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ABSTRACT

Coevolution of herpesviruses with their respective host has resulted in a delicate balance between virus-encoded immune evasion
mechanisms and host antiviral immunity. BILF1 encoded by human Epstein-Barr virus (EBV) is a 7-transmembrane (7TM) G-protein-
coupled receptor (GPCR) with multiple immunomodulatory functions, including attenuation of PKR phosphorylation, activation of
G-protein signaling, and downregulation of major histocompatibility complex (MHC) class I surface expression. In this study, we ex-
plored the evolutionary and functional relationships between BILF1 receptor family members from EBV and 12 previously uncharac-
terized nonhuman primate (NHP) lymphocryptoviruses (LCVs). Phylogenetic analysis defined 3 BILF1 clades, corresponding to LCVs
of New World monkeys (clade A) or Old World monkeys and great apes (clades B and C). Common functional properties were sug-
gested by a high degree of sequence conservation in functionally important regions of the BILF1 molecules. A subset of BILF1 receptors
from EBV and LCVs from NHPs (chimpanzee, orangutan, marmoset, and siamang) were selected for multifunctional analysis. All re-
ceptors exhibited constitutive signaling activity via G protein Gai and induced activation of the NF-kB transcription factor. In con-
trast, only 3 of 5 were able to activate NFAT (nuclear factor of activated T cells); chimpanzee and orangutan BILF1 molecules were un-
able to activate NFAT. Similarly, although all receptors were internalized, BILF1 from the chimpanzee and orangutan displayed an
altered cellular localization pattern with predominant cell surface expression. This study shows how biochemical characterization of
functionally important orthologous viral proteins can be used to complement phylogenetic analysis to provide further insight into
diverse microbial evolutionary relationships and immune evasion function.

IMPORTANCE

Epstein-Barr virus (EBV), known as an oncovirus, is the only human herpesvirus in the genus Lymphocryptovirus (LCV). EBV uses
multiple strategies to hijack infected host cells, establish persistent infection in B cells, and evade antiviral immune responses. As part
of EBV’s immune evasion strategy, the virus encodes a multifunctional 7-transmembrane (7TM) G-protein-coupled receptor (GPCR),
EBV BILF1. In addition to multiple immune evasion-associated functions, EBV BILF1 has transforming properties, which are linked to
its high constitutive activity. We identified BILF1 receptor orthologues in 12 previously uncharacterized LCVs from nonhuman pri-
mates (NHPs) of Old and New World origin. As 7TM receptors are excellent drug targets, our unique insight into the molecular mech-
anism of action of the BILF1 family and into the evolution of primate LCVs may enable validation of EBV BILF1 as a drug target for
EBV-mediated diseases, as well as facilitating the design of drugs targeting EBV BILF1.

immunocompetent individuals (4). Similar to the case with other
herpesviruses, this ability of EBV to persist is presumably due, at

pstein-Barr virus (EBV) is a human gammaherpesvirus classi-

fied as Human herpesvirus 4 in the genus Lymphocryptovirus
(LCV). Worldwide, over 90% of adults are infected with EBV (1).
Although EBV infections are normally asymptomatic, primary
encounter with the virus can present as infectious mononucleosis
(2). Under appropriate conditions (immunosuppression or Plas-
modium falciparum coinfection), EBV can also function as an on-
covirus, and EBV-driven transformation of B cells and epithelial
cells is strongly associated with tumors (3).

Herpesviruses have coevolved with their respective hosts over
millions of years, resulting in the development of strategies to
promote their lifelong persistence within the host. Many of these
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strategies involve sophisticated immune evasion mechanisms to
modulate the host immune response. Normal EBV infection
therefore represents the establishment of a balance between host
immune response and multiple viral immune evasion strategies.
Despite the activation of a robust EBV-directed primary T-cell
response and establishment of EBV-specific memory, acute EBV
infection always results in lifelong persistence of the virus, even in
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least in part, to its ability to enter a stage of latency in which
protein expression is minimized, thereby limiting viral antigen
display to the immune system. However, in order to spread to a
new host, infectious virus particles must be produced by entering
the replicative or lytic phase (5).

EBV can be classified into two strains (types 1 and 2) based on
sequence variation of the EBV-borne nuclear antigen (EBNA)
gene (6). EBV type 1 is the more prevalent strain globally and is
frequently detected in Caucasian and Asian people. In contrast, all
EBV type 2 isolates originate from Central Africa, La Réunion,
and New Guinea (7). Coinfection with both EBV strains is also
possible but is more commonly detected in immunocompro-
mised individuals (6). A recent study showed that EBV belongs
to a single group of hominoid LCVs that arose by interspecies
transfer from an Old World monkey (8), consistent with the
occurrence of cross-species LCV transmission over evolution-
ary time. The restricted geographical localization of EBV type 2
to the Southern Hemisphere has also fostered the suggestion
that the 2 viral strains may have evolved by a subsequent re-
combination event between EBV and a second, related Old
World monkey LCV (7).

Aside from EBV, only two nonhuman primate (NHP) LCVs
have been characterized: rhesus LCV (RhLCV; taxonomic name:
Macacine herpesvirus 4), which infects Old World rhesus mon-
keys, and callitrichine LCV (CalHV3; Callitrichine herpesvirus 3),
which infects New World marmosets. All 3 LCVs appear to share
similar immune evasion strategies and have similar biological
characteristics, with promotion of lymphocyte growth and trans-
formation in vitro and persistent infection of B cells with the po-
tential for oncogenic transformation in vivo (9, 10). Even though
itis separated by an evolutionary distance of approximately 6 mil-
lion years, RhLCV has a repertoire of viral genes identical to that of
EBV, with an especially high degree of homology among the lytic-
cycle proteins (range, 49 to 98% amino acid similarity) (8, 10).
Although it shares a colinear genome, CalHV3 is more distantly
related, with the absence of a number of genes present within
RhLCV and EBV. Due to genetic and biological similarities with
EBV, RhLCV infection in rhesus monkeys has been used as an
animal model to study EBV infection. Similar to EBV infection in
humans, persistent RhLCV infection appears to rely on a balanced
host-virus relationship, as experimental infection with RhLCV
can lead to the induction of B-cell lymphomas in immunosup-
pressed rhesus monkeys (11).

Several herpes- and poxviruses have captured and maintained
a number of immune modulatory 7-transmembrane (7TM)-
spanning G-protein-coupled receptor (GPCR) genes (12-14).
These ancient events of molecular piracy have presumably been
essential for the survival of LCVs during coevolution with their
hosts over evolutionary time. Viral 7TM receptors have been
shown to serve many functions. These functions include chemo-
kine scavenge through broad-spectrum chemokine binding, as
shown for the two most thoroughly characterized herpesvirus-
encoded 7TM receptors: unique short region US28 from human
cytomegalovirus (HCMV) (15) and open reading frame 74
(ORF74) from Kaposi’s sarcoma-associated herpesvirus (KSHV)
(16). In addition to scavenging host chemokines (17, 18), these
receptors have additional functions and have been shown to
reprogram intracellular signaling networks (19, 20), modulate
cellular motility, and stimulate cytokine and growth factor se-
cretion (21-24). Consistent with their immune evasion func-
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tions, most viral 7TM receptors characterized to date are dis-
pensable for viral replication in vitro but are critical for normal
viral growth in vivo (25-27).

