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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.

Conflict of interest: No COI declared

COI notes: 

Preprint server: No; 

Author contributions and disclosures: Conceptualization: MB, PS, CM; Methodology: MB, PS; Formal
analysis: MB, PS, EF; Investigation: MB, PS, AP, ET, MR, DM, SvB, LR, SW; Resources: FR, ET, CM;
Data Curation: MB, PS; Writing-original draft preparation: MB, PS; Writing-review and editing: MB,
PS, CM; Visualization: MB, PS; Supervision: CM, FR, ET; Project administration: MB, PS; Funding
acquisition: MB, CM, FR, ET.

Non-author contributions and disclosures: No; 

Agreement to Share Publication-Related Data and Data Sharing Statement: The previously deposited
datasets of NCBI GEO GSE299939 and GSE2533555 were used for some analyses in the manuscript and are
referenced.

Clinical trial registration information (if any): 

D
ow

nloaded from
 ashpublications.​org/​bloodadvances/​article-pdf/​doi/​10.​1182/​bloodadvances.​2025019375/​2534650/​bloodadvances.​2025019375.​pdf by guest on 17 August 2026

https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2025019375&domain=pdf&date_stamp=2026-07-20


Böni and Schuhmachers et al. 

 

1

1

CD20 Bispecific T cell Engager Depletes B Cell 1 

Progenitors PrevenƟng EBV-Associated 2 

Lymphomagenesis in Humanized Mice 3 

Michelle Böni1*, Patrick Schuhmachers1*, Saskia von Boxberg1, Amanda Poon1,2, Emeline 4 
Thevenon3, Daniele Mennonna3, Melissa Ramones4, Lucas Romann1, Svenja L. Walter1, Éanna 5 
Fennell1,5, Francesca Rucci3, ElisabeƩa Traggiai3, ChrisƟan Münz1# 6 

  7 

*Authors contributed equally to this work  8 

#Corresponding author chrisƟan.muenz@uzh.ch,  9 

 10 

AffiliaƟons 11 
1Viral Immunobiology, InsƟtute of Experimental Immunology, University of Zurich, 12 
Switzerland 13 
2Present address: CreopƟx AG, Wädenswil, Switzerland 14 
3NovarƟs Biomedical Research, Basel, Switzerland 15 
4NovarƟs Biomedical Research, Cambridge, MassachuseƩs, United States of America 5School 16 
of Medicine, Bernal InsƟtute, Health Research InsƟtute, Limerick Digital Cancer Research 17 
Centre, University of Limerick, Limerick, Ireland. 18 
 19 
 20 
Key Points 21 

 CD3xCD20 bispecific TCE depletes precursor B cells in primary lymphoid organs.  22 
 DepleƟon of B cell precursors permissive to EBV infecƟon is associated with more 23 

effecƟve prevenƟon of EBV-associated lymphomagenesis, surpassing the efficacy of 24 
Rituximab.  25 

 26 
Data Sharing Statement 27 

 For original data, please contact chrisƟan.muenz@uzh.ch 28 
 29 
Manuscript length restricƟons 30 

 Text word count: 4259 31 
 Abstract word count: 157 32 
 Number of figures: 5 33 
 Number of references: 69  34 

D
ow

nloaded from
 ashpublications.​org/​bloodadvances/​article-pdf/​doi/​10.​1182/​bloodadvances.​2025019375/​2534650/​bloodadvances.​2025019375.​pdf by guest on 17 August 2026



Böni and Schuhmachers et al. 

 

2

2

Abstract  35 

Epstein Barr virus (EBV) infecƟon is associated with around 1.5% of human tumors, including 36 
B cell lymphoproliferaƟve diseases (LPD). A common approach in treaƟng EBV-associated LPDs 37 
is targeƟng infected tumor cells with a CD20 monoclonal anƟbody, such as Rituximab, 38 
although this oŌen fails to prevent relapses and refractory disease. In this study, we show in 39 
a pre-clinical humanized mouse model superior efficacy of a CD3xCD20 bispecific T cell 40 
engager (CD20 TCE) in prevenƟng systemic virus spread and EBV-associated tumor formaƟon 41 
as compared to Rituximab treatment. Increased efficacy is associated with a deep depleƟon 42 
of human precursor B cells in the bone marrow. Progenitor B cells are permissive to infecƟon 43 
with EBV in vitro and correlate with EBV persistence during B cell depleƟon therapy also in 44 
vivo. Thus, deep depleƟon of B cells including bone marrow progenitors might target EBV-45 
associated LPDs more efficiently. Infected progenitors should be considered as an EBV 46 
reservoir from which associated pathologies could relapse.   47 
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IntroducƟon 48 

More than 90% of adults are persistently infected with the Epstein-Barr virus (EBV) without 49 
developing EBV-associated disease1. Nevertheless, EBV is a WHO class I carcinogen 50 
responsible for around 1.5% of cancers2,3. EBV-associated cancers derive directly from infected 51 
cells and include carcinomas and lymphoproliferaƟve diseases (LPDs), especially of B cell 52 
origin2,4. In vitro, EBV efficiently infects B cells and immortalizes them into conƟnuously 53 
proliferaƟng lymphoblastoid cell lines (LCL)5. In vivo, however, EBV persists in resƟng memory 54 
B cells, an alleged contradicƟon explained by the germinal center (GC) model of EBV 55 
persistence6,7. In this model, EBV is thought to cross the oropharyngeal epithelium to infect 56 
naïve B cells through interacƟons between viral glycoproteins with receptors such as CD21, 57 
CD35, MHC class II, αv integrins, ephrin type-A receptor 2, neuropilin-1 and regulator of G 58 
protein signaling 9 binding protein (R9AP)8–14. InfecƟon acƟvates B cells, inducing 59 
differenƟaƟon into proliferaƟng blasts undergoing a GC-like reacƟon, ulƟmately generaƟng 60 
resƟng memory B cells. Upon terminal plasma cell differenƟaƟon, these may release 61 
infecƟous virions. During primary infecƟon, infected B cells accumulate and circulate unƟl 62 
adapƟve immunity reduces viral loads through massive T cell acƟvaƟon and expansion. This T 63 
cell response spares latently infected memory B cells, allowing EBV persistence as an ongoing 64 
cycle of infecƟon, differenƟaƟon, persistence, reacƟvaƟon and reinfecƟon without being 65 
oncogenic by default in the healthy host.  66 

