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SUMMARY

Epstein-Barr virus (EBV) infects 90% of the population worldwide and is associated with multiple
malignancies, including Burkitt, Hodgkin and post-transplant lymphomas, nasopharyngeal and
gastric carcinoma. EBV also triggers autoimmune diseases, including multiple sclerosis and
systemic lupus erythematosus. While host factors important for EBV B-cell entry have been
defined, including CD21/CR2, MHC class II and R9AP, much remains to be learned about host

factors that support post-entry steps of EBV infection. To gain insight, we conducted a human

genome-wide CRISPR-Cas9 screen. In addition to known EBV B cell receptors/co-receptors, we
identified multiple new factors and pathways essential for EBV B cell infection. These included
multiple B cell signaling pathways, actin cytoskeleton and nuclear import factors. Knockout of
CD19, its tetraspanin chaperone CD81 or karyopherin subunit alpha 1 (KPNAI, also called
importin-a5) significantly impaired establishment of EBV infection. EBV and CD19 co-localized
at early stages of EBV infection, and the CD19 cytoplasmic tail was important for EBV infection,
suggesting CD19 signaling supports EBV uptake. Depletion of KPNAT1 significantly impaired
establishment of EBV infection, but did not impair production of infectious EBV upon reactivation
of latently infected B cells. Together, these results provide insights into pathways that support
EBV B cell infection and identify potential therapeutic targets.

Importance:

EBV infects ~90% of humans and causes multiple cancers (Burkitt, Hodgkin, post-transplant
lymphomas, nasopharyngeal and gastric carcinoma) and autoimmune diseases (MS, lupus). Yet
while B cell entry receptors (CD21/CR2, MHC-II, ROAP) were known, the host machinery needed
after entry — for the virus to actually establish infection was largely uncharacterized. This study
fills that gap. Using CRISPR-Cas9 screening across the whole genome (rather than testing
candidate genes), the study uncovered entire pathways B-cell signaling, actin cytoskeleton
remodeling, and nuclear import as essential for infection, expanding the known host-dependency

landscape well beyond entry receptors. Because these are discrete, druggable host factors tied to a
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specific stage of infection (establishment, not maintenance or reactivation), they represent
candidate targets for preventing EBV-driven malignancies and autoimmune disease potentially
more tractable than targeting the virus itself. The work moves EBV research beyond entry
receptors to define the post-entry host dependencies that let the virus successfully infect B cells,
identifying CD19 signaling and KPNA 1-mediated nuclear import as new, targetable choke points

relevant to EBV-associated cancers and autoimmunity.
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INTRODUCTION

The gamma-herpesvirus Epstein-Barr virus (EBV) persistently infects >90% of adults
worldwide(1-3). Primary EBV infection typically occurs early in life and is often asymptomatic.
However, when primary infection is delayed to late adolescence or early adulthood, it can cause
infectious mononucleosis(2). EBV is etiologically associated with ~350,000 malignancies per
year(4). These include Burkitt lymphoma, Hodgkin lymphoma, central nervous system
lymphomas, post-transplant lymphoproliferative disease, NK/T cell lymphoma, nasopharyngeal
and gastric carcinoma(3). EBV infection increases multiple sclerosis risk by 32-fold (3, 5-10).
EBYV is also strongly linked to a wide range of other autoimmune diseases, including systemic
lupus erythematosus (11), (12, 13). In EBV transformed B cells, EBV nuclear antigen 2 (EBNA2)
DNA-binding sites are enriched for single-nucleotide polymorphisms linked to autoimmune
disease susceptibility (14, 15). Therefore, there is growing interest in the development of vaccines
and therapeutic approaches that limit B-cell infection. However, much remains to be learned about

host factors that support early events in EBV uptake and the establishment of B-cell latency.

EBV infects both B and epithelial cells (16-18). EBV enters B cells through a well-characterized
two-step process. First, EBV attaches to B cells through the interaction of EBV glycoprotein
gp350/220 with CD21 (also called complement receptor 2 or CR2) or with CD35(19-21) . Then,
EBV gp42 binds to the coreceptor, major histocompatibility complex (MHC) class II molecules
(13-16), and triggers the core fusion machinery (glycoproteins H, L and B) to mediate host-virus
membrane fusion and B cell entry (22-26) (16, 27-35).. ROAP has also recently been implicated
as a co-receptor for EBV uptake through binding to EBV glycoproteins H and L (gH:gL)(36) .
Viral capsids enter through EBV glycoprotein-driven endocytosis and fusion (8), which delivers
them to the cytosol. Knowledge remains limited about how EBV capsids traffic to the nucleus to
establish latent infection. EBV epithelial cell uptake is instead mediated by gH:gl., which bind to
ephrin A2 (EphA2), DSC2, DSC3, and R9AP, and by gB, which binds to neuropilin 1 to trigger

fusion at the plasma membrane (36-42). .

Following B-cell uptake, EBV tegument proteins and capsids are delivered to the cytosol(43) ,
(44), (45). There is limited knowledge of how EBV capsids traffic to the nuclear membrane.

However, shortly after infection, EBV capsids dock at nuclear pore sites and the double-stranded,


https://doi.org/10.64898/2026.09.28.754942
http://creativecommons.org/licenses/by/4.0/

preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It

84
85
86
87

88
89
90
91
92
93

94

bioRxiv preprint doi: https://doi.org/10.64898/2026.09.28.754942; this version posted September 28, 2026. The copyright holder for this

is made available under a CC-BY 4.0 International license.

linear EBV genome is transferred to the nucleus(46) . Incoming EBV DNA is rapidly
chromatinized and circularized. Rather than serving as the immediate template for EBV lytic
replication, B cell infection typically results in EBV latency, in which a small number of EBV

latency proteins and non-coding RNAs are expressed(47-49) (50) .

Despite well-established CD21 and MHC class Il roles in support of EBV attachment at the earliest
stages of B-cell entry, much remains unknown about subsequent events in EBV uptake and capsid
trafficking. We therefore performed a human genome-wide CRISPR-Cas9 screen to identify host
dependency factors important for early stages of EBV infection and latency establishment. Here,
we highlight key roles for CD19 signaling and karyopherin-mediated nuclear import in EBV B

cell infection.
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95 Results

96 CRISPR-Cas9 screen for host factors that support EBV B cell infection

97 To identify host factors essential for the early stages of B-cell EBV uptake, we performed a

98 genome-wide CRISPR-Cas9 screen in Daudi B cells with stable Cas9 expression. We chose these

99 Burkitt cells for the screen, as they are highly infectable by EBV (40) and express a high level of
100 CD21/CR2 (Supplementary Fig.1a). At a high EBV multiplicity of infection (MOI), we found
101 that nearly 100% of Daudi cells could be super-infected by enhanced GFP (eGFP) encoding EBV,
102  which enabled a screen for knockouts that impair EBV infection. As a positive control, we
103 demonstrated that CRISPR-mediated CD21 depletion nearly abolished eGFP+ EBV infection
104 (Supplementary Fig.1a-b).
105
106  We transduced 150 million Cas9+ Daudi cells with the Brunello pooled single guide RNA (sgRNA)
107 CRISPR lentiviral library, which targets 19,114 human genes with 76,441 sgRNAs, typically four
108 of which independently target each human gene(29). Daudi cells were infected at a MOI of 0.3 to
109 minimize lentiviral co-infection. Successfully transduced cells were selected with puromycin three
110 days post-transduction to generate a Daudi knockout pool, across which each human gene was
111 targeted by CRISPR editing. Six days post-selection, 80 million successfully transduced,
112  puromycin-resistant cells were harvested and stored at -80°C as the input control. 80 million cells
113  were then infected with the eGFP expressing Akata EBV strain. To achieve near uniform B-cell
114 infection, we used an EBV MOI of 10 Green Daudi Units (GDU, (51)). Three days post-infection,
115 we used FACS to sort the 5% of cells with the lowest GFP signal, indicative of impaired EBV
116 uptake or establishment of early latent infection (Fig. 1a and Supplementary Fig. 1¢-d). Genomic
117 DNA was purified from input versus sorted cells.
118
119 Input versus sorted cell sgRNA abundance was quantified by PCR amplification and next-
120 generation DNA sequencing. Signal-to-Noise Activity Ranking Score (STARS) analysis was used
121  to identify screen hits, whose sgRNAs were enriched in the sorted, low-GFP cells relative to the
122 input population. At an adjusted P-value<0.05 and STARS SCORE >2 cutoff(52), we identified
123 222 genes important for EBV B cell infection (Supplementary Table 1-2). Notably, top hits
124  included CD21 and class II major histocompatibility complex trans-activator (CIITA), which is