EBV encodes a 7TM receptor (EBV BILF1) that is constitu-
tively active through multiple signaling pathways (28, 29), similar
to HCMV US28 (20, 30, 31) and KSHV ORF74 (16, 19, 31, 32).
However, in contrast to most herpesvirus-encoded 7TM recep-
tors, EBV BILF1 does not function as a chemokine receptor. In-
stead, EBV BILF1 is the first 7TM receptor shown to downregulate
cell surface major histocompatibility (MHC) class I molecules
(33-35). EBV BILF1 affects both the exocytic and the endocytic
pathways of MHC class I molecules, contributing to impaired an-
tigen presentation of MHC class I/peptide targets to CD8™ T cells
(34). EBV-BILF1 receptor signaling and conformation also
seem to play a central role. However, the precise molecular
mechanism by which the BILF1 receptor targets MHC class I
molecules is still unclear. RhLCV and CalHV3 are also known to
encode BILF1 orthologues (33, 35). However, only BILF1 from
RhLCV appears to share the MHC class I targeting function of EBV
BILF1 (33, 35).

In the current study, we investigated BILF1 orthologues from
an additional 12 recently identified NHP LCVs. As EBV has been
suggested to originate from transmission of an ancient Old World
monkey LCV to humans, we searched for putative BILF1 recep-
tors encoded by these uncharacterized LCVs of NHPs and then
explored their evolution, sequence conservation, and functional
properties. Based on high amino acid sequence conservation, we
identified putative BILF1 orthologues in all investigated LCVs at
the same genomic position as the EBV BILF1. These BILF1 ortho-
logues were identified in LCVs from diverse NHPs, ranging
from great and lesser apes to Old and New World monkeys.
BILF1 proteins clustered the identified LCVs into 3 phyloge-
netic groups (clades A to C). Selected receptors from each
group were characterized further in terms of receptor signal-
ing, cellular localization, and internalization in comparison to
EBV BILF1.

MATERIALS AND METHODS

Ethics statement. The samples analyzed in the present study originated
from previous studies (8, 36). A detailed ethics statement is available in the
publication of Scuda et al. (36).

Sample collection and processing. Blood and tissue samples from 12
nonhuman primate species, previously collected from deceased wild and
captive apes, Old World monkeys, and New World monkeys with PCR-
confirmed presence of LCV (8), were included in the present study. The
primate species are listed in Table 1, and details of the samples are avail-
able upon request. The DNA was prepared with the QiaAmp tissue kit
according to the manufacturer’s instructions.

PCR methods and sequencing. Details of the different PCR methods
are given below. All PCR products were purified by using a PCR purifica-
tion kit (Qiagen) and directly sequenced with a BigDye Terminator cycle
sequencing kit (Applied Biosystems, United Kingdom) in a 377 DNA
automated sequencer (Applied Biosystems).

Generic PCR for amplification of LCV LF2 sequences. For generic
detection of partial LF2 sequences of LCV, PCR was carried out with a set
of degenerate, nested primers with deoxyinosine substitutions (see Table
S1 in the supplemental material) under conditions described previously
(37). The primer-binding sites were placed in regions conserved among
the gammaherpesviruses and only minimally degenerate in order to avoid
amplification of gamma 2 herpesviruses.

For selective amplification of ORF LF2 of PpygLCV1 from samples
doubly infected with Pongo pygmaeus lymphocryptovirus 1 (PpygLCV1)
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Novel BILF1 Receptor Orthologues of Primate LCVs

TABLE 1 Host species, viruses, abbreviations, and GenBank accession numbers of novel and known BILF1 sequences

Complete
receptor- Partial receptor- GenBank
Virus encoding encoding accession
Host species Virus name abbreviation sequence” (bp) sequence (bp) Receptor name” no.
Novel BILF1 orthologues
Apes
Chimpanzee Pan troglodytes PtroLCV1 927 PtroLCV1 BILF1¢ KMO091910
lymphocryptovirus 1
Gorilla Gorilla gorilla GgorLCV1 939 GgorLCV1 BILF1¢ KM091912
lymphocryptovirus 1
Gorilla gorilla GgorLCV2 142 GgorLCV2 BILF1 —
lymphocryptovirus 2
Orangutan Pongo pygmaeus PpygLCV1 948 PpygLCV1 BILF1° KM091909
lymphocryptovirus 1
Pongo pygmaeus PpygLCV2 607 PpygLCV2-BILF1 KMO091916
lymphocryptovirus 2
Siamang Symphalangus SsynLCV1 1041 SsynLCV1-BILF1° KM091911
syndactylus
lymphocryptovirus 1
Symphalangus SsynLCV2 607 SsynLCV2 BILF1 KM091915
syndactylus
lymphocryptovirus 2
0Old World monkeys
Long-tailed macaque Macaca fascicularis MfasLCV1 607 MfasLCV1 BILF1 KM091917
lymphocryptovirus 1
Patas monkey Erythrocebus patas EpatLCV1 957 EpatLCV1 BILF1¢ KM091913
lymphocryptovirus 1
Red colobus Piliocolobus badius PbadLCV1 975 PbadLCV1 BILF1¢ KMO091907
lymphocryptovirus 1
New World monkeys
Black spider monkey Ateles paniscus ApanLCV1 924 ApanLCV1 BILF1¢ KM114261
lymphocryptovirus 1
White-faced saki Pithecia pithecia PpitLCV1 918 PpitLCV1 BILF1¢ KM091908
lymphocryptovirus 1
Known BILF1 orthologues
Primates
Human Epstein-Barr virus EBV 939 EBV BILF1 NC_009334
Rhesus monkey Rhesus RhLCV 939 RhLCV BILF1 AY037858
(Old World primate) lymphocryptovirus
Marmoset Callitrichine CalHV3 918 CalHV3 BILF1 KM091914
(New World primate) herpesvirus 3
Ungulates
Domestic pig Porcine lymphotropic PLHV1 978 PLHV1 BILF1 AF478169
herpesvirus 1
Porcine lymphotropic PLHV2 915 PLHV2 BILF1 AY170317
herpesvirus 2
Porcine lymphotropic PLHV3 1017 PLHV3 BILF1 AY170315
herpesvirus 3
Wildebeest Alcelaphine AIHV1 909 AIHV1 BILF1 NC_002531
herpesvirus 1
Sheep Ovine herpesvirus 2 OvHV2 1254 OvHV2 BILF1 NC_007646
Horse Equine herpesvirus 2 EHV2 621 EHV2 BILF1 NC_001650

“ Including stop codon.

b Original annotations of known BILF1 orthologues ORF in GenBank: ORF6 (CalHV3), vGPCR (PLHV], -2, and -3), A5 (AIHV1), Ov5 (OvHV-2), and E6 (EHV2).

