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Abstract:

Epstein Barr virus (EBV) infection is associated with around 1.5% of human tumors, including B cell
lymphoproliferative diseases (LPD). A common approach in treating EBV-associated LPDs is targeting
infected tumor cells with a CD20 monoclonal antibody, such as Rituximab, although this often fails
to prevent relapse and refractory disease. In this study, we show in a pre-clinical humanized mouse
model superior efficacy of a CD3xCD20 bispecific T cell engager (CD20 TCE) in preventing systemic
virus spread and EBV-associated tumor formation as compared to Rituximab treatment. Increased
efficacy is associated with a deep depletion of human precursor B cells in the bone marrow.
Progenitor B cells are permissive to infection with EBV in vitro and correlate with EBV persistence
during B cell depletion therapy also in vivo. Thus, deep depletion of B cells including bone marrow
progenitors might target EBV-associated LPDs more efficiently and infected progenitors should be
considered as an EBV reservoir from which associated pathologies could relapse.
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Key Points
e (CD3xCD20 bispecific TCE depletes precursor B cells in primary lymphoid organs.
e Depletion of B cell precursors permissive to EBV infection is associated with more
effective prevention of EBV-associated lymphomagenesis, surpassing the efficacy of
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Abstract

Epstein Barr virus (EBV) infection is associated with around 1.5% of human tumors, including
B cell lymphoproliferative diseases (LPD). Acommon approach in treating EBV-associated LPDs
is targeting infected tumor cells with a CD20 monoclonal antibody, such as Rituximab,
although this often fails to prevent relapses and refractory disease. In this study, we show in
a pre-clinical humanized mouse model superior efficacy of a CD3xCD20 bispecific T cell
engager (CD20 TCE) in preventing systemic virus spread and EBV-associated tumor formation
as compared to Rituximab treatment. Increased efficacy is associated with a deep depletion
of human precursor B cells in the bone marrow. Progenitor B cells are permissive to infection
with EBV in vitro and correlate with EBV persistence during B cell depletion therapy also in
vivo. Thus, deep depletion of B cells including bone marrow progenitors might target EBV-
associated LPDs more efficiently. Infected progenitors should be considered as an EBV
reservoir from which associated pathologies could relapse.
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Introduction

More than 90% of adults are persistently infected with the Epstein-Barr virus (EBV) without
developing EBV-associated disease!. Nevertheless, EBV is a WHO class | carcinogen
responsible for around 1.5% of cancers?3. EBV-associated cancers derive directly from infected
cells and include carcinomas and lymphoproliferative diseases (LPDs), especially of B cell
origin®*. In vitro, EBV efficiently infects B cells and immortalizes them into continuously
proliferating lymphoblastoid cell lines (LCL)>. In vivo, however, EBV persists in resting memory
B cells, an alleged contradiction explained by the germinal center (GC) model of EBV
persistence®’. In this model, EBV is thought to cross the oropharyngeal epithelium to infect
naive B cells through interactions between viral glycoproteins with receptors such as CD21,
CD35, MHC class I, ay integrins, ephrin type-A receptor 2, neuropilin-1 and regulator of G
protein signaling 9 binding protein (R9AP)®14. Infection activates B cells, inducing
differentiation into proliferating blasts undergoing a GC-like reaction, ultimately generating
resting memory B cells. Upon terminal plasma cell differentiation, these may release
infectious virions. During primary infection, infected B cells accumulate and circulate until
adaptive immunity reduces viral loads through massive T cell activation and expansion. This T
cell response spares latently infected memory B cells, allowing EBV persistence as an ongoing
cycle of infection, differentiation, persistence, reactivation and reinfection without being
oncogenic by default in the healthy host.

Each step within this lifecycle exhibits characteristic EBV latency programs'>. EBV-
associated B cell malignancies likely arise from the combined events of EBV oncogene
expression, GC-associated mutagenesis, and cell cycle dysregulation during EBV-driven B cell
differentiation, explaining the presence of all latency programs in EBV associated LPDs>%.
These disorders are therefore highly heterogeneous in pathogenesis and B cell developmental
stages, requiring tailored therapies. Yet, their mostly shared B cell origin renders them
susceptible to CD20-targeting antibodies. Rituximab, a monospecific CD20 antibody, is part of
chemotherapy schemes for EBV-associated LPDs such as diffuse large B cell and Burkitt
lymphoma, and is first-line therapy for posttransplant lymphoproliferative disorders (PTLD)®~
19 PTLD response rates to Rituximab exceed 70%, but mortality surpasses 90% in non-
responders?. Alternative treatments include CD19 CAR T cells or autologous EBV-specific T
cells?’.

Recently, T cell engaging antibodies (TCE) have advanced lymphoma therapy?=23. By
co-binding CD3 on T cells and tumour associated antigens, TCE recruit and activate potent
cytotoxic T cells to eliminate tumor cells independently of native T cell receptor specificity,
achieving greater depletion efficacy than monoclonal antibodies?!. As “off-the-shelf”
therapies, they offer superior availability and logistical practicality compared to CAR or EBV-
specific T cell therapies!’. However, their effects on EBV-induced lymphoma and viral
persistence remain poorly characterized. In this study, we investigated a CD3xCD20 bispecific
TCE in EBV-infected mice with reconstituted human immune systems (humanized mice).
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Compared to monospecific anti-CD20 therapy, we observed better prevention of EBV-
associated tumor formation and reduced virus dissemination. This was associated with
enhanced B cell depletion across primary and secondary lymphoid organs and across a
broader range of B cell developmental stages, including precursor B cells permissive to EBV
infection. This might indicate relevance of precursor B cells in EBV persistence during the self-
perpetuating cycle of infection, differentiation, persistence, reactivation and reinfection in the
setting of B cell depletion therapies.
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Methods

Ethics statement

All animal experiments as well as the use of peripheral blood mononuclear cells (PBMCs) from
human donors followed the protocols in licenses ZH042/2021, ZH074/2024, or KEK-ZH-Nr.
2010-0057 and 2019-00837. This study was conducted in accordance with the Declaration of
Helsinki.