125 the master transcriptional coactivator that drives expression of MHC class II molecules (Fig. 1b)
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126 (19, 22). These results suggest that the CRISPR screen successfully identified host factors involved
127 in EBV B cells infection. Additional top hits include factors involved in the B-cell receptor (BCR)
128 pathway (CD79B), the B cell immunoglobulin co-receptor signaling pathways (CD19, CDS81,
129 SYK, BLNK and PLCG2), actin cytoskeleton regulation (actin, ARP2/3, ACTR3, ARPC2, and
130 WANS), nuclear transport (KPNA1 and NUP188), and epigenetic regulation (DNMT1 and UHRF1),
131 the latter of which are important for maintenance of EBV latency in Burkitt cells . The proposed
132 biological functions of screen hits were analyzed by ShinyGO KEGG pathway enrichment analysis
133 (Fig. 1c-d). Top pathways enriched amongst screen hits included EBV infection, B cell receptor

134  signaling pathway, regulation of actin cytoskeleton and nucleocytoplasmic transport.

135 To further confirm these findings, we used CRISPR to deplete Daudi cell CD21. As expected,
136 CD21 depletion nearly completely blocked infection by eGFP+ EBV (Fig. 1e and Supplementary
137 Fig. 1b). We also used CRISPR knockout (KO) to validate a range of additional top screen hits,
138 including of the CD19 complex (CD19 or CD81), actin cytoskeleton regulators (VAV1, WASI,
139 ACTR2, ARPC4, and DOCK?2), the nuclear karyopherin KPNAT1 (also called importin-a5 or NPI-
140 1), the DNA methylation enzyme DNMT]1 and an uncharacterized gene KIAA1099. CRISPR KO
141 of any of these screen hits significantly reduced eGFP+ EBV Daudi cell super-infection,
142 supporting the roles of these genes and biological pathways in supporting EBV B cell infection
143 (Fig. 1e).

144

145 CD19 intracellular signaling promotes EBV uptake

146 CD21, CD19, and CD81 form a complex that recognizes complement-tagged antigen. In this
147 manner, complement-tagged antigens serve to co-localize B cell immunoglobulin and CD19/21/81
148 complexes(53) (54, 55). CD21 recognizes the complement tag, but has a short intracellular domain
149 that is not thought to transmit intracellular signaling. Instead, interaction of the CD21 and CD19
150 extracellular domains facilitate signaling by the CDI19 cytoplasmic tail, which contains
151 YxxM/tyrosine motifs that recruit Src family kinases including Lyn to initiate downstream
152  signaling(56){Tedder, 1997 #2621}. CD19 also recruits phosphoinositide 3-kinase (PI3K), the

153 adaptor protein Vav, and other signaling molecules that regulate cytoskeletal rearrangement(56,
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154  57). CD81 serves as a molecular chaperone to facilitate CD19 plasma membrane trafficking(56,

155 58), though it is not required for CD21 cell surface trafficking(6, 59) .

156 To further characterize their EBV uptake roles, we used CRISPR to deplete either CD19 or CD81
157 in Daudi and for cross-comparison also in EBV-negative Akata B cells (60). CD19 or CDS81
158 depletion strongly impaired EBV super-infection of Daudi and of Akata cells. CD81 KO
159 downregulated CD19 surface expression, but not vice versa, in both cell lines. Importantly, neither
160 CD81 nor CD19 KO significantly affected plasma membrane expression of the EBV receptor
161 CD21 or co-receptor MHC Class II (Fig. 2a-b, Supplementary Fig. 2a-b). These results suggests
162 that CD19 and CD81 support EBV infection, likely downstream of EBV interaction with

163 immunoglobulin receptor or MHC-class II co-receptor.

164 We therefore hypothesized that the CD19 intracellular signaling supports EBV uptake, likely
165 downstream of gp350 interaction with CD21. To test this, we used CRISPR to deplete endogenous
166 CDI19 and then express wildtpe or mutant CD19 rescue cDNAs. To do so, we first isolated CD19
167 KO Daudi single-cell clones. We confirmed that they were resistant to EBV infection
168 (Supplementary Figs. 2c-e), but that plasma membrane levels of CD21, CD81 and HLA-DR (as
169 areadout of MHC class II) remained comparable to parental Daudi cells (Supplementary Fig. 2f).
170  We then transduced CD19 KO cells with lentivirus encoding PAM-site mutated, CRISPR resistant
171 CDI19 rescue cDNAs, either wildtype CD19 (CD19-WT) or intracellular domain-deleted CD19
172 (CD19-AIC). CD19-WT and CD19-AIC were expressed at similar levels on the plasma membrane
173 (Fig. 2¢). WT CD19. However, whereas CD-19-WT (CD19-WT-Re#1) completely restored EBV
174 infection, CD19-AIC (CD19-AIC-Re#1) failed to restore the infection. These results indicate that
175 the CD19 intracellular signaling domain was essential for Daudi B cell EBV super-infection (Fig.
176 2d and Supplementary Fig. 3).

177 We next examined if incoming EBV colocalizes with CD19 at the plasma membrane. To do so,
178 we stably expressed eGFP-tagged CD19 in EBV-negative Akata CD19 KO cells, such that the
179 CD19 pool was marked by GFP. The CD19-eGFP cells were co-incubated with EBV covalently
180 labeled by the Alexa Fluor 594 (AF594) dye(61) at 4°C for 2 hours. AF594+ EBV particles
181 frequently co-localized with CD19-GFP at the cell membrane, especially at regions with bright
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182  GFP+ spots that were presumably CD19 aggregates, suggestive of EBV-induced CD19 clustering
183 (Fig. 2e).

184 In contrast to B-cell specific CD19, CD81 is more broadly expressed and for example is a co-
185 receptor for hepatitis C virus (HCV)(62). We therefore next assessed if CD81 may have a direct
186 role in promoting EBV infection, independently from chaperoning CD19. We used normal oral
187 keratinocyte (NOK) epithelial cells(63) , as they are susceptible to EBV and model EBV oral
188 infection. NOK cells express CD81 but are CD19-negative. We transduced Cas9+ NOK with
189 lentivirus expressing control or CDS81 targeting sgRNA. Control versus CD81 depleted cells (Fig.
190 3a) were infected with EBV, either by cell-free virus or by cell-to-cell through co-culture with
191 EBV+(eGFP+) Akata cells induced for lytic replication. Interestingly, CD81 KO increased EBV
192 infection by cell free virus (Fig. 3b-c), but did not affect EBV uptake by the B cell-to-epithelial
193 cell route (Fig. 3d-e). These data indicate suggest that CD81 itself is not required for EBV infection
194  per se, though leave open the possibility that it may nonetheless play a CD19-independent role in
195 B cell infection. Altogether, these results suggest that CD19 plays a key role in the earliest stages
196 of EBV uptake, likely as part of the CD19/21/81 complex.

