ, CD4þ/PD-1þ) and EBV

DNA Copies Detected in Spleen

Variable Control (n Z 17) EBV (n Z 11) EBV-Tumor (n Z 6)

CD45 8.615 # 106 $ 1.53 # 107 9.485 # 106 $ 6.458 # 106 2.022 # 107 $ 1.469 # 107

CD3 2.994 # 106 $ 5.729 # 106 6.759 # 106 $ 4.317 # 106 1.805 # 107 $ 1.380 # 107

CD19 4.994 # 106 $ 8.846 # 106 2.141 # 106 $ 2.767 # 106 1.347 # 106 $ 1.67 # 106

CD8 9.549 # 105 $ 1.996 # 106 3.415 # 106 $ 2.049 # 106 1.132 # 107 $ 8.366 # 106

CD4 1.973 # 106 $ 3.775 # 106 3.056 # 106 $ 2.456 # 106 6.191 # 106 $ 5.861 # 106

CD8þ PD-1þ 9.719 # 105 $ 2.119 # 106 3.055 # 106 $ 1.985 # 106 8.941 # 106 $ 4.562 # 106

CD4þ PD-1þ 1.772 # 106 $ 3.407 # 106 2.691 # 106 $ 2.21 # 106 5.384 # 106 $ 4.528 # 106

Copies/mg DNA 0 $ 0 9.420 # 102 $ 1.88 # 103 1.680 # 104 $ 2.7 # 104

Data are expressed as means $ SD.

EBV, Epstein-Barr virus.
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immunoglobulin mucin (Tim-3); BioLegend, San Diego,

CA], and allophycocyanin-H7 anti-CD4 (BD Bioscience,

Becton Dickinson GmbH, Heidelberg, Germany). Cells

were stained for 30 minutes on ice, washed, and fixed with

CellFIX (BD Bioscience, Becton Dickinson GmbH). Flow

cytometric data were acquired using an LSR II flow cy-

tometer (BD Bioscience, Becton Dickinson GmbH) or

CytoFLEX S (Beckman Coulter, Brea, CA) and analyzed

using FlowJo version 10 (Tree Star, Ashland, OR). To

obtain the absolute cell counts, the total number of viable

cells counted after homogenization of the tissues was

divided by the percentage of the specific cell population

after flow cytometry analyses.

Infection of Humanized Mice with EBV

After confirmed human hematopoietic engraftment in pe-

ripheral blood 15 to 17 weeks after HSCT, mice were ran-

domized on the basis of the levels of T-cell reconstitutions

between control and EBV-infected groups. For EBV in-

fections, micewere injected via the tail vein with 105GFPRaji

infectious units of EBV-B95.8/fLuc2 or EBV-B95.8/GFP

diluted in 100 mL phosphate-buffered saline. Weight moni-

toring after infections was performed weekly. Euthanasia was

performed if symptoms of distress due to tumor development

were detected or 10 weeks after EBV infections.

Optical and Computed Tomographic Imaging Analysis
of EBV-Infected Mice

Mice infected with EBV-B95.8/fLuc2 were analyzed for

luciferase expression using an IVIS SpectrumCT apparatus

(PerkinElmer,Waltham,MA). In brief,micewere anesthetized

using isoflurane. Five minutes before imaging, 2.5 mg D-

luciferin potassium salt (SYNCHEM, Elk Grove Village, IL)

dissolved in 100 mL phosphate-buffered saline was adminis-

tered intraperitoneally. For three-dimensional reconstruction

of the bioluminescent signal, microecomputed tomographic

datawere acquired at the same time as acquisition of the optical

data. Data were analyzed using the LivingImage Software

version 4.5 (PerkinElmer).

Quantification of EBV by Real-Time Quantitative PCR

DNA was extracted from whole spleen specimens using the

DNeasy Blood& Tissue Kit (Qiagen, Venlo, the Netherlands),

according to the manufacturer’s protocol. Quantification

of EBV DNA was performed by amplifying a fragment

Figure 4 End point analyses of the frequencies and absolute counts of human T lymphocytes in different tissues. Bars filled with white, gray, and black

represent control, Epstein-Barr virus (EBV), and EBV-Tumor cohorts, respectively. A: Frequencies of CD3þ, CD4þ, and CD8þ in CD45þ cells in peripheral blood are

shown for control, EBV, and EBV-Tumor groups. B: Mesenteric lymph nodes were analyzed, as previously mentioned (Materials and Methods), for control, EBV, and

EBV-Tumor groups. Splenocytes were recovered from mice, counted, stained, and analyzed, as mentioned above. C and D: Frequencies are depicted (C) and

absolute numbers (D) for control, EBV, and EBV-Tumor animals. E and F: CD3þ, CD4þ, and CD8þ frequencies in lymph nodes (E) and absolute cell numbers (F) for

control, EBV, and EBV-Tumor groups. G and H: Frequencies (G) and absolute cell numbers (H) in bone marrow in control, EBV, and EBV-Tumor groups. n Z 19 (A,

C, D, G, and H, control group); nZ 11 (A and CeH, EBV group, and B, control group); nZ 8 (A and CeH, EBV-Tumor group, and B, EBV group); nZ 7 (B, EBV-

Tumor group); n Z 18 (E and F, control group). *P < 0.05, **P < 0.01, and ***P < 0.001. BM, bone marrow; hCD45, human CD45; LN, lymph node; mLN,

mesenteric LN; PBL, peripheral blood lymphocytes; SPL, spleen.
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of the BALF4 gene using the following primers: forward,

50-CTTTGGCGCGGATCCTC-30; and reverse, 50-

AGTCCTTCTTGGCTAGTCTGTTGAC-30. Amplification

was detected by using the following TaqMan probe: 50-

Fam-CATCAAGAAGCTGCTGGCGGCC-Tamra-30. For re-

action, 5 mL of DNA was added to 20 mL of TaqMan 2!

UniversalMastermix (ThermoFisherScientific) containing2.5

mL of each primer (2 mmol/L), 1 mL of TaqMan probe (5 mmol/

L), and 1.5 mL of PCR-grade nuclease-free water. PCRs were

run with the StepOnePlus Real-Time System (Applied Bio-

systems, Life Technologies, Darmstadt, Germany) using the

following cycling conditions: 2 minutes at 50"C, 10minutes at

95"C, 40 cycles of 15 seconds at 95"C, and 1 minute at 56"C.

Data were analyzed using the StepOnePlus software version

2.3 (Applied Biosystems, Life Technologies).

Detection of IFN-geSecreting T Cells by ELISpot

EBV-specific interferon (IFN)-geproducing T lymphocytes

were enumerated by IFN-g ELISpot using T-track human Kit

according to the vendor’s recommendations (Lophius

Biosciences, Regensburg, Germany), as described previ-

ously.29 Briefly, viable mononuclear cells obtained from

tissues of humanized mice (n Z 3 for each cohort), periph-

eral blood from EBV-seropositive donors (n Z 3), or cord

blood (n Z 3) were plated at a density of 2.5 ! 105 cells per

well and incubated overnight with 2.5 mg/mL CEF peptide

pool as a positive control, ppBZLF1 peptide pool (1 mg/mL

propeptide), and T-activated EBNA3A and BZLF1-protein,

respectively (2 mL each; both from Lophius Biosciences).

Untreated cells served as negative control spot-forming units

and were counted and analyzed using the AID iSpot Spec-

trum Reader (AID, Straßberg, Germany). A spot count at

least two times higher than the spot count of the negative

control was regarded positive.

Histopathology, Immunohistochemistry, and Image
Analysis

Formalin-fixed, paraffin-embedded tissues were divided into

sections (3 mm thick) and stained according to standard pro-

tocols for hematoxylin-eosin and Giemsa. Immunohisto-

chemistry using the Benchmark Ultra automated instrument

(Ventana/Roche Tissue Diagnostics, Mannheim, Germany)

was performed for staining: CD8 (clone C8/144B; Dako,

Copenhagen, Denmark), CD4 (clone SP35; Zytomed Systems,

Berlin, Germany), PD-1 (MRQ-22; Medac Diagnostika,

Wedel, Germany), CD30 (Ber-H2; Dako), and programmed

cell death ligand 1 (PDL-1; clone 22C3; Dako). The 3,30-

diaminobenzidineebased UltraView detection reagent was

used following the manufacturer’s recommendations. EBV-

infected cells were detected by in situ hybridization using the

EBER 1 DNP Probe (Ventana/Roche Tissue Diagnostics;

designed to bind to EBV-encoded RNA 1, EBER 1) and the

automated Benchmark Ultra instrument. Staining results were

evaluated visually, and images were taken on the Olympus

BX46 microscope (Olympus Europe, Hamburg, Germany). In

addition, CD4, CD8, PD-1, and EBER staining was evaluated

using Mantra Quantitative Pathology Workstation, including

the inForm software version 2.4.1 (Perkin Elmer, Rodgau,

Germany). Three to five visually selected fields of view ac-

quired with the 20! objective were subjected to color

deconvolution by multispectral imaging. The perivascular

lymphocytic infiltrate was manually annotated. Computational

color deconvolution was used to separate color channels

(black/dark blue for in situ hybridization, blue for hematoxylin,

and 3,30-diaminobenzidine/brown for CD4, CD8, and PD-1).

Segmentation and classification of image objects using the

inForm cell phenotyping tool resulted in accurate detection of

EBER-positive nuclei (in situ hybridization), which were

recorded as number of stained nuclei per area (in pixels). The

density of immune cells (corresponding to the relative number

of CD4-, CD8-, and PD-1epositive cells by immunohisto-

chemistry) was estimated regarding positively stained image

objects per area (in pixels).

Statistical Analysis

For these proof-of-concept experiments, data acquisition

was not blinded and sample sizes were not statistically

determined before experiments. Statistical analysis was

performed using the GraphPad Prism software versions 6

and 7 (GraphPad Software Inc., La Jolla, CA). One-way

analysis of variance with Tukey post-test for multiple

comparisons was used to calculate statistical significance.

P < 0.05 was considered statistically significant.