Humanized mouse generation

Newborn NOD.Cg-Prkdcsc@||2rgtm1Wil/Sz) (Strain #005557, NSG), NOD.Cg-
RagltmiMomE|t3tmilr\cph 1 T8(HLA- A2.1)1Enge| 2 rgtmIWil/) (Strain #033127, NFA2, for experiments
depicted in Fig. 51, S3D) or BRGS-A2DR2 (provided by Regeneron, for experiment 5G) pups,
one to five days of age, were sublethally irradiated with 1Gy and intrahepatically injected with
1-3x10° human fetal liver (HFL) derived (Advanced Bioscience Resources, Cercle Allocation
Services, Inc.) CD34* hematopoietic progenitor cells (HPCs). Only animals with >10% huCD45*
cells of all leukocytes after three months and animals with a reconstituted T cell compartment
were included in the experiments. Details of HPC-isolation and randomization are provided in
supplemental methods.

CD3xCD20 TCE Design

TheCD3¢e binding moiety of the CD3xCD20 TCE used for the experiemts consists of a
humanized single chain antibody (scFv) that was derived from the mouse anti CD3 antibody
SP34 while the CD20 binding arm consists of a Fab corresponding to Rituximab. Hetero-
dimerization of the Fc was achieved by the ‘knobs-into-holes’ engineering?*. Constant human
IgG1 Fc sequence contained modifications that silence antibody dependent cellular
cytotoxicity and facilitate purification of heterodimeric Fc multi-specific antibodies while
retaining binding to FcRn. Details for the CD3xCD20 TCE production are provided in
supplemental methods.

Virus Infection and Antibody Treatment of Humanized Mice

Three to six months old humanized mice were intraperitoneally injected with 10° Raji
infectious units (RIU) of recombinant EBV B95-8 or mock infected with PBS. Starting two weeks
after EBV infection, animals were intraperitoneally injected with 0.1mg/kg CD20 TCE,
0.1mg/kg isotype control, 10mg/kg Rituximab (Mab Thera, Roche Pharma), the vehicle only
or with PBS. Antibody injections were repeated weekly. The last injection occurred seven days
before the experimental endpoint. Animals were euthanized five weeks post infection by CO»
inhalation or if predetermined humane endpoints were met as defined in the animal licenses.
Details on EBV production and animal housing conditions are provided in supplemental
methods.

Cell Analysis
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Splenocytes, bone marrow and PBMC cells were isolated from humanized Mice and stained
for flow cytometry analysis. For downstream UMAP visualizations and high dimensional
analysis, the Cyclone R-based Pipeline available on GitHub was used 2°. Additionally, DNA was
extracted from isolated cells and the EBV BamH-l W fragment was measured via qPCR to
assess viral loads. Plasma and serum samples were analyzed for cytokines using an MSD V-
Plex assay (mesoscale) and for immunoglobulins using a Bio-Plex Assay (Bio Rad). Tumor
formation was assessed macroscopically and EBV presence in tumors was confirmed by
immunohistochemical stainings for nuclear antigen 2 of EBV (EBNA2) of paraffin-embedded
slides. Details about individual assays are described in the supplemental methods.

Precursor B cell Infection

CD24* precursor B cells were isolated via fluorescent activated cell sorting (FACS) and infected
with EBV B95-8 or M81 with an MOI1. RNA was isolated 72h post-infection and analyzed via
gRT-PCR for EBV gene expression or cells were co-stained 72h post-infection for nuclear

EBNA1 and CD24 and analyzed by Image Stream X Mark II. Alternatively, B cells were isolated
via FACS from EBV-infected huMice and sorted fractions were analyzed for EBV infection by

gPCR for EBV BamHI-W fragments. Additional details are provided in the supplemental
methods.
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Results

CD20 bispecific T cell engager-mediated B cell depletion prevents systemic virus spread
and EBV-induced tumor formation

Humanized NOD.Cg-Prkdcsd |12rgt™Wil/Sz) (huNSG) mice infected with EBV were previously
shown to establish a latent infection?®27. Although virus-specific T cell responses are induced
in response to the infection, formation of EBV-associated lymphomagenesis was reported?®.
To investigate the efficacy of a CD3xCD20 bispecific T cell engager (CD20 TCE) on EBV-
associated lymphomagenesis, we infected huNSG mice with EBV wild-type (EBVwt, B95-8).
After allowing EBV to establish a latent infection for two weeks, animals received three doses
of CD20 TCE on a weekly basis. Animals were euthanized at five weeks post-infection or if
predetermined humane endpoints were met (Fig. 1A). Even with the high inter-mouse
variability typical of humanized models, CD19* and CD20* B cell numbers in peripheral tail vein
blood declined noticeably as early as six hours after the first antibody dose and continued to
decrease over time (Fig. 1B, Fig. S1A). This decrease was not attributed to competitive binding
of the CD20 TCE and the detection antibody for CD20 (Fig. S1B). Likewise, CD19* and CD20* B
cell were depleted in primary and secondary lymphoid organs such as bone marrow (BM) and
spleen, both reservoirs of memory B cells, the site of long-term EBV persistence®?® (Fig. 1C,
Fig. S1C). Accordingly, EBV-infected and CD20 TCE treated animals had no detectable viral
loads in the blood over the whole course of the experiment, while viral presence was still
detectable in the spleen of a minority of animals (Fig. 1D-E). Yet, none of the EBV-infected and
CD20 TCE treated animals developed lymphomas during the experiment whereas lymphomas
occurred in 250% of animals receiving either the isotype control (TCE with anti-growth
hormone binding arm) or vehicle alone (buffer used to dissolve the TCE) (Fig. 1F). We conclude
that despite cases of only partial responses, CD20 TCE treatment effectively prevents systemic
virus spread in blood as well as EBV-induced lymphomagenesis in humanized mice.

