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 2 

Abstract 29 
 30 

The Epstein-Barr virus (EBV) causes human cancers and epidemiological studies have 31 

shown that lytic replication is a risk factor for some of these tumors. This fits with the 32 

observation that EBV M81 that was isolated in a Chinese patient with nasopharyngeal 33 

carcinoma induces potent virus production and increases the risk of genetic instability in 34 

infected B cells. To find out whether this property extends to viruses found in other 35 

parts of the world, we investigated 22 viruses isolated from Western patients. While one 36 

third of the viruses hardly replicated, the remaining ones showed variable levels of 37 

replication with three isolates replicating at levels close to M81 in B-cells. We cloned 38 

one strongly replicating virus into a bacterial artificial chromosome; the resulting 39 

recombinant virus (MSHJ) retained the properties of its non-recombinant counterpart 40 

and showed similarities with M81, undergoing lytic replication in vitro and in vivo after 41 

three weeks of latency. In contrast, B-cells infected with the non-replicating western 42 

B95-8 virus showed an early but abortive replication accompanied by cytoplasmic 43 

BZLF1 expression. Sequencing confirmed that rMSHJ is a western virus, being 44 

genetically much closer to B95-8 than to M81. Spontaneous replication in rM81- and 45 

rMSHJ-infected B-cells was dependent on phosphorylated Btk and was inhibited by 46 

exposure to ibrutinib, opening the way to clinical intervention in patients with abnormal 47 

EBV replication. As rMSHJ contains the complete EBV genome and induces lytic 48 

replication in infected B-cells, it is ideal to perform genetic analyses of all viral 49 

functions in western strains and their associated diseases. 50 
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 3 

Importance 52 

The Epstein-Barr virus (EBV) infects the majority of the world population but causes 53 

different diseases in different countries. Evidence that lytic replication, the process that 54 

leads to new virus progeny, is linked to cancer development is accumulating. Indeed, 55 

viruses such as M81 that were isolated from Far East nasopharyngeal carcinomas 56 

replicate strongly in B-cells. We now show that some viruses isolated from western 57 

patients, including the MSHJ strain share this property. Moreover, replication of both 58 

M81 and of MSHJ was sensitive to ibrutinib, a commonly used drug, thereby opening 59 

an opportunity for therapeutic intervention. Sequencing of MSHJ showed that this virus 60 

is quite distant from M81 and much closer to non-replicating western viruses. We 61 

conclude that western EBV strains are heterogeneous, some viruses being able to 62 

replicate stronger and therefore being potentially more pathogenic than others, and that 63 

the virus sequence information alone cannot predict this property.  64 

  65 
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 4 

Introduction 66 

The Epstein-Barr virus (EBV) is a member of the gammaherpesvirinae family that 67 

causes infectious mononucleosis (IM) and malignant diseases (1). EBV is strongly B-68 

lymphotropic and etiologically associated with B cell lymphoproliferations whose 69 

incidence rises strikingly in immunosuppressed individuals (1). This population 70 

includes elderly patients and patients with acquired immune deficiency, e.g. after HIV 71 

infection or intake of immunosuppressive drugs in solid organ (SOT) or stem cell 72 

transplantation (SCT) recipients (2). The latter patients develop posttransplant 73 

lymphoproliferative disorders (PTLD) that frequently express the EBV latent genes, as 74 

well as EBV microRNAs (1, 3).  75 

In infected B-cells, EBV classically induces a viral latency that is characterized by cell 76 

proliferation, expression of the full set of latent genes and absent or limited lytic 77 

replication, the process that leads to the production of virus progenies (1). These 78 

characteristics are easily identifiable in B-cells infected with the B95-8 strain either in 79 

vitro or in infected humanized mice (4). B95-8 was isolated from a US patient with 80 

infectious mononucleosis and is thought to be representative of the virus found in IM 81 

patients, and more generally in the western population. However, we have recently 82 

shown that the M81 virus isolated from a Chinese patient with nasopharyngeal 83 

carcinoma (NPC), induces potent lytic replication in B-cells from normal individuals, 84 

both in vitro and in humanized mice (4).  85 

Epidemiological studies have identified virus lytic replication as a risk factor for the 86 

development of some EBV-associated lymphomas and carcinomas (5). High antibody 87 

titers against EBV replicative antigens are predictive of NPC several years in advance 88 

(6). Furthermore, more than 90% of EBV-positive PTLD contain cells undergoing 89 

replication and express BZLF1, the key viral transactivator that initiates EBV lytic 90 
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 5 

replication, or early and late EBV lytic antigens such as EA-D (7). Similar features were 91 

recorded in AIDS-associated lymphomas (8). We recently demonstrated that the EBV 92 

particles themselves can confer chromosomal instability and aneuploidy after contact 93 

with target B-cells (9). This establishes a direct mechanistic link between lytic 94 

replication and cancer risk development.  95 

In this paper, we report the properties of viruses present in spontaneous cell lines 96 

generated from 13 transplant recipients, and from 9 patients with IM. We cloned the 97 

genome of one of these viruses that displayed potent replication in primary B-cells onto 98 

a bacterial artificial chromosome (BAC) and compared its characteristics to those of 99 

well-characterized laboratory strains. 100 

  101 
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 6 

Results  102 
 103 

Spontaneously-growing EBV-transformed B-cells from patients with IM or iEBVL 104 

frequently replicate the virus, although with greatly varying intensity.  105 

We first generated a panel of spontaneously growing EBV-transformed lymphoblastoid 106 

cell lines (LCL) from patients with IM or with an increased EBV load in the peripheral 107 

blood (>1000 cop/ml) (iEBVL) (Table 1). These were established very easily from most 108 

patients within less than four weeks from approximately 10E5 peripheral blood B-cells. 109 

We stained them shortly after establishment with antibodies specific to BZLF1 and 110 

gp350 to assess lytic replication (Fig. 1). Four weeks after seeding, 12 from 13 EBVL 111 

and 7 from 9 IM cell lines expressed the immediate early (IE) lytic protein BZLF1 and 112 

the late protein gp350 (Fig. 1). Thus, only one of the iEBVL (sLCL-10) and two of the 113 

IM cell lines (IM-7 and IM-8) were devoid of any lytic protein expression. Two thirds 114 

of the cases contained more than 1% BZLF1 positive cells, seven cases between 2 and 115 

5.7% of BZLF1-positive cells, four of which showed replication levels close to those 116 

reached by M81. However, only five EBVL and five IM cell lines expressed the late 117 

lytic protein gp350 in more than 1% of cells and only one case reached M81 levels, in 118 

terms of combined BZLF1 and gp350 expression (Fig. 1). Here we took into 119 

consideration only cells expressing gp350 in the entire cytoplasm and excluded cells 120 

showing patchy gp350-specific staining at the cell surface that we interpreted as B-cells 121 

partially covered with bound viruses (Fig. 1). Whilst the EBV genome adopts a circular 122 

conformation in latently infected B-cells, EBV lytic replication results in the generation 123 

of linear genomes (1). We assessed the structure of the EBV genomes present in our 124 

panel of LCLs using Gardella gel analyses. These assays revealed the presence of linear 125 

genomes in cell lines that were found to produce lytic proteins, thereby confirming that 126 

these cells supported lytic replication (Fig. 2A). We examined four cell lines that 127 
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 7 

showed signs of lytic replication in electron microscopy and could confirm the presence 128 

of mature virions in the infected cell population (Fig. 2B). Interestingly, we frequently 129 

found viruses bound at the B cell surface confirming the results of the gp350-specific 130 

staining.  This was expected as these cells express the EBV receptor CD21. We then 131 

attempted to infect and immortalize primary B-cells with supernatant from our LCL 132 

panel. Although many viruses were bound to the cell surface, this experiment 133 

nevertheless succeeded in 5/9 IM sLCLs and in 8/13 iEBVL sLCLs (Fig. 3A and B). 134 

