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Epstein-Barr-related herpesviruses, or lymphocryptoviruses (LCV), naturally infect humans and nonhuman primates (NHP),
but their host range is not well characterized. Using LCV and B cells from multiple species of Hominidae and Cercopithecidae,
we show that LCV can immortalize B cells from some nonnative species but that growth transformation is restricted to B cells
from their own family of hominoids or Old World NHP, suggesting a high degree of LCV adaptation to their natural primate

host.

erpesviruses in the lymphocryptovirus (LCV) genus are

found naturally only in hominoids (human, great apes, and
gibbons) and Old and New World nonhuman primates (NHP),
suggesting that they evolved relatively recently. LCVs infecting
hominoids and Old World NHP have well-conserved viral ge-
nomes and biological properties, including the ability to immor-
talize B cells from the natural host in vitro (1, 2). Epstein-Barr
virus (EBV), i.e., human LCV, can also immortalize B cells derived
from New World NHP, leading to the assumption that LCV might
have the ability to immortalize B cells from other NHP species (3,
4). However, a clear model for the host range of LCV-induced B
cell immortalization has not emerged from the literature.

While EBV has been reported to immortalize B cells from
chimpanzees, it was reported to be unable to immortalize cells
from baboons or macaques (5-8). LCV from cynomolgus ma-
caques (cyLCV) and rhesus macaques (rhLCV) could transform B
cells from both macaque species but not human cells (8, 9). These
data suggest a model of a restricted host range in which LCV can
immortalize B cells from their own and closely related primate
species but not cells from more distant species.

This model is challenged by reports that LCV from chimpan-
zees (chLCV) and baboons (baLCV) could immortalize B cells
from humans, baboons, and different macaque species, suggesting
no restriction of LCV host range among hominoids and Old
World NHP (6, 7). However, the cell line used as the source of
chLCV in those studies was obtained not by spontaneous out-
growth from chimpanzee peripheral blood mononuclear cells
(PBMC) but by infecting baboon PBMC with throat swab mate-
rial from chimpanzees (5, 6, 10). Virtually all domesticated Old
World NHP raised in conventional groups are persistently in-
fected with their natural LCV. Thus, the cell line derived from
baboon PBMC could theoretically have been infected with either
chLCV or endogenous baLCV, and techniques to distinguish the
two were not available at the time at which those studies were
performed. In our previous studies, we obtained immortalized
human B cell lines after exposing human PBMC to baLCV, but in
all cases the cell lines contained both baLCV and endogenous
EBV; i.e., baLCV required EBV coinfection for human B cell im-
mortalization (8). Those studies demonstrated the potential prob-
lem posed by persistent B cell infection with endogenous LCV and
the importance of confirming the molecular signature, or identity,
of the transforming virus in immortalized cells.
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Unfortunately, the cell lines putatively immortalized with
chLCV are no longer readily available for analyses to determine
whether they produced chLCV or baLCV or both. For this report,
we derived new transforming LCV isolates from a chimpanzee
(m5305) and a cynomolgus macaque (m4409) and defined mo-
lecular signatures for each. This investigation focused on testing
the host range models for hominoid and Old World LCV using
these new LCV isolates in addition to well-characterized homi-
noid (EBV) and Old World NHP LCV (baLCV and rhLCV) iso-
lates.

The m5305 chLCV and m4409 cyLCV isolates were derived by
spontaneous outgrowth of virus-infected lymphoma cells from a
chimpanzee and a cynomolgus macaque cultured in vitro. LCV
infection was confirmed by detection of EBNA2 orthologues in
both cell lines. Immunoblotting showed that the chLCV EBNA2
protein (Fig. 1A; lane 3) migrates with a molecular mass lower
than those of its orthologues from EBV (lane 2), baLCV (lane 4),
or thLCV (lane 5), whereas cyEBNA2 (lane 6) is comparable to
rhEBNA2 with respect to its molecular mass. Additional PE2-re-
active bands with lower molecular mass in lysates from chLCL and
rhLCL were observed occasionally and at various degrees of inten-
sity consistent with a protein degradation product. Expression
levels of full-length EBNA2 proteins detected by the PE2 mono-
clonal antibody in B cell lines infected with the respective LCVs
were comparable.