Each step within this lifecycle exhibits characterisƟc EBV latency programs15. EBV-67 
associated B cell malignancies likely arise from the combined events of EBV oncogene 68 
expression, GC-associated mutagenesis, and cell cycle dysregulaƟon during EBV-driven B cell 69 
differenƟaƟon, explaining the presence of all latency programs in EBV associated LPDs2,15. 70 
These disorders are therefore highly heterogeneous in pathogenesis and B cell developmental 71 
stages, requiring tailored therapies. Yet, their mostly shared B cell origin renders them 72 
suscepƟble to CD20-targeƟng anƟbodies. Rituximab, a monospecific CD20 anƟbody, is part of 73 
chemotherapy schemes for EBV-associated LPDs such as diffuse large B cell and BurkiƩ 74 
lymphoma, and is first-line therapy for posƩransplant lymphoproliferaƟve disorders (PTLD)16–75 
19. PTLD response rates to Rituximab exceed 70%, but mortality surpasses 90% in non-76 
responders20. AlternaƟve treatments include CD19 CAR T cells or autologous EBV-specific T 77 
cells17.  78 

Recently, T cell engaging anƟbodies (TCE) have advanced lymphoma therapy21–23. By 79 
co-binding CD3 on T cells and tumour associated anƟgens, TCE recruit and acƟvate potent 80 
cytotoxic T cells to eliminate tumor cells independently of naƟve T cell receptor specificity, 81 
achieving greater depleƟon efficacy than monoclonal anƟbodies21. As “off-the-shelf” 82 
therapies, they offer superior availability and logisƟcal pracƟcality compared to CAR or EBV-83 
specific T cell therapies17. However, their effects on EBV-induced lymphoma and viral 84 
persistence remain poorly characterized. In this study, we invesƟgated a CD3xCD20 bispecific 85 
TCE in EBV-infected mice with reconsƟtuted human immune systems (humanized mice). 86 
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Compared to monospecific anƟ-CD20 therapy, we observed beƩer prevenƟon of EBV-87 
associated tumor formaƟon and reduced virus disseminaƟon. This was associated with 88 
enhanced B cell depleƟon across primary and secondary lymphoid organs and across a 89 
broader range of B cell developmental stages, including precursor B cells permissive to EBV 90 
infecƟon. This might indicate relevance of precursor B cells in EBV persistence during the self-91 
perpetuaƟng cycle of infecƟon, differenƟaƟon, persistence, reacƟvaƟon and reinfecƟon in the 92 
seƫng of B cell depleƟon therapies.  93 
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Methods 94 

Ethics statement  95 
All animal experiments as well as the use of peripheral blood mononuclear cells (PBMCs) from 96 
human donors followed the protocols in licenses ZH042/2021, ZH074/2024, or KEK-ZH-Nr. 97 
2010-0057 and 2019-00837. This study was conducted in accordance with the DeclaraƟon of 98 
Helsinki. 99 
 100 
Humanized mouse generaƟon 101 
Newborn NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (Strain #005557, NSG), NOD.Cg-102 
Rag1tm1MomFlt3tm1IrlMcph1Tg(HLA- A2.1)1EngeIl2rgtm1Wjl/J (Strain #033127, NFA2, for experiments 103 
depicted in Fig. 5I, S3D) or BRGS-A2DR2 (provided by Regeneron, for experiment 5G) pups, 104 
one to five days of age, were sublethally irradiated with 1Gy and intrahepaƟcally injected with 105 
1-3x105 human fetal liver (HFL) derived (Advanced Bioscience Resources, Cercle AllocaƟon 106 
Services, Inc.) CD34+ hematopoieƟc progenitor cells (HPCs). Only animals with >10% huCD45+ 107 
cells of all leukocytes aŌer three months and animals with a reconsƟtuted T cell compartment 108 
were included in the experiments. Details of HPC-isolaƟon and randomizaƟon are provided in 109 
supplemental methods. 110 
 111 
CD3xCD20 TCE Design  112 
TheCD3ε binding moiety of the CD3xCD20 TCE used for the experiemts consists of a 113 
humanized single chain anƟbody (scFv) that was derived from the mouse anƟ CD3 anƟbody 114 
SP34 while the CD20 binding arm consists of a Fab corresponding to Rituximab. Hetero-115 
dimerizaƟon of the Fc was achieved by the ‘knobs-into-holes’ engineering24. Constant human 116 
IgG1 Fc sequence contained modificaƟons that silence anƟbody dependent cellular 117 
cytotoxicity and facilitate purificaƟon of heterodimeric Fc mulƟ-specific anƟbodies while 118 
retaining binding to FcRn. Details for the CD3xCD20 TCE producƟon are provided in 119 
supplemental methods.  120 
 121 
Virus InfecƟon and AnƟbody Treatment of Humanized Mice 122 
Three to six months old humanized mice were intraperitoneally injected with 105 Raji 123 
infecƟous units (RIU) of recombinant EBV B95-8 or mock infected with PBS. StarƟng two weeks 124 
aŌer EBV infecƟon, animals were intraperitoneally injected with 0.1mg/kg CD20 TCE, 125 
0.1mg/kg isotype control, 10mg/kg Rituximab (Mab Thera, Roche Pharma), the vehicle only 126 
or with PBS. AnƟbody injecƟons were repeated weekly. The last injecƟon occurred seven days 127 
before the experimental endpoint. Animals were euthanized five weeks post infecƟon by CO2 128 
inhalaƟon or if predetermined humane endpoints were met as defined in the animal licenses. 129 
Details on EBV producƟon and animal housing condiƟons are provided in supplemental 130 
methods.  131 
 132 
Cell Analysis 133 
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Splenocytes, bone marrow and PBMC cells were isolated from humanized Mice and stained 134 
for flow cytometry analysis. For downstream UMAP visualizaƟons and high dimensional 135 
analysis, the Cyclone R-based Pipeline available on GitHub was used 25. AddiƟonally, DNA was 136 
extracted from isolated cells and the EBV BamH-I W fragment was measured via qPCR to 137 
assess viral loads. Plasma and serum samples were analyzed for cytokines using an MSD V-138 
Plex assay (mesoscale) and for immunoglobulins using a Bio-Plex Assay (Bio Rad). Tumor 139 
formaƟon was assessed macroscopically and EBV presence in tumors was confirmed by 140 
immunohistochemical stainings for nuclear anƟgen 2 of EBV (EBNA2) of paraffin-embedded 141 
slides. Details about individual assays are described in the supplemental methods. 142 
 143 
Precursor B cell InfecƟon 144 
CD24+ precursor B cells were isolated via fluorescent acƟvated cell sorƟng (FACS) and infected 145 
with EBV B95-8 or M81 with an MOI1. RNA was isolated 72h post-infecƟon and analyzed via 146 
qRT-PCR for EBV gene expression or cells were co-stained 72h post-infecƟon for nuclear 147 
EBNA1 and CD24 and analyzed by Image Stream X Mark II. AlternaƟvely, B cells were isolated 148 
via FACS from EBV-infected huMice and sorted fracƟons were analyzed for EBV infecƟon by 149 
qPCR for EBV BamHI-W fragments. AddiƟonal details are provided in the supplemental 150 
methods. 151 