When daughter cell lines could be established from these supernatants, they exhibited 135 

the characteristics of the cell line from which the viruses were produced in terms of 136 

gp350 and BZLF1 expression, demonstrating that the properties observed in the initial 137 

cell lines reflected the intrinsic properties of the virus (Fig. 3A and B). We then 138 

monitored the ability of the sLCLs to support lytic replication over time. Three months 139 

after establishment of the LCLs, gp350 expression decreased but remained detectable in 140 

4 iEBVL (2 comparable to M81, 2 weaker than M81) and in 3 IM B cell lines (3 weaker 141 

than M81) (Fig. 2C). We have previously reported a correlation between the growing 142 

characteristics of our sLCL panel and their miRNA expression profile (10). This gave 143 

us an opportunity to assess the relation between miRNA expression and lytic 144 

replication. However, we could only identify a weak correlation between miR-BHRF1-145 

3 expression levels and the ability to support lytic replication (Pearson coefficient 146 

r=0.4836, p=0.049). 147 

 148 

Most iEBVL and IM strains are genetically related to B95-8. 149 

We wished to identify that molecular events that govern the variable replication rates 150 

observed across the investigated panel and first turned our attention to the BZLF1 151 

promoter. Indeed, the BZLF1 promoter contains multiple binding site for transcription 152 
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 8 

factors and is considered to be a crucial regulatory element for the cell’s decision to 153 

produce the BZLF1 protein (11). LCLs infected with M81 express lytic proteins at high 154 

level, and this phenotype has indeed been ascribed to some extent to polymorphisms in 155 

the BZLF1 gene of this virus (4). Therefore, we cloned and sequenced the BZLF1 156 

promoter, its introns and its open reading frame from our virus panel (Table 2). We 157 

found that the sequence of all BZLF1 alleles was very close to those of western viruses 158 

isolated from patients with IM or PTLD, and in particular lacked the Zp-V3 159 

polymorphism that is commonly found in viruses endemic in East Asia and that was 160 

recently shown to confer high replication abilities (12) (13). We noticed that viruses 161 

sharing the same BZLF1 sequence showed a highly variable propensity to replicate 162 

(compare sLCL-2 and sLCL-5 or IM-6 and IM-7, see Fig.1), demonstrating first that the 163 

Zp-V3 polymorphism is not a prerequisite for potent and sustained spontaneous lytic 164 

replication and second that the sequence of the BZLF1 gene is not the only parameter 165 

that governs this process. Sequencing of the EBNA2 gene showed that all viruses were 166 

of type 1 (Table 2). These data confirmed that EBV strains very close to B95-8 are 167 

dominant in Western countries. 168 

 169 

EBV replication in LCLs is poorly sensitive to inducers.   170 

LCLs are classically refractory to lytic replication and multiple chemical inducers have 171 

been used to increase virus production in these cells. Therefore, we investigated the 172 

sensitivity of sLCLs that had been in culture for 90 days to these molecules. We treated 173 

cells with TPA combined to butyrate, ionomycin and TGF beta. None of these 174 

substances induced lytic replication in non-permissive sLCLs. However, when we 175 

exposed the sLCLs that supported lytic replication to TPA combined to butyrate or to 176 

TGF beta, these substances increased replication of the cell lines on average by 60 and 177 
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 9 

50%, respectively, although there was a large variation in the amplitude of the effect in 178 

the individual viruses (Fig. 3C). Ionomycin had, on average, hardly any effect on the 179 

replication of the sLCL panel (average x 1.2 increase) (Fig. 3C). Some cell lines were 180 

more sensitive to the drug, although their absolute level of replication remained low.   181 

 182 

Cloning of a new EBV western strain on a BAC.  183 

 To be able to accurately study the properties of a virus endowed with a high lytic 184 

replication rate, we both infected marmoset B-cells with the sLCL-2 virus and cloned its 185 

genome onto a BAC replicon. We choose this line because it maintained high levels of 186 

gp350 over time and upon passaging to fresh B cells. The resulting marmoset cell line 187 

displayed high levels of spontaneous replication and produced infectious virus in the 188 

supernatant that is easy to harvest (Fig. 4A). To clone sLCL-2, a BACmid flanked by 189 

sequences specific to the EBV terminal repeats was introduced into marmoset B-cells 190 

infected by sLCL-2 and subjected to hygromycin selection. The recombinant viral 191 

genome, dubbed rMSHJ, was rescued from hygromycin-resistant cells and introduced 192 

into E.coli cells in which it was subjected to restriction analysis and sequencing (Fig. 193 

4B). This assay showed that the restriction pattern of this recombinant virus differs from 194 

the one generated by digestion of the recombinant M81 and B95-8 genomes. The 195 

rMSHJ has four terminal repeats before the BACmid and three after it. Complete 196 

sequencing of the rMSHJ genome allowed alignment to previously available viral 197 

sequences and the construction of a genetic tree (Fig. 5). In parallel, we sequenced the 198 

complete genome of the replicating IM-3 cell line to obtain a second viral sequence. 199 

Both genomes clustered with western strains, and in particular B95-8, but were distinct 200 

from it (Fig. 5). We found 654 non-synonymous mutations in rMSHJ relative to B95-8, 201 

i.e. in approximately 0.48% of the genome, and 524 in IM-3 relative to B95-8, i.e. in 202 
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 10 

approximately 0.39% of the genome (Table 3). Interestingly, both viruses were closer to 203 

each other (280 mutations) than to B95-8 (Table 3). The mutations in both IM-3 and 204 

rMSHJ were homogeneously distributed across the genome (Tables 4 and 5). However, 205 

as previously noted, viral latent genes displayed on average more non-synonymous 206 

mutations than lytic genes (14). Among latent genes, EBNA1, EBNA2, LMP1 and 207 

LMP2 were the most polymorphic (Tables 4 and 5).   208 

 209 

Phenotypic characteristics of rMSHJ.  210 

Stable introduction of the rMSHJ genome into 293 cells allowed efficient virus 211 

production and thus a detailed characterization of the virus properties. Viral titers upon 212 

induction were in the range of 5x10E7 genome equivalents per ml, as defined by qPCR, 213 

and thus intermediate between rB95-8 (1x10E7/ml) and rM81 (1x10E8/ml). We began 214 

the characterization of rMSHJ by infecting primary B-cells. Exposure of B-cells to 215 

rMSHJ, rM81 and rB95-8 led to primary B-cells infection, but the infection efficiency 216 

was nearly five times higher with rB95-8 than with rMSHJ or rM81 as determined by 217 

EBNA2 staining, a viral protein expressed shortly after infection (Fig. 6A). We then 218 

performed transformation assays in 96-well cluster plates coated with feeder cells. 219 

These assays showed that seeding of 3 EBNA2-positive B-cells after infection with 220 

rMSHJ and rM81, led to a similar number of transformed colonies. However, this 221 

number was two to three times lower than after infection with rB95-8. Thus, rB95-8 is 222 

more transforming than rMSHJ or rM81 (Fig. 6B). We complemented this approach by 223 

comparing the growth rate of LCLs freshly established with the different viruses. These 224 

assays showed that B95-8-infected B-cells grew more quickly than after infection with 225 

rMSHJ, with B-cells transformed by rM81 being the slowest (Fig. 6C). B-cells 226 

transformed by these viruses showed expression of latent genes, although some 227 
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 11 

variations in the expression level and size of the proteins was noted as previously 228 

described (15) (data not shown). Some of these differences can result from the 229 

polymorphisms identified in the latent genes that lead to a variable affinity of the 230 

antibodies for the viral proteins. We then performed infections on primary epithelial 231 

cells derived from the respiratory epithelium that covers the sphenoidal sinus with 232 

rMSHJ, rB95-8 or rM81 and stained infected cells for EBER expression (Fig. 7A and 233 