¢ Detected by generic PCR using degenerate primers.
@, nucleotide sequence too short for GenBank submission; sequence information available on request.

and PpygLCV2, an oligonucleotide with locked nucleic acid (LNA) sub-
stitutions (5'-cc+T+T+Acc+T+Gec+T+G+Ge+G-3'; TIB MOLBIOL
GmbH, Germany) was used to selectively inhibit amplification of
PpygLCV2 LF2 sequence under conditions described previously (38).
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Specific LD PCR for amplification of sequences spanning from the
BALFS5 gene to the LF2 gene. Nested nondegenerate primers (see Table
S1) were designed on the basis of previously identified LCV BALF5 se-
quences (8, 39) and the LCV LF2 sequences determined in this study.
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Specific long-distance (LD) PCR was performed for each LCV in a nested
format with the TaKaRa-Ex PCR system (TaKaRa Bio Inc., France) ac-
cording to the manufacturer’s instructions.

BILF1 PCR. Partial BILF1 sequences were amplified with nested
primer pairs, either degenerate (primer pairs 4141 and 4142) or nonde-
generate (primer pairs 4176 and 4177) (see Table S1). They were deduced
from an alignment of known BILF1 sequences and those determined in
this study with BALF5-to-LF2 LD PCR. EBV BILF1 and CalHV3 BILF1
were amplified from primary sample material (8) using specific primers
(not shown) based on the sequences published in GenBank (NCBI). PCR
was carried out under the following conditions: 1 cycle at 95°C for 12 min
and 45 cycles at 95°C for 30 s (annealing temperature [Tm] primer ac-
cording to the manufacturer’s instructions) and 72°C for 180 s, and 1
cycle at 72°C for 10 min.

Phylogenetic analysis and identification of conserved BILF1 recep-
tor motifs. For phylogenetic analysis of the BILF1 orthologues, amino
acid sequences were aligned using the MAFFT (40) plug-in of the software
Geneious Pro, version 6.1.6 (Biomatters Ltd.). The phylogenetic tree was
constructed with the neighbor-joining module, and the reliability of the
tree was analyzed by bootstrap analysis (100-fold resampling).

The alignments of the discovered BILF1 sequences with those from
GenBank were done in Geneious 6.0.5 using MAFFT v6.814b. The
BLOSUMS62 matrix was applied with gap open penalty and offset values of
1.53 and 0.123, respectively. The distinction between extra- and intracel-
lular regions was done using the Phobius webserver as a prediction pro-
gram (41). A manual correction was implemented in the used prediction,
extending TM3 so it began with CysIII:01. The sequence logo was gener-
ated using the web-based program WebLogo (http://weblogo.berkeley
.edu).

Receptor cloning and recombinant G-protein plasmid. The cloning
of EBV BILF1, Pan troglodytes lymphocryptovirus 1 (PtroLCV1) BILF1,
PpygLCV1 BILF1, Symphalangus syndactylus lymphocryptovirus 1 (Ssyn-
LCV1) BILF1, and CalHV3 BILF1 was done after amplification of the ORF
with standard PCR techniques using Expand high-fidelity polymerase
(Roche, Switzerland). The ORF was inserted into the vectors pPCMV-HA
and pCMV-c-myc (TaKaRa Bio Europe, France) by cohesive end ligation
and transformed into Escherichia coli. All experiments were performed
with the pCMV-HA constructs, except for the colocalization studies in
which both pCMV-HA and pCMV-c-myc constructs were used. The re-
combinant G protein GaA6qi4myr was kindly provided by Evi Kostenis
(Institute for Pharmaceutical Biology, University of Bonn, Bonn, Ger-
many). GaA6qi4myr has switched receptor specificity from wild-type
Gag-interacting receptors to Gai-interacting receptors and lacks the first
6 N-terminal amino acids, replacing the 4 C-terminal amino acids of
wild-type Gaq with the corresponding 4 C-terminal amino acids from
Gai and including an N-terminal myristoylation site (42, 43).

Cell culture and transfection. HEK-293 and COS-7 cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Germany)
plus 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Dur-
ing luciferase-based experiments, the cell medium (DMEM) was modified
to include heat-inactivated FBS and no penicillin-streptomycin. The
HEK-293 cells were transfected using Lipofectamine 2000 (Invitrogen,
Germany) according to the manufacturer’s protocol for the transcription
factor and the enzyme-linked immunosorbent assay (ELISA) experi-
ments. For the [*H]inositol phosphate (IP3) turnover experiments,
COS-7 cells were transfected by the calcium precipitation method (44).
For the immunohistochemistry experiments, HEK-293 cells were trans-
fected using the Effectene transfection reagent (Qiagen, Germany) ac-
cording to the manufacturer’s recommendations.

NFAT (nuclear factor of activated T cells), NF-kB, and CREB report-
ing experiments. HEK-293 cells were seeded in 96-well culture plates and
were transfected with 50 ng/well of the (cis-)reporter plasmids pNFAT-
LUC and pNF-kB-LUC (both from Stratagene, USA) and various
amounts of receptor DNA for CalHV3 BILF1 (5 ng/well). For the trans-
reporting CREB (cyclic AMP response element binding protein) system,
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50 ng/well of trans-activator plasmid (pFR-LUC) was cotransfected with 6
ng/well of the trans-reporter plasmid (pFA2-CREB) (both from Strat-
agene) and various amounts of receptor DNA as well as with and without
30 ng/well of the GaA6qi4myr plasmid DNA. Twenty-four hours after
transfection, the cells were washed twice in phosphate-buffered saline
(PBS), and 100 pl of PBS supplemented with 1 mg MgCl, together with
100 pl of luciferase assay reagent (SteadyLite; PerkinElmer, USA) was
added. Luminescence was measured in a Top-Counter (Top Count NXT,
Packard, USA). For the forskolin stimulation, HEK-293 cells were trans-
fected with various amounts of receptor DNA and the above-mentioned
concentrations of CREB reporter plasmids. Twenty-four hours following
transfection, cells were treated with 10 M forskolin (Sigma, USA) in 100
.l of assay medium. The assay was terminated 6 h later and luminescence
measured as described above.