197 KPNAL is required for EBV infection of B cells.

198 Mechanisms underlying events immediately following EBV uptake, including as capsids transport
199 to the nucleus, remain incompletely characterized. We therefore hypothesized that Karyopherin
200 Al (KPNATI) scored as a top screen hit (Fig.1b) due to obligatory roles in EBV capsid nuclear
201 trafficking. In support, KPNA1 mediates nuclear import of multiple viral proteins, including
202 human cytomegalovirus UL84 (64), HIV-1 Vpr (65), Ebola virus VP24 (66), and influenza virus
203 polymerase (PB2) (67). Alternatively, it is not fully understood how EBV DNA passes through
204 the nuclear pore(43), and an alternative hypothesis is that KPNA1 supports viral DNA transfer into
205 the nucleus. A third hypothesis is that KPNA1 supports nuclear shuttling of a host protein
206 important for EBV receptor expression or of an EBV protein important for the establishment of

207 latency.

208 To distinguish between these, we first assessed if KPNA1 KO altered CD21, MHC class I, CD19

209 or CD81 plasma membrane expression. We transduced Cas9+ Daudi and EBV-negative Akata
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210 cells with lentiviruses that expressed control or KPNAI1 targeting sgRNAs (Fig. 4a). In validation
211  ofthe CRISPR screen result, KPNAT1 depletion by either of two independent sgRNAs significantly
212 reduced B cell EBV super-infection (Fig. 4b-c and Supplementary Fig. 4a-c). However, it did
213 not affect plasma membrane expression of CD21, MHC class II (as judged by HLA-DR staining),
214 CDI19 or CD8I1 (Fig. 4d). We also generated Daudi control versus KPNA1 KO single cell KO
215 clones. KPNA1 KO nearly completely suppressed EBV super-infection, as judged by the absence
216 of EBV genomic eGFP expression (Supplementary Fig. 4d-g). However, once again, KPNA1
217 KO did not significantly alter expression of CD21, CD81, CD19 or the MHC class Il HLA-DR
218 allele (Supplementary Fig. 4h). To exclude off-target effects of CRISPR depletion, KPNA1
219 expression was rescued by cDNA with a PAM site mutation that engendered resistance to Cas9
220 cleavage (KPNAI1-RE#1) (Fig. 4e). KPNA1 cDNA rescue restored successful EBV super-
221 infection, as judged by eGFP expression (Fig. 4f-g and Supplementary Fig. 5). These findings
222 support a key role for KPNA1 in promoting EBV infection in B cells at a level following EBV

223 interaction with plasma membrane receptor.

224  To further characterize the impact of KPNA1 depletion on B cell infection, we incubated EBV-
225 negative Akata control versus KPNA1 KO cells with purified EBV at a MOI of 2 for 6 hours at
226 37°C. intracellular EBV DNA copy number was quantified by gPCR. KPNA1 depletion by either
227 of'two sgRNAs did not significantly alter EBV intracellular genome copy number (Fig. Sa). These
228 results indicate that KPNA1 knockout does not impact EBV genome delivery into the B cell
229 cytoplasm.

230 To next visualize KPNA1 KO impact on B cell infection, Cas9+ Daudi cells transfected with either
231  control (sgCTL) or KPNAT sgRNA and co-incubated with AF594-labeled EBV. We observed
232 cytoplasmic viral particles in both control versus KPNA1 depleted cells by either 3D or 2D
233 confocal microscopy (Fig. 5Sb and Supplementary Fig. 6). However, viral particles accumulated
234  to a greater degree in KPNA1 KO cell cytoplasm (Supplementary Fig. 6). These results suggest
235 that KPNAI may play a key role following EBV B cell entry in capsid trafficking.

236 We next assessed if KPNA1 supports EBV genomic DNA nuclear transfer. To do so, we generated
237 EdC-labeled genomes. Briefly, EBV+ Akata cells, which carried GFP-expressing EBV genomes,

238 were induced for lytic reactivation by anti-IgG crosslinking in medium supplemented with EdC.
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239  In this manner, EdC was incorporated into newly synthesized and packaged EBV genomes. EdC-
240 labeled EBV was used to infect control or KPNA1 KO Daudi cells at 37°C for 6 hours, followed
241 by the cycloaddition with azide-linked biotin. To visualize the EdC-labeled EBV DNA, cells were
242  then stained with AF647-labeld avidin. Confocal microscopy revealed that KPNA1 KO strongly
243 reduced EdC-labeled nuclear membrane and nuclear signal by comparison with control Daudi
244  target cells (Fig. Sc-d). Taken together, these data suggest that KPNAT1 plays an important role in
245 support of EBV genomic DNA nuclear entry.

246 KPNAL is not required for EBV epithelial cell infection

247 KPNAL is expressed across a variety of cell types. To therefore evaluate if KPNA1 also promotes
248 EBYV epithelial cell infection, we tested KPNA1 KO effects on EBV NOK cells (Fig. 6a). NOK
249 cells were co-incubated with 200-400 green Daudi units of EBV for 3 hours. FACS analysis
250 revealed similar levels of EBV genomic driven GFP reporter signal in control and KPNA1 KO
251  cells. Since the GFP reporter is expressed following EBV nuclear transfer, this result indicates that
252 KPNALI is not required for NOK EBYV infection by cell free virus (Fig. 6b-¢). Likewise, co-culture
253 of Akata B cells triggered for lytic reactivation with control versus KPNA1 KO NOK cells resulted
254 in similar levels of EBV genomic GFP reporter signal (Fig. 6d-e). These results suggest that
255 different host factors, potentially distinct karyopherins, support EBV DNA nuclear transfer in B

256 versus epithelial cells.

257 KPNAL is not required for the EBV B cell lytic cycle

258 Given its key roles in establishment of B cell infection, we next investigated whether KPNA1 also
259 plays a role in EBV B cell lytic replication. To do so, we generated control versus KPNA1 KO
260 EBV+ Akata cells. Cells were triggered for reactivation by anti-IgG crosslinking. Despite
261 excellent KPNA1 depletion (Fig. 7a), we did not observe differences in the level of EBV
262 reactivation, as judged by the EBV genomic GFP reporter signal, which is significantly brighter
263 in reactivated cells (Fig. 7b-c). To further assess potential KPNA1 KO effects on EBV lytic
264 replication, we tested infectious EBV levels in supernatants from control versus KPNA1 KO Akata
265 cells stimulated by anti-IgG crosslinking. However, levels of infectious EBV were similar in

266 control and KPNA1 KO supernatants, as judged by co-incubation with Daudi target cells (Fig. 6d-
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267 ). We also did not observe significant differences in cell-to-cell spread from control or KPNA1
268 KO Akata B cells to NOK epithelial cell targets (Fig. 6f-g). These data indicate that whereas
269 KPNALI plays a key role in B cell EBV genomic nuclear import, it does not play a substantial role
270 in EBV lytic replication.

271

272 KPNAI1 does not induce innate immune responses during EBV infection

273 Karyopherins can support innate immune responses by supporting transcription factor nuclear
274  entry, including of phospho-STATI (p-STAT1)(68, 69) , a key component of interferon (IFN)
275 responses can inhibit viral replication and induce a cellular antiviral state. We therefore tested
276  whether KPNA1 knockout alters infected B-cell interferon response, which could in turn
277 potentially alter EBV infection. To do so, we used RT-qPCR to quantitate the levels of IFN-beta
278 and interferon-induced gene OASI transcripts in control versus KPNA1 KO Daudi cells 24hours
279 after co-incubation with EBV. However, EBV only weakly induced both IFN-beta and OASI1
280 expression and to a similar degree in control versus KPNA1 KO cells (Fig. 8). These data were
281 also consistent with our ShinyGO KEGG enrichment analysis, which did not identify innate
282 immune pathways as enriched amongst CRISPR hits (Supplementary Table 2). These results
283 suggest that KPNAT knockout did not score in our CRISPR screen as a result of effects on innate

284 immune signaling, but rather because of its obligatory roles in nuclear EBV genome DNA transfer.