The EBNA2 open reading frames (ORFs) from chLCV and
cyLCV were PCR amplified and sequenced. ChREBNA2 was most
closely related to type I and II EBNA2 sequences (53.7% and 56%
amino acid similarity; Fig. 1B). CyEBNA2 was closely related to
rhEBNA2 (80.8% amino acid similarity) and more distantly re-
lated to EBV types I and II EBNA2 (46.3% and 45.3%). Since we
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FIG 1 Comparison of EBNA2 proteins from hominoid and Old World lym-
phocryptoviruses. (A) EBNA2 protein expression in B cell lines (10” cells per
lane) harboring EBV (B95-8 strain), chLCV (m5305), baLCV (S594), rhLCV
(LCL8664), or cyLCV (m4409) detected by immunoblotting with PE2 mono-
clonal antibody. (B) EBNA2 amino acid similarity of hominoid and Old World
LCV. EBV type Il is represented by the AG876 strain.

used a baLCV strain (S594; isolated from Papio hamadryas) dif-
ferent from that used for the published baEBNA2 sequence (BA65;
isolated from Papio cynocephalus), we sequenced baEBNA2 of S594
and found only four nucleotide and two amino acid changes com-
pared to BA65 baEBNA2 (Fig. 2) (6, 8, 11-13). The stronger
EBNA2 similarity of chLCV with EBV and of cyLCV with rhLCV
confirmed the hominoid and Old World NHP origins of m5305
chLCV and m4409 cyLCV, respectively. Furthermore, strain-spe-
cific differences in the EBNA2 sequence provide a unique molec-
ular signature to distinguish each LCV species.

The new chEBNA2, baEBNA2 (S594), and cyEBNA2 se-
quences also provide additional insight into the nine conserved
regions (CR) in EBNA2 originally defined by Ling et al. (13) on the
basis of alignment of baEBNA2 (BA65) with EBV type I and II
EBNA2s and later with rhEBNA2 (13, 14). Figure 2 indicates that
CR4, which started with the lowest percentage of identical resi-
dues (30%), is even less conserved, as shown by alignment with
our expanded repertoire of EBNA2s (14). Among the 25 amino
acids that originally formed CR4, only 5 are well conserved among
all LCV. In contrast, the expanded alignment confirms and
provides a better definition for the strongly conserved amino
acids in the remaining CRs. The alignment also identifies one
new cluster of residues (CR8.5) in between CR8 and CR9 that
are highly conserved in the carboxy terminus important for
EBNA2 transactivating activity.

Virus stocks were produced from cell-free supernatants of cell
lines infected with EBV (B95-8), chLCV (m5305), baLCV (S594),
cyLCV (m4409), and rhLCV (LCL8664) and induced for lytic rep-
lication. The relative amounts of viral DNA in the supernatants
determined by PCR (Fig. 3B) were comparable (14 X 10° to 32 X
10° DNA units) except for the amount of baLCV DNA, which was
approximately 3 logs lower than the amounts seen with the other
viral supernatants.

9134 jviasm.org

Journal of Virology

The relative amounts of infectious virus in the stocks were
tested by acute infection of the EBV-negative human B lymphoma
cell line Louckes and detection of EBNA2 after 48 h (Fig. 3A).
EBNA2 expression was readily detected after EBV, chLCV, cyLCV,
and rhLCV infection. EBNA2 expression was detected in Louckes
cells after infection with each LCV, indicating there was no abso-
lute block to entry of different LCV species into human B cells.
The rank order of the relative levels of EBNA2 expression in
Louckes cells was similar to, but did not exactly match, the rank
order of DNA titers measured by PCR, which may be related to
slight differences in the infectious titer versus viral DNA, effi-
ciency of human B cell infection, or expression levels of different
LCV EBNA2s in human cells. The low level of baEBNA?2 expres-
sion in baLCV-infected Louckes cells was consistent with the
much lower viral DNA titer in that stock. Thus, EBNA2 expression
after acute infection of Louckes cells confirmed the presence of
infectious EBV, chLCV, baLCV, cyLCV, and rhLCV in the virus
stocks and the ability of all LCVs to infect human B cells.