T cells expand and differentiate after CD20 TCE injection

T cell redirecting therapies can commonly lead to a cytokine release syndrome (CRS) due to
extensive T cell engagement?®3%, EBV is a strong driver of T cell proliferation itself and induces
this phenotype also in EBV-infected humanized mice?%3!. To avoid hyperactivation of EBV-
induced and expanded T cells by injection of the CD20 TCE, we started with treatment
injections two weeks after EBV infection, when EBV-specific immune responses had been
primed but prior to EBV-induced T cell proliferation. Nevertheless, we clinically observed a
substantial weight loss in treated animals after the first dose of CD20 TCE, followed by a
complete recovery during the remaining experiment (Fig. 2A). This weight loss was dose-
dependent and led to premature euthanasia of individual mice (Fig. S2A-C). The observed
weight loss was accompanied by a strong increase in plasma pro-inflammatory cytokine levels
six hours after the first TCE injection (IFN-y, IL-18, TNFa, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70
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and IL-13) (Fig. 2B). EBV infection had no influence on the amount of cytokines released at
that time point (Fig. $2D). Furthermore, we did not see any association between the
magnitude of the cytokine release in week two and systemic virus spread at the end of the
experiment (data not shown). Consistent with previous reports on T cell margination and
extravasation induced by the cytokine release, we also observed a significant reduction in the
numbers of peripheral blood CD3*, mainly CD8* T cells, six hours after the first TCE injection
(Fig. 2C, S3A-C)32734, This was followed by a massive expansion in week three and subsequent
contraction to levels lower than in EBV-infected control groups. Since viral loads were not
observed in blood after treatment, strong EBV-driven T cell expansion, potentially requiring
high amounts of antigens, was not observed in CD20 TCE treated animals. Nonetheless, EBV-

specific T cells were detectable at endpoint by IFNy ELISPOT in a preliminary assay, indicating

that CD20-directed TCE treatment does not prevent the development of EBV-specific effector
or memory T cells (Fig. S3D). Also, there was no association between T cell margination and

systemic virus spread (Fig. S3E). However, we did see a stronger CD8* T cell activation six hours
post first TCE dose in animals with suppressed viral loads (Fig. S3F). Treatment with the CD20
TCE led to an increase in the proportion of activated T cells as measured by HLA-DR and PD-1
six hours after TCE injection in week two and stayed high during the remaining course of the
experiment. Unactivated T cells started to decline in EBV-infected control groups only in week
4 (Fig. 2D-E, Fig. S4A-B). Simultaneously, EBV infection was driving T cells into a CD45RA"CCR7"
effector memory differentiation (Fig. 2F). Similarly, CD20 TCE treatment induced an effector
memory phenotype after administration of the first dose but also led to a strong increase in
CD45RA*CCR7 Temra cells over time (Fig. 2F-G, Fig. S4C-D). In summary, EBV-infected CD20
TCE treated animals recapitulate similar uncontrolled immune activation as observed in CD20
TCE treated patients. While associations of biomarkers corresponding with remission in
lymphoma patients such asincreased T cell margination were not correlating with EBV control
in humanized mice, activation of CD8* T cells after the first antibody injection did3334,

CD20 TCE treatment prevents EBV-induced lymphomagenesis more efficiently than the
CD20 monospecific antibody Rituximab

Rituximab, a CD20 monospecific antibody, is an integral part of treatment regimens for EBV-
associated lymphoproliferative diseases but only achieves a partial depletion of B cells in the
bone marrow3>-38, Having observed an almost complete B cell depletion upon CD20 TCE
treatment, we investigated if control of viral infection by this treatment was more efficient
than Rituximab administration. To that end, EBV-infected humanized mice were either treated
with three doses of Rituximab or the CD20 TCE on a weekly basis. Animals received a molar
dose of Rituximab exceeding that of the CD20 TCE by more than 20-fold, which was well
tolerated (Fig. S5A). Infected isotype treated animals as well as PBS mock infected animals
served as controls (Fig. 3A). Peripheral blood CD19* and CD20* B cells were effectively
depleted upon mono- and bispecific antibody treatment, with a tendency to a better
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depletion of CD19* B cells in CD20 TCE treated animals (Fig. 3B). Higher frequencies of CD19*
and CD20* B cells in CD20 TCE treated animals in week two can be explained by the
concomitant reduction in T cell numbers (Fig. 2C). The same tendency towards a better
depletion of B cells by the CD20 TCE compared with Rituximab was observed in the spleen
and bone marrow, with particularly pronounced reductions of CD19* B cells in the bone
marrow (Fig. 3C). A stark difference in peripheral blood viral load suppression was observed
between the two antibody regimens. Rituximab-treated animals predominantly exhibited
high peripheral blood viral loads, comparable to those in isotype control animals; in contrast,
EBV loads remained suppressed throughout the experimental period in all CD20 TCE-treated
animals with the exception of a single subject (Fig. 3D). Splenic EBV loads were also reduced
in CD20 TCE-treated animals relative to those receiving Rituximab. Nevertheless, a subset of
mice remained EBV-positive in the spleen and bone marrow after treatment with the CD20
TCE (Fig. 3E). Despite measurable viral loads in lymphoid organs, CD20 TCE-treated animals
remained free of tumors while almost 50% of the animals developed tumors under Rituximab
treatment (Fig. 3F). Consistent with ongoing virus replication in the Rituximab cohort, T cell
activation and differentiation kinetics in Rituximab-treated animals mirrored those observed
in EBV-infected isotype-treated control animals (Fig. S5B-E). We therefore conclude that TCE
treatment is more effective at preventing EBV-associated lymphomagenesis than
monospecific antibody treatment with Rituximab.