285
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286 DISCUSSION

287  Although the principal EBV B cell attachment receptor CD21 and the gp42 MHC class II
288 coreceptor have long been defined, host machinery that acts downstream of attachment to
289 internalize incoming virions and to deliver EBV genomes to the nucleus has remained largely
290 uncharacterized. Here, we used an unbiased genome-wide CRISPR-Cas9 screen in Daudi Burkitt
291 B cells to systematically define host dependency factors for the establishment of EBV infection.
292 The recovery of CD21 and of the MHC class II master transactivator CIITA validated the screen
293 and provided a framework in which to interpret newly identified factors. Beyond these known
294  receptors, the screen highlighted three interconnected modules: CD19/CD81 coreceptor signaling,
295 actin cytoskeletal remodeling, and karyopherin-dependent nuclear import. We focused on CD19
296 and karyopherin subunit alpha 1 (KPNA1) as representative nodes acting at the plasma membrane

297 and the nuclear envelope, respectively.

298 A notable implication of our screen is that it recovered the established EBV B cell receptors—
299 (D21 and, through CIITA, MHC class II, but not apparently other new plasma membrane
300 receptors. This result contrasts with analogous genome-wide CRISPR screens for epithelial cell
301 entry factors, which identified desmocollin 2 (DSC2) as a principal EBV epithelial receptor that
302 Dbinds gH/gL, mediates membrane fusion, and functions upstream of EphA2(38) . The recovery of
303 the known B cell receptors, in the absence of a comparable new receptor, suggests that the
304 dominant plasma membrane determinants of EBV B cell tropism are now largely accounted for,
305 and that the major remaining gaps concern post-attachment steps: coreceptor signaling,
306 cytoskeletal remodeling, and nuclear delivery—rather than the identity of the attachment receptor

307 itself.

308 CD19, CD21, and the tetraspanin CD81 assemble into the B cell coreceptor complex that lowers
309 the threshold for antigen-driven B cell activation. Within this complex, CD21 recognizes
310 complement C3d-opsonized antigen, but carries only a short cytoplasmic tail with no intrinsic
311 signaling capacity. CD19 instead provides the signaling backbone through a long cytoplasmic tail
312 whose tyrosine motifs, including YxxM motifs, recruit Lyn and other Src-family kinases,
313 phosphoinositide 3-kinase (PI3K), Vav and phospho-PLCy2. We propose that gp350-mediated
314 CD21 attachment drives CD19 cytoplasmic tail phosphorylation and downstream signaling to
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315 support EBV uptake, likely through driving endocytosis, which enables subsequent EBV

316 glycoprotein mediated fusion within endolysosomes.

317 Several observations support this model. First, a CD19 rescue cDNA lacking the intracellular
318 domain trafficked normally to the plasma membrane, but failed to restore infection, indicating that
319 CD19 signaling, rather than mere scaffolding, is required for EBV uptake. Second, incoming EBV
320 colocalized with CD19 and appeared to induce CD19 clustering, as would be expected if virion-
321 crosslinked receptor nucleates signaling microdomains. Third, the screen independently recovered
322 the proximal signaling effectors SYK, BLNK, and PLCG2, as well as the actin-regulatory
323 machinery, including VAV1, WAS, Arp2/3 subunits (ARPC2, ARPC4, ACTR2, ACTR3) and the
324  guanine nucleotide exchange factor DOCK2. CD19-nucleated PI3K and Vav signaling activates
325 Rac-family GTPases and WAVE/WASP/Arp2/3 to drive branched actin polymerization, a well-
326 described requirement for receptor-mediated endocytosis. We therefore favor a model in which
327 gp350-CD21 attachment triggers CD19 signaling, which in turn reorganizes cortical actin to

328 internalize the attached virion, thereby coupling attachment to productive uptake.

329 The role of CD81 in our system appears to be principally to support CD19 plasma membrane
330 expression, rather than to serve as an independent EBV entry factor. In CD19-negative NOK
331 epithelial cells, CD81 depletion did not impair cell-free EBV infection, and it had no effect on B
332 cell-to-epithelial cell transmission. These findings argue that CD81 is not itself an obligatory EBV
333 receptor, and are consistent with its broader roles as a tetraspanin scaffold. They nonetheless leave

334  open the possibility that CD81 contribute to the organization of the CD19 complex.

335 The identification of the karyopherin-a family member KPNAT1 as a host dependency factor points
336 to a discrete and previously underappreciated step in EBV B cell infection, namely import of the
337 incoming viral genome across the nuclear envelope. We suspect that the karyopherin/importin beta
338 subunit did not score in our screen as its KO may have been lethal. For instance, KPNB1 is the
339 shared translocation receptor for hundreds of NLS cargoes. KPNA1 depletion did not alter surface
340 expression of CD21, MHC class II, CD19 or CD81, and it also did not reduce the EBV genome
341 copy number delivered to the cytoplasm, indicating that attachment, fusion, and cytoplasmic entry
342 proceed normally in its absence. Rather, KPNAI loss caused cytoplasmic accumulation of

343 incoming EBV capsids, together with a marked reduction in nuclear and perinuclear signal from
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344 EdC-labeled viral genomes, localizing the defect to nuclear genome delivery. These observations
345 place EBV alongside other DNA viruses that co-opt the classical importin-o/importin-f3 nuclear
346 import pathway. For the prototypical alphaherpesvirus herpes simplex virus 1 (HSV-1), incoming
347 capsids traffic along microtubules by dynein and dynactin to the nuclear pore complex (NPC),
348 dock at the cytoplasmic face of the NPC through interactions involving importin-f and the
349 nucleoporins Nup214/CAN and Nup358/RanBP2, and eject their genome through the pore. The
350 HSV-1 inner tegument protein pUL36 (VP1/2) contributes a nuclear localization signal important
351 for capsid—NPC docking and genome release .

352 Karyopherin-a proteins serve as the adaptors that bridge classical NLS-bearing cargo to importin-
353 [ and the Ran-GTP-powered translocation machinery. They mediate nuclear import of numerous
354 viral proteins, including human cytomegalovirus UL84, HIV-1 Vpr, Ebola virus VP24, and
355 influenza virus PB2. By analogy, KPNA1 may recognize an NLS within an EBV capsid or
356 tegument component, plausibly a portal-associated or capsid vertex-specific protein, or a major
357 tegument protein such as BNRFI. In this manner, it may dock incoming EBV capsids at the NPC
358 and license genome ejection. Alternatively, KPNA1 may instead act more directly to facilitate

359 EBYV genome translocation, a step whose mechanism remains incompletely defined.

360 Karyopherin contribution to the delivery of the incoming herpesvirus genomes has been dissected
361 in greatest mechanistic detail for HSV-1. Following plasma membrane fusion, the HSV-1
362 nucleocapsid is transported along microtubules to the nuclear periphery, docks at the NPC, and
363 injects its DNA into the nucleoplasm(8-10, 70) (7). Cell-free reconstitution of this step established
364 that capsid attachment to the NPC and subsequent genome uncoating depend on the classical
365 nuclear-import machinery. Importin-3 (KPNB1) is both necessary and sufficient to support capsid
366 binding to isolated nuclei, whereas efficient DNA release also required cytosol as well as metabolic
367 energy (7). However, KPNA1 was dispensable for docking, and the Ran-GTP/GDP cycle was
368 required. These findings suggest that the HSV-1 capsid engages KPNB1 and the FG-nucleoporin
369 meshwork, much as a conventional import substrate does, rather than through a KPNA1-adaptor-
370 mediated NLS interaction. Consistent with a direct capsid-pore interface, the capsid-associated
371 large tegument protein pUL36 (VP1-2) and the minor capsid protein pUL25 are the principal viral
372  determinants of docking, and their engagement has been linked to specific nucleoporins, namely

373 Nup358/RanBP2(10) and Nup214/CAN, together with hCG1(8) , which redistribute during entry.
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374 The capsid-side determinant that couples this process to the import system is a short, highly basic
375 nuclear localization sequence (NLS) in the HSV-1 VP1-2/pUL36 N-terminal region. This motif
376 functions as an efficient NLS in isolation(71) , and a deletion mutant that perturbs this sequence
377 arrests HSV-1 infection at or immediately upstream of NPC docking(72) . Similar NLS elements
378 are present in the VP1-2 homologues of all three herpesvirus subfamilies, arguing that importin-
379 dependent capsid targeting is a shared strategy across the alpha-, beta-, and gammaherpesviruses

380 (73).