Results

Infection of Humanized Mice with EBV-B95.8/fLuc2,
Monitored by Noninvasive Optical Imaging Analysis
and Computed Tomography, Shows Exponential and
Systemic EBV Burst

Before in vivo use, the titers of EBV viral batches were

tested by in vitro infection and immortalization of primary B

Figure 5 End point analyses of frequencies and absolute counts of the PD-1þ human T cells in different tissues. Bars filled with white, gray, and black

represent control, Epstein-Barr virus (EBV), and EBV-Tumor cohorts, respectively. A: Gating strategy for analyses of PD-1 expression on CD4þ and for CD8þ

cells. B: Frequencies of PD-1þ/CD4þ for spleen (SPL), lymph nodes (LNs), mesenteric lymph nodes (mLNs), bone marrow (BM), and blood (BL). C: Absolute cell

numbers of PD-1þ/CD4þ for spleen, lymph nodes, and bone marrow. D: Frequencies of PD-1þ/CD8þ for SPL, LNs, mLNs, BM, and BL. E: Absolute cell numbers of

PD-1þ/CD4þ for spleen, lymph nodes, and bone marrow. The sample sizes per tissues are shown in Supplemental Table S1. *P < 0.05, **P < 0.01, and

***P < 0.001. hCD45, human CD45; K, 1000; SSC, side scatter.
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cells. EBV-transformed lymphoblastoid cell lines showed

detectable expression of PD-L1 and PD-1 on the cell surface

(Figure 1A). Fifteen weeks after huHSCT using CD34þ

cells from three individual CB donors, mice were infected

via tail vein injection with EBV-B95.8/fLuc2 or EBV/GFP

(105 GFP Raji infectious units). Mice were sacrificed 10

weeks later or earlier if signs of disease became evident

(Figure 1B). Optical imaging for tracking the biodistribution

of the EBV-B95.8/fLuc2 infections showed a faint biolu-

minescence signal restricted to the anatomic region of

spleen 1 week after infection, which then increased expo-

nentially until 5 weeks after infection (Figure 1, C and D).

At this point, when the bioluminescence signals were con-

spicuous, three-dimensional high-resolution optical imaging

combined with computed tomography showed hotspots of

EBV-infected cells dispersed in regions of the spleen and

adjacent lymph nodes (Figure 1E and Supplemental Video

S1). Optical imaging analyses performed after euthanasia

and inspection of the organs by optical imaging analyses

showed pronounced bioluminescent signals in spleen,

lymph nodes, lungs, liver, and salivary glands (Figure 1F).

EBV-B95.8/GFP Infection and Tumor Development
Changes the Kinetics of Human Immune Cell
Reconstitution in Blood, Skewing toward Significantly
Higher Frequencies of CD8þ T Cells

Mice transplanted with CD34þ cells obtained from several

CB donors were used to replicate independent experiments

for comparisons between noninfected controls (n Z 19) and

EBV-B95.8/GFP infected (n Z 18) (Table 1). Among EBV-

infected mice, 8 of 18 (44%) developed macroscopically

visible tumors in the spleen. For further analyses of the data,

EBV-infected mice were then compared with (EBV-Tumor)

or without (EBV) macroscopic tumors (Table 1). All mice

showed detectable human CD45þ cells in the peripheral

blood until euthanasia (ie, 25 to 27 weeks after huHSCT), but

although control mice consistently showed a gradual reduc-

tion in the frequencies of human CD45þ cells over time,

EBV-infected mice showed more variable patterns (Figure 2,

A and B). Regarding the kinetics of B and T lymphocytes,

CD19þ B cells predominated at the time of infection, but

their frequencies gradually decreased over time for all groups

(Figure 2, C and D). Remarkably, this decrease was signifi-

cantly more pronounced at 6 weeks after infection for EBV-

infected mice compared with controls (control versus EBV:

P Z 0.0102; control versus EBV-Tumor: P Z 0.0007)

(Figure 2D). Concurrently, EBV-infected mice showed a

significantly faster expansion of CD3þ T cells compared with

noninfected mice (control versus EBV: P Z 0.0165; control

versus EBV-Tumor: P Z 0.0056) (Figure 2E). Although the

frequency of CD4þ T cells within human CD45þ cells in

blood slightly decreased after EBV infection relative to

controls (control versus EBV: P Z 0.77; control versus

EBV-Tumor: P Z 0.38) (Figure 3, A and B), the relative

CD8þ T-cell frequencies increased significantly and

constantly (control versus EBV: P Z 0.0021; control versus

EBV-Tumor: P " 0.0001; EBV versus EBV-Tumor:

P Z 0.0072) (Figure 3, A and C).

EBV-B95.8/GFP Infection Followed by Tumor
Development Significantly Stimulates the Expansion of
CD8þ T Cells in Lymphatic Tissues

Tumor development was associated with higher frequencies

of CD8þ T cells within human CD45þ cells in blood and

lymphatic tissues (mLN, spleen, and BM) (Table 2 and

Figure 4, AeC, E, and G). Nonetheless, in terms of absolute

cell counts, the increases were more dramatic in EBV-

Tumor mice. These differences amounted to approxi-

mately 10-fold relative to controls and threefold relative to

mice not developing tumors for spleen (control versus EBV:

P Z 0.45; control versus EBV-Tumor: P " 0.0001; EBV

versus EBV-Tumor: P Z 0.0023) (Figure 4D), LN (control

versus EBV: P Z 0.67; control versus EBV-Tumor:

P Z 0.003; EBV versus EBV-Tumor: P Z 0.04)

(Figure 4F), and BM (control versus EBV: P Z 0.45;

control versus EBV-Tumor: P " 0.0001; EBV versus EBV-

Tumor: P Z 0.0007) (Figure 4H). Compared with CD8þ T

cells, the increase in the absolute CD4þ T-cell counts in

EBV-Tumor mice relative to controls or EBV mice without

tumors was not so pronounced (Table 2 and Figure 4, D, F,

and H).

Analysis of PD-1 Expression on T Cells Obtained from
Different Lymphatic Tissues

The frequencies of PD-1eexpressing CD4þ and CD8þ T

cells were analyzed by quantitative flow cytometry

(Figure 5A). For control mice, the frequencies of PD-1þ

CD4þ and PD-1þ CD8þ T cells were 20% to 40% in mLNs

and 85% to 90% in BM (Figure 5, B and D, and

Supplemental Table S1). In contrast, mice infected with EBV

showed 90% to 100% of the CD4þ and CD8þ T cells in

Figure 6 Single and combined analyses of frequencies of CD4þ and CD8þ and respective mean fluorescence intensities (MFIs) of PD-1, Tim-3, and CD69 on

T cells obtained from lymph nodes. A and B: Analyses of PD-1 on CD4þ (A) and CD8þ (B) T cells. C and D: Analyses of Tim-3 on CD4þ (C) and CD8þ (D) T cells. E

and F: Analyses of CD69 on CD4þ (E) and CD8þ (F) T cells. G: Combined analysis of CD4þ T cells. Panel with bar graphs on the left depicts combined analyses of

PD-1 and Tim-3 (Tim-3#PD-1# defined phenotypically as functional, Tim-3#PD-1þ defined as partially dysfunctional, Tim-3þPD-1þ defined as severely

dysfunctional). Panels with MFI for PD-1 (x axis) and MFI for Tim-3 (y axis) showing relationship between expression levels of both markers for each cohort. H:

Similar combined analysis for CD8þ T cells. n Z 5 mice per cohort [control, Epstein-Barr virus (EBV)einfected mice, and EBV-infected mice developing

tumors]. *P < 0.05, **P < 0.01, and ***P < 0.001.
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lymphatic tissues expressing PD-1 (Figure 5, B and D, and

Supplemental Table S1). Regarding absolute T-cell numbers,

mice with EBV tumors showed twice as many PD-1þ CD4þ

and three times as many CD8þ T cells as infected mice

without tumors (Table 2, Figure 5, C and E, and

Supplemental Table S1). Data were found in spleen (control

versus EBV: P Z 0.91; control versus EBV-Tumor:

P Z 0.02; EBV versus EBV-Tumor: P Z 0.06), LN

(control versus EBV: P Z 0.45; control versus EBV-Tumor:

P Z 0.0043; EBV versus EBV-Tumor: P Z 0.07), and

Figure 7 Histopathological analysis of four exemplary samples of splenic tissue analyzing spread of Epstein-Barr virus (EBV)epositive cells and formation

of tumor. Hematoxylin-eosin (HE), Giemsa, EBER, and CD30 are shown. Arrows indicate positive staining signals. A: Representative example for staining of

spleen of an uninfected control humanized mouse. B: Detection of few EBV-positive cells in minimal perivascular spread (pvs) in the spleen (spl) in a

representative example for the EBV-infected group without macroscopically detectable tumors. C: Representative example of splenic perivascular spread of

EBV-positive and CD30-expressing cells in an animal that developed a macroscopically visible tumor elsewhere. D: Tumor (tu) formation of intermediate size in

the spleen. Note the densely packed EBV-positive cells (as detected by EBER in situ hybridization) in the tu area, whereas the adjacent spl tissue shows the pvs.

E: Example of a large partially necrotic (nec) tumor. Preexisting spl, pvs, tu, and nec regions are shown. AeC, 10" objective; D and E, 4" objective; insets,

40" objective. pvl, perivascular lymphocytes.
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Figure 8 Histopathological analysis of representative samples of splenic tissue characterizing immune cell infiltration in context of Epstein-Barr virus

(EBV)epositive cell spread and tumor formation (Giemsa, EBER, CD20/CD3 duplex staining, CD8, CD4, and PD-1). A: Representative staining of a spleen of an

uninfected control humanized mouse. BeD: EBV-infected humanized mice. BeE: Perivascular spread and tumor formation of EBV-infected cells was associated

with a T-cellerich infiltrate. B: In cases with minimal perivascular spread, a few EBV-positive cells are mixed with presumably preexisting B cells in the

humanized splenic microenvironment and are surrounded by a moderate mixed T-cell infiltrate with low fractions of PD-1 positivity. C: In cases with more

advanced perivascular spread, the infiltrates associated with the EBV-infected cells consist predominantly of T cells, of both CD4þ and CD8þ phenotype, with

increasing fractions of PD-1eexpressing cells. CD20þ cells in this microenvironment could be remnants of preexisting splenic tissue or invading CD20-

expressing EBV-infected cells. D: The case with an intermediate-sized splenic tumor shows massive perivascular spread of CD20þ blasts, colocalizing with

the EBV-positive cell population and surrounded by PD-1þ T cells. The images show an area within the tumor formation, with strikingly low numbers of T cells.

E: The case with a large necrotic tumor shows a more prominent T-cell infiltrate with substantial PD-1 expression. Preexisting splenic (spl) tissue, perivascular

spread (pvs), tumor (tu), and necrotic (nec) regions are shown. Top two rows, 10" objective; bottom three rows, 20" objective; insets, 40" objective. pvl,

perivascular lymphocytes.
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Figure 9 Histopathological analysis of extrasplenic spread in kidney and liver in the Epstein-Barr virus (EBV)einfected tumor-bearing group. Hematoxylin-

eosin (HE), Giemsa, CD30, EBER, CD20, CD3, and PD-1 are shown. AeC: Histopathological investigation reveals subtle tumor-like spread of EBV-positive blasts

into several organs, of which staining of kidney tissue (A and B) and liver tissue (C) is shown as an example. Right column: Examples of staining of the

corresponding tissue of a noninfected control. The automated EBER in situ hybridization produced some diffuse unspecific background staining (ubg) that was

not nuclear and clearly distinguishable from specific nuclear staining by coloring and density. A: Multiple spread of tumors in the kidney is associated with

blood vessels and shows colocalization between EBER hybridization signal, CD20þ cells with blast morphology, and PD-1eexpressing T-cell infiltrates (arrows).