CD20 TCE treatment depletes precursor B cells in the bone marrow

In order to understand if virus spread in monospecific antibody but not TCE-treated animals
occurs because of protected B cell niches not targeted by Rituximab, we compared the
phenotype of residual B cells at the end of the experiment in blood, spleen and bone marrow
across both treatment groups. After manual gating of flow cytometry data from one
experiment on human CD45* CD19* and/or CD20* B cells, we performed FlowSOM clustering
as well as dimensionality reduction and visualization using uniform manifold approximation
and projection (UMAP, Fig. 4A). Based on the different marker expression, we coarsely
distinguished between CD24* precursor, transitional, naive, IgD/CD27 double negative and
switched memory B cells (Fig. 4B, Fig S6A). UMAP visualization of the different treatment
groups showed a reduction in abundance and in the spectrum of B cell phenotypes in the
CD20 TCE-treated cohort and a selective decrease in naive B cells in the Rituximab-treated
group, indicating a broader range of B cell depletion upon CD20 TCE treatment (Fig. 4C). B cell
subset frequencies in untreated PBS animals differed between the organs (Fig. 4D). While
CD24* precursor B cells make up the majority of B cells in the bone marrow, further
differentiated cells like transitional, naive and some double negative cells can be found in the
periphery. EBV infection itself appears to promote the development of switched memory B
cells, as confirmed by manual gating in two independent experiments, which showed a trend
towards higher memory B cell frequencies in isotype-treated animals compared with PBS
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mock-infected controls (Fig.4E, Fig. S6B-C). Consistent with this, EBV-infected animals showed
increased levels of soluble 1gG3 relative to PBS mock-infected animals, in line with RNA-seq
data reporting an enrichment of IghG3 transcripts during EBV infection (Fig. S6D,>°). The B cell
composition in the bone marrow of Rituximab treated animals did not differ from control
animals, but there was a strong reduction of naive B cells in the periphery and CD24* precursor
cells were enriched in the spleen, as confirmed by manual gating (Fig. 4D-E). While CD20 TCE
treated animals were also depleted of naive B cells, they additionally lacked CD24* precursor
B cells in the bone marrow as well as transitional B cells in the periphery. In line with these
findings, soluble IgM was reduced in TCE treated animals (Fig. S6D). Consequently, those mice
presented predominantly with further differentiated B cell populations, including switched
memory and double negative B cells, but still at markedly lower numbers than in untreated
animals (Fig. S6C). This is of interest, because most of the CD24* precursor B cells are CD204™
(Fig. 4B) and are still targeted by the CD20 TCE while they are not affected by Rituximab.

Depletion of precursor B cells may protect from systemic virus spread

To determine whether CD24* precursor B cells might contribute to increased viral loads, we
performed UMAP analysis plotting bone marrow, spleen and blood cells from CD20 TCE
treated animals stratified by EBV viral load detectability in any organ via BamHI W fragment
specific qPCR (responders and non-responders). Indeed, animals with detectable viral DNA
(non-responders) exhibited an increased density of CD24*CD38*CD10* precursor B cells
similar to the profile observed in Rituximab-treated animals (Fig. 5A). A higher frequency of
CD24* precursor B cells in CD20 TCE-treated animals with detectable viral DNA was also
confirmed by manual gating (Fig 5B). Furthermore, CD24* precursor B cells were also the only
subset that was enriched in frequency in all treated animals (Rituximab and TCE) in non-
responders compared to responders (Fig. S7A). In vivo, EBV persists in memory B cells and it
is therefore rather unlikely, that precursor B cells might be a site for persistence. Hence, they
might rather play a role early in infection which is why we tested, if CD24* precursor B cells
are susceptible to EBV infection. We isolated splenocytes and bone marrow cells from naive
uninfected humanized mice and sorted CD24* and CD24 B cell fractions by fluorescence
activated cell sorting (FACS) (Fig. S7B). From the bone marrow cells, CD24* but not CD24"
fractions could be sorted in numbers that allowed to perform an infection assay. Directly after
sorting, cells were infected with EBV at an MOI of 1. 72 hours post-infection, RNA was isolated
and analyzed for EBV transcripts or co-expression of EBNA1 and CD24 was analyzed with the