381 With regards to herpesvirus DNA transfer, the karyopherins appear to mediate docking and
382 licensing of the pore, rather than actively translocating the genome, whose ejection is driven
383 substantially by the internal pressure of the packaged DNA(74, 75) . Furthermore, KPNAI
384 involvement is required for the nuclear import of HSV-1 regulatory and replication proteins and
385 for efficient capsid assembly, but appears to be dispensable for nuclear targeting of the incoming
386 HSV-1 capsid itself (76). Direct biochemical dissection of these interactions has remained largely
387 confined to HSV-1, and the importin dependence has therefore been inferred for CMV, VZV, and

388 the gamma-herpesviruses.

389 Several features of the EBV KPNAI1 requirement are noteworthy. First, KPNA1 was dispensable
390 for EBV infection of NOK epithelial cells, implying that a distinct karyopherin-o paralog supports
391 nuclear genome delivery in epithelial cells. This finding is consistent with the well-documented
392 cell-type and cargo-specific importin-a family member division of labor(77) (78). Second,
393 KPNAI was not required for EBV lytic replication, infectious virion production, or cell-to-cell
394 spread from reactivated B cells, indicating that the nuclear import demands of an incoming genome
395 differ from those of de novo lytic DNA replication and nuclear egress, the latter of which proceeds
396 through the EBV nuclear egress complex(79, 80) Finally, EBV only weakly induced IFN-f and
397 OASI, to comparable degrees in control and KPNA 1-depleted cells, arguing that KPNA1 scored
398 in the screen because of an obligatory role in nuclear genome delivery, rather than through effects

399 on karyopherin-dependent interferon signaling.

400 Taken together, our results define a route by which EBV converts attachment into productive
401 nuclear infection. gp350-CD21 engagement triggers CD19 coreceptor signaling and actin

402 remodeling to internalize the virion, after which KPNA1-dependent nuclear import delivers the
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403 genome for chromatinization and the establishment of latency. This route reinforces the theme that
404 EBV is intimately adapted to the B cell immunoglobulin and coreceptor signaling platform at
405 multiple stages of its life cycle, exploiting CD19 coreceptor signaling to gain entry and, upon
406 reactivation, deploying BALFO0/1 to degrade the B cell receptor and immunoglobulin in support of
407 virion egress(81) . The dependency factors identified here suggest candidate points of therapeutic
408 intervention, as agents that interrupt CDI19-nucleated signaling or karyopherin-o-dependent
409 nuclear import could in principle limit the establishment of EBV infection. Such approaches would,
410 however, need to contend with the essential physiological roles of CD19 signaling in B cell

411 development and of KPNAT in host nucleocytoplasmic transport.

412  Several limitations of our study warrant discussion. The screen was performed by superinfection
413 of the Daudi Burkitt cell line, which expresses high levels of CD21 and is highly infectable.
414  Although this facilitated a robust, near-uniform infection readout, it does not fully recapitulate the
415 resting primary B cell, and the reliance on an EBV genomic GFP reporter as the readout for the
416 establishment of infection means that hits could in principle act at attachment, uptake, nuclear
417  delivery, or early latency gene expression. For KPNAI1, our data establish a requirement for
418 nuclear genome delivery, but do not yet distinguish whether KPNAT acts directly, by importing a
419 capsid- or genome-associated NLS cargo, or indirectly, and the specific EBV protein recognized
420 by KPNAI remains to be defined. Similarly, while the coordinate recovery of CD19, its proximal
421 signaling effectors, and the actin machinery strongly implicates CD19-driven signaling in virion
422 uptake, the individual contributions of each cytoskeletal and signaling hit, and the precise
423 endocytic route taken by internalized virions, will require further dissection. Extending these

424  findings to primary B cells will be an important goal for future work.

425 Methods

426 Reagents

427 The reagents used were as follows: antibodies against KPNA1 (sc-101292, Santa Cruz), CD19-
428 APC (302212, Biolegend); CDS81-FITC (349504, Biolegend); CD81(52892S, CST); CD21-APC
429 (354906, Biolegend); HLA-DR-FITC (327006, Biolegend); GAPDH (sc-47724 HRP, Santa Cruz);
430 Anti-V5 (13202S, CST); HA (ab9110, abcam); HA Magnetic Beads (88837, Invitrogen); Anti-
431 rabbit IgG, HRP-linked Antibody (#7074, CST); Anti-mouse IgG, HRP-linked Antibody(#7076,
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432 CST); Polybrene (TR1003G, sigma); anti-human IgG (A0423, DAKO); EdC (T511307, Sigma);
433  Alexa Fluor™647-advin (S21374, Invitrogen™); TransIT®-LT1 Transfection Reagent (MIR
434 2306 , Mirus Bio). Opti-MEM™ (11058021, Invitrogen™); ProLong Diamond Antifade with
435 DAPI (P36935, Invitrogen™). All other reagents were obtained from Sigma-Aldrich, unless
436 otherwise indicated.

437

438  Cell culture

439 Akata EBV-negative, Daudi and BJAB are Burkitt lymphoma cell lines. Akata (EBV+eGFP) is a
440 cell line that produces EBV with the eGFP ¢cDNA integrated into the BXLF1 gene locus. In this
441 manner, EBV expresses the eGFP protein in infected cells. These cell lines were cultured in RPMI
442 1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1%
443  streptomycin and 1% penicillin. HEK-293T cells were cultured in Dulbecco’s modified Eagle’s
444 medium (DMEM, Life Technologies) with 10% FBS, 1% streptomycin and 1% penicillin. All cells
445 were grown in a humidified 5% CO2 incubator at 37°C and passaged using standard cell culture
446 techniques.

447

448 Vectors

449 To generate the expression vectors for CD19, CD19 cDNA was PCR-amplified from a
450 commercially available plasmid, pLenti-CD19-V5 (HsCD00436263, DNASU), and integrated
451 into either pCDNA3.1-eGFP or into pCDNA3.1-mCherry. A CD19 ¢cDNA mutant with PAM
452 sequence resistant to CD19 #1 sgRNA was generated from pCDNA3.1-CD19-eGFP and
453 pCDNA3.1-CD19-mCherry plasmids with NEB PCR mutant kits. PCR-amplified constructs
454 including mCherry, CD19-eGFP-Re#1, CD19-mCherry-Re#1 and CD19-AIC-mCherry-Re#l1
455  from pCDNA3.1 were cloned into pLENTi-TRC313-Hgro vector, respectively.