B: Higher magnification reveals the morphology of an EBV-positive neoplasia of B-cell origin with CD30 expression in most blast-like cells. It is accompanied

by a dense infiltrate of PD-1eexpressing cells. C: A similar pattern can be observed in a different case, with mostly perivascular spread of a blast-like he-

matological neoplasia with CD20 and CD30 coexpression and an accompanying infiltrate containing PD-1epositive T cells. The pink arrows indicate a positive

CD20 staining signal; brown arrow, a positive CD3 staining signal. A, 10" objective; B and C, 20" objective; insets, 40" objective.
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BM (control versus EBV: P Z 0.38; control versus

EBV-Tumor: P ! 0.0001; EBV versus EBV-Tumor:

P Z 0.0002).

Combined Analysis of PD-1/Tim-3 and PD-1/CD69
Expression by T Cells from LNs

To further characterize the activation and potential

dysfunctional status of the T cells on chronic EBV infection,

the expression of PD-1 was examined in combination with

Tim-3 or CD69 by multicolor flow cytometry analyses.

Previously, double-negative Tim-3"PD-1"CD8þ cytotoxic

T lymphocytes (CTLs) were classified as functional CTLs,

whereas single-negative Tim-3"PD-1þ and double-positive

Tim-3þPD-1þ were previously defined to be partially

dysfunctional and severely dysfunctional, respectively.30

Mononuclear cells obtained from lymph nodes of nonin-

fected control mice (n Z 5), EBV-infected mice (n Z 5),

and EBV-infected mice with tumor development (n Z 5)

were analyzed in parallel. Similar to previous observations

(Figure 5, BeE), compared with controls, all mice infected

with EBV showed significantly higher frequencies of PD-1þ

CD4þ and CD8þ T cells (Figure 6, A and B). A significant

up-regulation of PD-1 expression was observed for EBV-

infected mice developing tumors (CD4þ T cells: control

versus EBV-Tumor: P Z 0.002; EBV versus EBV-Tumor:

P Z 0.026; CD8þ T cells: control versus EBV: P Z 0.036;

control versus EBV-Tumor: P Z 0.013) (Figure 6, A and

B). Unlike PD-1, expression of the inhibitory receptor Tim-

3 on CD4þ T cells was comparable among all cohorts, both

for cell frequencies and levels of expression (Figure 6C). In

contrast, the frequency of Tim-3þ CD8þ T cells was three

times higher for mice infected with EBV (without or with

tumors) compared with controls, and this was also associ-

ated with up-regulation of Tim-3 expression (Figure 6D). As

a reference marker to assess T-cell activation solely, CD69,

a classic early marker of lymphocyte activation, was

explored.31 The frequency of CD69þCD4þ T cells was

significantly lower for the cohort of mice developing tumors

(40%) compared with controls (approximately 60%), and

this was also associated with lower expression levels (con-

trol versus EBV-tumor: P Z 0.024) (Figure 6E). On the

other hand, CD69 expression on CD8þ T cells was similar

for all of the cohorts (Figure 6F). These findings indicated

that expression of the activation marker CD69 was uncou-

pled with the transcriptional program, resulting in PD-1 up-

regulation and symptomatic dysfunction. The analyses of

the two coinhibitory receptors Tim-3 and PD-1 were sub-

sequently linked to define the functional status of T cells

subjected to chronic stimulation with EBV antigens. A

significant decrease was found in frequencies of the double-

negative CD4þ and CD8þ Tim-3"PD-1" functional T-cell

subpopulation on EBV infection (CD4þ: control versus

EBV: P Z 0.004; control versus EBV-Tumor: P Z 0.000;

CD8þ: PD-1"Tim-3": control versus EBV: P ! 0.0001;

control versus EBV-Tumor: P < 0.0001), and a significant

increase was found in the single-negative Tim-3"PD-1þ

partially dysfunctional subpopulation for CD4þ cells (con-

trol versus EBV: P Z 0.004; control versus EBV-Tumor:

P Z 0.0002) (Figure 6G). Even more pronounced effects

were observed for CD8þ cells (control versus EBV:

P Z 0.0002; control versus EBV-Tumor: P Z 0.0002)

(Figure 6H). Severely dysfunctional double-positive Tim-3þ

PD-1þ CD4þ cells were rare, and comparable among all

groups (Figure 6G). However, the frequencies of double-

positive cells were substantially elevated for CD8þ cells

when mice were infected with EBV (greater than fivefold;

frequency mean: control Z 2.068%; EBV Z 12.42%;

EBV-Tumor Z 12.87%; although not statistically signifi-

cant differences) (Figure 6H). For CD4þ cells, Tim-3

expression level (y axis) plotted relative to the PD-1

expression level (x axis) showed clustering of the mice

developing tumors farther away from the other two cohorts

(Figure 6G). When this analysis was applied to CD8þ T

cells, the noninfected cohort clustered clearly separately

from the EBV-infected and EBV with tumor cohorts

(Figure 6H). In sum, on the basis of these combined im-

mune phenotypic analyses of Tim-3 and PD-1 expression,

EBV infection conclusively affected the functionality of T

cells, and this was more pronounced for CD8þ T cells.

Furthermore, to examine whether functional responses

against EBV-specific antigens were detectable, IFN-g

ELISpot analysis was performed. Mononuclear cells were

obtained from three EBV-seropositive healthy human do-

nors (peripheral blood mononuclear cells), three EBV-

seronegative CB units, and three mice per cohort (using

cryopreserved/thawed bone marrow samples). T-cell re-

sponses against the Epstein-Barr virus nuclear antigen 3

(EBNA3, recombinant protein) and BZLF1 (recombinant

protein and peptide pool) were not detectable for the CB

negative control and validated for all positive control

healthy human donor subjects (Supplemental Figure S1). In

contrast, only T cells from one EBV-infected mouse

developing tumor showed a trustworthy T-cell response

(Supplemental Figure S1). Despite the limitations of IFN-g

ELISpot assays applied to humanized mice, these results

further ratified that although human T cells expanded

dramatically after EBV infection and development of tu-

mors in humanized mice, they seemed to be dysfunctional.

In Situ Analysis of EBV Infection and Extent of Tumor
Spread in Spleen

Histopathological analyses of tissues and tumors were per-

formed in 14 cases, arbitrarily selected to cover the full range of

changes observed in the experimental setting. These cases

represented four noninfected controls (188, 600, Z4, and Z10),

four EBV-infected humanized mice without visible tumors on

macroscopic inspection (referred to as EBV 604, 615, 617, and

1014), and six EBV-infected humanized mice with macro-

scopically visible locoregional tumors in different organs

(referred to as EBV-Tumor 187, 602, 1015, 1440, 1510, and
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Figure 10 Automated quantification of Epstein-Barr virus (EBV)einfected cells and evaluation of stained image objects representing CD4-, CD8-, and PD-

1epositive immune cells. The quantitative assessment of EBV-positive cells in zones of perivascular spread (EBV-infected cells) and the estimation of immune cell

infiltration (lymphocyte density) revealed strikingly variable infiltrates with a trend toward increased density of PD-1þ T cells particularly in two cases (1440 and

1510) with a high perivascular load of EBV-infected cells. A: Representative example for perivascular spread of EBER-positive cells in an animal that developed

macroscopically visible tumors elsewhere (1510). EBV-infected cells: In the brightfield (original) images, the EBERein situ hybridization positive cells are stained

in dark blue. The false color images generated after deconvolution by multispectral imaging (MSI) highlight the detected positive nuclei in green. The result of the

automated EBV cell detection (positive nuclei marked by blue dots) is shown in the insets of the original image. Lymphocyte density: PD-1 and CD4 immu-

nohistochemistry showing perivascular accumulation of positive cells in the original image and after deconvolution by MSI. The result of automated quantification

of image objects that correspond to PD-1e and CD4-positive immune cells is shown in the insets of the MSI image. B: Corresponding image analysis in an EBV-

infected case without macroscopically visible tumor burden shows few EBER-positive cells (617), showing a moderate perivascular PD-1þ infiltrate higher than in

other cases without visible tumor load, but clearly lower than in the tumor-bearing cases 1510 and 1440. Asterisks indicate center of a blood vessel. C and D: The

comparison between quantity of EBER positive cells (C) and immune cell infiltrates (D), confirming variability across different animals in both the tumor-free and

the tumor-bearing population. EBV-infected cells, 40x objective; lymphocyte density original, 10x objective; lymphocyte density MSI, 20x objective. px, pixel.
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1570). Microscopic evaluation showed different stages of

predominantly perivascular spread of EBV-infected cells.

Noninfected control mice were used as reference (Figure 7A).

For display, four representative examples of EBV-infected

mice, illustrating different grades of severity, were chosen.

The grades of severity included: minimal presence of EBV-

infected cell infiltrates and no visible macroscopic tumor

(Figure 7B); increased splenic perivascular spread of EBER-

positive cells in cases with macroscopically visible tumors in a

different location (Figure 7C); splenic tumors that appeared to

be progressive stages of increased perivascular spread of EBV-

positive lymphoproliferative neoplasia (Figure 7D); and a

necrotic large tumor in spleen, where the preexisting murine

splenic tissue and the spatially organized inflammatory reac-

tion of human normally sized immune cells of T- and B-cell

origin were almost completely replaced by the lymphoproli-

ferative lesion (Figure 7E).

In Situ Analysis of the Inflammatory Microenvironment
in Context of EBV Infection

In the representative cases corresponding to different grades

of disease spread, the lymphoproliferative lesion was char-

acterized by a consistent lymphoid blastelike morphology

and frequent CD20/CD30 coexpression (Figures 7 and 8),

and it was associated with different densities of infiltrating

CD3þ T cells (Figure 8). Further immunophenotyping of

these T-cell infiltrates in close proximity to EBV-positive

cells revealed variable numbers of CD8þ and CD4þ T

cells, with a peak of CD8þ cells in areas of high EBV

density, and a striking colocalization of EBV-positive cells

and the abundance of PD-1þ cells (Figure 8). This pattern

was most obvious in splenic tissue. Nevertheless, human T-

cell infiltrations into kidney and liver showed similar

trends. For example, colocalization of EBER-positive and

CD20þ/CD30þ blasts with CD3þ and PD-1þ cells was

observed in a case of renal infiltration (Figure 9, A and B)

and in a different case in which a similar constellation was

present in liver tissue (Figure 9C). Quantification of EBERþ

cells in perivascular regions of the spleen showed a trend

toward increased levels of EBER detection in mice devel-

oping macroscopically detectable tumors, although results

were variable (Figure 10, A and C, and Supplemental

Figure S2). In sum, histopathology analysis complemented

the analysis of homogenized tissues (analyzed by

fluorescence-activated cell sorting) by clarifying the spatial

distribution of infiltrating immune cells and by enabling

spatially resolved subtyping (Figure 10, B and D).