Image stream indicating successful infection of the B cells (Fig. 5C). EBV transcripts for EBNA2,
LMP1, LMP2A and BZLF1 were detected in CD24* B cell fractions from both, spleen and bone
marrow (Fig. 5D). These CD24* cells exhibited infection levels similar to the CD24" fraction

from the spleen, which includes canonical targets for EBV infection such as naive and memory
B cells, despite low expression of established EBV entry receptors such as CD21 or CD35 (Fig.
5E, Fig. S7C). To exclude residual CD24 cell contamination after FACS sorting as a source of

dPCR signal, additional ImageStream analysis was performed, demonstrating nuclear EBNA1
expression within CD24* B cells and thereby confirming their direct infection (Fig. 5F-G, Fig.
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S8A). To extend our findings of CD24* B cell infection by EBV beyond the B95-8 virus strain,
the ImageStream validation was also performed with rM81 EBV and vielded similar results. To

assess precursor B cell infection in vivo, we FACS-sorted CD24* and CD24" B cells from the bone
marrow of EBV-infected humanized mice (Fig. 5H, Fig. S7B). We detected an enrichment of
BamHI-W fragments in CD24" precursor B cells relative to the unsorted population in 4 out of
7 mice, though the signal was in general lower than in CD24" B cells (Fig. 5I). Infection of
precursor B cells was further supported by single cell RNA sequencing (scRNAseq) data
generated from splenocyte-derived B cells of EBV infected humanized mice (Fig. S8B)%*. We
therefore propose that CD24* precursor B cells can be a potential target of EBV infection which
might become relevant under B cell-depleting conditions, and that the extent of CD24*
precursor B cells depletion correlates with the efficacy of B cell depletion therapy on EBV
infection.

11
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Discussion

In this study, we investigated the efficacy of a CD3xCD20 bispecific TCE on EBV persistence and
EBV-associated tumor formation in a preclinical in vivo model. CD20 TCE treatment efficiently
protected from lymphomagenesis and systemic virus spread, outperforming monospecific
antibody treatment with Rituximab. This higher efficacy was associated with a more rigorous
depletion of CD20* and CD19* B cells in blood, spleen and bone marrow, reflecting higher
activity in secondary lymphoid organs. In patients, a single dose of Rituximab effectively
depletes circulating B cells while immature and transitional B cells persist the bone marrow,
and lymph nodes and spleens partially retain CD20" plasma cells and CD27* memory B cells3¢~
384041 Qur preclinical in vivo model recapitulated these features of an near-complete
peripheral depletion, partial splenic depletion with residual memory B cells and an intact B
cell precursor compartment in the bone marrow, despite primarily early differentiated natural

killer (NK) cell reconstitution and complement C5 deficiency in humanized NSG mice,

diminishing antibody dependent cellular cytotoxicity (ADCC) and complement activation*?43.

However, it has already previously been shown that Rituximab opsonized B cell lymphoma

cells can be depleted in humanized NSG mice*3. Furthermore, several other human immune

system compartments were depleted in humanized mice by Fc receptor engaging antibodies,

including classical and plasmacytoid dendritic cells, NK cells, CD4* and CD8"* T cells, most likely

due to antibody dependent cellular phagocytosis (ADCP)**¢, Accordingly, and similar to

patients, Rituximab reduced lymphoma incidence in EBV infected humanized mice. However,
CD20 TCE completely abolished lymphoma incidence and, surprisingly, depleted precursor B
cells. CD20 expression is induced only in late pre-B cells and also in our flow cytometry data
the majority of precursor B cells in the bone marrow of humanized mice was negative for CD20
47 In patients, transient cytopenia is a common adverse effect of bispecific TCEs*®4°, While
the underlying mechanism is unclear, a bystander effect of cytokine-mediated suppression of
hematopoiesis is suspected. Partially supporting this, we observed that an increased T cell
activation, though not elevated cytokine release, after the first TCE injection was associated
with stronger depletion of precursor B cells.

CD20 TCE treated animals were also depleted of a broader range of different
developmental B cell stages. The few remaining cells were mainly differentiated CD27°1gD" or
CD27* switched memory cells, the known site of EBV latency. Surprisingly, their frequency and
number did not differ between animals with or without detectable viral loads, nor between
monospecific and TCE-treated animals. In contrast, CD24* precursor B cells were enriched in
depleted animals with detectable viral loads and therefore associated with systemic virus
spread and lymphomagenesis. Current models of EBV’s life cycle postulate direct infection of
memory cells or infection of naive B cells with EBV driving their differentiation into memory
cells®>. Precursor B cells, expressing canonical EBV entry receptors CD21 and CD35 only at low
levels, are not part of this model. Nevertheless, we could show that precursor B cells from
adult human bone marrow can be infected with EBV in vitro, in agreement with previous

12
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findings using fetal bone marrow derived cells>®=>2. Public scRNA-seq datasets of human bone
marrow confirmed low expression of CD21, CD35 or EphA2, but indicated the expression of
integrin o, and B1 on precursor B cells, which might mediate EBV entry>3. Although the causal
involvement of precursor B cells in the EBV life cycle in vivo remains unclear, the detection of
precursor B cells among 0.2% of infected splenocytes in untreated EBV-infected humanized
mice by scRNA-seq indicates that these cells can be infected in vivo. It is noteworthy that
precursor cells are present in low frequencies in spleens of untreated EBV-infected animals,
particularly five weeks post-infection when scRNA-seq was performed, indicating that
reinfection occurs during EBV life cycle in humanized mice, as infected cells are unlikely to
remain inactive and undifferentiated for such a duration. In summary, we provide evidence
that under B cell depletion, when conventional targets of EBV infection are scarce, precursor
B cells might become increasingly relevant. They might be susceptible to reinfection and
sustain the ongoing cycle of infection, differentiation, persistence, and reactivation during EBV
persistence.