B) (16). We performed direct infections or transfer infections using primary B-cells 234 

coated with viruses (17). These assays showed that rMSHJ can infect epithelial cells, 235 

but with lower efficiency, 5 to 50%, relative to rM81. As previously reported, B95-8 236 

could not infect these cells (4). We then monitored the ability of B-cells infected with 237 

this virus panel to initiate and complete lytic replication. To this end, we stained B-cells 238 

at weekly intervals with antibodies specific to BZLF1 and gp350 (Fig. 8A). This 239 

analysis revealed that the B cell populations infected with rB95-8 showed some BZLF1-240 

positive cells one-week post-infection, although signals were weak and mainly located 241 

in the cytoplasm of infected cells and very rarely in the nucleus. These cells did not 242 

express gp350. This pattern remained visible for the following weeks with a regular 243 

decrease in the number of BZLF1-positive cells across the four weeks of observation. 244 

B-cells infected with rM81 and rMSHJ showed a different pattern of expression. While 245 

in both cases BZLF1 signals could be detected in the cytoplasm after one week of 246 

infection, cells showing BZLF1-specific nuclear signals became visible only in the third 247 

week post infection. At this time point, a minority of infected cells were strongly 248 

gp350-positive, and the majority of cells showed viruses bound to their surface. 249 

However, the percentage of gp350-positive cells was clearly higher in cells infected 250 

with rM81 than in those infected with rMSHJ. This pattern remained similar for another 251 

3 weeks, with a steady increase in the number of replicating cells. At six weeks post-252 
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 12 

infection, the number of B-cells infected with rM81 that produced BZLF1 was on 253 

average higher than their counterparts infected with rMSHJ, and the difference was 254 

even more pronounced for gp350 (Fig. 8B). A western blot analysis confirmed 255 

expression of these lytic proteins after infection with rM81 and rMSHJ1, although 256 

infection with the former led to stronger Fgp350 expression (Fig. 8C). This assay also 257 

showed that the BZLF1 protein produced by cells infected with rMSHJ has a lower 258 

molecular weight than the species produced by cells infected with rM81. This difference 259 

was previously noted after transfection of the B95-8 BZLF1 gene (4).  260 

 261 

B cells infected with rMSHJ replicate in an in vivo murine model 262 

We wished to confirm some of our data in an in vivo animal model. Therefore, we 263 

injected primary B-cells coated with rMSHJ or rM81 into immunosuppressed NSG-A2 264 

mice (18). 5 weeks after injection, mice developed tumors. Immunohistological stains 265 

revealed that for both viruses, these tumors expressed both BZLF1 and gp350 (Fig. 8D). 266 

We found that 8.7% of EBER-positive cells underwent replication 5 weeks post 267 

infection as assessed by BZLF1 expression after infection with rMSHJ that compares 268 

with 7.2% after infection with rM81.  Thus, there is a good correlation between the in 269 

vitro and the in vivo data, although tumors in vivo could only be analyzed at a single 270 

time point (5 weeks post infection). Injection of the IM-3 cell line revealed a similar 271 

pattern, although gp350 was less strongly expressed (data not shown).  272 

 273 

B-cells infected by rM81 or rMSHJ are responsive to a Btk-specific inhibitor. 274 

The role of the B cell receptor signaling complex on EBV lytic replication has been well 275 

established and we wished to study its impact on spontaneously replicating EBV-276 

infected B cells. To this end, we transformed a set of three independent B cell samples 277 
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with rB95-8, rM81 or rMSHJ and exposed them to ionomycin or to immunoglobulins 278 

directed against the B cell receptor to activate calcium-dependent pathways. While the 279 

latter treatment had no statistically significant effect on the replication rate of any of the 280 

different types of infected cells, the former potentiated it only in one cell sample 281 

infected by rM81 (Fig. 3D). We then blocked calcium signaling in these cells by 282 

exposing them to cyclosporin A. This treatment led to an average 30% reduction in the 283 

number of BZLF1-positive B-cells infected by rM81 that did not reach statistical 284 

significance, but had no effect in B-cells infected with rB95-8 or rMSHJ (Fig. 3D). We 285 

extended our investigations to modulators of the proximal arm of the BCR cascade by 286 

treating our panel of cell lines with Ibrutinib at concentrations known to inhibit Btk only 287 

(10 nM) (19). This led to a clear reduction of lytic replication in B-cells infected with 288 

rM81 and with rMSHJ, although the effects were less pronounced in the latter case (Fig. 289 

9A). As expected, the treatment with ibrutinib led to a reduction in the amount of p-Btk 290 

and of p-Akt-1 in treated LCLs, one of its downstream targets (Fig. 9B). All tested 291 

LCLs expressed p-Btk, irrespective of their ability to support lytic replication (Fig. 9B). 292 

Increase of Ibrutinib to 100nM completely inhibited replication. Importantly, exposure 293 

to Ibrutinib at both concentrations did not affect cell viability or cell growth (Fig. 9C, 294 

9D). Similar though less pronounced effects were observed in B-cells infected by 295 

rMSHJ. Finally, we exposed infected cells to the mTORC1 inhibitor Rapamycin that 296 

was previously reported to inhibit induced lytic replication (20, 21). This treatment 297 

indeed nearly completely blocked BZLF1 expression in both B-cells transformed by 298 

rMSHJ and in B-cells transformed by rM81, but it substantially decreased cell viability 299 

and division (Fig. 9A, 9C, 9D).   300 

 301 
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Infected B-cells that have lost permissivity to spontaneous EBV replication can be 302 

rescued by hypoxia treatment. 303 

Previous reports have shown that iron chelators that mimic hypoxia potentiate lytic 304 

replication in infected BL cells (22). We wished to test whether hypoxia also modulated 305 

spontaneous lytic replication in infected B-cells. To this end, we grew B-cells that had 306 

been infected with rB95-8, rM81 and rMSHJ for 30 days in a hypoxic chamber (1% 307 

oxygen) for up to one week and monitored BZLF1 protein expression in these cells. 308 

This treatment had no effect on B-cells infected with rM81 or rMSHJ (Fig. 10A). 309 

However, we observed the appearance of nuclear BZLF1 signals in cells infected with 310 

rB95-8, although the percentage of positive B-cells remained between 0.07 and 0.6%. 311 

We repeated this experiment with LCLs that had been in culture for more than three 312 

months and whose replication rates were reduced by 80%, relative to their peak. 313 

Hypoxia led to a 3 to 4-fold increase in the number of BZLF1-positive B-cells infected 314 

by rMSHJ or rM81 and again to the appearance of a few B95-8-transformed B cells 315 

with genuine BZLF1-positive nuclear signals (<0.5%) (Fig. 10A). Western blot also 316 

showed upregulation of BZLF1 and gp350 after infection with rM81 and rMSHJ (Fig. 317 

10A). We also observed a parallel decrease in LMP1 expression as the result of hypoxia 318 

treatment, associated to a reduction in EBNA2’s molecular weight. These changes 319 

correlated with an increase in apoptosis, as assessed by the appearance of cleaved 320 

PARP. We then investigated tumors induced by rM81 and rMSHJ infection in 321 

immunosuppressed mice to study the relationship between vascularization and lytic 322 

replication. Previous work had found that replicating cells were located at distance from 323 

vessels, suggesting that it was facilitated by a more hypoxic environment (22). This 324 

approach used an experimental system that visualizes larger vessels but not 325 

microvessels or capillaries. However, tissue oxygenation mainly depends on 326 
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microvessels that are too small to be visible with this method (23). Therefore, we 327 

stained tissues for both BZLF1 and CD34, a marker of endothelial cells (24). This 328 

approach showed that all BZLF1-positive B-cells are located in direct vicinity of 329 

capillaries (Fig. 10B), although the distance of these cells to large arteries varied more 330 

widely, ranging from 20 to 650 micrometers, with a mean distance of 400 micrometers 331 