Discussion

In a previous study, Lee et al19 showed that the immune cell

composition in long-term humanized mice played an

important role in the development and shaping of EBV-

induced B-cell lymphoma. EBV-associated HL was seen

exclusively in mice after long-term (15-week) human

reconstitution and particularly on coimplantation of mesen-

chymal stem cells expressing a Delta like non-canonical

notch ligand 1 (DLK1), resulting in human CD3þ T-cell

skewing. In this study, infections with EBV strains derived

from the B95.8 virus and engineered to coexpress reporter

genes were performed at 15 to 17 weeks after huHSCT.

Therefore, T cells were allowed to resume development and

to be activated naturally by the EBV infection and/or

resulting tumorigenesis. Furthermore, in this study, CD8þ

and CD4þ T-cell expansion was sequentially monitored in

blood by longitudinal flow cytometry analyses, showing

CD8þ T lymphocytes vigorously expanding because of

infection and particularly because of tumor development. In

several lymphatic tissues, especially when tumor growth was

observed (eg, spleen, lymph nodes), this resulted in a massive

accrual in the absolute CD8þ T-cell numbers. Nevertheless,

this enormous increase in the numbers of CTLs was unable to

counteract tumor growth and may even support tumor

development. This assumption was backed by high PD-1

expression on partially dysfunctional CD8þ T cells and

also detection of a Tim-3þPD1þ severely dysfunctional

population, raising the possibility of blunted or even tumor-

promoting immune responses. Histopathological analyses

further highlighted that the PD-1þ T-cellerich infiltrates and

early manifestations of perivascular tumor spread colo-

calized, further supporting the notion of inefficient immune

celletumor cell interactions that do not result in tumor

clearance. Thus, in our work, tumor occurrence and extreme

T-cell activation patterns confirmed the previously observed

findings,19 but in contrast to Lee et al,19 who concluded that

these EBV-induced tumors resembled HL, this study pro-

vides evidence for a potential role of the extreme T-cell

activation and dysfunctional CTL patterns codeveloping with

a highly malignant lymphoproliferative disease, resembling

monomorphic post-transplant lymphoproliferative disorder or

high-grade diffuse-large B-cell lymphoma. These results

rather go along with clinical findings obtained by Macedo

et al32 from the analyses of asymptomatic pediatric thoracic

organ transplant patients with high EBV load carriers,

showing increased frequencies of EBV-specific CD8þ T cells

with CD38, PD-1, and CD127 up-regulation, features of

cellular exhaustion. These results pointed to the importance

of chronic EBV load and of the levels of antigenic pressure in

shaping EBV-specific memory CD8þ T cells, underlining the

potential relevance of immunologic monitoring of EBV-

specific CD8þ T cells in the clinic. Indeed, a separate clin-

ical study by Bingler et al33 analyzed asymptomatic patients

who carried high EBV viral loads over prolonged periods and

concluded that this chronic high EBV load state was a pre-

dictor of de novo or recurrent post-transplant lymphoproli-

ferative disorder. Our combined results suggested that the

brisk immunologic response in humanized mice could sup-

port tumor seeding in peripheral organs and promote early

phases of local tumor lesions. Using humanized NOD/severe

combined immune-deficient IL2rgnull mice engrafted with
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human fetal bone marrow CD34þ cells together with human

thymus and liver (BLT model), other groups showed that the

capacity of T cells to prevent EBV-related oncogenic trans-

formation and to control growth of EBV-associated tumors,

derived from in vitro infected B cells, was variable and could

be modulated by therapeutic interventions.17,18,34,35 In

another type of model, monoclonal antibodies blocking the

T-cell inhibitory receptors, PD-1 and cytotoxic

Telymphocyte-associated protein 4 (CTLA-4), enhanced the

ability of adoptive T cells selected from cord blood to control

the EBV infection and the outgrowth of PD-L1þ/PD-L2þ

lymphomas in mice challenged with cord blood B cells

infected with EBV in vitro.36 The main overall issue with

these previous models is that the T-cell reconstitution was

weak and/or provided adoptively, not allowing the human

leukocyte antigenerestricted immune editing process (ie, by

which the immune-suppressive TME could restrict produc-

tive antitumor immune responses). Furthermore, the analyses

of the human immune reconstitution were expanded to

several lymphatic tissues (ie, including BM, mLN, and LN),

and systemic effects could be assessed. This may be impor-

tant in mouse models testing new immune therapies to

foresee organ-specific effects or toxicities. Another remark-

able finding was the perivascular spread of PD-1þ cells

colocalizing with tumors. This is important from the clinical

perspective, as the clinical effect can be potentially optimized

if immune therapies could be delivered preferentially to

highly vascularized tumor localizations. Furthermore, inno-

vative developments in noninvasive imaging and computed

tomographic analyses could in the future provide precise and

dynamic spatiotemporal information regarding the immune

potency of novel therapies to subvert oncogenesis. In sum-

mary, in this work, we extended the analyses of humanized

mice infected with EBV toward a fully endogenous, persis-

tent, and dynamic codevelopment of tumors and T cells,

ultimately leading to immune exhaustion, whereby the tu-

mors ultimately maintained the upper hand. In sum, this

straightforward working model containing tumor and im-

mune cells developing in mice from the same human subject

reproduced clinical findings obtained in post-transplant pa-

tients and will be suitable to demonstrate preclinical proof of

concept of novel immune therapies in vivo. A straight-

forward validation would be to examine if this CTL

dysfunctional phenotype can be rescued with an antibody

therapy directed toward PD-1 in humanized mice infected

with EBV, as currently performed for tumor models.
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Supplemental Material  

 

Supplemental Figure S1: T-cell reactivity against Epstein-Barr virus (EBV) antigens. 
A total of 2.5 × 105 bone marrow cells were seeded and directly stimulated with 
EBNA3 protein. A and B: Peptide pool for BZLF1 (A) or BZLF1 (B). C: Three mice 
per group were analyzed. Peripheral blood mononuclear cells from EBV-seropositive 
healthy donors (HDs) were used as positive controls, and cord blood (CB) cells were 
used as negative controls. Interferon-γ–producing cells were detected by ELISpot. 
Results are shown as spot-forming units (sfu) per well. Ctr, control. 
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Supplemental Figure S2: Corresponding to the approach shown in Figure 10, the 
acquisition and analysis of tissue from uninfected control mice was performed for 
splenic tissue. A: EBER staining results of a representative perivascular white pulp 
area similar to the tissue compartments considered for comparison between 
noninfected controls hereby and infected mice (shown in Figure 10). Left panel: The 
original image. Right panel: The image after deconvolution by multispectral imaging 
(MSI). EBER staining was negative. B: Perivascular white pulp in PD-1 and CD4 
staining. Left panels: Original images, with insets showing a detailed original 
microscopic view of a perivascular area with PD-1– and CD4-positive lymphocytes at 
higher magnification. Right panels: Images after color deconvolution by MSI and 
phenotyping by digital image analysis with the inForm software version 2.4.1 are 
depicted, with insets showing corresponding areas in the images depicting image 
objects that reflect an approximation toward the density of lymphocytes positive by 
immunohistochemistry (orange dots) and the hematoxylin-stained cell nuclei (gray 
dots). Asterisks show the approximate localization of the blood vessel. 
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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.

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.19Major 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

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

Figure 1. Design and Specificity of CAR-T Cells Targeting gp350

(A) EBV+ immortalizedmonkey cells (B95-8) and human cells (Jijoye, BL-60, LCL/M81fLuc-11, and LCL/M81fLuc-C) contain gp350+ cell subpopulations. FACS detection of

gp350 was performedwith primary monoclonal antibodies (mAbs) using as a reference the 72A1-positive control antibody specific for gp350 or the novel 6G4 and 7A1mAbs

followed by a second fluorochrome-labeledmAb. As negative controls for analyses, only the secondmAbswere used for staining. The numbers represent the percentages of

gp350+ cells. (B) Schematic representation of the chimeric antigen receptors (CARs) containing the IgHL signal peptide, scFv sequences (SM5-1 targeting HCMV/gB and

6G4 or 7A1 targeting EBV/gp350), the IgG4 hinge, the IgG1 Fc CH3 spacer, the CD28 transmembrane and endocytoplasmic domains, and CD3 zeta signaling domains. The

DNA sequences encoding the scFvs were inserted between the Pml1 and BamHI restriction sites. (C) Representative examples of CD4+ andCD8+ T cells transduced with the

retroviral vector and analyzed for CAR detection by flow cytometry. (D) Mean fluorescence intensity (MFI) calculated for different CAR-T cells using mock T cells as a negative

control reference: gBCAR (n = 6, gray), 6G4-gp350CAR (n = 7, blue), or 7A1-gp350CAR (n = 7, red). PBMCs from 3 different donors were used for CAR-T cell production. **p

%0.01, ***p%0.001. (E) Detection of 7A1-gp350CAR expression on CD4+- and CD8+-CAR-T cells generated with 5 different CB units. (F) Flow cytometry analyses of a 293T

clonal cell line stably expressing gp350 stained with the primary 7A1 mAb (red) and with the second antibody (the gray histogram shows control staining with the second

antibody only). (G) 293T/gp350 cells were cultured with CAR-T cells (gB, gray; 6G4-gp350, blue; 7A1-gp350, red) for 24 h at effector:target (E:T) ratios of 1:1 or 3:1. Left

panel: concentrations of secreted IFN-g (ng/mL) measured in the cell supernatants (n = 3). **p% 0.01, ***p% 0.001. Center panel: percentages of viable 293T/gp350 cells

analyzed by flow cytometry for one experiment. Right panel: percentages of viable gp350+ 293T/gp350 cells analyzed by flow cytometry for one experiment. (H) Control co-

culture of 293T/WT cells with CAR-T cells. Left panel: no detectable secreted IFN-g. Right panel: no cell killing. A summary of the descriptive statistical analyses is shown in

Table S1.
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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-