  152 
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Results 153 

CD20 bispecific T cell engager-mediated B cell depleƟon prevents systemic virus spread 154 
and EBV-induced tumor formaƟon 155 

Humanized NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (huNSG) mice infected with EBV were previously 156 
shown to establish a latent infecƟon26,27. Although virus-specific T cell responses are induced 157 
in response to the infecƟon, formaƟon of EBV-associated lymphomagenesis was reported26. 158 
To invesƟgate the efficacy of a CD3xCD20 bispecific T cell engager (CD20 TCE) on EBV-159 
associated lymphomagenesis, we infected huNSG mice with EBV wild-type (EBVwt, B95-8). 160 
AŌer allowing EBV to establish a latent infecƟon for two weeks, animals received three doses 161 
of CD20 TCE on a weekly basis. Animals were euthanized at five weeks post-infecƟon or if 162 
predetermined humane endpoints were met (Fig. 1A). Even with the high inter-mouse 163 
variability typical of humanized models, CD19+ and CD20+ B cell numbers in peripheral tail vein 164 
blood declined noƟceably as early as six hours aŌer the first anƟbody dose and conƟnued to 165 
decrease over Ɵme (Fig. 1B, Fig. S1A). This decrease was not aƩributed to compeƟƟve binding 166 
of the CD20 TCE and the detecƟon anƟbody for CD20 (Fig. S1B). Likewise, CD19+ and CD20+ B 167 
cell were depleted in primary and secondary lymphoid organs such as bone marrow (BM) and 168 
spleen, both reservoirs of memory B cells, the site of long-term EBV persistence6,28 (Fig. 1C, 169 
Fig. S1C). Accordingly, EBV-infected and CD20 TCE treated animals had no detectable viral 170 
loads in the blood over the whole course of the experiment, while viral presence was sƟll 171 
detectable in the spleen of a minority of animals (Fig. 1D-E). Yet, none of the EBV-infected and 172 
CD20 TCE treated animals developed lymphomas during the experiment whereas lymphomas 173 
occurred in ≥50% of animals receiving either the isotype control (TCE with anƟ-growth 174 
hormone binding arm) or vehicle alone (buffer used to dissolve the TCE) (Fig. 1F). We conclude 175 
that despite cases of only parƟal responses, CD20 TCE treatment effecƟvely prevents systemic 176 
virus spread in blood as well as EBV-induced lymphomagenesis in humanized mice. 177 

 178 

T cells expand and differenƟate aŌer CD20 TCE injecƟon 179 

T cell redirecƟng therapies can commonly lead to a cytokine release syndrome (CRS) due to 180 
extensive T cell engagement29,30. EBV is a strong driver of T cell proliferaƟon itself and induces 181 
this phenotype also in EBV-infected humanized mice26,31. To avoid hyperacƟvaƟon of EBV-182 
induced and expanded T cells by injecƟon of the CD20 TCE, we started with treatment 183 
injecƟons two weeks aŌer EBV infecƟon, when EBV-specific immune responses had been 184 
primed but prior to EBV-induced T cell proliferaƟon. Nevertheless, we clinically observed a 185 
substanƟal weight loss in treated animals aŌer the first dose of CD20 TCE, followed by a 186 
complete recovery during the remaining experiment (Fig. 2A). This weight loss was dose-187 
dependent and led to premature euthanasia of individual mice (Fig. S2A-C). The observed 188 
weight loss was accompanied by a strong increase in plasma pro-inflammatory cytokine levels 189 
six hours aŌer the first TCE injecƟon (IFN-, IL-1, TNF, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70 190 
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and IL-13) (Fig. 2B). EBV infecƟon had no influence on the amount of cytokines released at 191 
that Ɵme point (Fig. S2D). Furthermore, we did not see any associaƟon between the 192 
magnitude of the cytokine release in week two and systemic virus spread at the end of the 193 
experiment (data not shown). Consistent with previous reports on T cell marginaƟon and 194 
extravasaƟon induced by the cytokine release, we also observed a significant reducƟon in the 195 
numbers of peripheral blood CD3+, mainly CD8+ T cells, six hours aŌer the first TCE injecƟon 196 
(Fig. 2C, S3A-C)32–34. This was followed by a massive expansion in week three and subsequent 197 
contracƟon to levels lower than in EBV-infected control groups. Since viral loads were not 198 
observed in blood aŌer treatment, strong EBV-driven T cell expansion, potenƟally requiring 199 
high amounts of anƟgens, was not observed in CD20 TCE treated animals. Nonetheless, EBV-200 
specific T cells were detectable at endpoint by IFN ELISPOT in a preliminary assay, indicaƟng 201 
that CD20-directed TCE treatment does not prevent the development of EBV-specific effector 202 
or memory T cells (Fig. S3D). Also, there was no associaƟon between T cell marginaƟon and 203 
systemic virus spread (Fig. S3E). However, we did see a stronger CD8+ T cell acƟvaƟon six hours 204 
post first TCE dose in animals with suppressed viral loads (Fig. S3F). Treatment with the CD20 205 
TCE led to an increase in the proporƟon of acƟvated T cells as measured by HLA-DR and PD-1 206 
six hours aŌer TCE injecƟon in week two and stayed high during the remaining course of the 207 
experiment. UnacƟvated T cells started to decline in EBV-infected control groups only in week 208 
4 (Fig. 2D-E, Fig. S4A-B). Simultaneously, EBV infecƟon was driving T cells into a CD45RA-CCR7- 209 
effector memory differenƟaƟon (Fig. 2F). Similarly, CD20 TCE treatment induced an effector 210 
memory phenotype aŌer administraƟon of the first dose but also led to a strong increase in 211 
CD45RA+CCR7- Temra cells over Ɵme (Fig. 2F-G, Fig. S4C-D). In summary, EBV-infected CD20 212 
TCE treated animals recapitulate similar uncontrolled immune acƟvaƟon as observed in CD20 213 
TCE treated paƟents. While associaƟons of biomarkers corresponding with remission in 214 
lymphoma paƟents such as increased T cell marginaƟon were not correlaƟng with EBV control 215 
in humanized mice, acƟvaƟon of CD8+ T cells aŌer the first anƟbody injecƟon did33,34. 216 

 217 

CD20 TCE treatment prevents EBV-induced lymphomagenesis more efficiently than the 218 
CD20 monospecific anƟbody Rituximab 219 