(Fig. 10C). Therefore, we can confirm that replicating B-cells are enriched at a certain 332 

distance from larger blood vessels, but this does not translate into a significant distance 333 

from capillaries.  334 

 335 

  336 

 337 

  338 
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 Discussion 339 

EBV infects primary B-cells and epithelial cells, but the outcome of infection is 340 

classically different in these two types of cells. While infected B-cells initiate unlimited 341 

cell growth, epithelial cells support lytic replication (1). This dichotomy is based on 342 

early investigations that showed that infection of primary B-cells with the prototypical 343 

B95-8 strain does not lead to any measurable virus production, although the cellular 344 

background also modulates this property (25, 26). Similarly, early reports showed that 345 

spontaneously growing LCLs from individuals with IM did not produce any virus (27). 346 

However, approximately half of solid organ or bone marrow transplant recipients carry 347 

B-cells that showed some signs of lytic replication, for example presence of BZLF1 or 348 

gp350 transcripts or of linear DNA, suggesting that they are infected by particular 349 

strains or that the clinical context markedly modifies the balance between the virus and 350 

its host (28-32). Similarly, spontaneously growing LCLs from healthy individuals or 351 

from patients with rheumatoid arthritis displayed variable level of VCA production that, 352 

however, never exceeded 1% of the infected cells (27). Interestingly, B-cells infected by 353 

type 2 viruses produced viral capsid antigen in western blot at much higher levels than 354 

those infected with their type 1 counterparts (33). We now show that most samples of a 355 

panel of western type 1 viruses showed evidence of some degree of lytic replication 356 

coupled in many cases to spontaneous virus production that was visible in electron 357 

microscopy and allowed passaging of the virus to uninfected B-cells, a property that 358 

was not investigated in most previous studies. These daughter cell lines retained the 359 

ability to produce viruses, suggesting that this property is largely virus-specific. Some 360 

transformed B cell samples were exclusively latently infected and could not been 361 

induced to produce virus after treatment with TPA and butyrate. Because these viruses 362 

cannot be passaged to other B-cells, we cannot formally exclude that they might have 363 
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replicated in B-cells from other individuals. Altogether, these data confirm earlier 364 

studies that many type 1 EBV-transformed B-cells express low levels of lytic proteins 365 

for a limited period of time with an essentially abortive profile characterized by a gp350 366 

expression in up to 1% of the cells. However, they also show that 3 out of 22 of western 367 

type 1 viruses induce an unusually potent and sustained lytic replication in infected B-368 

cells. The identification of potent lytic replication in B-cells from transplant recipients 369 

or IM patients suggests that these cells are at an increased risk of genetic instability (9). 370 

In this line, it is important to note that a large subset of PTLD carry genetic 371 

abnormalities (34).    372 

A strict comparison between our strongly replicating EBV isolates and M81 is not 373 

meaningful as they infected different cells, had been growing for a variable length of 374 

time and also because the antibodies used in immunostains recognize lytic proteins with 375 

variable affinity owing to polymorphisms. However, infection of the same B cells with 376 

rM81 and rMSHJ showed that the rM81 replication rate remains clearly higher in vitro.  377 

Inducers of lytic replication such as TPA, ionomycin, TGF-beta or modulators of the B 378 

cell receptor generally only weakly enhanced the replication rate. This suggests that the 379 

pathways successfully activated by these drugs in other EBV replication cellular 380 

systems have comparatively little influence on infected primary B-cells permissive to 381 

spontaneous replication.  382 

Cloning and study of rMSHJ revealed differences between EBV strains. In 383 

contrast to rB95-8 that induces a transitory lytic protein expression within one week 384 

after infection, rM81 and rMSHJ infection led to sustained lytic protein expression that 385 

began only at three weeks post-infection, as previously described for rM81 (4). This 386 

suggests that multiple events must take place in the infected cell before replication can 387 

start, one of which being presumably DNA methylation of the viral genome. Indeed, 388 
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BZLF1 preferentially binds to methylated DNA (35). A second difference was that 389 

while replicating cells infected by rM81 and rMSHJ mainly showed nuclear BZLF1 390 

expression with a few cells showing cytoplasmic signals, cells infected by rB95-8 391 

mainly displayed BZLF1-specific cytoplasmic signals. This suggests the existence of a 392 

mechanism that regulates the location of the protein within different cell compartments. 393 

Finally, B-cells infected by rMSHJ and rM81, but not rB95-8, produced late proteins 394 

such as gp350 but also infectious virus, suggesting that polymorphisms in the B95-8 395 

genome cells both reduce initiation and completion of the lytic cycle.  396 

Sequencing of rMSHJ and of IM-3 confirmed the close proximity with B95-8, 397 

although they differed by 654 and 524 nt, respectively. The polymorphisms were 398 

distributed across the genome and it remains unclear at this stage which of these explain 399 

the various ability of these viruses to replicate (S1 Table). Sequencing the BZLF1 open 400 

reading frame and miniZp promoter thereof in our complete virus panel revealed that all 401 

of them are within the western group and 21/22 viruses are within the B95-8 subgroup 402 

and lack the Zp-V3 polymorphism. This fits with previous reports showing that patients 403 

with IM carry viruses that are very closely related to B95-8 (36). However, the 404 

replicating abilities of these strains widely varied, suggesting that polymorphisms 405 

outside of BZLF1 modulate this property. Other genetic elements such as EBER2 have 406 

been found to modulate the ability of some viral strains to support spontaneous lytic 407 

replication (37). We conclude that although some western viruses are genetically close 408 

to B95-8, they are sufficiently polymorphic to display variable properties. Which viral 409 

genes govern spontaneous lytic replication in B-cells infected with rMSHJ will be 410 

revealed by the analysis of the polymorphisms between rM81, rMSHJ and rB95-8. 411 

RM81-infected B-cells showed an inconstant and weak sensitivity to modulation of the 412 
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B cell receptor pathway through treatment with cyclosporine A, or Ionomycin. B-cells 413 

infected by rMSHJ or rB95-8 were even less sensitive to these treatments. 414 

In contrast, Btk was required for a potent spontaneous lytic replication both after 415 

infection with rMSHJ and rM81 (Fig. 9A). This inhibitor reduced the levels of p-Btk 416 

and its downstream pAkt-1 in treated cells (Fig. 9B). This treatment did not affect cell 417 

viability or cell growth (Fig. 9C and D). Treatment of induced BL cells with ibrutunib 418 

was previously reported to prevent lytic replication, although the doses used in this 419 

study were much higher and probably inhibited other kinases and cell viability (Fig. 9C 420 

and D) (20). As Ibrutinib has been extensively used in the treatment of lymphomas at 421 

doses similar to those used in this study, this drug might show therapeutic properties in 422 

EBV-associated diseases in which lytic replication is high such as chronic EBV 423 

infection or even some cases of PTLD. Rapamycin has similar properties, suggesting 424 

that mTORC1 is important for all types of EBV lytic replication, although it is unclear 425 

which of the multiple targets of this kinase are important for this process (20, 21). We 426 

could confirm that hypoxia activates spontaneous lytic replication of both rM81 and 427 

rMSHJ, but only in cells that had lost permissivity after several months in culture. In 428 

contrast, hypoxia had no effect on spontaneous lytic replication at its peak, one-month 429 

post-infection. Similarly, analysis of tissues infected by rMSHJ and rM81 showed that 430 

efficient replication in cells located very close to capillaries, confirming that hypoxia is 431 

not strictly necessary for spontaneous replication.  432 

In conclusion, we have identified strongly replicating type 1 western viruses that 433 

are closely related to B95-8, do not display the Zp-V3 polymorphism and are sensitive 434 

to ibrutinib. In contrast to rB95-8, rMSHJ will allow the genetic analysis of all EBV 435 

viral functions. 436 

 437 
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Materials and Methods 438 
 439 
Spontaneous cell lines 440 