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

panel). B95-8 cells with no T cells are shown as a control (top panel) Right: quantified remaining viable B95-8 cells showing cytotoxic effects for co-culture at a 10:1 E:T ratio

(n = 3). Cultures with no T cells were used as references. (F) Left: representative examples showing the remaining viable gp350+B95-8 cells (negative for the viability dye) after

38 h of co-cultures with gBCAR-T (center panel) or with gp350CAR-T cells (bottom panel). B95-8 cells with no T cells are shown as a control (top panel). Right: quantified

remaining viable gp350+B95-8 cells showing cytotoxic effects for co- culture at a 10:1 E:T ratio (n = 3). *p% 0.05 (n = 3). A summary of the descriptive statistical analyses is

shown in Table S2.
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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-

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,

Figure 3. Protective Effects of gp350CAR-T Cells Administered to Humanized Mice before EBV Infection

(A) Experimental scheme. Nod.Rag.Gamma (NRG) mice were transplanted with cord blood (CB) CD34pos hematopoietic stem cells and, 17 weeks later, infected with EBV-

M81/fLuc (106 GRUs, intravenously [i.v.]). The CD34neg fraction obtained from the same CB donor was used for production of CAR-T cells. The sorted CAR-T cells were

expanded in culture until administration 1 day prior to EBV infection. For this protective study, the control cohort received PBS i.v. (control [CTR], n = 3, gray), one cohort

received 2 ! 106 CD4+CD8+gp350-CAR-T cells i.v. (n = 4, blue), and one cohort received 2 ! 106 CD8+gp350CAR-T cells i.v. (n = 3, red). Sequential bioluminescence

imaging (BLI) analyses, weight measurements, and peripheral blood (PB) collection were performed 2, 3, 4, and 5 weeks post infection (wpi). (B) Flow cytometry dot plot

graphs showing CD4+ and CD8+ gp350CAR+-T cells analyzed before (top panels) and after (bottom panels) sorting for fractionation into CD4+CAR+- or CD8+CAR+-enriched

T cells. Enriched and expanded gp350CAR-T cells were highly viable. (C) Sequential BLI analyses, showing pictures of the left body of individual mice, performed 2, 3, 4, and

5 wpi. Signal intensity was measured with the same settings for all mice and depicted in logarithmic scale as log (flux) (photons/second [p/s]; see the color-coded bar). The

region of interest (ROI) for BLI quantification was set for whole left body views. (D) Left graph: sequential BLI for the left body for each cohort. *p % 0.05, calculated by

longitudinal ANCOVA. Right: final BLI at 5 wpi, showing values for individual mice. (E) Left graph: longitudinal weight monitoring frombaseline prior to infection until 5 wpi. Mice

administered CD4+CD8+gp350CAR-T cells showed significant weight losses compared with the other cohorts. ***p% 0.001, calculated by longitudinal ANCOVA. Right: final

BLI at 5 wpi, showing values for individual mice. *p% 0.05. (F) In situ hybridization for EBER detection performedwith the spleen. The graph shows the number of EBER+ cells

per mm2 of spleen. (G and H) Quantification of EBV viral load in DNA isolated from the spleen (G) and bone marrow (H) analyzed by qRT-PCR (shown as international units,

IU/mg DNA). A summary of the descriptive statistical analyses is shown in Table S3.
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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

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

views. The BLI analyses showed, in the CAR group, 9 responders (R) with low BLI signals and 3 non-responder (NR) mice with high signals. (D) Quantified sequential BLI for

the left body shown for eachmouse of the CTR cohort (top graph) or CAR cohort (bottom graph). R andNRmice in the CAR cohort are indicated. (E) Detail of sequential BLI for

each mouse from 6–8 wpi. R and NR mice are indicated. ***p% 0.001. (F) Quantification of the BLI intensity of the lateral left body view at endpoint analysis (log (flux] p/s) for

CTR, CAR, CAR-T cell Rs, and CAR-T cell NRs. *p% 0.05 and **p% 0.01. (G and H) Quantification of EBV viral load in DNA isolated from the spleen (G) and bonemarrow (H),

analyzed by qRT-PCR (shown as IU/mg DNA). A summary of the descriptive statistical analyses is shown in Table S5.
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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

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.
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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

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.

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
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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

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.

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
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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

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

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-

Molecular Therapy: Oncolytics

520 Molecular Therapy: Oncolytics Vol. 18 September 2020



 48 

 

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! 105CD34+ 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

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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Supplemental data  

Figure S1 

Figure S1 - In vitro neutralization assay for gp350-binding monoclonal antibodies and flow 

cytometry analyses for detection of gp350 on the cell surface (see Fig. 1A).  

 

(A) Aliquots of EBV/B95-8/GFP (MOI of 0.2 for 2x105 cells) were pre-incubated with serial 

dilutions of the monoclonal antibodies (72A1: black, 7A1: red and 6G4: blue) at the indicated 

concentrations and at room temperature for 30 min. Primary B cells were infected with the viral 

aliquotes in a final volume of 400µl. The frequencies of GFP+ infected B cells were quantified by 

flow cytometry 2 days later. (B) Flow cytometry gating strategy for detection of gp350. Viable 

cells were gated showing representative example of BL-60 EBV+ cell line.  
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Figure S4 - 48 h co-cultures of gp350CAR-T cells with 293T targets (see Fig. 1G, H).  

 

 (A) 293T/gp350 cells were cultured with CAR-T cells (gB: grey; 6G4-gp350: blue; 7A1-gp350: 

red) for 48 h at 1:1 or 3:1 effector : target (E:T) ratios. Left panel: Concentrations of secreted IFN-g 
(ng/ml) measured in the cell supernatants (n=3) ** p<0.01, *** p<0.001. Middle panel: 

Percentages of viable 293T/gp350 cells analyzed by flow cytometry shown for one experiment. 

Right panel: Percentages of viable gp350+ 293T/gp350 cells analyzed by flow cytometry shown for 

one experiment. (B) Control co-culture of 293T/w.t. cells with CAR-T cells. Left panel: No 

detectable secreted IFN-g . Right panel: No cell killing. 
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Figure S6 - Human cytokines detected in plasma of mice at endpoint analysis 

not varying among cohorts (see Fig. 4G and Fig. 7F).  

 

Concentration (pg/ml) of GM-CSF, IFN-α2, IL-2, TNF-α measured for EBV-

infection control and CAR-T cell treated cohorts. (A) Data for the protective model 

at 5 wpi. (B) Data for the therapeutic model at 8 wpi. No significant differences 

were observed. 
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Figure S10 - Additional immune monitoring data for therapeutic gp350CAR-T cell 

administration (see Fig. 7).  

 

(A) Mice were grouped in control (CTR, grey), Responders (R, red) and Non-responders (NR, 

blue). Analyses performed at baseline prior to (week 0) and after EBV infection (at 3, 4, 6 and 8 

wpi). The percentages of human CD45+ cells within the total blood lymphocytes are shown. Time 

points of CAR-T cell administrations are indicated. (B) Comparisons between the frequencies of 

human CD4+ in CD45+ cells in blood over the course of the experiment are displayed. Time points 

of CAR-T cell administrations are indicated. (C) CD4+ in CD45+ cells in blood analyzed on weeks 

6 (left) and 8 (right) after EBV infection are shown with mean and standard deviation for each 

group.  
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Figure S11 - Effects on PD-1 expression and CAR detection for therapeutic gp350CAR-T 

cell administration experiment (see Fig. 7).  

 

(A) Representative example shows analyses of blood of a mouse treated with CD8+-gp350CAR-

T cells to quantify the MFI of PD-1 expression on CD4+ and CD8+ T cells .  (B) Flow cytometry 

gating strategy  for quantification of the frequencies of CAR+ CD8+ T cells. Representative 

example for detection of CAR+ T cells in peripheral blood of a control mouse (upper panels) and 

mouse treated with CD8+-gp350CAR-T cells (lower panels).  

CD8+ 
gp350CAR+R 

CD4+ 
gp350CAR+R 

PD-1 PD-1 

Figure S11 



 64 

 

 

 

 

Mean SD Mean SD Mean SD gBx6G4 gBx7A1 6G4x7A1

MFI of CD4
+
 relative to MOCK CD4

+
-T 95.68 72.59 1.91 0.36 11.11 3.50 0.00034 0.00312 0.00001

MFI of CD8
+
 relative to MOCK CD8

+
-T 53.08 36.83 1.46 0.36 6.13 2.16 0.00035 0.00245 0.00002

CD4 % CAR+ 52.02 21.70

CD8 % CAR+ 68.00 20.25

3:1 (E:T) IFN-g (ng/ml) 0.18 0.04 15.51 0.46 21.08 0.48 0.00070 0.00070 0.00070

1:1 (E:T) IFN-g (ng/ml) 0.01 0.01 6.55 0.24 15.85 1.42 0.00200 0.00800 0.00980

3:1 (E:T) IFN-g (ng/ml) 0.85 0.10 18.96 0.33 28.69 0.72 0.0002 0.00055 0.0006

1:1 (E:T) IFN-g (ng/ml) 0.03 0.04 12.00 0.91 36.59 0.02 0.0028 0.00000001 0.0013

Fig. S4 A 
(n=3)

Fig. 1E 
(n=5)

Table S1: Descriptive statistics for comparisons between gBCAR-T, 6G4-gp350CAR-T and 7A1-gp350CAR-T cells regarding 

the CAR expression levels and reactivity against 293T/gp350.

Fig. 1G 
(n=3)

gB 6G4 7A1 p

Fig.1D 
(gB: n=6; 

6G4 and 

7A1: n=7)

p

Mean SD Mean SD gBx7A1

0.1:1 0.07 0.09 0.26 0.19 0.02

1:1 0.12 0.09 2.31 0.86 <0,0001

10:1 0.82 0.90 3.96 2.36 0.01

0.1:1 5.63 2.81 5.78 3.44 0.96

1:1 3.93 2.26 6.76 4.63 0.50

10:1 5.01 3.08 8.36 6.24 0.55

0.1:1 32.37 6.13 75.60 1.16 0.02

1:1 72.30 19.82 74.23 17.00 0.92

10:1 18.18 18.87 64.10 5.98 0.13

0.1:1 4.03 0.75 4.08 1.78 0.98

1:1 5.02 2.25 7.00 4.05 0.59

10:1 7.09 3.82 11.05 6.24 0.50

0.1:1 30.80 3.80 78.87 9.72 0.03

1:1 65.93 16.31 84.07 5.11 0.27

10:1 25.03 24.00 64.17 14.99 0.27

0.1:1 95.33 5.79 95.33 4.99 1.00

1:1 94.67 7.04 94.00 3.74 1.00

10:1 98.67 4.11 87.33 8.73 0.60

0.1:1 135.36 27.77 111.35 19.27 0.38

1:1 121.56 29.32 75.62 13.75 0.28

10:1 102.42 14.07 24.78 7.21 0.02

Fig. 2C 

(n=3)

Fig. 2D 

(n=3)

Fig. 2E 

(n=3)

Fig. 2F 

(n=3)

% viable targets

%  viable gp350
+
 targets

38h

38h

%  proliferating cells in CD4
+

%  proliferating cells in CD4
+

%  proliferating cells in CD8
+

%  proliferating cells in CD8
+

38h

86h

38h

86h

Table S2: Descriptive statistics for comparisons between gBCAR-T and 7A1-gp350CAR-T cells regarding reactivity against B95-8.