Rituximab, a CD20 monospecific anƟbody, is an integral part of treatment regimens for EBV-220 
associated lymphoproliferaƟve diseases but only achieves a parƟal depleƟon of B cells in the 221 
bone marrow35–38. Having observed an almost complete B cell depleƟon upon CD20 TCE 222 
treatment, we invesƟgated if control of viral infecƟon by this treatment was more efficient 223 
than Rituximab administraƟon. To that end, EBV-infected humanized mice were either treated 224 
with three doses of Rituximab or the CD20 TCE on a weekly basis. Animals received a molar 225 
dose of Rituximab exceeding that of the CD20 TCE by more than 20-fold, which was well 226 
tolerated (Fig. S5A). Infected isotype treated animals as well as PBS mock infected animals 227 
served as controls (Fig. 3A). Peripheral blood CD19+ and CD20+ B cells were effecƟvely 228 
depleted upon mono- and bispecific anƟbody treatment, with a tendency to a beƩer 229 
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depleƟon of CD19+ B cells in CD20 TCE treated animals (Fig. 3B). Higher frequencies of CD19+ 230 
and CD20+ B cells in CD20 TCE treated animals in week two can be explained by the 231 
concomitant reducƟon in T cell numbers (Fig. 2C). The same tendency towards a beƩer 232 
depleƟon of B cells by the CD20 TCE compared with Rituximab was observed in the spleen 233 
and bone marrow, with parƟcularly pronounced reducƟons of CD19+ B cells in the bone 234 
marrow (Fig. 3C). A stark difference in peripheral blood viral load suppression was observed 235 
between the two anƟbody regimens. Rituximab-treated animals predominantly exhibited 236 
high peripheral blood viral loads, comparable to those in isotype control animals; in contrast, 237 
EBV loads remained suppressed throughout the experimental period in all CD20 TCE-treated 238 
animals with the excepƟon of a single subject (Fig. 3D). Splenic EBV loads were also reduced 239 
in CD20 TCE-treated animals relaƟve to those receiving Rituximab. Nevertheless, a subset of 240 
mice remained EBV-posiƟve in the spleen and bone marrow aŌer treatment with the CD20 241 
TCE (Fig. 3E). Despite measurable viral loads in lymphoid organs, CD20 TCE-treated animals 242 
remained free of tumors while almost 50% of the animals developed tumors under Rituximab 243 
treatment (Fig. 3F). Consistent with ongoing virus replicaƟon in the Rituximab cohort, T cell 244 
acƟvaƟon and differenƟaƟon kineƟcs in Rituximab-treated animals mirrored those observed 245 
in EBV-infected isotype-treated control animals (Fig. S5B-E). We therefore conclude that TCE 246 
treatment is more effecƟve at prevenƟng EBV-associated lymphomagenesis than 247 
monospecific anƟbody treatment with Rituximab.  248 

 249 

CD20 TCE treatment depletes precursor B cells in the bone marrow 250 

In order to understand if virus spread in monospecific anƟbody but not TCE-treated animals 251 
occurs because of protected B cell niches not targeted by Rituximab, we compared the 252 
phenotype of residual B cells at the end of the experiment in blood, spleen and bone marrow 253 
across both treatment groups. AŌer manual gaƟng of flow cytometry data from one 254 
experiment on human CD45+ CD19+ and/or CD20+ B cells, we performed FlowSOM clustering 255 
as well as dimensionality reducƟon and visualizaƟon using uniform manifold approximaƟon 256 
and projecƟon (UMAP, Fig. 4A). Based on the different marker expression, we coarsely 257 
disƟnguished between CD24+ precursor, transiƟonal, naïve, IgD/CD27 double negaƟve and 258 
switched memory B cells (Fig. 4B, Fig S6A). UMAP visualizaƟon of the different treatment 259 
groups showed a reducƟon in abundance and in the spectrum of B cell phenotypes in the 260 
CD20 TCE-treated cohort and a selecƟve decrease in naïve B cells in the Rituximab-treated 261 
group, indicaƟng a broader range of B cell depleƟon upon CD20 TCE treatment (Fig. 4C). B cell 262 
subset frequencies in untreated PBS animals differed between the organs (Fig. 4D). While 263 
CD24+ precursor B cells make up the majority of B cells in the bone marrow, further 264 
differenƟated cells like transiƟonal, naïve and some double negaƟve cells can be found in the 265 
periphery. EBV infecƟon itself appears to promote the development of switched memory B 266 
cells, as confirmed by manual gaƟng in two independent experiments, which showed a trend 267 
towards higher memory B cell frequencies in isotype-treated animals compared with PBS 268 
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mock-infected controls (Fig.4E, Fig. S6B-C). Consistent with this, EBV-infected animals showed 269 
increased levels of soluble IgG3 relaƟve to PBS mock-infected animals, in line with RNA-seq 270 
data reporƟng an enrichment of IghG3 transcripts during EBV infecƟon (Fig. S6D,39). The B cell 271 
composiƟon in the bone marrow of Rituximab treated animals did not differ from control 272 
animals, but there was a strong reducƟon of naïve B cells in the periphery and CD24+ precursor 273 
cells were enriched in the spleen, as confirmed by manual gaƟng (Fig. 4D-E). While CD20 TCE 274 
treated animals were also depleted of naïve B cells, they addiƟonally lacked CD24+ precursor 275 
B cells in the bone marrow as well as transiƟonal B cells in the periphery. In line with these 276 
findings, soluble IgM was reduced in TCE treated animals (Fig. S6D). Consequently, those mice 277 
presented predominantly with further differenƟated B cell populaƟons, including switched 278 
memory and double negaƟve B cells, but sƟll at markedly lower numbers than in untreated 279 
animals (Fig. S6C). This is of interest, because most of the CD24+ precursor B cells are CD20dim 280 
(Fig. 4B) and are sƟll targeted by the CD20 TCE while they are not affected by Rituximab. 281 