Beyond providing insight into EBV biology, our data support consideration of bispecific
TCEs as an alternative line of therapy for EBV-associated B cell LPDs. While these therapies
carry a heightened risk of substantial toxicities due to immune activation and CRS, there is a
consensus to date on best practices for managing and reducing CRS, such as corticosteroid
premedication, step-up dosing, or preemptive administration of CD20 monoclonal
antibodies>*>>. Although not tested here, we assume that such interventions would not alter
the outcome, as previous studies have shown that CRS mitigation does not diminish antitumor
activity, as the CRS appears dispensable for effective T cell antitumor responses3?°, In
addition to CRS, heightened susceptibility to fungal, viral and primarily bacterial infections are

of concern during B cell depleting therapies and require sometimes adoptive transfer of

intravenous immunoglobulins (IVIG) from healthy donors to restore pathogen specific

antibody titers®®. As a next step, CD3xCD19 TCEs in EBV-associated LPDs should be
systematically explored, particularly in cases where Rituximab fails due to CD20-negative
tumor cells. Successful use of CD3xCD19 bispecific TCE has already been reported in individual
patients®”>8, Given CD19 expression on earlier B cell stages, including precursors lacking CD20
expression, CD19-targeting approaches might be of particular interest if these cells indeed
contribute to EBV persistence. Alternatively, direct targeting of CD24 could complement CD20-
targeted B cell depletion. Our study therefore identifies precursor B cells as targets of EBV
infection and persistence during CD20 targeted depletion treatments for LPDs.
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Figure Legends

Figure 1: CD20 bispecific T cell engager-mediated B cell depletion prevents systemic virus spread and EBV-
induced tumor formation. (A) Experiment set-up: Three to six months old humanized mice were
intraperitoneally (ip) infected with 10° Raji infecting units (RIU) of EBV or mock infected with PBS. Starting from
week two, mice received weekly doses of the vehicle, PBS, an isotype control (100ug/kg) or the bispecific TCE
(100pg/kg). Blood was taken weekly until the mice were sacrificed five weeks post infection. In week two, the
blood was collected six hours after the first antibody injection. (B) Number of CD19* and CD20* cells per mL tail
vein blood over time as measured by flow cytometry. Graphs show mean +/- SD of four (TCE, Isotype) three (PBS)
or two (Vehicle) independently performed experiments with n=9 (PBS), n=17-21 (Isotype), n=17-24 (TCE), n=7-
12 (Vehicle). Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey
post-hoc test for multiple comparisons. Reported p-values are adjusted with the Holm method. (C) Total numbers
of CD20* or CD19" cells per spleen and bone marrow (BM) as measured by flow cytometry at experiment
termination. Graphs show mean +/- SD of four (TCE, Isotype), three (PBS) or two (Vehicle) independently
performed experiments with n=11 (Vehicle), n=22 (Spleen Isotype), n=21 (BM Isotype), n=20 (TCE), n=9 (PBS).
Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test
for multiple comparisons. Reported p-values are adjusted with the Holm method. (D) EBV loads in peripheral
blood over time of infected humanized mice as measured by gPCR on BamHI-W repeat regions of EBV DNA.
Graph shows mean +/- SD of two independently performed experiments with n=12 (Vehicle weeks 3-4), n=11
(Vehicle week 5), n=9 (Isotype week 3), n=10 (Isotype week 4-5), n=12 (TCE week 3), n=11 (TCE weeks 4 and 5).
Linear mixed model fit by REML of logio transformed EBV loads taking the experiment into account as a random
effect with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted with the Holm method.
(E) EBV loads in the spleen of infected humanized mice as measured by gPCR on BamHI-W repeat regions of EBV
DNA. Graph shows mean +/- SD of two independently performed experiments with n=11 (Vehicle), n=10
(Isotype), n=11 (TCE). Linear mixed model fit by REML of logio transformed EBV loads taking the experiment into
account as a random effect with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted
with the Holm method. (F) Tumor incidence in EBV infected humanized mice treated with vehicle, isotype or TCE
five weeks after infection. Graph shows proportion of animals with or without macroscopically visible tumors of
two independently performed experiments with n=11 (Vehicle), n=11 (Isotype), n=12 (TCE). Distributions per
category are indicated in the bar graph. Fisher's exact test, p=0.0006. (A - F) Significance: * p <0.05, ** p <0.01,
*** p < 0.001. Statistical analyses were carried out using R Statistical Software (R Core Team 2021) with Ime4
(v1.1, Bates 2015) and multcomp package (v1.4, Hothorn 2008) or GraphPad Prism v10.2.