38h

(E:T)
gB 7A1

IFN-g (ng/ml)
Fig. 2B 

(n=9)
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Mean SD Mean SD Mean SD

CTR x 

CD4
+
/CD8

+ 

CAR

CTR x 

CD8
+
 CAR

CD4
+
/CD8

+
 CAR 

x CD8
+
 CAR

week 2 6.16 0.36 5.93 0.03 5.78 0.13

week 3 7.07 0.98 6.08 0.26 6.17 0.24

week 4 8.15 1.93 6.67 0.48 6.76 0.67

week 5 8.62 2.17 6.87 0.35 7.17 1.13

week 5 8.62 2.17 6.87 0.35 7.17 1.13 >0.1 >0.1 >0.1

Welch's t test 

with Bonferroni-

Holm correction

week 1 105.33 1.25 98.00 0.71 107.00 2.83

week 3 105.33 3.68 99.50 3.20 109.33 2.05

week 4 103.33 4.71 100.50 3.50 109.33 1.70

week 5 101.67 3.77 94.75 3.96 108.00 1.63

week 5 101.67 3.77 94.75 3.96 108.00 1.63 0.2497 0.2497 0.018

Welch's t test 

with Bonferroni-

Holm correction

Fig.3F* 3526.87 4572.53 34.14 18.86 354.43 491.17 >0.1 >0.1 >0.1

Welch's t test 

with Bonferroni-

Holm correction

Fig. 3G* 49876.63 45470.29 16262.98 20004.22 60972.52 84716.92 >0.1 >0.1 >0.1

Welch's t test 

with Bonferroni-

Holm correction

Fig. 3H* 15382.76 21646.46 16.28 7.40 346.02 312.19 >0.1 >0.1 >0.1

Welch's t test 

with Bonferroni-

Holm correction

Viral load in bone 

marrow (IU/ug 

DNA)

ANCOVA

ANCOVA

Lateral 

Log (Flux) 

(p/s)

Relative 

weight 

change

<0.0001 ns <0.0001

#EBER
+
/mm

2
 in 

spleen

Viral load in spleen 

(IU/ug DNA)

<0.0165 <0.0165 ns

statistical test 

applied

Fig.3D

Fig.3E

Table S3: Descriptive statistics for comparisons between the cohorts PBS control, CD4
+
CD8

+
7A1-gp350CAR-T cells and CD8

+
7A1-gp350CAR-T cells 

regarding protective effects against M81/fLuc infection.

CTR                  
(n=3)

CD4
+
/CD8

+
 CAR 

(n=4)

CD8
+
 CAR           

(n=3)
p

Mean SD Mean SD Mean SD

CTR x 

CD4
+
/CD8

+ 

CAR

CTR x 

CD8
+
 CAR

CD4
+
/CD8

+ 

CAR x CD8
+ 

CAR

week 0 11.84 3.55 13.88 2.73 14.37 7.77

week 2 5.52 1.66 11.49 3.47 5.09 0.77

week 4 4.10 1.51 7.39 3.38 4.12 2.11

week 5 9.68 3.98 16.69 6.89 18.73 5.13

week 0 7.31 2.54 6.04 1.46 11.47 1.75

week 2 11.58 4.71 15.37 6.50 17.83 1.20

week 4 21.30 13.60 22.63 4.77 31.63 6.62

week 5 21.87 13.06 18.23 5.21 11.80 4.93

week 0 12.31 5.88 8.57 1.18 15.33 2.21

week 2 24.57 10.47 14.00 3.74 24.47 3.31

week 4 24.25 20.52 27.10 6.45 27.83 3.39

week 5 40.90 21.27 55.65 6.02 69.53 8.67

Fig. 4E* 2.45E+06 2.32E+06 3.79E+05 1.77E+05 6.65E+05 3.59E+05 ns ns ns

Fig. 4F* 1.65E+06 1.08E+06 6.72E+05 3.89E+05 1.20E+06 9.97E+05 ns ns ns

IFN-g 231.54 302.70 11.98 11.74 1.21 0.09 0.79 0.79 0.63

IL-10 2045.08 2770.27 3.55 3.25 10.82 14.09 1.00 1.00 1.00

IL-12 2.15 3.05 n.d. n.d. n.d. n.d.

IL-6 1.63 2.30 n.d. n.d. n.d. n.d.

IL-8 7.47 10.57 0.63 0.63 n.d. n.d.

MCP-1 62.23 88.01 n.d. n.d. 1.30 1.84

GM-CSF 13.19 7.27 9.76 4.89 7.79 3.21 1.00 1.00 1.00

IFNa2 12.47 17.64 0.91 1.57 2.99 4.23

IL-2 0.53 0.14 1.20 0.91 0.38 0.14 0.43 0.43 0.43

TNFa 11.38 11.68 4.32 1.65 2.76 1.97 1.00 1.00 1.00

Fig. S6 A

Table S4: Descriptive statistics for comparisons between the cohorts PBS control, CD4
+
CD8

+
 7A-gp350CAR-T cells and CD8

+
 7A-gp350CAR-T cells 

regarding immune responses observed in the protective model.

#CD8 in spleen

#CD4 in spleen

Cytokines (pg/ml) 

Fig. 4B

Fig. 4C

Fig. 4D

Fig. 4G

%CD8 in huCD45 ns ns ns

%CD4 in huCD45 ns ns ns

CTR                  
(n=3)

CD4
+
/CD8

+
 CAR 

(n=4)
CD8

+
 CAR           (n=3) p

%huCD45 ns ns ns

Cytokines (pg/ml) 
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Mean SD Mean SD Mean SD

week 3 5.71 0.05 5.69 0.06 5.72 0.03

week 4 5.75 0.04 5.90 0.23 5.87 0.37

week 6 6.99 1.04 6.68 0.68

week 8 6.65 0.78 5.98 0.84

week 0 6.97 2.65 8.49 2.41 6.40 3.42

week 3 7.80 2.14 8.48 2.07 7.65 1.45

week 4 12.96 3.20 13.83 2.79 12.47 5.16

week 6 25.67 8.00 22.81 5.52

week 8 39.90 12.92 29.24 8.08

Mean SD Mean SD Mean SD Mean SD CTRxCAR
CARx 

CAR R

CAR x 

CAR NR

CTRxCA

R R

CTRx 

CAR 

NR

CAR R 

x CAR 

NR

w6xw

8 

CTR

w6xw8 

CAR R

w6xw8 

CAR 

NR

week 3 5.88 0.25 5.88 0.25 5.83 0.23 6.01 0.25

week 4 6.23 0.77 6.19 0.64 6.19 0.72 6.19 0.24

week 6 7.03 1.31 6.92 0.96 6.87 0.69 7.09 1.49

week 8 7.14 0.96 6.41 1.24 5.72 0.23 8.47 0.55 0.15 0.10 0.01 0.005 0.05 0.03

Fig. 5G* 4947.53 5320.47 1221.06 1604.84 1221.06 1604.84 4013.53 2396.57 ns ns ns

Fig. 5 H* 286.29 294.21 144.10 203.17 144.10 203.17 5884.33 7838.05 ns ns ns

Fig. S8B*

Optical 

imaging 

frontal 

log(flux)

week 8 7.36 0.97 6.84 1.47 6.09 0.68 9.08 0.69 0.35 0.16 0.01 0.02 0.04 0.02

Fig. S8D 5.69 0.53 5.70 0.88 5.29 0.41 6.92 0.74 0.973 0.192 0.123 0.1 0.129 0.079

Table S5: Descriptive statistics for comparisons between the cohorts PBS control, CD8
+
 CD19CAR-T cells and CD8

+
 7A1-gp350CAR-T cells (all mice, responders or non-responders) cregarding 

therapeutic effects against M81/fLuc infection.

CTRxCD19 CAR-T

1.00

1.00

1.00

CTRxgp350CAR-T

1.00

1.00

1 (uncorrected 0.57)

CD19CAR-Txgp350CAR-T

1.00

1.00

p

Fig. 5D-F

Fig. S7D

Optical 

imaging 

lateral 

log(flux)

CTR (n=11)

%CD8 in 

huCD45
Fig. S7E

p

0.39 0.0007 0.25

0.19 0.40 (uncorrected 0.20)

CAR NR (n=3)

0.66

1.00

only 2 mice left

only 2 mice left

gp350CAR-T (n=7)

Viral load in bone 

marrow (IU/ug DNA)

Optical imaging Liver 

log(flux)

CAR total (n=12)

CTR (n=6) CD19CAR-T (n=3)

Optical 

imaging 

lateral 

log(flux)

CAR R (n=8)

only 2 mice left

only 2 mice left

Viral load in spleen 

(IU/ug DNA)

Mean SD Mean SD Mean SD Mean SD
CTRxCA

R

CARx 

CAR R

CAR x 

CAR NR

CTRxCA

R R

CTRx 

CAR 

NR

CAR R x 

CAR NR

week 1 102.56% 3.40% 103.02% 2.91% 102.47% 2.40% 104.68% 3.62% 0.74 0.66 0.59 1.00 1.00 1.00

week 2 104.18% 2.37% 104.94% 1.94% 104.95% 2.17% 104.92% 0.96% 0.44 0.99 0.98 1.00 1.00 1.00

week 3 105.68% 2.60% 105.47% 1.73% 105.63% 1.96% 105.00% 0.34% 0.84 0.86 0.42 1.00 1.00 1.00

week 4 105.99% 4.26% 105.17% 3.87% 105.36% 3.58% 104.59% 4.59% 0.65 0.91 0.88 1.00 1.00 1.00

week 5 102.87% 3.57% 104.00% 3.59% 104.29% 3.47% 103.14% 3.80% 0.48 0.86 0.79 1.00 1.00 1.00

week 6 100.79% 3.18% 103.41% 3.69% 103.92% 3.79% 101.88% 2.85% 0.10 0.77 0.55 0.24 0.89 0.89

week 7 104.01% 6.76% 106.42% 4.38% 107.50% 4.39% 103.20% 2.22% 0.35 0.61 0.17 0.41 0.77 0.29

week 8 100.99% 9.17% 102.95% 7.64% 105.43% 4.42% 95.50% 10.03% 0.60 0.38 0.41 0.59 0.59 0.59

Fig. 6C* 2035.73 3594.60 98.27 90.95 55.38 58.32 212.67 57.16 0.11 0.47 0.02 0.08 0.98 0.02

Fig. 6D 11.72 19.40 0.63 0.61 0.32 0.37 1.47 0.23 0.10 0.21 0.01 0.19 0.19 0.01

% CD3
+
/K

i67
+

29.32 8.14 24.30 10.73 0.3242

% CD20
+
/

Ki67
+

7.27 14.31 3.93 1.10 0.2827

Table S6: Descriptive statistics for comparisons between the cohorts PBS control and CD8+ 7A-gp350CAR-T cells (all mice, responders or non-responders) regarding weight and 

therapeutic effects against LPD.