DepleƟon of precursor B cells may protect from systemic virus spread 282 
To determine whether CD24+ precursor B cells might contribute to increased viral loads, we 283 
performed UMAP analysis ploƫng bone marrow, spleen and blood cells from CD20 TCE 284 
treated animals straƟfied by EBV viral load detectability in any organ via BamHI W fragment 285 
specific qPCR (responders and non-responders). Indeed, animals with detectable viral DNA 286 
(non-responders) exhibited an increased density of CD24+CD38+CD10+ precursor B cells 287 
similar to the profile observed in Rituximab-treated animals (Fig. 5A). A higher frequency of 288 
CD24+ precursor B cells in CD20 TCE-treated animals with detectable viral DNA was also 289 
confirmed by manual gaƟng (Fig 5B). Furthermore, CD24+ precursor B cells were also the only 290 
subset that was enriched in frequency in all treated animals (Rituximab and TCE) in non-291 
responders compared to responders (Fig. S7A). In vivo, EBV persists in memory B cells and it 292 
is therefore rather unlikely, that precursor B cells might be a site for persistence. Hence, they 293 
might rather play a role early in infecƟon which is why we tested, if CD24+ precursor B cells 294 
are suscepƟble to EBV infecƟon. We isolated splenocytes and bone marrow cells from naïve 295 
uninfected humanized mice and sorted CD24+ and CD24-  B cell fracƟons by fluorescence 296 
acƟvated cell sorƟng (FACS) (Fig. S7B). From the bone marrow cells, CD24+ but not CD24- 297 
fracƟons could be sorted in numbers that allowed to perform an infecƟon assay. Directly aŌer 298 
sorƟng, cells were infected with EBV at an MOI of 1. 72 hours post-infecƟon, RNA was isolated 299 
and analyzed for EBV transcripts or co-expression of EBNA1 and CD24 was analyzed with the 300 
Image stream indicaƟng successful infecƟon of the B cells (Fig. 5C). EBV transcripts for EBNA2, 301 
LMP1, LMP2A and BZLF1 were detected in CD24+ B cell fracƟons from both, spleen and bone 302 
marrow (Fig. 5D). These CD24+ cells exhibited infecƟon levels similar to the CD24- fracƟon 303 
from the spleen, which includes canonical targets for EBV infecƟon such as naïve and memory 304 
B cells, despite low expression of established EBV entry receptors such as CD21 or CD35 (Fig. 305 
5E, Fig. S7C). To exclude residual CD24- cell contaminaƟon aŌer FACS sorƟng as a source of 306 
qPCR signal, addiƟonal ImageStream analysis was performed, demonstraƟng nuclear EBNA1 307 
expression within CD24+ B cells and thereby confirming their direct infecƟon (Fig. 5F-G, Fig. 308 
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S8A). To extend our findings of CD24+ B cell infecƟon by EBV beyond the B95-8 virus strain, 309 
the ImageStream validaƟon was also performed with rM81 EBV and yielded similar results. To 310 
assess precursor B cell infecƟon in vivo, we FACS-sorted CD24+ and CD24- B cells from the bone 311 
marrow of EBV-infected humanized mice (Fig. 5H, Fig. S7B). We detected an enrichment of 312 
BamHI-W fragments in CD24+ precursor B cells relaƟve to the unsorted populaƟon in 4 out of 313 
7 mice, though the signal was in general lower than in CD24- B cells (Fig. 5I). InfecƟon of 314 
precursor B cells was further supported by single cell RNA sequencing (scRNAseq) data 315 
generated from splenocyte-derived B cells of EBV infected humanized mice (Fig. S8B)39. We 316 
therefore propose that CD24+ precursor B cells can be a potenƟal target of EBV infecƟon which 317 
might become relevant under B cell-depleƟng condiƟons, and that the extent of CD24+ 318 
precursor B cells depleƟon correlates with the efficacy of B cell depleƟon therapy on EBV 319 
infecƟon. 320 

  321 
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Discussion 322 

In this study, we invesƟgated the efficacy of a CD3xCD20 bispecific TCE on EBV persistence and 323 
EBV-associated tumor formaƟon in a preclinical in vivo model. CD20 TCE treatment efficiently 324 
protected from lymphomagenesis and systemic virus spread, outperforming monospecific 325 
anƟbody treatment with Rituximab. This higher efficacy was associated with a more rigorous 326 
depleƟon of CD20+ and CD19+ B cells in blood, spleen and bone marrow, reflecƟng higher 327 
acƟvity in secondary lymphoid organs. In paƟents, a single dose of Rituximab effecƟvely 328 
depletes circulaƟng B cells while immature and transiƟonal B cells persist the bone marrow, 329 
and lymph nodes and spleens parƟally retain CD20- plasma cells and CD27+ memory B cells36–330 
38,40,41. Our preclinical in vivo model recapitulated these features of an near-complete 331 
peripheral depleƟon, parƟal splenic depleƟon with residual memory B cells and an intact B 332 
cell precursor compartment in the bone marrow, despite primarily early differenƟated natural 333 
killer (NK) cell reconsƟtuƟon and complement C5 deficiency in humanized NSG mice, 334 
diminishing anƟbody dependent cellular cytotoxicity (ADCC) and complement acƟvaƟon42,43. 335 
However, it has already previously been shown that Rituximab opsonized B cell lymphoma 336 
cells can be depleted in humanized NSG mice43. Furthermore, several other human immune 337 
system compartments were depleted in humanized mice by Fc receptor engaging anƟbodies, 338 
including classical and plasmacytoid dendriƟc cells, NK cells, CD4+ and CD8+ T cells, most likely 339 
due to anƟbody dependent cellular phagocytosis (ADCP)44–46. Accordingly, and similar to 340 
paƟents, Rituximab reduced lymphoma incidence in EBV infected humanized mice. However, 341 
CD20 TCE completely abolished lymphoma incidence and, surprisingly, depleted precursor B 342 
cells. CD20 expression is induced only in late pre-B cells and also in our flow cytometry data 343 
the majority of precursor B cells in the bone marrow of humanized mice was negaƟve for CD20 344 
47. In paƟents, transient cytopenia is a common adverse effect of bispecific TCEs48,49. While 345 
the underlying mechanism is unclear, a bystander effect of cytokine-mediated suppression of 346 
hematopoiesis is suspected. ParƟally supporƟng this, we observed that an increased T cell 347 
acƟvaƟon, though not elevated cytokine release, aŌer the first TCE injecƟon was associated 348 
with stronger depleƟon of precursor B cells.  349 