Inositol phosphate production. The inositol phosphate turnover ex-
periment was performed as described previously. Briefly, 1 X 10° COS-7
cells were transfected with 5 g of receptor DNA in the presence or ab-
sence of 5 g of GaA6qi4myr. One day after transfection, the COS-7 cells
were transferred to a 96-well plate (3.5 X 10* cells/well) and incubated
with 4 wCi of myo-[*H]inositol in 100 wl of growth medium per well for
24 h. Cells were washed twice in PBS and were incubated in 0.1 ml Hanks’
balanced salt solution (Invitrogen, United Kingdom) supplemented with
10 mM LiCl at 37°C for 45 min. Cells were extracted by addition of 40 wl
of 10 mM formic acid to each well, followed by incubation on ice for 30
min. Twenty microliters of the extract was transferred to a white 96-well
plate, and 80 pl of 1:8-diluted YSi poly-p-lysine-coated beads (Perkin-
Elmer, USA) was added. Plates were sealed and shaken at maximum speed
for at least 30 min and centrifuged for 5 min at 400 X g, and gamma
radiation was counted in the Top-Counter mentioned above.

ELISA. HEK-293 cells were transiently transfected with the receptor
constructs at 15 ng/well. Twenty-four hours after transfection, the cells
were fixed with 3.7% formaldehyde for 20 min, washed with PBS, and
blocked in PBS containing 0.1% Tween 20 and 2% bovine serum albumin
(BSA) for 1 h at room temperature (RT). The cells were subsequently
incubated with a primary anti-hemagglutinin (anti-HA) antibody (anti-
H11, clone 16B12, mouse; HISS Diagnostics, Germany) for 1 h at RT,
washed (PBS), and incubated with a secondary goat anti-mouse horserad-
ish peroxidase-conjugated antibody (Dianova, Denmark) for 1 h at RT.
The peroxidase activity was determined by adding 3,3'-5,5'-tetramethyl
benzidine substrate (Kem-En-Tec, Denmark), and the optical density
(OD) at 450 nm was measured using a Victor2 multitask plate reader
(PerkinElmer, USA).

Immunocytochemistry and confocal microscopy. (i) Colocalization
of the BILF1 receptor orthologues with eGFPF. HEK-293 cells were cul-
tured on glass coverslips in 24-well plates and transiently transfected with
the receptor DNA (400 ng/well) together with eGFPF plasmid DNA (200
ng/well) (Clontech). The farnesylated enhanced green fluorescent protein
(eGFPF) vector contains the 20-amino-acid farnesylation signal from c-
HA-Ras fused to a modified form of eGFPF. The cells were fixed 48 h after
the transfection with 3.7% formaldehyde, washed with PBS, and perme-
abilized in 0.1% Triton-X for 10 min at RT. The cells were subsequently
blocked in PBS containing 0.1% Tween 20 and 2% BSA for 1 h at RT and
incubated with a primary antihemagglutinin antibody (anti-H11, clone
16B12, mouse; HISS Diagnostics) for 1 h at RT. After washing with PBS,
the cells were incubated with a secondary Rhodamine Red-X-conjugated
goat anti-mouse antibody (Dianova) for 1 h at RT. Cells were mounted
with Moviol (Sigma) and analyzed using an inverted confocal microscope
with a 63X water immersion plan-apochromatic objective with a 1.4 nu-
merical aperture (Zeiss, Germany).

(ii) Colocalization of the BILF1 receptors. HEK-293 cells were
seeded and cotransfected with the constructs EBV BILF1 (HA tagged)
and PtroLCV1 BILF1 (c-myc tagged), PpygLCV1 BILF1 (HA tagged) and
PtroLCV1 BILF1 (c-myc tagged), and SsynLCV1 BILF1 (HA tagged) and
PtroLCV1 BILFI (c-myc tagged) (200 ng/well of receptor DNA). Cells
were fixed and permeabilized as described for the colocalization studies of
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the BILF1 receptors with eGFPF. PtroLCV1 BILF1 cellular distribution
was detected by incubation with a primary anti-c-myc antibody (rabbit;
Sigma, USA) and a secondary Cy5-conjugated donkey anti-rabbit anti-
body (Jackson ImmunoResearch, Germany) for 1 h at RT. EBV BILF1 and
SsynLCV1 BILF1 receptors were detected by direct immune staining for 1
h at RT with an anti-HA fluorescein isothiocyanate (FITC)-conjugated
antibody (clone HA-7 FITC; Sigma). The washing, mounting, and confo-
cal microscopy steps were performed as described for colocalization stud-
ies of the BILF1 receptor orthologues with eGFPF.

(iii) Antibody uptake studies. HEK-293 cells were seeded and trans-
fected as described for the colocalization studies. Forty-eight hours after
the transfection, the cells were incubated in cold DMEM containing an
anti-HA antibody (anti-H11, clone 16B12, mouse; HISS Diagnostics) in
saturation for 1 h at 4°C. After 3 washes in cold DMEM, the cells were
incubated in prewarmed medium at 37°C for 30 min and then fixed in
3.7% formaldehyde. The cells were washed with PBS and incubated with a
FITC-conjugated goat anti-mouse antibody (Sigma) for 1 h at RT. The
cells were permeabilized in PBS with 2% BSA and 0.2% saponin for 20
min, followed by incubation with a Rhodamine Red-X-conjugated goat
anti-mouse antibody (Dianova) for 1 h at RT. Ultimately, the cells were
analyzed by confocal microscopy.

Statistical analyses. The data comparison between groups was per-
formed by an unpaired two-tailed ¢ test. The means = SEM and statistics
were calculated with GraphPad Prism software.

Nucleotide sequence accession numbers. The novel BILF1 sequences
determined in this study were deposited in GenBank under the accession
numbers given in Table 1.

RESULTS

Identification of BILF1 receptor orthologues from uncharacter-
ized LCVs of NHPs. We searched for BILF1 receptor homologues
in 12 novel LCVs identified in NHP hosts from Africa, Asia, and
South America (Fig. 1A). As the genomes of RhLCV and CalHV3
have open reading frames (ORFs) similar in sequence, genomic
position, and orientation to those of BALF5 (DNA polymerase
[DPOL]), BILF1, LF1, and LF2 of EBV, we assumed that the same
OREF organization is present in all NHP LCVs. Samples from 9
different NHP species had been identified earlier as LCV positive
(3 NHP species hosted 2 LCVs) with generic PCR assays targeting
the highly conserved glycoprotein B and DPOL genes (BALF4 and
BALFS5 in the EBV genome) (8). Using these samples, the viral
genome region from BALF5 (DPOL) to LF2 containing the BILF1
orthologous ORF was amplified in two steps. First, partial LF2
sequences were amplified from the 12 LCVs by using generic
nested PCR with degenerate primers that target conserved motifs
in LF2 (Fig. 1B). Based on the published DPOL sequences of LCV's
(8) and the newly determined LF2 sequences, specific DPOL sense
and LF2 antisense primers were selected for each virus. Using
nested long-distance (LD) PCR, the intervening sequence (ap-
proximately 3.5 kb) was then amplified. Eight LCV sequences
were successfully amplified with LD PCR, sequenced, and deter-
mined with BLAST analysis to span a region encoding a BILF1
orthologue (Table 1). In cases where either generic LF2 PCR or LD
PCR failed, partial BILF1-homologous sequences were amplified
with generic nested PCR using primers that had been deduced
from an alignment of known and novel BILFI nucleic acid se-
quences. This approach was successful in the 4 remaining LCVs, of
which partial BILF sequence of Gorilla gorilla lymphocryptovirus
2 (GgorLCV2) was amplified with the nested BILF1 primer set
4176/4177, whereas those of Macaca fascicularis lymphocrypto-
virus 1 (MfasLCV1), Pongo pygmaeus lymphocryptovirus 2
(PpygLCV2), and Symphalangus syndactylus lymphocryptovirus 2
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(SsynLCV2) were amplified with the nested BILF1 primer set
4141/4142 (see Table SI in the supplemental material). As re-
vealed by BLAST analysis of GenBank, BILF1 sequences were am-
plified from all 12 LCVs, including 8 complete ORF and 4 partial
sequences (Table 1). The analysis revealed also that although they
are more distantly related to EBV BILF1, members of the genera
Macavirus and Percavirus (ungulate gammaherpesviruses) also
encode putative 7TM receptors at the homologous genomic posi-
tion: porcine lymphotropic herpesviruses 1, 2, and 3, alcelaphine
herpesvirus 1 and ovine herpesvirus 2 (genus Macavirus), and
equine herpesvirus 2 (genus Percavirus) (Table 1).