456 To generate KPNA1-RE#1 cDNA resistant to KPNA1 sgRNA#1 sequence, the pDONR221-
457 KPNA1 (HsCD00042508, DNASU) was modified to introduce the KPNA1 sgRNA #1 PAM
458 sequence using NEB PCR mutant kit. The modified KPNA1 was then subcloned into pLENTi-
459 TRC313-Hygro vector using Gateway cloning.

460

461 Human genome-wide CRISPR screens and analysis
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462 Daudi-Cas9 cells were used for the genome-wide CRISPR/Cas9 screen to identify essential genes
463 for EBV entry into B cells. The Brunello library, which contains sgRNAs targeting 19,114 host
464  genes, was obtained from Broad Institute. For each screen replicate, 150 million Cas9-expressing
465 Daudi cells were infected with Brunello lentiviruses at a multiplicity of infection (MOI) of 0.3, to
466 minimize lentivirus coinfection. Infection was performed in four 12-well plates per replicate. Cells
467 were spun at 300g for 2 hours at 30°C in the presence of 4 ug/ml polybrene to increase transduction
468 efficiency. After infection, the plates were incubated at 37°C for an additional 6 hours before
469 reseeding into four T175 flasks. 48 hours post-infection, cells were selected with puromycin at 2
470 pug/ml. After six days of puromycin selection, 80 million cells were harvested and stored at -80°C
471 asinput. Simultaneously, 80 million cells were infected with EBV at a MOI of 10 for 2 hours, after
472  which 300 mL RPMI 1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS,
473  GIBCO), 1% streptomycin and 1% penicillin were added. After 72 hours of culture, cells were
474  harvested and sorted about 3 - 5% eGFP lower populations using FACS at the Brigham and
475 Women’s Hospital Human Immunology Center. Genomic DNA of sorted cells was extracted with
476 Qiagen Blood and Cell Culture DNA Mini Kit and sent together with the input DNA for PCR
477 amplification and next-generation sequencing to Broad Institute. The STARS algorithm was used
478 to identify statistically significant screen hits.

479

480 CRISPR gene knockout and analysis

481  For hit validation, individual gene CRISPR knockouts were performed using single sgRNAs from
482 the Brunello library. Briefly, sgRNAs targeting the genes of interest were synthesized, annealed,
483 and cloned into the pLentiGuide-Puro vector according to protocols from the Broad Institute. The
484  cloned sgRNAs were then packaged into lentiviruses and filtered through a 0.45-um filter before
485 transducing the target cells. Forty-eight hours post-infection, the medium was replaced with fresh
486 medium containing 2 pug/ml puromycin to select for successfully transduced cells, and this
487 selection was maintained for 2 days. Following selection, cells were allowed to grow for an
488 additional 6 days. Knockout efficiency was then assessed by Western blotting and the impact on
489 EBYV infection was evaluated through EBV infection assays.

490

491 cDNA rescue.
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492 Daudi or Akata (-) cells single cell clone CD19 or KPNA1 KO were subjected to lentiviral
493 transduction with rescue vectors: pLENTi-TRC313-mCherry, pLENTi-TRC313-CD19-mCherry-
494 RE#1, pLENTi-TRC313-CD19-AIC-mCherry-RE#1 or pLENTi-TRC313-KNPA1-RE#1. The
495 constructs included CD19-RE#1 and KPNA1-RE#1 ¢cDNAs, which contain a PAM site mutation
496 that abrogated CRISPR editing. These PAM mutations confer resistance to CD19 #1 sgRNA or
497 KPNAI1#1 sgRNA sequence, respectively. Following transduction, cells were selected with
498 hygromycin for 10 days. CD19 or KPNAT1 expression was confirmed by FACS or western blot
499 analysis, as indicated.

500

501 Virus preparation and EBV labelling with EdC.

502 To prepare 100x EBV or 100x EdC-labelled EBV, Akata (EBV+eGFP) cells were resuspended in
503 FBS-free RPMI 1640 medium at a concentration of 2 x10° cells/ml and induced with 0.2% (v/v)
504 anti-human immunoglobulin G for 6 hours at 37°C. Following induction, the cells were cultured
505 in fresh RPMI1640 medium supplemented with 4% FBS or supplemented with additional 6uM
506 EdC for 3 days. Virus-containing supernatant was collected under sterile conditions, filtered
507 through a 0.45 um filter, concentrated 100-fold by high-speed centrifugation at 50,000 g for 2
508 hours, and then resuspended in fresh FBS-free RPMI1640 medium. Prepared virus was stored at -
509 80°C and thawed immediately before use for infection.

510

511 Determination of MOI and Quantification of EBV by Green Daudi Units (GDU)

512 Determination of MOI and quantification of EBV by GDUs was performed as described(40) .
513 Briefly, Daudi cells were exposed to EBV-eGFP virus stocks for 2 hours at 37°C. Subsequently,
514 800 pl of fresh RPMI1640 medium supplemented with 10% FBS was added. 3 days post-infection,
515 the percentage of eGFP-positive cells (EBV-infected cells) was determined using flow cytometry.
516 The median infectious dose (ID50), defined as the virus dilution that results in 50% of the Daudi
517 cells being eGFP-positive, was employed to estimate the virus concentration in GDUs per milliliter
518 (mL). Typically, EBV stocks contain 1 to 2 x10® GDUs/ml in 1 mL of a 100xEBV stocks solution.
519

520 EBY infection of B cells

521 Daudi or EBV- Akata cells (0.5 or 1 x 10%) in 100 ul of RPMI1640 were co-incubated with 100 pl

522  of 100x EBV for 2-3 hours at 37 °C. After co-incubation, unbound virus was removed by one time
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523 washing the cells with Sml RPMI1640 medium. Infected cells were cultured in fresh medium for
524 an additional 24 to 72 hours, as indicated. eGFP positive cell percentage was determined using
525 FACS or fluorescence microscopy.

526

527 EBYV labelling with Alexa Fluor 594

528 Labelling of 200x EBV with Alexa Fluro 594 (Aime-Reactive probes; MP) was performed
529 according to the published procedures(82) . Briefly, 4 mL of 200-fold concentrated EBV in FBS-
530 free RPMI1640 was mixed with 400ul of 1mM Alexa Fluor 594, which was dissolved in dimethyl
531 sulfoxide, in 0.2 M sodium bicarbonate bufter (pH 8.5). The mixture was gently rotated in the dark
532 at room temperature for 1 hour. To separate the labelled EBV from the free dye, the mixture was
533 purified using 25ml of RPMI1640 equilibrated PD-10 column (2.5ml/column) according to the
534 manufacturer’s instructions. The first 1.5ml of flow-through was discarded, and the next 3 mL
535 (Iml per tube) of the labeled virus fraction was collected. The labeled EBV was then aliquoted and
536 stored at -80°C.

537

538 Cell transfection and Immunoprecipitation

539 293T cells were transfected with the indicated plasmids with Lipofectamine 2000 (Invitrogen)
540 according to the manufacturer’s instructions. 48 hours post-transfection, cells were lysed in a lysis
541 buffer containing 50 mM Tris-HCI (pH 7.4), 250 mM NaCl, 5 mM EDTA (pH 8.0), 2.5mM MgCI2,
542 5% glycerol; 0.5% Nonidet P-40 (NP-40), 0.5% DOC and 0.5% Triton X-100, supplemented with
543 1 mM phenylmethylsulfonyl fluoride and Roche Complete protease inhibitor cocktail
544 (04693159001, Roche). The lysates were centrifuged at 15,000g for 20 minutes at 4°C, and the
545 supernatant was pre-cleared with 4 ug of mouse IgG and 25 pl of protein A/G magnetic beads for
546 1 -2 hours at 4 °C. The pre-cleared lysate was then incubated with 25 pl of anti-HA magnetic
547 beads (Invitrogen) for 8 hours at 4°C. Following five washes with lysis buffer to remove unbound
548 proteins, the beads were resuspended in 1.25x SDS sample buffer and boiled for 5 minutes at 95°C.
549 The complex was analyzed by western blotting using the indicated antibodies.