The same virus stocks were then tested for immortalization of
human, chimpanzee, cynomolgus macaque, and rhesus macaque
PBMC. Infected PBMC were cultured in the presence of cyclospo-
rine for 4 to 6 weeks and scored visually for immortalization by
counting the number of wells with proliferating lymphoblastoid
cells. Since we used the same viral stocks with all species of B cells
and since every B cell preparation was efficiently immortalized by
the autologous LCV, we controlled for the quality of both the
viruses and the cells used. EBV efficiently induced proliferation of
both human and chimpanzee PBMC, with cell outgrowth in a
high percentage of wells (Fig. 3B). Cells could be readily expanded
from both EBV-infected human PBMC and EBV-infected chim-
panzee PBMC, suggesting no preference of EBV for either homi-
noid B cell type. EBV induced no proliferation of cynomolgus
macaque or rhesus macaque PBMC. chLCV readily induced pro-
liferation of both chimpanzee and human PBMC, with compara-
ble numbers of positive microtiter wells for the two hominoid
species. chLCV-infected human PBMC proliferated robustly in
microtiter plates but were difficult to expand beyond the microti-
ter plates, suggesting a stronger growth advantage in the native
hominoid B cell. chLCV did not induce proliferation of PBMC
from either Old World NHP macaque species.

rhLCV and cyLCV both induced robust proliferation of their
native PBMC and had weaker proliferative activity against PBMC
from the heterologous macaque species. cyLCV infection of rhe-
sus macaque PBMC induced proliferation in several microtiter
wells, but the cells were difficult to expand. In the case of rhLCV
infection of cynomolgous macaque PBMC, only a single well dis-
played proliferation, but we were able to expand this into an im-
mortalized cell line that had growth kinetics similar to that of the
rhLCV-infected rhesus macaque cell lines. baLCV infection re-
sulted in high and comparable numbers of positive wells with
PBMC from the two macaque species despite the low viral titers,
and the cell lines were readily expandable from both macaque
species. thLCV, baLCV, and cyLCV all failed to induce any prolif-
eration of human or chimpanzee PBMC.

EBNA2 was characterized from cell lines derived from infec-
tion with nonnative LCV in order to rule out the possibility of
spontaneous outgrowth of cells infected with native LCV. PCR
primers capable of amplifying all EBNA2 species were used to
amplify and sequence DNA from independent cell lines of chim-
panzee PBMC immortalized with EBV (n = 6), PBMC from cyn-

September 2015 Volume 89 Number 17


http://jvi.asm.org

LCV Host Range Restriction

CR1 CR2 CR3

EBV_B95-8 HGGQTYHLIVDTDSLGNPSLSVIPSNEYQEQL NTGVEPPLEPPPPPFPFPPPPEPPPPPFPPPPPPSFPPPPEP————————- 3 107
EBV_AG876 HGGQSYNLIVDTDMSGNPSLSVIPTNPYQEQL INTGAP APPQPEFP > 81
chLCV_m5305 TGGEPYILLVENDENGRPQLTLSPTGPPRE PVEPREBBIOROTIVE HDGGE P~~~ —————— == == === === === 3332 333333 3 81
baLCV_BAGS GRSGDQFILDVENDETGRPAILLTFTVPALGE LSEMBBIBLRIIVGHS SDOHQGP LEGES ~~~~~~~~-~--NLPPPSPPPHPPPPPPPPPP-———————— 33203 99
baLCV_S594 RSGDQF I LDVFNDETGRPAILLTPTVPALGPL 233333333 : 99
cyLCV_md409 QAGGEYILHIATDENGQPVLSLTSTLS-TQAL FPPPPPPQPPLPLEQFP-SLEFEP 101
rhLCV_8664 QSGGQYILHVATDERGOPVLSLTSTLS-TQAL ENEGPQTVEG-——————--—----- [FPLPPPPEPELEPEPFPPVQEPER 102