Phylogenetic analysis of novel BILF1 receptors. We per-
formed phylogenetic analysis based on an alignment of a total of
63 7TM receptors comprising the 12 novel BILF1 sequences, 33
other virus-encoded 7TM ORF sequences, and 18 human chemo-
kine receptors currently available in GenBank. The phylogenetic
tree revealed that the BILF1 family constitutes the largest among
the virus-encoded 7TM receptors, with closest relationship to the
UL78/U51 and the most distant relationship to the human
chemokine receptors (Fig. 1C). A more detailed phylogenetic
analysis (PHYML algorithm) of the 12 novel and 3 previously
known BILF1 sequences resulted in division of these primate
LCVs into 3 major sister clades (A, B, and C) (Fig. 1D), compara-
ble to results from viral glycoprotein B-based phylogeny (8).
Clade A contains BILF1 orthologues from 3 New World monkey
LCVs (Ateles paniscus lymphocryptovirus 1 [ApanLCV1; from
black spider monkey], Pithecia pithecia lymphocryptovirus 1
[PpitLCV1; from white-faced saki], and CalHV3 [from marmo-
set]). Clade B is highly populated and comprises 4 novel BILF1
orthologues of great and lesser ape LCV (PtroLCV1 [from chim-
panzee], GgorLCV1 [from gorilla], PpygLCV2 [from orangutan],
and SsynLCV2 [from siamang]) and 3 novel BILF1 orthologues
from Old World monkey LCVs (Erythrocebus patas lymphocryp-
tovirus 1 [EpatLCV1], MfasLCV1, and Piliocolobus badius lym-
phocryptovirus 1 [PbadLCV1] [from patas monkey, long-tailed
macaque, and red colobus, respectively]), besides the 2 known
BILF1 receptors of EBV and rhesus macaque (EBV BILFI and
RhLCV BILF1). Clade C contains novel BILF1 orthologues from
orangutan LCV (PpygLCV1), gorilla LCV (GgorLCV2), and sia-
mang LCV (SsynLCV1).

Identification of conserved motifs in BILF receptor ortho-
logues. Structural analysis within the BILF1 family has so far been
challenging due to the limited sequence information represented
by only 3 primate-derived BILF1 and 6 more distantly related
sequences from nonprimate ungulate gammaherpesviruses (Fig.
2). With identification of the 12 new NHP LCV BILF1 sequences,
we were able to perform multiple sequence analysis of 15 closely
related primate LCV BILF1 sequences and 6 sequences from the
ungulate gammaherpesviruses (Fig. 2). BILF1 receptors are clas-
sified as class A 7TM receptors (45, 46). As expected, an overall
high degree of conservation was observed within the predicted
transmembrane (TM) helices of the BILF1 molecules. However,
only a few residues were completely conserved. In TM3, CysIIL:01
(3.25) (see next paragraph) was 100% conserved. This was also the
case for residues putatively equivalent to AspIl:10 (2.50) in TM2
and TrpVI1:13 (6.48) in TM6 (45, 46). In contrast, prolines in TM5,
-6,and -7 (ProV:16 [5.50], ProVI:15 [6.50], and ProVII:17 [7.50])
and Asnl:18 (1.50) in TM1, which are highly conserved among
endogenous 7TM receptors, were absent from all sequences. The
functionally important and highly conserved E/DRY (Glu/Asp-
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FIG 1 Identification of novel BILF1 receptor sequences from uncharacterized LCVs of nonhuman primates and phylogenetic studies. (A) World map of primate
hosts harboring novel and known LCVs. The viruses are indicated in red and gray circles (novel and known LCVs, respectively); names of viruses and their hosts
are written in bold blac (novel viruses) and italic gray (known viruses). Three ape hosts (gorilla, siamang, and orangutan) harbor 2 distinct LCVs. (B) Map of
amplified genes and diagram of PCR strategy. EBV ORF BALF5 (DPOL), BILF1, LF1, and LF2 are symbolized as arrows (BILF1 ORF in red). A scale (in kb)
oriented on the EBV genome is given below. The right side shows degenerate nested primers (light gray squares) used to amplify part of the LF2 gene. A short solid
black line represents the amplified fragment. The left side represents published sequence information for the DNA polymerase gene of the investigated LCV (solid
black line). Based on both DPOL and LF2 sequences, specific primers (gray squares) were selected and long-distance PCR was performed. A final contiguous
sequence of approximately 3.5 kb was obtained, including the BILF1 ORF (red). (C) Phylogenetic tree of viral and endogenous 7TM receptors. The amino acid
sequences were aligned with MAFFT and an unrooted tree was constructed using the neighbor-joining algorithm. The published U12/UL33 (purple), US28
(yellow), poxvirus-encoded receptor (blue), human chemokine receptor (black), ORF74 (red), and UL78/U51 (orange branches) sequences were aligned with
the published and newly detected BILF1 sequences (green branches) and subjected to phylogenetic analyses. (D) Phylogenetic tree of BILF1 receptor family.
BILF1 amino acid sequences were aligned with MAFFT and a rooted tree was constructed, using the phyml/bootstrap algorithm and the KSHV ORF74 sequence
as an outgroup. The BILFI sequences of New World primate LCVs (clade A; bright green branches) separate from those of Old World primate LCVs (clades B
and C; dark green branches). The BILF1-homologous sequences from gammaherpesviruses of ungulates (gray branches) cluster separately from the primate
BILF1 sequences. Newly discovered BILF1 sequences are highlighted in red, and BILF1 receptors used for functional studies are marked with a star.