550

551 Western blot

552  Western blotting analysis was performed as previously described. Briefly, cells were lysed in RIPA

553 buffer containing a protease inhibitor mixture (Roche) and incubated on a rocker at 4°C for 15
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554 minutes. The proteins were then separated by 10% SDS-PAGE and transferred to a nitrocellulose
555 (NC) membrane, which was then probed with the indicated primary antibodies, followed by
556 incubation with species-specific HRP-conjugated secondary antibodies. Immunoreactive bands
557 were visualized using enhanced chemiluminescence (ECL, Pierce). To ensure equal protein
558 loading, the same membranes were stripped and re-probed with mouse monoclonal antibodies
559 against GAPDH.

560

561 Immunofluorescence confocal microscopy

562 Akata (-)-CD19-eGFP cells were exposed to Alexa fluor 594-labelled EBV for 2 hours at 4°C,
563 After two washes, the cells were visualized under a confocal fluorescence microscope.

564 Daudi Cells transfected with sgCTL or sgKPNA1#1 were exposed to AF594 or EdC-labelled EBV
565 for 3 or 6 hours at 37°C. Cells were washed twice and fixed with 4% paraformaldehyde in PBS
566 for 10 minutes. The cells were then washed twice with PBS, plated at 5 ul per well on 8-well slides,
567 and allowed to dry and adhere for 30minutes. They were treated with 0.2% Triton-X100 in PBS
568 for Sminutes, washed twice with PBS, and mounted using ProLong Diamond Antifade. For EdC
569 staining, EdC-labelled EBV infected cells was processed by cycloaddition with azide-linked biotin
570 and stained with avidin-AF647. Confocal images were acquired using a Zeiss confocal laser
571 scanning microscope.

572

573 Statistical analyses.

574 P values were <0.05 were considered statistically significant, mean with £ SEM, as determined
575 using Prism Version 10 (GraphPad). Data analysis was performed using t-test, depending on the
576 data distribution and the number of comparison groups.

577

578 LEAD CONTACT AND MATERIALS AVAILABILITY

579 Further information and requests for resources and reagents may be directed to Bo Zhao and

580 Benjamin Gewurz (Lead Contact; bzhao@bwh.harvard.edu and bgewurz@bwh.harvard.edu).
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605 Figure Legends

606

607 Fig. 1. Human genome-wide CRISPR-Cas9 screen for host factors that support EBV B cell
608 infection.

609 a. Schematic diagram illustrating the CRISPR-Cas9 screen workflow.

610 b. CRISPR screen hits. The y-axis shows the screen STARS score, a computational metric of
611 screen signal. Higher STARS score indicates a stronger enrichment for sgRNAs targeting the
612 indicated gene within the eGFP'*¥ population versus the input control. Genes are ranked on the X-
613 axis by alphabetical order.

614 c. ShinyGO KEGG pathways enriched among screen hits at a p-value< 0.05 cutoff.

615 d. Schematic highlighting selected CRISPR screen hits at a STARS scores > 2 and p-value< 0.05
616 cutoff, indicating proposed function in support of EBV infection.

617 e. Validation of individual selected hits. Cas9+ Daudi B cells were transduced with either non-
618 targeting sgRNA (sgCTL) or sgRNA targeting the indicated gene, infected with EBV at a MOI=2
619 for 3 hours, and then analyzed by FACS at two days later. The percentages of eGFP+ (EBV-
620 infected) Daudi B cells were set to 100. Data represent mean + SEM from three biological
621 replicates. Two-sided unpaired Mann-Whitney test (***P < 0.001, **P<0.01 and *P<0.05).

622

623 Fig. 2. The plasma membrane proteins CD19 and CD81 support EBV B cell infection.

624 a. Effects of CD19 and CD18 CRISPR KO on EBV B cell infection. Shown are representative
625 FACS analysis of plasma membrane (PM) CD81 (left) or CD19 (right) expression in Cas9+ Daudi
626 and EBV-negative Akata cells that expressed control sgRNA (sgCTL) or independent sgRNAs
627 targeting CD19 or CDSI.

628 b. CD19 and CD81 KO effects on Daudi and EBV-negative Akata B cell infection. Shown are
629 mean = SEM percentages of eGFP+ (EBV-infected) Daudi (MOI=1) or Akata (MOI=10) cells
630 from n=3 replicates. mIgG, mouse IgG negative control.

631 c. Effects of Daudi CD19 KO and cDNA rescue on EBV uptake. Daudi CD19 KO single clones
632 were transduced with lentiviruses expressing CRISPR resistant cDNAs encoding mCherry
633 (control), mCherry-tagged CD19 wild type (WT, termed CD19-WT-mcherry-re#1) or mCherry-
634 tagged CDI19 intracellular domain deletion mutant (AIC, termed CD19-AIC mcherry-Re#1). PAM
635 site mutations confer CD19 cDNA resistance to sgCD19#1 directed Cas9 editing. Two CD19 KO
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636 single cell clones (#1-2 and #1-5) were used. Shown are FACS analysis of plasma membrane
637 CDI19 expression.

638 d. The CD19 intracellular domain supports Daudi B cell EBV uptake. Mean + SEM percentages
639 of eGFP+ Daudi cells, from n=9 replicates, using the cells shown in (c). Cells were co-incubated
640 with eGFP+ EBV for 24 hours and then analyzed by FACS. The percentages of eGFP+ (EBV-
641 infected) Daudi B cells expressing sgRNA control (sgCTL) and mCherry were set to 100.

642 e. Confocal microscopy analysis of EBV and CD19 co-localization. Shown are representative
643 confocal images of stably expressed CD19-eGFP and of Alexa Fluor 594 labeled EBV (AF594+
644 EBV). CDI19 KO EBV-negative Akata cells were transduced with lentivirus that expressed an
645 eGFP-CD19 cDNA rescue vector. Cells were co-incubated with Alexa Fluor 594-labelled EBV
646 (AF594+ EBV) at 4°C for 2 hours. After one wash, CD19-eGFP and EBV co-localization was
647 assessed. Enlarged images of the boxed areas are shown at right 4x the magnification. Scale bar:
648 10um.

649  Data represent mean = SEM from three biological replicates. Two-sided unpaired Mann-Whitney
650 test (***P <0.001, **P<0.01 and *P<0.05).

651

652 Fig. 3. CD81-KO has no effect on EBV infection in normal oral keratinocytes (NOK).

653 a. Immunoblot analysis of CD81 expression in whole cell extracts (WCE) from Cas9+ NOK cells
654 that expressed control or CD81 targeting sgRNA. GAPDH served as a load control.

655 b-c. CD8I is not required for NOK cells by cell-free EBV infection. FACS analysis of eGFP+
656 EBYV infection of control (sgCTL) or CD81-KO (sgCD81) NOK epithelial cells. eGFP expression
657 served as a reporter of EBV infection. eGFP positivity was quantitated by microscopy (b) or FACS
658 (c) at 48h post-co-incubation. Scale bar: 150pm.

659 d-e. CDS8I is not required for Akata B cell to NOK epithelial cell EBV spread. FACS analysis of
660 eGFP+ EBV infection of control or CD81-KO NOK cells. eGFP expression served as a reporter
661 of EBV infection. eGFP positivity was quantitated by microscopy (d) or FACS (e) at 48h post-co-
662 incubation. Scale bar: 150um.

663 Data represent means + SEM from three biological replicates. two-sided unpaired Mann-Whitney
664 test. ns, not significant.