Spleen

CTR (n=11) CAR R (n=8) CAR NR (n=3)

Relative 

weight 

change

#EBER
+
/mm

2
 in 

spleen

% EBER
+
 in spleen

pCAR total (n=12)

Fig.6A

Fig. 6G
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For Figures marked with a * in the tables, p-values were calculated with log values without log display in the figures or the 

tables. 

Mean SD Mean SD Mean SD
CTRxC

AR R

CTRx 

CAR 

NR

CAR R 

x CAR 

NR

week 0 5.62 2.54 5.08 2.77 7.61 4.56

week 3 7.28 2.42 7.47 2.06 9.36 4.13

week 4 11.61 4.92 15.37 9.03 14.27 5.57

week 6 27.22 12.28 32.62 15.43 34.33 6.20

week 8 49.71 16.56 34.00 11.25 57.90 14.93

week 6 27.22 12.28 32.62 15.43 34.33 6.20 0.86 0.82 0.86

week 8 49.71 16.56 34.00 11.25 57.90 14.93 0.10 0.54 0.28

8.55E+06 5.76E+06 7.56E+06 5.42E+06 6.15E+06 1.30E+06 1.00 1.00 1.00

5.12E+06 3.17E+06 1.02E+07 1.05E+07 3.31E+06 1.28E+06 0.65 0.75 0.53

in CD8 73993.17 30234.36 59176.50 10452.24 0.50

in CD4 50503.17 15402.12 53875.50 13231.48 0.66

in CD8 292.25 25.79 241.67 3.30 0.03

in CD4 556.25 79.32 442.67 41.77 0.08

Fig. 7E 0.16 0.29 0.65 0.63 0.48 0.67 0.44 1.00 1.00 Wilcoxon test with correction for ties

IFN-g * 147.24 120.48 69.77 54.72 1745.88 1214.62 0.19 0.19 0.19

IL-10* 39.25 37.27 16.57 9.56 631.27 521.94 0.25 0.25 0.12

IL-12 2.37 2.01 2.91 2.86 10.62 5.96 0.79 0.29 0.29

IL-6 4.59 8.29 0.01 0.00 30.48 24.69 0.41 0.41 0.16

IL-8* 16.02 29.65 7.07 13.01 34.42 35.47 0.80 0.65 0.65

MCP-1* 38.71 31.14 25.78 14.40 71.24 61.45 1.00 1.00 1.00

Table S7: Descriptive statistics for comparisons between the cohorts PBS control and CD8
+
 7A-gp350CAR-T cells (all mice, responders or non-responders) regarding the 

immunologic effects in the therapeutic model.

Welch's t test with Bonferroni-Holm correction

n=2

n=1 

Welch's t test with Bonferroni-Holm correction

Welch's t test with Bonferroni-Holm correction

Welch's t test with Bonferroni-Holm correction

ANCOVA

Wilcoxon test with correction for ties

Welch's t test with Bonferroni-Holm correction

% CAR
+
 in 

huCD45/CD8 at 

week 8

MFI PD-

1 R2

Fig.7D*

Cytokin

es 

(pg/ml)

Fig. 7F

statistical test applied

MFI PD-

1 R1

p

Fig.7A+B

Fig.7C

CTR (n=11) CAR R (n=8) CAR NR (n=3)

# CD4
+ 

in spleen  

%CD8
+ 

in 

huCD45 

in blood

# CD8
+ 

in spleen 

0.94
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Antibody Flourochrome conjugate Clone Company Order number

Rat anti-EBNA2 - R3 Merck Q69022

Mouse anti-rat IgG 

AF 647
AF 647 Polyclonal

Jackson 

ImmunoResearch 

Laboratories

212-605-082

Company Order number

Capricorn Scientific, 

Ebsdorfergrund, 

Germany

HUM-3B

Sigma-Aldrich, St. Louis, 

MO 
MFCD00212351

Antibody Flourochrome conjugate Clone Company Order number

gp350 primary 

antibodies
- 6G4, 7A1, 72A1

kindly provided by 

GeneVector Laboratory, 

Munich, Germany 

-

Mouse anti-rat IgG 

AF 647
AF 647 Polyclonal

Jackson 

ImmunoResearch 

Laboratories

212-605-082

Goat anti-mouse IgG AF 647 Polyclonal

Jackson 

ImmunoResearch 

Laboratories

115-605-003

Antibody Flourochrome conjugate Clone Company Order number

Anti-human CD45 Pacific Blue HI30 Biolegend 304022

Anti-human CD19 AF700 HIB19 Biolegend 302225

Anti-human CD3 BV510 UGHT1 Biolegend 300448

Anti-human CD4 PerCP Okt 04 Biolegend 317432

Anti-human CD8 PECy7 HIT8a Biolegend 300914

Anti-human CD62-L PECy5 DREG56 Biolegend 304808

Anti-human CD45RA FITC HI100 Biolegend 304106

Anti-human PD-1 PE EH12.2H7 Biolegend 329906

Antibody Flourochrome conjugate Clone Company Order number

Antibody Flourochrome conjugate Clone Company Order number

Anti-human CD3 Opal 650 polyclonal DAKO A0452

EBNA2 staining

gp350 Staining

Table S8: List of used antibodies

Blocking

PBS with 10% human serum

PBS with 10 μg/ml mouse-IgG

Immunohistochemistry

Anti-human Ki67 Opal 620 SP6 Thermofisher Scientific RM9106-S1

Anti-human CD20 Opal 690 L26 DAKO M0755

Goat Anti-Human 

IgG, Fcγ fragment 
specific

AF 647 Polyclonal

Jackson 

ImmunoResearch 

Laboratories

109-605-008

Detection of hematopoetic cells

CAR detection

Goat Anti-Human 

IgG, Fcγ fragment 
specific

AF 488 Polyclonal

Jackson 

ImmunoResearch 

Laboratories

109-545-008
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3. Extended in vitro testing of gp350CAR-T cells 
 
Extended in vitro testing on other EBV infected cell lines not shown in the 
publications has been performed (Fig.2). 
 
Fig.2: Extended in vitro testing of gp350CAR-T cells 

 
 

Fig. 2: A CAR-T cells were co-cultured for 38h and 86h with autologous LCL-M81. B 

Supernatants were analyzed after 38h for IFN-g production revealing increased levels in 
gp350CAR-T co-cultures in the 1:1 and 0.1:1 ratio. * p<0.05, ** p<0.01. Welch’s t-test was 
applied. C T cells were analyzed using a fluorescence-activated cell sorting (FACS) based 
proliferation assay after 38h and 86h. Results are displayed for CD4+ in C and CD8+ in D showing 
increased proliferation of gp350CAR-T cells especially after 38h. E A viability assay was 
performed after 38h on overall target cells. No differences between the groups were observable. 
F However, when only looking at gp350+ target cells a decrease in viability was observable after 
38h of co-culture. For methods see original publication 1 and 2. 
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A pilot experiment of 7A1-gp350CAR-T cells co-cultured with autologous LCL-M81 
revealed a diminished potential of efficient killing of target cells while target 
recognition seemed to function adequately.  

gp350CAR-T cells efficiently produced IFN-g upon co-culture (Fig. 2B) and both 

CD4+ and CD8+ cells proliferated (Fig. 2C, D). However, a loss of viability of all target 
cells could not be detected (Fig. 2E). Yet, when looking restrictively at gp350+ target 
cells a limited loss of viability was observable (Fig. 2F). This supports the hypothesis 
of a strong immunosuppressive environment of EBV associated malignancies 
currently still limiting the cytotoxic potential of anti-EBV CAR-T cells. 
 
Work on improving CAR design in the light of recent findings not shown in the original 
publications has also been performed. However, preliminary experiments regarding a 

second-generation CAR construct with 41BB and CD3z domains performed in 
cooperation with Angela Cornelius showed discouraging results (Fig.3).  
 

Fig.3: Pilot experiments with second generation 41BBz.gp350CAR-T cells
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Fig.3: A 41BBz.CAR-T cells were produced from adult peripheral blood mononuclear cells 
(PBMCs) and co-cultured at 1:1, 3:1, 10:1 effector to target ratios for 24h with 293T/wildtype(w.t.) 

and 293T/gp350 cells. Subsequently, IFN-g levels were measured by an enzyme-linked 
immunosorbent assay (ELISA) assay and viability was assessed by a FACS based method. (n=1) 

B IFN-g levels and target viability of 293T/gp350 co-cultures after 24 hours. C IFN-g levels and 

target viability of wildtype 293T co-cultures after 24 hours. D 41BBz.CAR-T cells were produced 
from two adult PBMCs and co-cultured at 1:1, 3:1 effector to target ratios for 72h with B95.8 cells. 

Subsequently, IFN-g levels E were measured by an ELISA assay and viability was assessed by a 
FACS based method F (n=2). For materials and methods see original publication 2. 
 

While 41BBz.gp350CAR-T cells started to produce IFN-g upon co-culture with gp350+ 

293T although at much lower levels than CD28z.gp350CAR-T cells only very minimal 
cytotoxic potential could be observed (Fig.3 A-C). In a co-culture with B95.8 cells 

41BBz.CAR-T cells produced low levels of IFN-g and even after 3 days of co-culture 
no convincing cytotoxic effects were observable (Fig.3 D-F).  
 