Arg-Tyr) motif (47) at the bottom of TM3 was only partially con-
served. All BILF1 receptors display a positively charged amino
acid (Arg or Lys) in position 2, and LCVs from apes and Old
World monkeys (clades B and C) display a negatively charged
amino acid (Glu) in position 1. Interestingly, all New World mon-
key clade A LCVs show a nonconserved change in position 1 (D to
H/F). The third position is not conserved (Fig. 2).

(The generic numbering system suggested by Schwartz and
Rosenkilde (48, 49) is followed by the numbering system of Ball-
esteros and Weinstein (50). In the first system, the helices are
numbered by roman numbers (I to VII) and the residues by arabic
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numbers. A helix is estimated to contain 26 residues, and the res-
idue in the middle has number 13. Residues located to the N ter-
minus of this have numbers below 13, and residues in the C ter-
minus are counted upwards from 13. The second system assigns
the most conserved residues in each helix with the number 50. A
downward count towards the N terminus and an upward count
towards the C terminus are applied for the remaining residues.)
We next analyzed extracellular receptor regions (Fig. 2 and 3)
and found a surprisingly high degree of conservation in particular
in extracellular loop 2 (ECL-2)—a level of conservation that ex-
ceeded even that of the TM regions. Disulfide bridges between 2
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amino acid sequences are highlighted with gray boxes and newly detected BILF1 amino acid sequences with red stars.
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FIG 3 Sequence logo of the ICL and ECL domains as well as from the C termini of the BILF1 receptors. In the schematic picture of a 7TM receptor, the ECL and
the ICL regions are depicted with the same colors as in Fig. 2. In the sequence logo, the chemical properties of the amino acids are represented in color (polar,
green; neutral, purple; basic, blue; acidic, red; and hydrophobic, black). The figure was created using the web-based program WebLogo

(http://weblogo.berkeley.edu).

Cys residues are common structural traits of extracellular loops of
class A 7TM receptors. The Cys residues on the top of TM3 and in
ECL-2, which are known to be involved in a disulfide bridge in
class A 7TM receptors (51), were conserved in the BILF1 family
(Fig. 2 and 3). All BILF1 receptors also contained a Cys in the N
terminus and in ECL-3, consistent with the conservation of a
second disulfide bridge between these two residues (52). Sim-
ilar to the extracellular regions (ECL-1 to -3), the intracellular
regions were also conserved in length and contained several
conserved positively charged amino acid residues, in addition
to an enrichment of serine and threonine residues, particularly
in the C terminus.

Functional domain analysis of the BILF1 receptor ortho-
logues. BILF1 sequences from ape and Old World primate LCV's
clustered within 2 phylogenetic clades (B and C) (Fig. 1D). EBV is
believed to have been derived by transmission of an LCV from an
0Old World monkey of the subfamily Cercopithecinae to humans or
an early hominoid lineage (8). Consistent with this derivation of
EBV, BILF1 from RhLCV and EBV were both located within clade
B (Fig. 1D and Table 1) and have been shown to share similarities
in signaling (28, 29, 33). To expand on these earlier studies, we
searched for putative conserved functional traits within the 7
novel BILF1 receptors in clade B and the 2 novel receptors in clade
C. Two clade B members (EBV BILF1, and PtroLCV1 BILF1 from
the chimpanzee) and 2 members from clade C (PpygLCV1 BILF1
and SsynLCV1 BILFI1 from the orangutan and siamang, respec-
tively) were selected for these comparative studies. PtroLCV1
BILF1 showed the highest sequence identity to EBV BILF1
(83.8%), followed by RhLCV BILF1 (80.4%) (Fig. 4). Despite the
close evolutionary relationship of their hosts (orangutan and sia-
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mang) to humans (53), PpygLCV1 BILF1 and SsynLCV1 BILF1
showed relatively low identity to EBV BILF1 (46.7% and 45.7%,
respectively) (Fig. 4).

Conserved constitutive signaling through Gai and NF-kB-
driven gene activation. The selected BILF1 ORFs were inserted
into the mammalian expression vector pPCMV-HA for receptor
functional studies. The pCMV-HA enables target protein expres-
sion to be confirmed based on the N-terminally localized hemag-
glutinin epitope tag. HEK-293 cells are commonly used for 7TM
receptor signaling studies and were accordingly used for the mo-
lecular characterization of the primate BILF1 receptors, as the cells
naturally targeted by the primate LCVs are in most instances not
available. To determine whether the BILF1 receptor orthologues
signal through Gai as previously shown for EBV and RhLCV
BILF1 (28, 29), receptor-mediated inhibition of forskolin-in-
duced CREB (cyclic AMP response element binding protein) ac-
tivation was investigated in transiently transfected HEK-293 cells
(Fig. 5A). All ape-derived BILF1 receptors significantly inhibited
the forskolin-induced increase of CREB in a dose-dependent
manner, indicating that they all activate Gai. No activity was ob-
served in the absence of forskolin, indicating the absence of sig-
naling through Gas (Fig. 5B), again consistent with previous find-
ings for EBV and RhLCV BILF1 (28, 29). Gai signaling was
supported by a robust activation of CREB following cotransfec-
tion of ape BILF1 receptor with the chimeric G protein
GaA6qid4myr (Fig. 5B). This chimeric G protein is recognized as
Gadi by 7TM receptors that utilize Gai, but it functions as a Gaq
subunit, leading to activation of CREB through phospholipase C.
To examine signaling through Gaq, we measured the accumula-
tion of [’H]inositol phosphate (IP3) in transiently transfected
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Old World primate LCV New World primate LCV Ungulate y-herpesviruses
) Clade B N Clade C N Clade A )
b 1t it !
EBV  PtoLCV1 GgorlCV1 EpallCV1 RhLCV MfasLCV1 SsynLCV2 PpygLCV2 PbadLCV1 GgorLCV2 PpygLCV1 SsynLCV1 ApanlCV1 PpitlCV1 CalHV3 ~ PLHV1  PLHV2 ~ PLHV3 ~ AIHV1  OvHV2  EHV2
- EBV 355% |136:7% |W385% M 168% | 17.0% | 153% | 154% | 197% | 163%
PiroLCV1 373% | 357% 17.0% | 17.6% | 17.9% | 174% | 17.7% | 19.1%
GgorLCV1 359% | 344% | 377% | 17.7% | 17.6% | 17.9% | 17.1% | 201% | 18.2%
EpatLCV1 382% A 374% | 168% | 167% | 17.4% | 18.1% | 204% | 17.9%
RhLCV 37.7% | 156% | 157% | 17.9% | 168% | 197% | 16.7%
Old World | Clade B | yzq/ cu1 301% | 184% | 174% | 227% | 209% | 209% | 21.3%
primate SsynLCV2 7 O 37.3% | 39.0% | 18.4% | 17.4% | 227% | 20.9% | 20.9% | 21.3%
Lev PpyglCV2 50.2% 77.2% | 90.1% | 99.5 9. 70.0% . 18.4% | 17.4% | 23.2% | 209% | 20.9% | 21.7%
PbadLCV1 70.4% | 70.4% | 70.0% | i 171% | 173% | 17.9% | 17.7% | 207% | 17.5%
GgorLCV2 373% | 19.2% | 135% | 21.2% | 157% | 17.6% | 23.1%
Clade CI PpygLCV1 31.7% 17.1% 18.6% 15.6% 15.4% 16.6% 16.0%
- SsynLCV1 . 180% | 183% | 162% | 17.7% | 163% | 13.5%
New World ApanLCVA 17.5% | 199% | 188% | 18.0% | 19.3% | 173%
primate CIadeAI PpitLCV1 | 391% | 39.1%  382% | 333% | 32.8%  33.8% | 19.2% 18.4%
Lcv CalHV3 E | 390% | 390% | 39.9% | 37.3%  317%  356% _19.5% 17.4%
T PLHV1 17.1% i 18.4% 192% | 17.1% . .
Ungulate PLHV2 17.6% ; 17.4% 13.5% | 18.6% . .
y-herpes- PLHV3 | 153% | 17.9% | 17.9% | 17.4% | 17.9% | 22.7% | 22.7%  232% | 17.9% | 21.2% | 156% | 162% | 18.8% | 19.5% | 19.5%
viruses AHV1 | 154% | 17.4% | 171% | 18.1% | 168% | 20.9% | 209% | 209% | 17.7% | 157% | 154% | 17.7% | 18.0% | 184% | 17.4% | 295% | 282% | 29.4%
OVHV2 | 197% | 17.7% | 20.1% | 204% | 19.7% | 209% | 209% | 20.9% | 207% | 17.6% | 166% | 163% | 193% | 197% | 183% | 313% | 30.4% | 33.6%
al EHV2 | 163% | 19.1% | 182% | 17.9% | 167% | 21.3% | 213% | 21.7% | 17.5% | 23.1% | 160% | 135% | 17.3% | 187% | 17.0% | 242% | 241% | 257% | 24.6% | 24.3%