665

666 Fig. 4. KPNALl is required for EBV B cell infection.
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667 a.Immunoblot analysis of WCE from Daudi cells that expressed control or two independent CD81
668 targeting sgRNA.

669 b-c. KPNA1 KO impaired EBV infection of Daudi B cells. Control or KPNA1 KO Daudi cells
670 were co-incubated with EBV at a MOI of 1.0 for 3 hours at 37°C. The percentage of eGFP-positive
671 infected cells was analyzed 24 hours post-infection using FACS. Representative histogram images
672 of FACS were shown. c. Mean + SEM % eGFP+ cells from n=3 replicates as in (b).

673 d. The expression levels of PM CD81, CD19, HLA-DR and CD21 are similar in control versus
674 KPNA1 KO Daudi cells. Cas9+ Daudi cells that expressed control or KPNAT1 targeting sgRNAs
675 were anaylzed by FACS.

676 e. Analysis of KPNA1 expression in KPNA1-KO Daudi cells with KPNA1 cDNA rescue. Shown
677 are immunoblots from WCL prepared from KPNA1-KO Daudi with stable mCherry (control) or
678 CRISPR resistant KPNAT (resistant to sgKPNA1#1) cDNAs.

679 f-g. KPNAI rescue restored EBV infection in Daudi-Cas9 cells. KPNA1-KO Daudi-Cas9 as in ()
680 were co-incubated with EBV at a MOI of 1.0 for 3 hours at 37°C. The percentages of eGFP-
681 positive infected cells were analyzed 24 hours post-infection by FACS. The percentages of eGFP+
682 (EBV-infected) Daudi B cells expressing sgRNA control (sgCTL) and mCherry were set to 100.
683 (g) Representative microscopy images of Cas9+ Daudi cells with the indicated sgRNA and rescue
684 cDNA expression as in (e). Scale bar: 150um.

685 Data represent means + SEM from three biological replicates. two-sided unpaired Mann-Whitney
686 test (***P <0.001 and **P<0.01). ns, not significant.

687

688 Fig. 5. KPNATI facilitates EBV genomic DNA nuclear transfer.

689 a. KPNALI is dispensable for EBV B cell infection. EBV-negative control or KPNA1 KO Akata B
690 cells were co-incubated with EBV at a MOI of 2 for 6 hours at 37°C. After three washes with
691 RPMI 1640, EBV genome copy # was determined by PCR quantification of the EBV BALFS5 gene,
692 normalized by GAPDH. EBV copy number was calculated as the ratio of EBV genome to GAPDH
693 DNA copies. Shown are mean = SEM from three biological replicates; ns, not significant.

694 b. KPNAI is dispensable for EBV entry in the B cell cytoplasm. Representative microscopy
695 analysis of Cas9+ Daudi cells that expressed control or KPNA1 sgRNAs and co-cultured with
696 Alexa Fluor 594-labelled EBV (Alexa Fluor 594+ EBV) for 3 hours at 37°C. After wash with
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697 RPMI 1640, cells were plated on slides and analyzed by 3D confocal microscopy. Alexa fluor
698 594+ EBV (red) and DAPI-stained nuclei (blue).

699 c-d. KPNA1 KO impaired B cell EBV nuclear entry. Cas9+ Daudi control or KPNA1 KO cells
700 were co-incubated with EdC-labelled EBV (EdC+ EBV) for 6 hours at 37°C, washed with RPMI
701 1640, plated on slides, processed by cycloaddition with azide-linked biotin and stained with avidin-
702 Alexa Fluor 647. EBV genomic DNA was visualized using immunofluorescence confocal
703  microscopy (EdC+ EBV purple, DAPI-stained nuclei blue). EBV genomic DNA abundance was
704 quantified from n=6 images as in (c), using two replicates.

705 Data represent means = SEM from two biological replicates. two-sided unpaired Mann-Whitney
706 test (**P<0.01). ns, not significant.

707

708

709 Fig. 6. KPNAI is not required for EBV entry into NOK cells.

710 a. Immunoblot analysis of KPNA1 expression in WCL lysates of Cas9+ NOK with the indicated
711  sgRNAs.

712 b-c. KPNALI is dispensable for NOK cell EBV infection. Control or KPNA1 KO NOK-Cas9+ cells
713 were co-incubated with cell free EBV at a MOI of 200 - 400 Green Daudi Units (GDUs) for 3
714 hours at 37°C. eGFP+ cell percentages were quantitated by FACS 72 hours later. (b)
715 Representative FACS images. (c) Mean = SEM eGFP+ cell percentages from n=3 reps, as in (b).
716  d-e. KPNALI is dispensable for B cell to epithelial cell EBV spread. Control or KPNA1 KO NOK
717  were cocultured with anti-human-IgG treated Akata-EBV-+eGFP cells for 48 hours. NOK cell EBV
718 infection was analyzed by FACS at 48 hours post-infection. (d) Representative FACS histograms.
719 (e) Mean + SEM NOK cell GFP+ cell percentages from n=3 reps, as in (d).

720

721 Fig. 7. KPNAI is dispensable for EBV replication in B cells.

722  a. Immunoblot analysis of KPNAT1 expression in WCL form Cas9+ Akata cells with control or
723 KNPAI sgRNAs, mock induced or induced for EBV reactivation by treatment with goat-anti-
724  human-IgG for 24 hours.

725 b-c. KPNAI1-KO does not affect eGFP transgene expression in reactivated Akata (EBV+eGFP)
726  cells. (b) Shown are representative FACS plots of GFP expression at 24 hours of mock treatment
727  or goat-anti-human-IgG cross-linking. eGFP expression increases in lytic Akata EBV+eGFP cells.
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728 Representative histograms from n=3 replicates are shown. (¢) Mean = SEM eGFP+ cell
729 percentages from n=3 replicates, as in (b).

730 d-e. Akata (EBV+eGFP) cell KPNA1-KO does not affect EBV spread to B cell targets. Daudi B
731  cell targets were co-incubated with supernatant from control or KPNA1 KO goat-anti-human-IgG
732  cross-linked Akata (EBV+eGFP) cells, as in (a). Daudi eGFP expression was analyzed by FACS
733  at 24 hours post-co-culture. Representative FACS histograms from n=3 replicates are shown. (d)
734 Representative FACS histograms. (¢) Mean + SEM Daudi cell GFP+ cell percentages from n=3
735 reps, as in (d).

736 f-g. Akata (EBV+eGFP) cell KPNA1-KO does not affect EBV spread to epithelial cell targets.
737 NOK cell targets were co-incubated with supernatant from control or KPNA1 KO goat-anti-
738 human-IgG cross-linked Akata (EBV+eGFP) cells, as in (a). NOK GFP expression was analyzed
739 by FACS at 24 hours post-co-culture. Representative FACS histograms from n=4 replicates are
740 shown. (f) Representative FACS histograms. (g) Mean = SEM NOK cell GFP+ cell percentages
741  from n=3 reps, as in (f).

742 Data represent mean + SEM from three biological replicates. Two-sided unpaired Mann-Whitney
743 test ***P < (.001 and *P<0.05). ns, not significant.

744

745 Fig. 8. KPNA1 KO does not induce innate immune responses during EBV infection

746  a-b, KPNA1 KO does not promote IFNB or OAS1 mRNA expression in Daudi B cells.

747  Control or KPNA1 KO Daudi cells were co-cultured with EBV at a MOI of 1.0 for 3 hours at 37°C.
748  After 24 hours, mRNA levels of IFNB (a) and OAS1(b) were analyzed by real-time PCR. GAPDH
749 was used as an internal control.

750 Data represent mean + SEM from three biological replicates. Two-sided unpaired Mann-Whitney
751  test ***P <(.001 and **P<0.01). ns, not significant.

752

753
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