CD20 TCE treated animals were also depleted of a broader range of different 350 
developmental B cell stages. The few remaining cells were mainly differenƟated CD27-IgD- or 351 
CD27+ switched memory cells, the known site of EBV latency. Surprisingly, their frequency and 352 
number did not differ between animals with or without detectable viral loads, nor between 353 
monospecific and TCE-treated animals. In contrast, CD24+ precursor B cells were enriched in 354 
depleted animals with detectable viral loads and therefore associated with systemic virus 355 
spread and lymphomagenesis. Current models of EBV’s life cycle postulate direct infecƟon of 356 
memory cells or infecƟon of naïve B cells with EBV driving their differenƟaƟon into memory 357 
cells15. Precursor B cells, expressing canonical EBV entry receptors CD21 and CD35 only at low 358 
levels, are not part of this model. Nevertheless, we could show that precursor B cells from 359 
adult human bone marrow can be infected with EBV in vitro, in agreement with previous 360 
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findings using fetal bone marrow derived cells50–52. Public scRNA-seq datasets of human bone 361 
marrow confirmed low expression of CD21, CD35 or EphA2, but indicated the expression of 362 
integrin αv and β1 on precursor B cells, which might mediate EBV entry53. Although the causal 363 
involvement of precursor B cells in the EBV life cycle in vivo remains unclear, the detecƟon of 364 
precursor B cells among 0.2% of infected splenocytes in untreated EBV-infected humanized 365 
mice by scRNA-seq indicates that these cells can be infected in vivo. It is noteworthy that 366 
precursor cells are present in low frequencies in spleens of untreated EBV-infected animals, 367 
parƟcularly five weeks post-infecƟon when scRNA-seq was performed, indicaƟng that 368 
reinfecƟon occurs during EBV life cycle in humanized mice, as infected cells are unlikely to 369 
remain inacƟve and undifferenƟated for such a duraƟon. In summary, we provide evidence 370 
that under B cell depleƟon, when convenƟonal targets of EBV infecƟon are scarce, precursor 371 
B cells might become increasingly relevant. They might be suscepƟble to reinfecƟon and 372 
sustain the ongoing cycle of infecƟon, differenƟaƟon, persistence, and reacƟvaƟon during EBV 373 
persistence. 374 

Beyond providing insight into EBV biology, our data support consideraƟon of bispecific 375 
TCEs as an alternaƟve line of therapy for EBV-associated B cell LPDs. While these therapies 376 
carry a heightened risk of substanƟal toxiciƟes due to immune acƟvaƟon and CRS, there is a 377 
consensus to date on best pracƟces for managing and reducing CRS, such as corƟcosteroid 378 
premedicaƟon, step-up dosing, or preempƟve administraƟon of CD20 monoclonal 379 
anƟbodies54,55. Although not tested here, we assume that such intervenƟons would not alter 380 
the outcome, as previous studies have shown that CRS miƟgaƟon does not diminish anƟtumor 381 
acƟvity, as the CRS appears dispensable for effecƟve T cell anƟtumor responses32,55. In 382 
addiƟon to CRS, heightened suscepƟbility to fungal, viral and primarily bacterial infecƟons are 383 
of concern during B cell depleƟng therapies and require someƟmes adopƟve transfer of 384 
intravenous immunoglobulins (IVIG) from healthy donors to restore pathogen specific 385 
anƟbody Ɵters56. As a next step, CD3xCD19 TCEs in EBV-associated LPDs should be 386 
systemaƟcally explored, parƟcularly in cases where Rituximab fails due to CD20-negaƟve 387 
tumor cells. Successful use of CD3xCD19 bispecific TCE has already been reported in individual 388 
paƟents57,58. Given CD19 expression on earlier B cell stages, including precursors lacking CD20 389 
expression, CD19-targeƟng approaches might be of parƟcular interest if these cells indeed 390 
contribute to EBV persistence. AlternaƟvely, direct targeƟng of CD24 could complement CD20-391 
targeted B cell depleƟon. Our study therefore idenƟfies precursor B cells as targets of EBV 392 
infecƟon and persistence during CD20 targeted depleƟon treatments for LPDs. 393 