* s x . * * k. . : o x B % Xk XEEX T 4(:
CR4
EBV_B95-8 YDVGHGH] NYIVRQSRGDRGL] FQARLVQPHVPPLRPTA-PTILSPLSQP 188
EBV_AG876 SDASQGH] QYLLRNARGQQGLI] SQVTLERQPVHNFRQEA-PIILLQSFAP 162
chLCV_m5305 GDSIGGY SHYILMOTQGNRGPHTPQTLORG 162
baLCV_BAGS ISPENGA SSYIVRQTQGACGLINPRVKPRVERPRMTILRPLTPLRLIRPERETYNPLSSENTESE 193
baLCV_S594 ISPENGH SSYIVRQTOGACGLINPRVKPRVPRPRMTILRPLTPLRLIRPPRPTYNPLSSENTESP 3 193
cyLCV_md409 G-PEGGH SNLIVRQAHGVRGLIRPLGPPRRNFTPPPMASFITLSPGSEHLSPTP-PTSTPPRATE-YTQHPQGLQMENECRHTNS LQTPWRESESHET 218
rhLCV_8664 G-FGGSH SNLIVRQAHGVRGLIATLGPQRRNFTPPPMASFITLSEGSENVSPTP-PPSTEPPRAAPSYLQLEQEPQTLNFGNHTAHFQTPWMPPPSHHT 220
= — T ¥ ¥
EBV_B95-8 TPPQPLMMPPRPTFPTPLEPATLTVPPRETRETTLEPTPLLTVLQ RETELQPTPSPPRMHLPVLHVPDQSMHPLTHQSTEN-DP 271
EBV_AG876  FTPVPMVALGHTLQPTP-------- PPRPTLPQ--PRIPLIIFER HTNQPATTPPTAPQRLTLGHQLSLEPHPPPHOSTPHCSS 236
chLCV_m5305 STAPSRIVPEGFAPPQATS-LLLLAPPRETEEQ STRAGPTPPQSTALLLLASPRETPFRE-THPEVEVLEF 231
balCV_BAGS  TPLPPRPPTASPPHSHPFQSEPKQTPPKPTLPLPGPPVEPPPETE SIQPTPHPTPPKPTIPSSGPHITLTPVPLSQPASTQGSNV 278
baLCV_S594  TPLPPRPPTASPPHSHPFQSEPKQTPPKPTLPLEGEPVEIPPPPTP—— = —— === mmmm— o mmmmmmomoooo o SIQPTPHPTPPKPTIPSSGPHITLTPVPLSQPASTQGSNV 278
cyLCV_md4409 NPPWAPRRPEYTQHRPPTSAPWRPSPLRHPQPRWAEMEPYTQHTQESWAPYRQTPTEPQAPP——————=-=-=~= RAPWGESP TKQQAFPGAPWGE SPTKQQALPQAQPLTSPERPAPFQ 325
rhLCV_8664  QSPWAPCRPPPFQHMPEPSAPWRPSPPRPEQPHWAYRPHYTQHTQPFWEPYRPPPTKHOAPPRVPWRES PVQAPPRAPWGES PTKQOAPE PAPWGESPTKQOAPPPAPPLTSPEHEDEPQ 340
S N
CR5 CR6

EBV_B95-8  DSPEPRSF TVFYN-IP ~PMPLPPSQLP VINDQOLHHLE CDPPQPSKTQ--GQSRGQSR 345
EBV_AG876  DSTGLEPP PTSYS-IP -SMTLSPEPLP VIYDOQALPET RDPTPTTQTPPTNTKQGPDO 312

chLCV_m5305 SPPQQTEP

baLCV_BA65S SQPIPQHKQILIIT
balCV_S594  SQPHPQHKQILIIT
cyLCV m4409

PFRPRQIPPMI

TPLATSQTPTTKQILPKTTRSSASMDPLPLPPLSTP
TPLATSQTPTTKQILPKTTRSSASMDPLPLPPLSTP
PTSHPTPPKHSSARNILQEHVHGQSSAQVPEIPHLQHSPHQLSSRNIPPLSSP-FKVPTVHLPPLSTTH