Thirteen spontaneously growing LCLs were established from B-cells of thirteen 441 

immunosuppressed patients with increased EBV load (iEBVL) (sLCL-2 to -15, there is 442 

no sLCL-13) and nine sLCLs were generated form the B-cells of nine 443 

immunocompetent patients suffering from IM (IM-1 to -10, there is no IM-5). An 444 

iEBVL was defined by >1000 cop/ml, as determined by qPCR of a whole blood sample. 445 

The ethics committee of the University of Heidelberg approved the study (approval 446 

S/005-2014). Patients suffering from IM were diagnosed in Munich by the detection of 447 

EBV-specific IgM antibodies and were recruited to the IMMUC study (approval 448 

112/14). 1x10E5 B-cells from the blood of patients with IM or iEBVL were purified 449 

and seeded onto NHDF feeder cells. These peripheral blood CD19
+
 B-cells were 450 

isolated by ficoll density gradient followed by selection with anti-CD19 PanB 451 

Dynabeads and detachment of the beads (Invitrogen). Control cell lines included LCLs 452 

generated with rM81 and rB95-8, as well as the Burkitt’s cell lines Raji and Elijah 453 

(EBV-negative clone thereof). The M81 virus was isolated from a Hong Kong NPC cell 454 

line (38). B95-8 was isolated from a US patient with infectious mononucleosis (39). 455 

Raji is an EBV-positive BL cell line (40). The rMSHJ cell line was generated by 456 

infection of common marmoset peripheral B-cells with the EBV sLCL-2 virus that was 457 

isolated from a German stem cell transplant recipient with iEBVL (Table 1).  458 

 459 

BAC cloning  460 

A pMBO131-based plasmid carrying a prokaryotic F-factor origin of replication, the 461 

chloramphenicol (cam) resistance marker for prokaryotic selection, a SV40 promoter-462 

driven hygromycin gene for eukaryotic selection and a cytomegalovirus promoter-463 
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driven enhanced green fluorescence gene was used as a basis for the targeting vector 464 

(B951) (4). B951 was flanked with two half terminal repeats to generate the targeting 465 

vector. Ten million marmoset B-cells transformed by the virus that infects sLCL-2 were 466 

electroporated with 10μg of the targeting vector (270V, 960μF) and incubated in 10 ml 467 

RPMI 20% FBS for 16 hr at 37°C. 10
4
 cells per well were plated onto 96-U-well plates 468 

in RPMI 10% FBS + 75μg/ml hygromycin. Four weeks later, circular DNA from 15 469 

hygromycin-resistant clones was prepared and transformed into E. coli DH10B strain 470 

(41). DNA from cam-resistant colonies (15 μg/ml) was prepared and cleaved with the 471 

BamHI restriction enzyme. BAC DNA from one of these clones (B048, dubbed rMSHJ) 472 

contained a complete genome whose restriction pattern was partly similar to the one 473 

observed in the recombinant B95-8 and M81 strains. This DNA was amplified and 474 

transfected into HEK293 cells (1μg DNA per 4x10
5
 cells) using lipofection 475 

(Metafectene; Biontex). Cells were seeded onto 150 mm culture plates in RPMI 476 

supplemented with 10% FBS and hygromycin (100 μg/ml). Multiple GFP-positive 477 

colonies were expanded four weeks post-transfection and tested for their ability to 478 

produce virus particles upon induction of the lytic cycle. The recombinant B95-8 and 479 

M81 BAC clones were previously described (4). 480 

 481 

Sequencing and alignment 482 

The B048 clone was sequenced by high throughput sequencing with an Illumina HiSeq 483 

2000 and assembled using the GS Reference Mapper software. This analysis showed 484 

that the recombination occurred between the TR from MSHJ and M81 between the 485 

nucleotides 101 and 344 from MSHJ and nucleotides 83 and 326 from the M81 TR. The 486 

sequences of the ambiguous regions and the repeat regions were further confirmed 487 
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using a standard Sanger sequencing method. The sequences of the MSHJ and IM-3 488 

genomes are available (GenBank accession numbers MK973062 and MK973061). 489 

To perform alignments, the currently available EBV genome sequences were 490 

downloaded from the NCBI database. The EBV genomes were aligned with the 491 

Multiple Alignment using Fast Fourier Transform (MAFFT) v7.419 software (42). The 492 

phylogenic tree was generated with the MEGA7 software using minimum-evolution 493 

method.  494 

 495 

Gardella Gel Electrophoresis and Southern Blot Analysis. 496 

Cell lines were analyzed for evidence of linear or episomal viral DNA using the agarose 497 

gel electrophoresis described by Gardella et al. (43). In this method, 5x10E5 infected B-498 

cells were lysed in gel slots to avoid shearing of the viral DNA they carry. Southern blot 499 

hybridization was performed as described before using a P32-labeled probe directed 500 

against non-repetitive sequences specific to the EBV gp350 gene locus (44). 501 

 502 

Immunostaining and Western Blot 503 

Cells were fixed with 4% paraformaldehyde (BZLF1, EBNA2) or acetone (gp350) for 504 

20 min at room temperature. PFA-fixed cells were permeabilized in PBS 0.5% Triton 505 

X-100 for 2 min. Fixed cells were incubated with the first antibody at 37°C for 30 min, 506 

washed in PBS thrice, and incubated at 37°C for 30 min with the secondary antibody 507 

conjugated to Cy-3. Slides were embedded with 90% glycerol and visualized with a 508 

Leica DM5000B epifluorescence microscope. Western blots for viral proteins were 509 

performed as described before (45). For detection of EBNA1, -2, -3A/B/C, BZLF1, 510 

PARP and LMP-1, 50 μg of total proteins were denatured with beta-mercaptoethanol 511 

and loaded onto a 10% or a 12.5% SDS acrylamide gel. For detection of gp350, 50 μg 512 
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of non-denatured proteins were loaded onto a 7.5% SDS acrylamide gel. The list of 513 

antibodies used in this study is given in Table 6. 514 

 515 

Electron Microscopy 516 

6x10E6 cells were centrifuged for 10 min at 400 rpm. Further preparation, embedding, 517 

and sections were carried out as described previously (46). Ultrathin sections were 518 

examined by electron microscopy (Zeiss, EM900). 519 

Virus Production 520 

For recombinant virus production, lytic replication of 293/rMSHJ, 293/rM81, 293/rB95-521 

8 was induced by transfection of a BZLF1 expression plasmid with or without 522 

cotransfection of a BALF4 expression plasmid as described previously (45). The 523 

supernatants were collected four days post-transfection and filtered through a 0.45μm 524 

filter to remove cell debris.  525 

qPCR 526 

We performed qPCR to determine the EBV viral load in supernatants from producer 527 

cell lines. Briefly, 44 μl of the tested samples were treated with 1 unit of DNase I at 528 

37°C for one hour to destroy free viral DNA, followed by a heat inactivation step at 529 

70°C for 10 min. Proteinase K was then added at a concentration of 0.1 mg/ml for one 530 

hour at 50°C and heat-inactivated at 75°C for 20 min. Aliquots were diluted 1/10 with 531 

water and amplified by qPCR using primers and probes specific to the BALF5 DNA 532 

polymerase gene and a Taqman universal master mix as previously described (47). A 533 

standard curve was used to calculate EBV copy numbers per ml.  534 

 535 
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Virus Infections 536 

B-cells purified from peripheral blood with CD19-specific antibodies were exposed to 537 

viral supernatant for two hours at a multiplicity of infection (MOI) of 10 viral genomes 538 

per B cell, then washed once with PBS and cultured with RPMI supplemented with 539 

20% FBS in the absence of immunosuppressive drugs. Three days after infection, an 540 

EBNA2 staining was performed, 3 EBNA2-positive B-cells/well were seeded into 48 541 

wells of 96-U-well plates that contained 10xE3 gamma-irradiated NHDF feeder cells. 542 