FIG 4 BILF1 amino acid sequence identities. Amino acid sequence identity was
heat map.

HEK-293 cells. For these studies, the constitutively active KSHV
ORF74 7TM receptor served as a positive control (19, 31, 54).
None of the 4 ape BILF1 receptors resulted in any basal activity
through this pathway. KSHV ORF74 expression resulted in
IP3 accumulation, as expected (Fig. 5C). Cotransfection with
GaA6gi4myr resulted in accumulation of IP3, again confirming
the activation of Gai by the BILF1 receptors (Fig. 5C).

EBV and RhLCV BILF1 have previously been shown to medi-
ate NF-kB activation (29, 34, 35). This transcription factor plays a
central role in inflammation through its ability to induce tran-
scription of proinflammatory genes (55). An NF-kB reporter-

estimated based on an alignment of 21 BILF1 sequences and is displayed as a

based system in transiently transfected HEK-293 cells was used to
study NF-kB activation of BILF1 receptors. As shown in Fig. 5D,
the 3 novel ape BILF1 receptors activated NF-kB in a gene-dose-
dependent manner, similar to EBV BILF1. Of these, the SsynLCV1-
BILF1 showed the highest activity, whereas the BILF1 from EBV,
PpygLCV1, and PtroLCV1 had similar activities.

An additional transcription factor, NFAT (nuclear factor of
activated T cells), was analyzed due to its crucial role in the devel-
opment and function of the immune system (56), as well as cell
proliferation and induction of apoptosis (57). Activation of NFAT
has never been tested for any of the BILF1 receptors, including
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FIG 5 CREB-mediated transcription regulation and activation of the transcription factors NF-kB and NFAT by BILF1 receptors. (A) Inhibition of forskolin (10
pM)-induced CREB activation with increasing doses of BILF1 receptor DNA in transiently transfected HEK-293 cells. The negative control is displayed in white
circles, SsynLCV1 BILF1 in gray triangles, EBV-BILF1 in black circles, PtroLCV1 BILF1 in white squares, and PpygLCV1 BILF1 in black squares. (B) CREB
activation by the BILFI receptors in the absence (gray bars) and presence (white bars) of the promiscuous chimeric G protein GaA6qi4myr. The negative controls
are shown as bars with black horizontal lines. (C) IP3 turnover in HEK-293 cells transfected with receptor DNA and in the absence (gray) or presence (white
columns) of GaA6qi4myr. Positive controls (KSHV-ORF74) and negative controls (empty vector) are shown as bars with black lines. (D/E) Activation of the
NF-kB (D) and the NFAT (E) transcription factors in transiently transfected HEK-293 cells by the different BILF1 receptors, with negative (vector) and positive
(KSHV ORF74) controls. The controls and the BILF1 receptors are displayed as described for Fig. 3A (results of all experiments are shown as means * SEM;

n=3).
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FIG 6 Distinct cellular localization patterns of BILF1 receptors. (A) HEK-293 cells were cotransfected with EBV BILF1, PtroLCV1 BILF1, PpygLCV1 BILF1, and
SsynLCV1 BILF1 and the farnesylated enhanced green fluorescent protein (eGFPF). The representative pictures show the localization of the BILF1 receptors
detected with a primary HA antibody against the HA tag expressed at the N termini of the receptors (red signal, left side), the signal of eGFPF (green signal,
middle), and the merge signals of the BILF1 receptors with eGFPF (orange signal, right side). (B) Representative pictures of EBV BILF1- and PpygLCV1
BILF1-expressing HEK-293 cells (top) and SsynLCV1 BILF1-expressing HEK-293 cells (bottom), cotransfected with PtroLCV1 BILF1. EBV, PpygLCV1, and
SsynLCV1 BILF1 molecules were detected with an anti-HA FITC-conjugated antibody using an N-terminal HA tag (green signal). PtroLCV1-BILF1was detected
with a primary antibody against the c-myc tag (N terminal) and a secondary Cy5-conjugated antibody (red signal). (C) The graph shows cell surface expression
levels of the BILF1 receptors as estimated in ELISA using an N-terminal HA tag (means = SEM; n = 3). (D) Representative pictures of the constitutive
internalization of the BILF1 receptors determined by antibody uptake studies. HEK-293 cells were transfected with HA-tagged EBV BILF1, PtroLCV1 BILFI,
PpygLCV1 BILF1, and SsynLCV 1 BILF1. Forty-eight hours after the transfection, receptors present at the cell surface were stained with a hemagglutinin antibody
for 1 h at 4°C. Subsequently, cells were incubated at 37°C for 30 min to induce internalization and fixed afterwards. Labeled receptors still residing at the cell
surface were detected with a FITC-conjugated antibody (green signal) prior to permeabilization, while internalized receptors were detected with a rhodamine-

conjugated antibody (red signal).