-TMPLSPSTLP INENLSPTEP
RDRPTSPRP
RDRPTSPRP

RTEPEPSTP

RTPLSSTPKP---DTYAQSS 309
PLPEHKLAGP-DLLTPSFDP 378
PLPEHKLAGP-DLLTPSFDP 378
TRSRASKRRK--GRTGGPSR 442

rhLCV_8664 STPHPTPPKHIPVH-————————— PLTHAPEGSPLQQAPQQLTPRNLPPLSSP-LKVPTVQLPPLCTT RTELQPPAP TRSKASKRRK--GKSRAPSR 447
o ] Tk ko T Tk Kk kk:
CR7 CR8
EBV_B95-8 GRGRGRGRGRGKGKSRDKQRKPGGPWRPEPN-----TS QG--QGAGDSPTPGPSNAAPVCRNSHTATP————-- NVSPIHEPESHNSPEA 451
EBV_AG876 [HOG--QGPENSPTPGPSTAGPVCRVTPSATP - -DISPIHEPESSDSEE 418
chLCV_m5305 TRGRGRGRGRGKP------ QE--QGASNSPTPGPSVLFPVYRDTPPTTPGPLPA-PHSPTHGSGSSSGPA' - 414
baLCV_BA6S PTPEEETVRKRVSRPRQATLRKPRPCRIPQREHIPQTE] PVHQPRPNSSPSTSTPEGLPPQSVFPHVAPGPSTS-QPLPLQEPQSSKTPS 496
baLCV_S594 PTPEEETVRKRVSRPRQATLRKPRPCRIPQREHIPQTE] PVHQPRPNSSPSTSTPEGLPPQSVFPHVAPGPSTS-QPLPLQEPQSSKTPSH 496
cyLCV_m4409 AQ-KGKGKGKGKAKARAKSGQESTPPKAGPAPSPQHFF 561
rhLCV_8664 AQ-KGKGKGKGKAKARARLGQESTPPQAGPVPSPQHTP] ASNPVRAPNSSPTPGPSEALPARSRLARAVAGRSAQPPESPVQEPQPSDTFEP 566
. . * *dkos * * .
CR8.5
EBV_B95-8 —-ADLDES; ETTESPSSDE-DYVEQF, 487
EBV_AG876 ——AELDES] ETTESHSSDE-ENVGHP) 454
chLCV_m5305 --QDLDET DTTNSHSSDE-ELET(P 450
baLCV_BA6S —PDNQ 4 530
baLCV_S594 ———-PDNQ) 530
cyLCV_m4409 DLEDMDE Y 600
rhLCV_8664 605

DLEDIDE
HE

ke kks sak  kek Yk s kk k k

FIG 2 Amino acid alignment of all available hominoid and Old World LCV EBNA2 sequences. Amino acid sequences from EBV type I (B95-8) and type II
(AG876), chLCV (m5305), baLCV (BA65 and S594), cyLCV (m4409), and rhLCV (LCL8664) EBNA2 were aligned using the ClustalW2 program. Conserved
regions defined by Peng et al. (14) are highlighted as open boxes, and new CR borders proposed in this work are highlighted as gray boxes. The newly identified
CR between CR8 and CR9 was named CR8.5 due to its location. Amino acid differences between baEBNA2 of BA65 and $594 strains are highlighted by a gray

background.

omolgus (n = 6) and rhesus (n = 6) macaques immortalized with
baLCV, and cynomolgus macaque PBMC immortalized with
rhLCV (n = 1). In all cases, only the inoculated virus species but
no endogenous virus was detected, confirming the ability of LCV
to immortalize B cells across species.