We included non-infected B-cells as a negative control. Outgrowth of lymphoblastoid 543 

cell clones was monitored for 30 days post infection. Viruses used for infection of 544 

primary epithelial cells or of NSG-A2 mice were obtained by ultra-centrifugation of 545 

infectious supernatants (30000 x g for 2 hr at 4°C with a TLA-110 Beckman rotor) and 546 

resuspended in PBS. Transfer infection of primary epithelial cells was performed by 547 

coculture with primary B-cells previously exposed to viral supernatants at a MOI of 100 548 

for 2 hr at room temperature and left in RPMI-20% FBS for 20 hr in a CO2 incubator 549 

(17). Virus-loaded B-cells were then washed once in culture medium used for primary 550 

epithelial cells (KGM-SFM, invitrogen) and cocultured with primary epithelial cells at a 551 

concentration of 3 virus-loaded B-cells per epithelial cell. The B-cells were carefully 552 

removed 24 hr post-seeding and the infection rate of the primary epithelial cells was 553 

determined 48 hr thereafter by in situ hybridization with an EBER-specific PNA probe 554 

in conjunction with a PNA ISH detection kit (Dako) according to the manufacturers’ 555 

protocol. 556 

Transformation experiments in non-humanized NSG mice 557 

We isolated human CD19
+
 B-cells from buffy coats and exposed them to virus 558 

supernatants at a multiplicity of infection sufficient to generate 20% of EBNA2-positive 559 
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cells for 2 hours at room temperature under constant agitation (18). The infected cells 560 

were collected by centrifugation and washed twice with PBS. 2x10E6 of these cells, 561 

equivalent to 4x10E5 infected cells, were injected intraperitoneally into NSG mice (18). 562 

The mice were euthanized at 5 weeks post-injection, autopsied and their organs were 563 

subjected to macroscopic and microscopic investigation. 564 

Immunohistochemistry 565 

Organs from the euthanized NSG mice were fixed in 10% formalin and embedded in 566 

paraffin, and 3-μm-thin sections were prepared and immunostained after antigen 567 

retrieval (10 mM sodium citrate, 0.05% Tween 20 (pH 6.0), 99°C for 45 min). Bound 568 

antibodies were visualized with the Envision+ Dual link system-HRP (Dako). Pictures 569 

were taken with a camera attached to a light microscope (Leica DM2500). 570 

Measurements on stained tissues were performed with the Leica application Suite X 571 

software. Paired Student’s t-tests were performed with GraphPad PRISM 8.0 to assess 572 

the statistical significance of the results.   573 

Chemical inducers and calcium signaling  574 

1x10E5 cells from the panel of spontaneous LCLs and of B-cells transformed by rB95-575 

8, rM81 or rMSHJ were seeded into one well of a 96-well plate and incubated for 3 576 

days with ionomycin (1µg/ml), TPA (20ng/ml)/Butyrate (3.3mM) or TGF-ß (0.5ng/ml). 577 

In another sets of experiments, cells were treated with cyclosporin A (CSA, 1µg/ml), 578 

with anti-human B cell receptor antibodies (IgG/A/M (H+L) F(ab')2 fragment (Sigma, 579 

20µg/ml), with Rapamycin (10mM) or Ibrutinib (10nM and 100nM) for seven days.  A 580 

10nM concentration of Ibrutinib fully inactivates the BTK active site (19). After seven 581 

days, an immunofluorescent staining for BZLF1 was performed and the number of 582 
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positive cells determined by counting. The experiment was performed in triplicate and 583 

included mock-treated cells as a control.  584 

Cell lines  585 

HEK293 is a neuroendocrine cell line obtained by transformation of embryonic 586 

epithelial kidney cells with adenovirus (48). Peripheral blood CD19
+
 B-cells were 587 

isolated from fresh buffy coats by ficoll density gradient followed by selection with 588 

anti-CD19 PanB Dynabeads and detachment of the beads as recommended by the 589 

manufacturer (Invitrogen). These cells were exposed to various viruses to generate new 590 

virus-transformed cell lines (daughter cells). LCLs and cell lines were routinely cultured 591 

in RPMI-1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) 592 

(Biochrom). 593 

 594 

Hypoxia treatment  595 

1x10E5 cells from the rB95-8, rM81 and rMSHJ cell lines were seeded into one well of 596 

a 96-well plate and maintained under hypoxic conditions (O2 1.0%) in an InvivO2 597 

workstation (Baker) for one, three, five or seven days.  Cells kept under non-hypoxic 598 

atmospheric O2 concentrations (CO2 5%) served as a control. The experiment was 599 

performed in triplicate at 35- and 90- days post infection. 600 

 601 

 602 

 603 

 604 
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Figure legends 613 
 614 
Figure 1 Multiple EBV-positive B cell lines from western individuals support lytic 615 

replication 616 

Twenty-two sLCLs were immunostained with antibodies specific for BZLF1 and 617 

gp350. The pictures show the results of the staining in two of the investigated cases, 618 

together with cells infected with rM81 (white arrows: gp350-positive cells, white 619 

arrowhead: cells covered with viruses). The graphs give the percentage of BZLF1- and 620 

gp350-positive replicating cells, to the exclusion of non-replicating cells coated with 621 

viruses.  622 

 623 

Figure 2 Multiple EBV-positive B cell lines from western individuals produce 624 

viruses 625 

A) A Gardella gel analysis was performed to identify linear viral DNA that is produced 626 

during lytic replication. M81 served as a positive control, Raji as a negative control. B) 627 

Electron microscopy pictures showing viruses at the surface of EBV-positive B-cells in 628 

five cell lines. C) The panel of cell lines was subjected to a western blot analysis with a 629 

gp350-specific probe. The EBV-negative Elijah cell line served as a negative control. 630 

 631 

Figure 3 The ability of virus isolates to replicate is maintained in different B cell 632 

populations and chemical induction of lytic replication 633 

A) Thirteen iEBVL and IM sLCLs produced enough virus to infect another unrelated B 634 

cell sample. The replication rate as assessed by the percentage of BZLF1-positive B-635 

cells in the parental and in daughter cell lines is given in a dot plot. The average and 636 

standard error is also indicated. B) We also show an example of an immunofluorescence 637 

staining and a western blot for gp350 in parental and daughter cells. C) (Right panel). 638 
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Fifteen spontaneous LCLs were treated with a combination of TPA and butyrate, TGF-639 

beta, or ionomycine. The left dot plot shows the fold change in the number of BZLF1-640 

positive B-cells after exposure to the first two drugs, relative to mock-treated cells, the 641 

right dot plot shows the percentage of BZLF1-positive B-cells in the presence of 642 

absence of ionomycine. D)  Three independent primary B cell samples transformed with 643 

rMSHJ, rM81 and rB95-8 were treated with antibodies directed against the B cell 644 

receptor, ionomycin (Left panel) or cyclosporin A (Right panel). The dot plots show the 645 

fold change in the number of BZLF1-positive B-cells, relative to mock-treated cells.  646 

 647 

Figure 4 MSHJ replication in marmoset cell lines and its cloning as a BAC 648 

A) Primary B-cells from the peripheral blood of marmosets were infected with sLCL-2. 649 

B-cells infected by rM81 or by rB95-8 served as positive and negative controls, 650 

respectively. The picture shows BZLF1 and gp350-positive cells (red), the first graph 651 

gives the percentage of positive cells in the cell lines and the second gives the viral 652 

titers in the supernatants of the cell lines, as determined by qPCR.    653 

B) The rMSHJ, rM81 and rB95-8 genomes were digested with BamHI and the resulting 654 

fragments separated onto an agarose gel. The size of the fragments is given by the DNA 655 

ladders.  656 

 657 

Figure 5 IM-3 and rMSHJ are closely related to B95-8 658 

The genome of IM-3 and MSHJ (indicated by a dot) were aligned to 130 published 659 