Figure 2: T cells expand and differentiate after CD20 TCE injection. (A) Weight measurements normalized to the
weight at baseline are given over the course of the experiment for each experimental group. Arrows indicate the
days of antibody injection; the dashed line indicates the threshold for euthanizing the animals based on their
weight loss according to the humane endpoints defined for the study. Graph shows mean+/- SEM of one (PBS)
or two independent experiments (Vehicle, Isotype, TCE) with n=6-11 (Vehicle), n=7-11 (Isotype), n=8-14 (TCE),
n=3 (PBS). (B) Plasma cytokine concentrations in EBV infected humanized mice 6 hours after the first injection of
vehicle, isotype or TCE. Graphs show mean +/- SD of two independently performed experiments with n=4
(Vehicle IL-1B), n=6 (Vehicle IL-4), n=7 (Vehicle rest), n=8 (Isotype IL-1B), n=11 (Isotype rest), n=8 (TCE IL-1B),
n=23 (TCE IFNy), n=24 (TCE rest). One-way ANOVA with Tukey's post-hoc test for multiple comparisons. (C) Total
number of CD3* cells per mL blood plotted per week and experimental group. Graph shows median +/- SD of
four (TCE, Isotype), three (PBS) or two (Vehicle) independently performed experiments with n=7-12 (Vehicle),
n=16-21 (Isotype), n=19-25 (TCE), n=9 (PBS). Linear mixed model fit by REML taking the experiment into account
as a random effect with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted with the
Holm method. (D) Mean proportion of the four T cell activation states plotted over time and per experimental
group. Graph shows data of three (TCE n=19, Isotype n=18, PBS n=9) or one (Vehicle n=6) independently
performed experiments. (E) Frequency of HLA-DR  PD1" CD3* T cells plotted over time and per experimental
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group. Graph shows boxplots and individual values of three (TCE, Isotype, PBS) or one (Vehicle) independently
performed experiments with n=4-6 (Vehicle), n=16-18 (Isotype), n=17-19 (TCE), n=8-9 (PBS). Linear mixed model
fit by REML taking the experiment into account as a random effect with Tukey post-hoc test for multiple
comparisons. Reported p-values are adjusted with the Holm method. (F) Mean proportion of the four T cell
differentiation stages plotted over time and per experimental group. Graph shows data of four (TCE n=25, Isotype
n=22), three (PBS=9) or two (Vehicle n=11) independently performed experiments. (G) Frequency of Temra
(CD45RA* CCR7") CD3* T cells plotted over time and per experimental group. Graph shows mean frequency of
four (TCE, Isotype), three (PBS) or two (Vehicle) independently performed experiments with n=4-11 (Vehicle),
n=18-22 (lsotype), n=17-25 (TCE), n=8-9 (PBS). Linear mixed model fit by REML taking the experiment into
account as a random effect with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted
with the Holm method. (A - G) Significance: * p <0.05, ** p <0.01, *** p <0.001. Statistical analyses were carried
out using R Statistical Software (R Core Team 2021) with Ime4 (v1.1, Bates 2015) and multcomp package (v1.4,
Hothorn 2008) or GraphPad Prism v10.2

Figure 3: CD20 TCE treatment prevents EBV-induced lymphomagenesis more efficiently than the CD20
monospecific antibody Rituximab. (A) Experiment set-up: Three to six months old, humanized mice were
intraperitoneally (ip) infected with 10° Raji infecting units (RIU) of EBV or mock infected with PBS. Starting from
two weeks post infection, mice received weekly doses of Rituximab, PBS, the TCE (100ug/kg) or an isotype
control (100ug/kg). Blood was taken weekly until the mice were sacrificed five weeks post infection. In week two,
the blood was collected six hours after the first antibody injection. (B) Frequency of CD20* or CD19* cells within
the human CD45* immune cell compartment over time and per experimental group measured by flow cytometry
in tail vein blood. Graphs show boxplots and individual values of two independently performed experiments with
n=9-11 (Isotype), n=12 (Rituximab), n=11 (TCE). Linear mixed model fit by REML taking the experiment into
account as a random effect with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted
with the Holm method. (C) Frequency of CD20* or CD19* cells within the human CD45* immune cell compartment
per spleen and bone marrow (BM) measured by flow cytometry at experiment termination. Graphs show mean
+/- SD of two independently performed experiments with n=11 (Isotype spleen), n=12 (Rituximab), n=10 (TCE),
n=10 (Isotype BM). Linear mixed model fit by REML taking the experiment into account as a random effect with
Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted with the Holm method. (D) EBV
loads in peripheral blood over time of infected humanized mice as measured by gPCR on BamHI-W repeat regions
of EBV DNA at experiment endpoint. Graph shows geometric mean +/- geometric SD of two independently
performed experiments with n=5-7 (Isotype), n=6-7 (TCE), n=6-7 (Rituximab), n=6 (PBS). Linear mixed model| fit
by REML of logio transformed EBV loads taking the experiment into account as a random effect with Tukey post-
hoc test for multiple comparisons. Reported p-values are adjusted with the Holm method. (E) EBV loads in the
spleen and bone marrow (BM) as measured by qPCR on BamHI-W repeat regions of EBV DNA at experiment
endpoint. Graph shows geometric mean +/- geometric SD of two independently performed experiments with
n=9 (spleen TCE), n=11 (BM TCE), n=12 (Rituximab), n=11 (spleen Isotype), n=10 (BM Isotype), n=6 (PBS). Linear
mixed model fit by REML of logio transformed EBV loads taking the experiment into account as a random effect
with Tukey post-hoc test for multiple comparisons. Reported p-values are adjusted with the Holm method. (F)
Tumor incidence in EBV infected humanized mice treated with Rituximab, isotype or TCE five weeks after
infection. Graph shows proportion of animals with or without macroscopically visible tumors of two
independently performed experiments with n=13 (Rituximab), n=12 (Isotype), n=12 (TCE). Distributions per
category are indicated in the bar graph. Fisher's exact test, p=0.0003. (A - F) Significance: * p <0.05, ** p <0.01,
*** p < 0.001. Statistical analyses were carried out using R Statistical Software (R Core Team 2021) with Ime4
(v1.1, Bates 2015) and multcomp package (v1.4, Hothorn 2008) or GraphPad Prism v10.2.