4. Anti-EBV CAR-T cells proof-of-concept in the EBV-B95.8 in vivo 
infection model 

 

In a preliminary experiment not shown in the publication I also tested the effects of 
gp350CAR-T cells in the EBV-B95.8 based mouse model in cooperation with Simon 
Danisch. Here, we infected five mice 16 weeks after hematopoietic stem cell 
transplantation with 105 green Raji units (GRU) of EBV-B95.8 virus stock. Five weeks 

later, two mice received 5x106 7A1-CD28z.gp350CAR-T cells. CAR-T cells were not 
sorted for this experiment, so CD4+ as well as CD8+ cells were used with 
approximately 80% of the CAR product being CD8+CAR+ and only 10% CD4+CAR+ 
(Fig. 4A, B). Remarkably, we could detect the CAR-T cells in blood longitudinally 
throughout the experiment (Fig. 4C). EBV infection was detectable in 3/5 mice with 
one out of control and CAR group where EBV copies were no longer detectable at 
endpoint analysis (Fig. 4D). One mouse of each group developed a tumor in spleen 
(Fig. 4E). Remarkably, no EBV copies were found in the tumor of the CAR-T treated 
mouse although EBV copies could be found in the rest of the mouse’s spleen (Fig. 
4F). CAR-T cells were not only detectable in peripheral blood but also in spleen at 
endpoint analysis (Fig. 4G). Interestingly, CAR-T cell levels in the tumor of the CAR-
T cell mice were increased compared to levels in overall spleen (Fig. 4G, H). 
Histopathology with EBER staining revealed visually lower levels of EBER+ cells in 
the tumor of the CAR-T treated mice (Fig. 4I). This pilot therapeutic experiment 
further points toward therapeutic effects of anti-gp350CAR-T cells also against 
different EBV strains and lineages. 
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 Fig.4: Pilot therapeutic in vivo experiment of 7A1-gp350CAR-T cells in a B95.8-
green fluorescent protein (GFP) infection model 

 
Fig.4: A 5 NRG-mice were irradiated and transplanted with 1.5x106 CD34+ cord blood cells and 
infected 16 weeks later with 105 GRU EBV-B95.8/GFP according to our standard protocol 
described in original publication 1. 5 weeks after infection 2/5 mice received 5x106 7A1-

CD28z.gp350CAR-T cells i.v. 3 mice remained as phosphate buffered saline (PBS) injection 
controls. B Quality control of injected CAR-T cells. C Peripheral blood was taken weekly after 
CAR injection to track CAR-T cells. CD8+CAR+ could be detected throughout the experiment. D 

EBV PCR was performed with the in-house PCR described in original publication 1. EBV copies 
could not be detected in one mouse of each group. E Macroscopic tumor development in spleen 
occurred in one mouse of each group. F Tumor tissue was analyzed for EBV copies by PCR 
analysis. High levels could be detected in the control mouse. While in the CAR-T cell mouse EBV 
was detectable in the rest of the spleen, no EBV copies were detectable in the tumor tissue. 
Detection of CD8+CAR+ cells in spleen G and tumor tissue H. I EBER staining of tumor tissue. 
For methods see original publication 1 and 2. 
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Discussion 

1. Development of anti-EBV CAR-T cells 
 

Adoptive cell therapy with autologous VSTs has shown efficacy e.g. in patients 
suffering of PTLD.41,63,64 However, they rely on MHC presentation of targets and 
generation of cytotoxic T lymphocytes depends on the donor’s positivity and therefore 
memory T cells being present. Attempts of banking third party virus specific cytotoxic 
T lymphocytes and treatment of HLA-matched recipients has been successful. 
Nonetheless, this treatment is very costly and requires a huge logistic network. In most 
recent years, CAR-T cells have emerged as promising treatment strategies in 
oncology, especially in hematological malignancies.42,43 CAR-T cells have the ability 
to recognize their target antigen in a HLA-independent manner. As EBV is known to 
downregulate HLA-expression on infected cells as part of its immune-evasive strategy, 
a HLA-independent recognition of target cells is immensely advantageous.7,8,65 
Furthermore, with the knockout of the endogenous TCR CAR-T cells can be turned 
into an off-the shelf product.66 Therefore, we designed and evaluated CAR-T cells 
directed against the late lytic antigen of EBV gp350. A lytic antigen was chosen as it 
was previously shown that EBV’s lytic cycle is substantial for tumor growth and 
sustenance. gp350CAR-T would therefore be capable to block tumor development 
most effectively.67  
 

 

2. In vivo testing platforms for EBV associated malignancies 
 

As gp350CAR-T cells proved first effective cytotoxic properties in vitro, further 
evaluation in vivo was needed. However, appropriate in vivo testing platforms for new 
treatment strategies against EBV associated malignancies were wanted. Previously, 
often xenograft EBV infection mouse models were used.40,68,69 These models were 
very artificial, causing lymphoproliferative diseases not comparable to EBV associated 
malignancies in humans and without any possibility to monitor the effects on a human 
immune system. Here, we were able to develop an EBV infection mouse model with a 
human immune system similar to one reported previously by Antsiferova et al.41 We 
could show the development of a functional B- and T cell compartment after stem cell 
transplantation. Thereby, the reaction of the human immune system upon EBV 
infection and CAR-T cell treatment could be monitored. Further, we were able to show 
development of lymphoproliferative disease similar to monomorphic PTLD or high-
grade DLBCL in humans making this an ideal model to study novel anti-EBV treatment 
strategies.  
 
 

3. Optimization of anti-EBV CAR-T cells 
 

Despite all successes, we saw signs of graft-versus host disease when 
CD4+gp350CAR-T cells were applied. CD4+CAR-T cell application is a controversially 
discussed issue in the CAR-T cell field with some stating positive effects of CD4+ cells 
on initiation and sustenance of cytotoxic CD8+ T cell reaction against target cells while 
others point out the potential of CD4+ T cells to start and uphold graft-versus-host 
disease.70–72 In our model we could show negative effects of CD4+ T cell application, 
so this should be taken into consideration and application of CD4+gp350CAR-T cells 
should be handled with caution. Having this in mind, to improve safety of antiviral CAR-
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T cell treatment a suicide switch should be incorporated. This would allow a more 
controlled treatment and the option to stop the treatment if adverse effects get too 
severe as seen in other CAR-T cell treatment regimes.63,73,74 
Especially in EBV-associated tumors the immunosuppressive environment will be a 
challenge that one needs to overcome.18,28,75 An example is the PD-1 pathway 
triggered by binding of PDL-1 to PD-1 on T cells leading to an inhibition of stimulatory 
signals upon antigen recognition by the CAR (Fig.1). As we saw increased levels of 
PD-1+, PD-1+Tim3+ exhausted T cells in our in vivo model upon EBV infection PD-1 
checkpoint inhibition in combination with anti-EBV CAR-T cells will need to be taken 
into consideration. Synergistic effects of PD-1 inhibition and CD19CAR-T cells were 
previously reported.76,77 CRISPR/Cas9 based disruption of PD-1 expression on 
CD19CAR-T cells was shown to be feasible, increase cytotoxic effects in vitro and 
improve anti-tumor efficacy in vivo.78 Clinical studies testing CD19-CAR-T cells with a 
PD-1 knock-out in patients suffering acute lymphoblastic leukemia (ALL) or Burkitt 
lymphoma are currently on the way.79 
Further, CAR-T cells need to be improved especially regarding the usage in context of 
solid tumors. In contrast to hematological malignancies only low efficacy of CAR-T cells 
could be shown in solid tumors so far. Solid tumors seem to be harder to infiltrate by 
CAR-T cells and also provide a stronger immunosuppressive environment. To 
overcome challenges imposed by immunosuppressive environments IL-12 secretion 
has proven to be extremely advantageous. Immune-stimulatory effects of IL-12 are 

well known. In the presence of IL-12, IFN-g secretion is increased, cytotoxic function 
of T cells is improved by increased levels of cytolytic granzyme B as well as perforin 
and expansion of T cells is promoted.80–83 Therefore IL-12 secretion of CAR-T cells is 
postulated to improve not only cytotoxic functions of administered CAR-T cells but also 
anti-tumor efficacy of the hosts immune system itself.80,84 A similar approach has also 
been previously reported for anti-EBV CTLs and has proven functional advantages 
over unaltered cells in vitro.85  
Moreover, findings of how to improve CAR-T design need to be evaluated in the 
context of anti-EBV CAR-T cells. The construct using 41BB as an additional signaling 

domain to CD3z needs to be rechecked and the design needs to be improved as 
profitable effects like increased in vivo persistence and increased antitumor efficacy 
were shown in other CAR constructs but appliance in our gp350CAR-T cells resulted 
only in very limited cytotoxic efficacy.54,56 Further, the application of other signaling 
domains like ICOS which is also known to cause increased in vivo persistence and 
increased antitumor efficacy and utilization of less immunogenic linkers have to be 
evaluated.54,86  

 
Last but not least, other potential EBV target antigens like gB, gH, gL and LMP1 should 
be evaluated as LMP1-CAR T cells already showed cytotoxic potential in vitro and in 
an in vivo xenograft mouse model.50 Further, possible synergistic effects by combined 
use of CAR-T cells targeted against different EBV antigens need to be evaluated.  
Despite all further necessary optimizations, CAR-T cells targeting an EBV antigen are 
a very promising approach to combat EBV-associated malignancies as so far neither 
vaccine nor targeted therapy against EBV are available. 
To interest the private sector in gp350CAR-T cells a patent application has been filed.88 

Patent rights are currently licensed by a company, which is now developing 
gp350CAR-T cells further and will potentially conduct first clinical trials in the future. 
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Summary 
 
The aim of the study was to show feasibility of production of gp350CAR-T cells, proof-
of concept in vitro, as well as to set up an in vivo EBV infection model as a testing 
platform for gp350CAR-T cells. 
We were able to implement an efficiently working production of gp350CAR-T cells from 
both adult peripheral as well as cord blood mononuclear cells. We showed target 
specificity and cytotoxicity in vitro both against lentivirally transduced gp350 expressing 
293T cells as well as the infected cell line B95.8. However, cytotoxic effects against 

autologous LCL-M81 in vitro remained minimal. 41BB.CD3z.gp350CAR-T cells 

produced IFN-g upon co-culture with gp350 expressing 293T cells as well as the 
infected cell line B95.8, yet only minimal to no cytotoxic effects were observable 
respectively. 
We were able to develop an in vivo EBV infection testing platform in humanized mice 
in which we could non-invasively monitor EBV infection spread as well as observe the 
response of the human immune system to EBV infection. In a pilot therapeutic 
experiment against EBV/B95.8 infection CAR-T persistence and first indications of 
anti-tumor efficacy were displayed. Simon Danisch and Maja Kalbarczyk then showed 
proof-of-concept of gp350CAR-T cells in a prophylactic as well as therapeutic setting 
respectively against EBV/M81 infection with lowered EBV spread and reduced 
lymphoproliferation.  
Therefore, while there is still a need for further optimizations, gp350CAR-T cells are a 
promising future treatment option to combat EBV associated malignancies. 
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