EBV genomes, including B95-8 (indicated by a square). The genetic tree shows the 660 

degree of divergence between the sequences, the numbers give the branch length 661 

percentage and thus the level of divergence.  662 

 663 
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 664 

Figure 6 rMSHJ B cell tropism and transformation efficiency 665 

A) Three independent sets of primary B-cells were infected with rMSHJ, rM81 and 666 

rB95-8 at the same multiplicity of infection (10 genome equivalents per cell). Three 667 

days later, cells were stained for the EBNA2 protein. The dot plot shows the percentage 668 

of infected B-cells. B) Three independent sets of primary B-cells were infected with 669 

rMSHJ, rM81 and rB95-8 at the same multiplicity of infection (10 genome equivalents 670 

per cell). Three days after infection, cells were stained for EBNA2. Infected cells were 671 

seeded in a 96 well cluster plate at a concentration of three EBNA2-positive per well. 672 

Five weeks later, the percentage of outgrown wells was determined. The results are 673 

given in the dot plots. C) 3x10E5 cells from LCLs generated with rMSHJ, rM81 and 674 

rB95-8 were kept in culture for four weeks to generate a growth curve that is 675 

reproduced in the graph. 676 

 677 

Figure 7 rMSHJ epitheliotropism  678 

Primary epithelial cells were infected with rMSHJ, rM81 and rB95-8 at the same 679 

multiplicity of infection (100 genome equivalents per cell) using either direct or transfer 680 

infection on primary B-cells. Three days later, cells were subjected to in situ 681 

hybridization with a probe specific for the highly abundant non-coding RNA EBER.  A) 682 

shows a representative example of transfer infection. B) The graph of bars shows the 683 

percentage of infected cells under the different conditions studied after infection of 3 684 

samples. Cells were infected with viruses that express gp110 at high or low levels. We 685 

give the mean and standard error from three infection experiments.  686 

  687 

 688 
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 689 

Figure 8 B-cells infected with rMSHJ undergo a high level of spontaneous lytic 690 

replication. 691 

Three sets of independent primary B cell samples were infected with rMSHJ, rM81 and 692 

rB95-8. Expression of BZLF1 and gp350 was monitored once a week for four weeks. 693 

A) shows an example of immunostaining with BZLF1 and gp350. BZLF1 signals were 694 

detected in the nucleus, but also in the cytoplasm (white arrowheads) of infected cells. 695 

The dotplots show the percentage of cells displaying nuclear (left) or cytoplasmic 696 

(right) over time. B) Six weeks after infection, infected cells were subjected to 697 

immunofluorescence staining with antibodies specific for BZLF1 and gp350. The 698 

percentage of positive cells is given in the dot plots, together with the standard error.  699 

C) BZLF1 and gp350 expression in one B cell sample infected with the three viruses as 700 

determined by western blot. Staining for actin expression was used as a loading control. 701 

D) The pictures show expression of BZLF1 and gp350 in EBV-positive lymphoid 702 

tumors that developed in immunosuppressed mice after infection with rM81 or rMSHJ.  703 

  704 

Figure 9 B-cells infected with rMSHJ are sensitive to ibrutinib and rapamycin 705 

treatment. 706 

A) Three independent primary B cell samples transformed with rMSHJ, rM81 and 707 

rB95-8 were exposed to Ibrutinib (10 nM, 100 nM) or rapamycin (10 nM). B) Western 708 

blot showing expression p-Btk and pAKT-1 in rB95.8-transformed B cells with or 709 

without 10 nM Ibrutinib treatment (upper panel). Western blot showing p-Btk 710 

expression in B cells transformed by various viral strains S1 and S2: blood samples 1 711 

and 2 (lower panel).  C) Viability of 4 EBV-transformed B cell samples (LCL1 to 4) 712 

after treatment with increasing concentrations of Ibrutinib or Rapamycin D) Cell growth 713 
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rate of an EBV-transformed B cell sample after treatment with different concentrations 714 

of Ibrutinib or Rapamycin. 715 

 716 

Figure 10 Hypoxia reactivates lytic replication and lytically replicating cells are 717 

located closed to capillaries. 718 

A) Three independent primary B cell samples, each transformed with rMSHJ, rM81 and 719 

rB95-8 were kept under hypoxia for up to 7 days. The percentage of BZLF1-positive 720 

cells was determined after 1, 3, 5 and 7 days of hypoxia. The experiment was performed 721 

with 30- (left panel) or 90-days old transformed B cell samples (right panel). One 90-722 

day old cell sample set was analyzed by western blot using antibodies specific to 723 

BZLF1, gp350, LMP1, EBNA2, actin and PARP after hypoxia treatment.  724 

B) Immunohistochemistry showing CD34-positive small arteries (white arrowhead) and 725 

capillaries (arrow), together with BZLF1-positive B-cells (arrowhead). We show one 726 

sample infected with rM81 and one sample infected with rMSHJ at low (x20) and high 727 

(x40) power. C) We measured the shortest distance between 100 BZLF1-positive B-728 

cells and the closest capillary or small artery. The results are given as dotplots for 729 

tissues infected with rM81 (left) and rMSHJ (right).  730 

 731 

 732 
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Patient number Age Sex 
Foreign 

country 

Transplanted 

organ 

Time from 

transplantation 

to increased 

EBVL (in days) 

EBV 

cop/ml WB 

Immunosuppressive  

regimen 
PTLD status at lat FU 

sLCL-2 66 m Germany SCT 26 3150 CSA, MTX - alive  

sLCL-3 56 f Germany KT 7456 9870 CSA, ST yes* alive 

sLCL-4 66 f Spain KT 1821 18600 CSA, MMF, ST - alive 

sLCL-5 
64 m Germany SCT 29 1000 FK, MMF - 

dead (relapsed 

ALL) 

sLCL-6 66 f Germany KT 3024 1730 ST - alive 

sLCL-7 68 m Germany SCT 26 2390 CSA - alive 

sLCL-8 46 f Russia SCT 41 2330 CSA - alive 

sLCL-9 64 m Germany SCT 35 2600 CSA - alive  

sLCL-10 60 f Germany KT 2853 1920 BELA/ST - alive 

sLCL-11 63 m Germany SCT 273 16200 FK - alive 

sLCL-12 32 m Germany KT 22 22600 CSA, ST - alive 

sLCL-14 37 m Germany KT 810 16400 FK, MMF, ST - alive 

sLCL-15 69 m Germany KT 613 1000 BELA, MMF - alive 

Table 1. Characteristics of the studied patients (sLCL2 to-15) with an increased EBV load. EBVL: EBV load, CSA: cyclosporin A, MMF: mycophenolate mofetil, FK: 

tacrolimus, SIR: sirolimus, AZA: azathioprine, MTX: methotrexate, BELA: belatacept, KT: kidney transplantation, SCT: stem cell transplantation, ST: Steroid, m: male, f: 

female, cop: copies, WB: whole blood, FU: follow up, ALL: acute lymphoblastic leukemia. * T-cell PTLD not EBV-associated.  
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cell line 