Figure 4: CD20 TCE treatment depletes precursor B cells in the bone marrow. (A) UMAP of CD19* and/or CD20*
B cells derived from bone marrow, spleen and heart puncture blood of EBV or PBS mock infected humanized
mice treated with the TCE, an isotype control, Rituximab or PBS. Different B cell clusters are colored. (B) Heatmap
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of mean z-score scaled expression values of each marker per cluster. (C) UMAP of CD19* and/or CD20* B cells
derived from bone marrow, spleen and heart puncture blood of EBV or PBS mock infected humanized mice
plotted for each experimental group. TCE, Isotype and Rituximab treated animals were infected with EBV,
whereas PBS treated animals were only mock infected with PBS. (D) Stacked bar plots showing the percentage
of cells per experimental group and organ belonging to the respective cluster. There is a significant relationship
between the cluster and the experimental group in the Bone Marrow (X2(15,288250)=37567,P=0,w=0.361), the
spleen (X2(15,304644)=59209,P=0,w=0.4409), and in the blood (X2(15,96782)=23149,P=0,w=0.49). Pearson's
Chi-squared test for count data. (E) Frequencies of different B cell subsets within the CD19* and/or CD20* B cell
population in each organ (BM = bone marrow, spleen, HP = heart puncture blood) plotted per experimental
group. Graphs show boxplots and individual values of two independently performed experiments with n=10
(Isotype BM), n=9 (Isotype HP), n=11 (Isotype spleen), n=6 (PBS), n=12 (Rituximab), n=10 (TCE). Linear mixed
model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test for multiple
comparisons. Reported p-values are adjusted with the Holm method. (A - E) Significance: * p <0.05, ** p<0.01,
*** p < 0.001. Statistical analyses were carried out using R Statistical Software (R Core Team 2021) with Ime4
(v1.1, Bates 2015), multcomp package (v1.4, Hothorn 2008), gmodels package (v2.19, Warnes 2024) and
rcompanion package (v2.4, Mangiafico 2024).

Figure 5: Depletion of precursor B cells protects from systemic virus spread. (A) UMAP of CD19" and/or CD20*
B cells derived from bone marrow, spleen and heart puncture blood of EBV infected, TCE treated humanized
mice plotted for animals with detectable BamHI-W repeat regions of EBV DNA (black) or without detectable
BamHI-W repeat regions of EBV DNA (blue) in any organ as measured by gPCR. (B) Frequency of CD24" B cells
within the CD19* and/or CD20* B cell population in each organ (BM = bone marrow, spleen, heart puncture
blood) of EBV infected, TCE treated humanized mice plotted for animals with detectable BamHI-W repeat regions
of EBV DNA (black) or without detectable BamHI-W repeat regions of EBV DNA (blue). Graph shows boxplot and
individual values of 2 independently performed experiments with n=6 (no detectable BamHI-W, BM and spleen),
n=5 (no detectable BamHI-W, HP), n=4 (detectable BamHI-W, BM and spleen), n=5 (detectable BamHI-W, HP).
Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test
for multiple comparisons. Reported p-values are adjusted with the Holm method. (C) Experimental set-up:
splenocytes and bone marrow cells were isolated from humanized mice, sorted for CD24* and CD24 cells and
infected with EBV (MOI=1). Three days after infection, RNA was isolated from the cells and rt-qPCR was
performed for EBNA2, LMP1, LMP2A and BZLF1. Alternatively, cells were co-stained three days after infection for
EBNA1 and CD24 and analysed via ImageStream. (D) Relative gene expression of EBNA2, LMP1, LMP2a and BZLF1
normalized to GAPDH in CD24* (spleen, BM) or CD24  (spleen) B cells three days after infection with EBV. Graph
shows mean + SD. Each dot corresponds to cells isolated from a different humanized mouse. (E) Concatenated
fluorescent intensity histograms of CD21 and CD35 expression in CD24* and CD24" cells derived from BM or
spleen of three humanized mice and in positive control cells (Raji) and negative control cells (NALM®6). (F)
Frequency of CD24"* bone marrow or spleen cells expressing nuclear EBNA1 three days after infection with EBV,

or in uninfected control cells. To rule out a virus-specific effect, both rB95-8 and rM81 EBV strains were used.

Graph shows mean + SD. Symbols indicate the experiment with cells from HPC-reconstituted NSG mice (circles)
or A2DR2 mice (star), the latter being the mouse background used for the scRNA-seq dataset reanalyzed in Fig.
S8B. (G) Representative images of uninfected, B95-8-infected or M81-infected cells obtained by ImageStream

analysis. EBNA1 and CD24 co-staining is detectable in infected cells but absent in uninfected controls. (H)

Experimental set-up: bone marrow cells were isolated from EBV-infected humanized mice, sorted for CD3*, CD3"
CD19°CD20, CD24* B cells and CD24" B cells. DNA was isolated from FACS-sorted and total unsorted cells and
BamHI-W repeat regions of EBV DNA were detected by gPCR. (l) Relative quantification of BamHI-W repeat
regions of EBV DNA : GAPDH-normalized fold-change of BamHI-W repeat regions of EBV DNA within the sorted
populations relative to the unsorted total fraction. Graph shows mean +/- SD of three independently performed
experiments, n=7. Each dot corresponds to cells isolated from a different humanized mouse. Symbols correspond
to three different HPC donors used to reconstitute the humanized mice (star: NSG, rest: NFA2) in the three
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independent experiments. Mice without detectable viral loads in the sorted population were set to 2"'%indicated
by the dashed line. One-way ANOVA with Tukey's post-hoc test for multiple comparisons (A - E) Significance: * p
<0.05, ** p<0.01, *** p <0.001. Statistical analyses were carried out using R Statistical Software (R Core Team
2021) with Ime4 (v1.1, Bates 2015), multcomp package (v1.4, Hothorn 2008), gmodels package (v2.19, Warnes
2024) and rcompanion package (v2.4, Mangiafico 2024) or GraphPad Prism v10.2.
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