  394 
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Figure Legends 620 

Figure 1: CD20 bispecific T cell engager-mediated B cell depleƟon prevents systemic virus spread and EBV-621 
induced tumor formaƟon. (A) Experiment set-up: Three to six months old humanized mice were 622 
intraperitoneally (ip) infected with 105 Raji infecƟng units (RIU) of EBV or mock infected with PBS. StarƟng from 623 
week two, mice received weekly doses of the vehicle, PBS, an isotype control (100μg/kg) or the bispecific TCE 624 
(100μg/kg). Blood was taken weekly unƟl the mice were sacrificed five weeks post infecƟon. In week two, the 625 
blood was collected six hours aŌer the first anƟbody injecƟon. (B) Number of CD19+ and CD20+ cells per mL tail 626 
vein blood over Ɵme as measured by flow cytometry. Graphs show mean +/- SD of four (TCE, Isotype) three (PBS) 627 
or two (Vehicle) independently performed experiments with n= 9 (PBS), n=17-21 (Isotype), n=17-24 (TCE), n=7-628 
12 (Vehicle). Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey 629 
post-hoc test for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (C) Total numbers 630 
of CD20+ or CD19+ cells per spleen and bone marrow (BM) as measured by flow cytometry at experiment 631 
terminaƟon. Graphs show mean +/- SD of four (TCE, Isotype), three (PBS) or two (Vehicle) independently 632 
performed experiments with n=11 (Vehicle), n=22 (Spleen Isotype), n=21 (BM Isotype), n=20 (TCE), n=9 (PBS). 633 
Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test 634 
for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (D) EBV loads in peripheral 635 
blood over Ɵme of infected humanized mice as measured by qPCR on BamHI-W repeat regions of EBV DNA. 636 
Graph shows mean +/- SD of two independently performed experiments with n=12 (Vehicle weeks 3-4), n=11 637 
(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). 638 
Linear mixed model fit by REML of log10 transformed EBV loads taking the experiment into account as a random 639 
effect with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted with the Holm method. 640 
(E) EBV loads in the spleen of infected humanized mice as measured by qPCR on BamHI-W repeat regions of EBV 641 
DNA. Graph shows mean +/- SD of two independently performed experiments with n=11 (Vehicle), n=10 642 
(Isotype), n=11 (TCE). Linear mixed model fit by REML of log10 transformed EBV loads taking the experiment into 643 
account as a random effect with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted 644 
with the Holm method. (F) Tumor incidence in EBV infected humanized mice treated with vehicle, isotype or TCE 645 
five weeks aŌer infecƟon. Graph shows proporƟon of animals with or without macroscopically visible tumors of 646 
two independently performed experiments with n=11 (Vehicle), n=11 (Isotype), n=12 (TCE). DistribuƟons per 647 
category are indicated in the bar graph. Fisher's exact test, p=0.0006. (A - F) Significance: * p ≤ 0.05, ** p ≤ 0.01, 648 
*** p ≤ 0.001. StaƟsƟcal analyses were carried out using R StaƟsƟcal SoŌware (R Core Team 2021) with lme4 649 
(v1.1, Bates 2015) and multcomp package (v1.4, Hothorn 2008) or GraphPad Prism v10.2. 650 
 651 
Figure 2: T cells expand and differenƟate aŌer CD20 TCE injecƟon. (A) Weight measurements normalized to the 652 
weight at baseline are given over the course of the experiment for each experimental group. Arrows indicate the 653 
days of anƟbody injecƟon; the dashed line indicates the threshold for euthanizing the animals based on their 654 
weight loss according to the humane endpoints defined for the study. Graph shows mean+/- SEM of one (PBS) 655 
or two independent experiments (Vehicle, Isotype, TCE) with n=6-11 (Vehicle), n=7-11 (Isotype), n=8-14 (TCE), 656 
n=3 (PBS). (B) Plasma cytokine concentraƟons in EBV infected humanized mice 6 hours aŌer the first injecƟon of 657 
vehicle, isotype or TCE. Graphs show mean +/- SD of two independently performed experiments with n=4 658 
(Vehicle IL-1β), n=6 (Vehicle IL-4), n=7 (Vehicle rest), n=8 (Isotype IL-1B), n=11 (Isotype rest), n=8 (TCE IL-1β), 659 
n=23 (TCE IFNγ), n=24 (TCE rest). One-way ANOVA with Tukey's post-hoc test for mulƟple comparisons. (C) Total 660 
number of CD3+ cells per mL blood ploƩed per week and experimental group. Graph shows median +/- SD of 661 
four (TCE, Isotype), three (PBS) or two (Vehicle) independently performed experiments with n=7-12 (Vehicle), 662 
n=16-21 (Isotype), n=19-25 (TCE), n=9 (PBS). Linear mixed model fit by REML taking the experiment into account 663 
as a random effect with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted with the 664 
Holm method. (D) Mean proporƟon of the four T cell acƟvaƟon states ploƩed over Ɵme and per experimental 665 
group. Graph shows data of three (TCE n=19, Isotype n=18, PBS n=9) or one (Vehicle n=6) independently 666 
performed experiments. (E) Frequency of HLA-DR- PD1- CD3+ T cells ploƩed over Ɵme and per experimental 667 
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group. Graph shows boxplots and individual values of three (TCE, Isotype, PBS) or one (Vehicle) independently 668 
performed experiments with n=4-6 (Vehicle), n=16-18 (Isotype), n=17-19 (TCE), n=8-9 (PBS). Linear mixed model 669 
fit by REML taking the experiment into account as a random effect with Tukey post-hoc test for mulƟple 670 
comparisons. Reported p-values are adjusted with the Holm method. (F) Mean proporƟon of the four T cell 671 
differenƟaƟon stages ploƩed over Ɵme and per experimental group. Graph shows data of four (TCE n=25, Isotype 672 
n=22), three (PBS=9) or two (Vehicle n=11) independently performed experiments. (G) Frequency of Temra 673 
(CD45RA+ CCR7-) CD3+ T cells ploƩed over Ɵme and per experimental group. Graph shows mean frequency of 674 
four (TCE, Isotype), three (PBS) or two (Vehicle) independently performed experiments with n=4-11 (Vehicle), 675 
n=18-22 (Isotype), n=17-25 (TCE), n=8-9 (PBS). Linear mixed model fit by REML taking the experiment into 676 
account as a random effect with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted 677 
with the Holm method. (A - G) Significance: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. StaƟsƟcal analyses were carried 678 
out using R StaƟsƟcal SoŌware (R Core Team 2021) with lme4 (v1.1, Bates 2015) and multcomp package (v1.4, 679 
Hothorn 2008) or GraphPad Prism v10.2 680 
 681 
Figure 3: CD20 TCE treatment prevents EBV-induced lymphomagenesis more efficiently than the CD20 682 
monospecific anƟbody Rituximab. (A) Experiment set-up: Three to six months old, humanized mice were 683 
intraperitoneally (ip) infected with 105 Raji infecƟng units (RIU) of EBV or mock infected with PBS. StarƟng from 684 
two weeks post infecƟon, mice received weekly doses of Rituximab, PBS, the TCE (100μg/kg) or an isotype 685 
control (100μg/kg). Blood was taken weekly unƟl the mice were sacrificed five weeks post infecƟon. In week two, 686 
the blood was collected six hours aŌer the first anƟbody injecƟon. (B) Frequency of CD20+ or CD19+ cells within 687 
the human CD45+ immune cell compartment over Ɵme and per experimental group measured by flow cytometry 688 
in tail vein blood. Graphs show boxplots and individual values of two independently performed experiments with 689 
n=9-11 (Isotype), n=12 (Rituximab), n=11 (TCE). Linear mixed model fit by REML taking the experiment into 690 
account as a random effect with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted 691 
with the Holm method. (C) Frequency of CD20+ or CD19+ cells within the human CD45+ immune cell compartment 692 
per spleen and bone marrow (BM) measured by flow cytometry at experiment terminaƟon. Graphs show mean 693 
+/- SD of two independently performed experiments with n=11 (Isotype spleen), n=12 (Rituximab), n=10 (TCE), 694 
n=10 (Isotype BM). Linear mixed model fit by REML taking the experiment into account as a random effect with 695 
Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (D) EBV 696 
loads in peripheral blood over Ɵme of infected humanized mice as measured by qPCR on BamHI-W repeat regions 697 
of EBV DNA at experiment endpoint. Graph shows geometric mean +/- geometric SD of two independently 698 
performed experiments with n=5-7 (Isotype), n=6-7 (TCE), n=6-7 (Rituximab), n=6 (PBS). Linear mixed model fit 699 
by REML of log10 transformed EBV loads taking the experiment into account as a random effect with Tukey post-700 
hoc test for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (E) EBV loads in the 701 
spleen and bone marrow (BM) as measured by qPCR on BamHI-W repeat regions of EBV DNA at experiment 702 
endpoint. Graph shows geometric mean +/- geometric SD of two independently performed experiments with 703 
n=9 (spleen TCE), n=11 (BM TCE), n=12 (Rituximab), n=11 (spleen Isotype), n=10 (BM Isotype), n=6 (PBS). Linear 704 
mixed model fit by REML of log10 transformed EBV loads taking the experiment into account as a random effect 705 
with Tukey post-hoc test for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (F) 706 
Tumor incidence in EBV infected humanized mice treated with Rituximab, isotype or TCE five weeks aŌer 707 
infecƟon. Graph shows proporƟon of animals with or without macroscopically visible tumors of two 708 
independently performed experiments with n=13 (Rituximab), n=12 (Isotype), n=12 (TCE). DistribuƟons per 709 
category are indicated in the bar graph. Fisher's exact test, p=0.0003. (A - F) Significance: * p ≤ 0.05, ** p ≤ 0.01, 710 
*** p ≤ 0.001. StaƟsƟcal analyses were carried out using R StaƟsƟcal SoŌware (R Core Team 2021) with lme4 711 
(v1.1, Bates 2015) and multcomp package (v1.4, Hothorn 2008) or GraphPad Prism v10.2. 712 