Our experiments support the model that hominoid and Old
World LCV have a relative, but not absolute, host range restric-
tion. EBV and baLCV provide the most clear-cut results, with the
ability to robustly immortalize B cells from the natural host and
from at least some closely related members within the same pri-
mate family, i.e., Hominoidae or Old World NHP (Cercopitheci-
dae). Results obtained with chLCV, cyLCV, and rhLCV were con-
sistent with this model, showing robust proliferation of cells in
microtiter wells from closely, but not from more distantly, related
species even though the cell growth was not robust enough to
establish cell lines under standard tissue culture conditions.

Since viral entry does not appear to be a barrier to LCV infec-
tion of B cells across primate species, the most likely explanation
for the block to B cell immortalization is that of differences in
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expression or function of the LCV latent-infection genes in B cells
from another species. Given the close evolutionary relationship
between hominoids and Old World NHP, one would predict that
the transcriptional regulation and cell signaling pathways impor-
tant for LCV-induced B cell immortalization, e.g., those repre-
sented by NF-kB and NOTCH, are highly conserved. Indeed, in all
instances tested to date, latent infection proteins from baLCV and
rhLCV are interchangeable with their EBV orthologues in func-
tional assays, e.g., genome maintenance by EBNAI, transcrip-
tional activation by EBNA2, or NF-kB activation by LMP1, al-
though not always with the same level of activity (14-16). Thus, it
is surprising that LCVs show such a strong preference for the
autologous or closely related B cell. This suggests that one or more
cellular pathways essential for LCV-induced B cell immortaliza-
tion are significantly different among primate hosts, requiring
evolution of LCV specific for a given primate species. Identifying
the differences in virus-host interaction that restrict LCV host
range provides an opportunity to elucidate novel pathways critical
for EBV-induced growth transformation. A first step in that direc-
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FIG 3 LCV-induced immortalization of B cells from different primate host
species. (A) Confirmation of infectious virus in cell-free supernatants by in-
fection of Louckes cells and detection of EBNA2 expression. Cell-free LCV
supernatants were produced from cell lines induced for lytic replication by
culturing in media supplemented with 12-O-tetradecanoylphorbol-13-acetate
(TPA) and butyrate. Louckes cells were infected with virus stocks and har-
vested 48 h after infection. EBNA2 was immunoprecipitated from cell lysates
using PE2 monoclonal antibody. Immunoprecipitates were subjected to SDS-
polyacrylamide gel electrophoresis followed by immunoblot detection of
EBNAZ2 with the PE2 monoclonal antibody conjugated with horseradish per-
oxidase. Asterisks indicate full-length EBNA2 protein bands. (B) Virus titer
and B cell immortalization. The relative amounts of LCV in each virus stock
were quantitated by endpoint limiting dilution PCR analysis of a highly con-
served sequence in the DNA polymerase gene. Equal volumes of virus stock
containing the total amounts of virus shown were used for infection of 107
PBMC of human, chimpanzee, cynomolgus macaque (cyno), or rhesus ma-
caque origin. Infections of baboon PBMC were not done (n.d.). Cells were
cultured in RPMI media with 10% fetal calf serum and 0.5 pg/ml cyclosporine
in microtiter plates with 200,000 cells/well for 6 weeks, and the number of wells
with lymphoblastoid growth was determined (—, no positive wells; +, 1 to 20
positive wells/50 total wells; ++, 21 to 44; +++, 45 to 50). Scores in paren-
theses indicate wells where outgrowth was visibly present but cells were diffi-
cult to expand. Medium control infections were carried out in parallel for all
PBMC infections, and no proliferation was observed at 6 weeks in any control
infections. Nonnative virus-cell combinations were tested for the presence of
the inoculating virus by EBNA2 PCR and sequencing.

tion would be to isolate the viral protein with restricted function.
This could be tested by replacing EBV proteins with, for example,
their thLCV orthologues and asking whether this would rescue the
defect of EBV-induced immortalization of rhesus macaque B cells.

Nucleotide sequence accession numbers. EBNA2 sequences
from cyLCV (m4409), chLCV (m5305), and baLCV (S594) were
deposited in GenBank under accession numbers KT072774,
KT072775, and KT072776, respectively.
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