Mutations 

BZLF1 

mini-Zp 

Mutations 

BZLF1 ORF 
closest EBV strain 

EBV-

type 

sLCL-2  - C696G E1563 Owv7 (IM)  A 

sLCL-3  -  - B95-8 (IM) A 

sLCL-4  - C188G E1583 OWv7 (IM) A 

sLCL-5  - C696G E1563 Owv7 (IM) A 

sLCL-6  - G616T C696G GC-variant-9 A 

sLCL-7  - T383C G616T GC-variant-9 A 

sLCL-8  - G616T GC-variant-9 A 

sLCL-9    - B95-8 (IM) A 

sLCL-10  - G616T GC-variant-9 A 

sLCL-11  - A411C C696G GK_BL67 A 

sLCL-12  - A471G E1563 Owv7 (IM) A 

sLCL-14  - A301C B95-8 (IM) A 

sLCL-15  - G616T  GC-variant-9 A 

IM-1  - C163T G616T M-ABA A 

IM-2  -  - B95-8 (IM) A 

IM-3  - C696G E1563 Owv7 (IM) A 

IM-4  -  - B95-8 (IM) A 

IM-6  - 

C169T G175A C181A T213C G403A 

T437C T459C A471G G613T HL04 A 

IM-7  - 

C169T G175A C181A T213C G403A 

T437C T459C A471G G613T HL04 A 

IM-8  -  - B95-8 (IM) A 

IM-9  - 

C169T G175A C181A T213C G403A 

T437C T459C A471G G613T HL04   

IM-10  - G610T GC-variant-9 A 

Table 2. Polymorphisms in the BZLF1 gene and its promoter. IM: infectious mononucleosis, GC: 

gastric cancer, HL: Hodgkin lymphoma. 
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IM-3 rMSHJ 

number of bp differences compared to reference NC_007605_1 524 654 

aligned sequence 135748 135744 

closest IM-3 neighbour: sLCL-IS1.10 Australia PTLD 93   

closest rMSHJ neighbour: E1563_BCv1 USA IM   122 

aligned sequence (tandem repeats are not considered) 135740 135741 

      

number of bp differences between IM-3 and rMSHJ 280   

aligned sequence (tandem repeats are not considered) 135745   

 Table 3. Non-synonymous mutations in rMSHJ and IM-3 relative to NC_007605_1. Base pairs = bp. 
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sequences with most 

polymorphisms 

bp 

considered 

polymorphisms SNP + insertions/deletions 

number 

of bp 
% 

amino-

acids 

number of 

SNP 

insertions or 

deletions 

region between BNLF2a 

ORF and LMP1 ORF 673 26 3,86   26 

 

oriP 1355 30 2,21 

 

20 

insertion 10 

bp 

EBNA1 ORF 1050 23 2,19 15 23 

 BHRF1 intron 439 8 1,82 

 

8 

 

Cp promoter (BCRF1 gene 

to Ws repeats) 1719 31 1,80 

 

29 

1 bp 

insertion, 1 

bp deletion 

EBNA2  1272 20 1,57 11 17 

insertion 3 

bp 

LMP2A exon1 448 7 1,56 5 7 

 BRRF2 ORF 1614 23 1,43 12 23 

 LMP1 ORF 842 11 1,31 9 11 

 RPSM1 promoter part 

between BART.I and 

BART.Ia 966 11 1,14 

 

9 

1 bp 

insertion, 1 

bp deletion 

BDLF3 ORF 705 7 0,99 3 7 

 BBLF4 ORF 2430 20 0,82 5 20 

 EBNA3C ORF+intron 2746 22 0,80 11 22 

 BBLF2/BBLF3 ORF 2130 14 0,66 4 11 

 BDLF2 ORF 1263 8 0,63 4 8 

 BNRF1 ORF 3957 25 0,63 9 25 

 BGLF3 ORF 999 6 0,60 1 6 

 BRLF1 ORF 1818 10 0,55 4 10 

 partial LMP2B gene 

(genome nt1-1691) 1691 9 0,53 1 9 

 BGLF1 ORF 1521 7 0,46 2 4 deletion 3 bp 

BPLF1 ORF 8700 37 0,43 15 37 

 EBNA3A ORF 2835 11 0,39 7 11 

 BBRF1 ORF 1842 7 0,38 1 7 

 

BOLF1 ORF 3720 12 0,32 4 9 

insertion 3 

bp 

BSLF1 ORF 2625 4 0,15 1 6   

total: 49360 389 

 

124 365 

 % from total: 36,4 74,2 

  

69,7 

 Table 4. Polymorphisms of IM-3 relative to the reference NC_007605_1. Base pairs = bp, nucleotide = nt, 

open reading frame = ORF, single nucleotide polymorphism = SNP. 
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sequences with most 

polymorphisms 

bp 

considered 

  

polymorphisms SNP + insertions/deletions 

number 

of bp 
% 

amino-

acids 

number 

of 

SNP 

insertions or 

deletions 

EBER2 promoter before 

EBER2 74 4 5,41 

 

4 

 region between BNLF2a ORF 

and LMP1 ORF 673 19 2,82 

 

19 

 region between BMRF2 ORF 

and BSLF1 gene 537 15 2,79 

 

14 insertion 1 bp 

BDLF3 ORF 705 17 2,41 6 17 

 oriP 1355 29 2,14 

 

19 insertion 10 bp 

EBNA1 ORF 1050 22 2,10 15 22 

 BHRF1 intron 439 8 1,82 

 

8 

 Cp promoter (BCRF1 gene to 

Ws repeats) 1719 30 1,75 

 

28 

1 bp insertion, 1 

bp deletion 

LMP2A exon1 448 7 1,56 6 7 

 BRRF2 ORF 1614 24 1,49 12 24 

 LMP1 ORF 842 11 1,31 9 11 

 EBNA2  1272 15 1,18 8 15 

 RPSM1 promoter part 

between BART.1 and BART.Ia 966 11 1,14 

 

8 

1 bp insertion, 2 

bp deletion 

BGLF1 ORF 1521 17 1,12 2 14 deletion 3 bp 

BDLF4 ORF 678 7 1,03 2 7 

 BBLF4 ORF 2430 20 0,82 5 20 

 BGLF3 ORF 999 8 0,80 1 8 

 EBNA3C ORF+intron 2746 21 0,76 10 21 

 BDLF1 ORF 906 6 0,66 1 6 

 BBLF2/BBLF3 ORF 2130 14 0,66 4 14 

 BDLF2 ORF 1263 8 0,63 4 8 

 BNRF1 ORF 3957 25 0,63 9 25 

 partial LMP2B gene (genome 

nt1-1691) 1691 10 0,59 1 10 

 BXRF1 gene 2578 15 0,58 1 15 

 BRLF1 ORF 1818 10 0,55 4 10 

 BALF4 ORF 2574 12 0,47 4 12 

 BcLF1 ORF 4146 19 0,46 2 19 

 BPLF1 ORF 8652 37 0,43 15 37 

 EBNA3A ORF 2835 11 0,39 7 11 

 BBRF1 ORF 1842 7 0,38 1 7 

 BOLF1 ORF 3723 12 0,32 4 9 insertion 3 bp 

BSLF1 ORF 2625 6 0,23 2 6 

 total: 61263 477   135 464   

% from total: 45,2 72,9 

  

69,6 

 Table 5. Polymorphisms of rMSHJ relative to the reference NC_007605_1. Base pairs = bp, nucleotide = 

nt, open reading frame = ORF, single nucleotide polymorphism = SNP. 
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antibody clone dilution provider 

gp350 72A1 (mouse, IF) 

OT6 (mouse, IHC) 

1:30 

1:600 

R. Feederle 

JM. Middeldorp 

BZLF1 BZ.1 (mouse) 1:200 R. Feederle 

actin ACTN05 (mouse) 1:10000 Dianova 

LMP1 S12 (mouse) 1:4000 BD Pharmingen 

EBNA2 PE2(mouse) 1:100 R. Feederle 

EBNA1 IH4 (rat) 1:100 R. Feederle 

LMP2A 15F9 (rat) 1:50 R. Feederle 

EBNA3C 6C9 (rat) 1:100 R. Feederle 

EBNA3B A10-E3C (mouse) 1:100 R. Feederle 

EBNA3A E3AN-4A5 (rat) 1:100 R. Feederle 

PARP 9542 (rabbit) 1:1000 Cell Signaling 

CD34 EP373Y (rabbit) 1:200 Abcam 

Table 6. Antibodies used. IF = immunofluorescence, IHC = immunohistochemistry  
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