Figure 4: CD20 TCE treatment depletes precursor B cells in the bone marrow. (A) UMAP of CD19+ and/or CD20+ 713 
B cells derived from bone marrow, spleen and heart puncture blood of EBV or PBS mock infected humanized 714 
mice treated with the TCE, an isotype control, Rituximab or PBS. Different B cell clusters are colored. (B) Heatmap 715 
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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 716 
derived from bone marrow, spleen and heart puncture blood of EBV or PBS mock infected humanized mice 717 
ploƩed for each experimental group. TCE, Isotype and Rituximab treated animals were infected with EBV, 718 
whereas PBS treated animals were only mock infected with PBS. (D) Stacked bar plots showing the percentage 719 
of cells per experimental group and organ belonging to the respecƟve cluster. There is a significant relaƟonship 720 
between the cluster and the experimental group in the Bone Marrow (X2(15,288250)=37567,P=0,ω=0.361), the 721 
spleen (X2(15,304644)=59209,P=0,ω=0.4409), and in the blood (X2(15,96782)=23149,P=0,ω=0.49). Pearson's 722 
Chi-squared test for count data. (E) Frequencies of different B cell subsets within the CD19+ and/or CD20+ B cell 723 
populaƟon in each organ (BM = bone marrow, spleen, HP = heart puncture blood) ploƩed per experimental 724 
group. Graphs show boxplots and individual values of two independently performed experiments with n=10 725 
(Isotype BM), n=9 (Isotype HP), n=11 (Isotype spleen), n=6 (PBS), n=12 (Rituximab), n=10 (TCE). Linear mixed 726 
model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test for mulƟple 727 
comparisons. Reported p-values are adjusted with the Holm method. (A - E) Significance: * p ≤ 0.05, ** p ≤ 0.01, 728 
*** p ≤ 0.001. StaƟsƟcal analyses were carried out using R StaƟsƟcal SoŌware (R Core Team 2021) with lme4 729 
(v1.1, Bates 2015), multcomp package (v1.4, Hothorn 2008), gmodels package (v2.19, Warnes 2024) and 730 
rcompanion package (v2.4, Mangiafico 2024). 731 
 732 
Figure 5: DepleƟon of precursor B cells protects from systemic virus spread. (A) UMAP of CD19+ and/or CD20+ 733 
B cells derived from bone marrow, spleen and heart puncture blood of EBV infected, TCE treated humanized 734 
mice ploƩed for animals with detectable BamHI-W repeat regions of EBV DNA (black) or without detectable 735 
BamHI-W repeat regions of EBV DNA (blue) in any organ as measured by qPCR. (B) Frequency of CD24+ B cells 736 
within the CD19+ and/or CD20+ B cell populaƟon in each organ (BM = bone marrow, spleen, heart puncture 737 
blood) of EBV infected, TCE treated humanized mice ploƩed for animals with detectable BamHI-W repeat regions 738 
of EBV DNA (black) or without detectable BamHI-W repeat regions of EBV DNA (blue). Graph shows boxplot and 739 
individual values of 2 independently performed experiments with n=6 (no detectable BamHI-W, BM and spleen), 740 
n=5 (no detectable BamHI-W, HP), n=4 (detectable BamHI-W, BM and spleen), n=5 (detectable BamHI-W, HP). 741 
Linear mixed model fit by REML taking the experiment into account as a random effect with Tukey post-hoc test 742 
for mulƟple comparisons. Reported p-values are adjusted with the Holm method. (C) Experimental set-up: 743 
splenocytes and bone marrow cells were isolated from humanized mice, sorted for CD24+ and CD24- cells and 744 
infected with EBV (MOI=1). Three days aŌer infecƟon, RNA was isolated from the cells and rt-qPCR was 745 
performed for EBNA2, LMP1, LMP2A and BZLF1. AlternaƟvely, cells were co-stained three days aŌer infecƟon for 746 
EBNA1 and CD24 and analysed via ImageStream. (D) RelaƟve gene expression of EBNA2, LMP1, LMP2a and BZLF1 747 
normalized to GAPDH in CD24+ (spleen, BM) or CD24- (spleen) B cells three days aŌer infecƟon with EBV. Graph 748 
shows mean ± SD. Each dot corresponds to cells isolated from a different humanized mouse. (E) Concatenated 749 
fluorescent intensity histograms of CD21 and CD35 expression in CD24+ and CD24- cells derived from BM or 750 
spleen of three humanized mice and in posiƟve control cells (Raji) and negaƟve control cells (NALM6). (F) 751 
Frequency of CD24+ bone marrow or spleen cells expressing nuclear EBNA1 three days aŌer infecƟon with EBV, 752 
or in uninfected control cells. To rule out a virus-specific effect, both rB95-8 and rM81 EBV strains were used. 753 
Graph shows mean ± SD. Symbols indicate the experiment with cells from HPC-reconsƟtuted NSG mice (circles) 754 
or A2DR2 mice (star), the laƩer being the mouse background used for the scRNA-seq dataset reanalyzed in Fig. 755 
S8B. (G) RepresentaƟve images of uninfected, B95-8-infected or M81-infected cells obtained by ImageStream 756 
analysis. EBNA1 and CD24 co-staining is detectable in infected cells but absent in uninfected controls. (H) 757 
Experimental set-up: bone marrow cells were isolated from EBV-infected humanized mice, sorted for CD3+, CD3-758 
CD19-CD20-, CD24+ B cells and CD24- B cells. DNA was isolated from FACS-sorted and total unsorted cells and 759 
BamHI-W repeat regions of EBV DNA were detected by qPCR. (I) RelaƟve quanƟficaƟon of BamHI-W repeat 760 
regions of EBV DNA : GAPDH-normalized fold-change of BamHI-W repeat regions of EBV DNA within the sorted 761 
populaƟons relaƟve to the unsorted total fracƟon. Graph shows mean +/- SD of three independently performed 762 
experiments, n=7. Each dot corresponds to cells isolated from a different humanized mouse. Symbols correspond 763 
to three different HPC donors used to reconsƟtute the humanized mice (star: NSG, rest: NFA2) in the three 764 
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independent experiments. Mice without detectable viral loads in the sorted populaƟon were set to 2-10 indicated 765 
by the dashed line. One-way ANOVA with Tukey's post-hoc test for mulƟple comparisons (A - E) Significance: * p 766 
≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. StaƟsƟcal analyses were carried out using R StaƟsƟcal SoŌware (R Core Team 767 
2021) with lme4 (v1.1, Bates 2015), multcomp package (v1.4, Hothorn 2008), gmodels package (v2.19, Warnes 768 
2024) and rcompanion package (v2.4, Mangiafico 2024) or GraphPad Prism v10.2. 769 

 770 
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