EBV. We tested all 4 ape BILF1 receptors together with KSHV
ORF74 as a positive control (Fig. 5E) (31). In contrast to the sim-
ilar activation of CREB and NF-kB mediated by the 4 ape BILF1
receptors, only EBV and SsynLCV1 BILFI receptors induced
NFAT activation (at a level of approximately 40% activity com-
pared to that of KSHV ORF74). Taken together, these results show
that signaling profiles are not entirely conserved within the BILF1
family, yet there is a strong conservation of the Gai signaling and
the NF-kB activation, indicating that the latter pathways may play
important roles in crucial aspects of LCV replication in its primate
host.

Cellular expression, localization, and internalization of pri-
mate BILF1 receptors. EBV-BILF1 mainly localizes to the cell
membrane (28). To determine whether the other 3 ape BILF1
receptors showed a similar cellular localization pattern, HEK-293
cells were cotransfected with the EBV BILF1, PtroLCV1 BILFI,
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PpygLCV1 BILFI, or SsynLCV1 BILF1 expression plasmids to-
gether with a plasmid expressing a farnesylated enhanced green
fluorescent protein (eGFPF) (a marker for cell membrane lo-
calization) followed by confocal microscopy analysis. As shown
in Fig. 6A, 2 of the BILF1 receptors, PtroLCV1 BILF1 and
PpygLCV1 BILFI1, were predominantly localized to the cell
membrane. Consistent with previously reported data (28),
EBV BILF1 was also localized to the cell membrane, but it also
displayed an additional intracellular accumulation. In con-
trast, SsynLCV1 BILF1 was primarily located within the cell.
To control for differences in subcellular localization due to
different protein expression levels, we performed colocalization
studies using cells that have been cotransfected with different
BILF1 receptors expressing distinct epitope tags (c-myc and HA).
HEK-293 cells were transfected with either HA-tagged EBV
BILF1, PpygLCV1 BILF1, or SsynLCV1 BILF1, together with myc-
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FIG 7 Functional studies of CalHV3 BILF1. (A and B) To estimate cell surface expression levels of CalHV3 BILF1 in comparison to EBV BILF1, confocal
microscopy (A) and ELISA (B) studies were performed as described for Fig. 6A and C. (C) Internalization studies were performed for CalHV3 BILF1 as
described for Fig. 6D. (D/E) As shown in Fig. 5A and B for the ape and Old World monkey BILF1 receptors, CalHV3 BILF1-mediated CREB activity was
estimated by cotransfection of CalHV3 BILF1 with GaA6qi4myr and in the presence of forskolin (D), as well as by cotransfection of CalHV3 BILF1 with
GaA6qi4myr (E). EBV BILF1 was included in both experiments as a positive control. (F) IP3 turnover for CalHV3 BILF1 and EBV BILF1 is shown in the
presence and in the absence of. GaA6qi4myr as described for Fig. 5C. (G and H) NF-kB (G) and NFAT (H) activation by CalHV3 BILF1 and EBV BILF1
was estimated by cotransfecting HEK-293 cells with receptor and reporter plasmid DNA. The significance of the NFAT activity is proven by Student’s
2-tailed unpaired ¢ test (for EBV BILF1, P < 0.011, and for CalHV3 BILF1, P < 0.021; significance is indicated with an asterisk for both). Representative
pictures from the confocal microscopy studies (A and C) are shown, and the ELISA (B) and signaling (D to H) studies were performed 3 times (values are

means = SEM).

tagged PtroLCV1 BILF1 (Fig. 6B). Consistent with the single-re-
ceptor expression studies (Fig. 6A), EBV BILF1 and, to a greater
extent, SsynLCV1 BILF1 displayed intracellular accumulation in
addition to the cell surface expression, in contrast to the pri-
marily cell surface-localized PtroLCV1 BILFland PpygLCV1
BILF1. Finally, to quantitatively assess the relative cell surface
expression levels of the BILF1 proteins, we used an HA-specific
ELISA to measure cell surface expression of HA-tagged ver-
sions of the 4 BILFI receptors. Consistent with the results
from the immunofluorescence studies, PpygLCV BILF1 and
PtroLCV1 BILF1 showed higher cell surface localization than did
EBV BILF1 and SsynLCV1 BILF1 (which had the lowest surface
expression levels) (Fig. 6C). Overall, these results indicate that
similar to NFAT activation, cellular localization patterns are not
conserved within the BILF1 family.

Despite a suggested link between receptor endocytosis and
MHC class I downregulation (33), uptake from the membrane has
never been assessed for any BILF1 receptor. We therefore used
transiently transfected HEK-293 cells combined with antibody
uptake and confocal microscopy to assess whether the BILF1 re-
ceptors undergo constitutive internalization. For all 4 receptors,
internalization was induced into endocytic vesicles after 30 min at
37°C (Fig. 6D).

The BILF1 receptor from an LCV of a New World monkey
(marmoset CalHV3) displays properties similar to those of
great ape BILF1 and EBV BILF1. Phylogenetic analysis places the
BILF1 receptor of the New World monkey (marmoset) LCV
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CalHV3 within clade A together with the BILF1 receptors of the
New World monkey LCVs from PpitLCV1 and ApanLCV1 (Fig.
1D). However, CalHV3 BILF1 has previously been reported to
differ from EBV and RhLCV BILFI through its inability to target
MHC class I molecules (35). CalHV3 BILF1 also shows low iden-
tity (38.9%) to EBV BILF1 (Fig. 4). We therefore determined
whether CalHV3 BILF1 receptor display the same characteristics
of expression, signaling, and internalization as BILF1 from Old
World primate LCVs. The CalHV3 BILF1 ORF was cloned into
pCMV-HA and used for expression analysis and functional stud-
ies. CalHV3 BILF1 was found to be expressed mainly at the cell
surface (Fig. 7A), with slightly lower expression levels than EBV
BILF1 (Fig. 7B). Intriguingly, despite the lack of MHC class I tar-
geting properties, this receptor undergoes constitutive endocyto-
sis (Fig. 7C), similar to other BILF1 receptors (Fig. 6D). CalHV3
BILF1 also signaled constitutively via Gai (determined by activa-
tion of CREB upon cotransfection of GaA6qi4myr) to the same
level as EBV BILF1 (Fig. 7D/E). CalHV3 BILF1 also inhibited for-
skolin-induced CREB activation and mediated CREB activation
only in the presence of GaA6qi4myr, thereby indicating the ab-
sence of signaling through Gas (Fig. 7D/E). Similar to the other
BILF1 receptors, CalHV3 BILF1 did not signal through Gagq, as IP
accumulation was initiated only in the presence of GaA6qi4myr
(Fig. 7F). With regard to transcription factor activation, CalHV3-
BILF1 activated NF-kB and NFAT to the same extent as EBV-
BILF1 (Fig. 7G and H). In summary, the New World marmoset
LCV-derived CalHV3 BILF1 is a functional 7TM receptor with
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pharmacological properties similar to those of BILF1 receptors of
clades B and C, but without the ability to downmodulate MHC
class I molecules.

DISCUSSION

The frequent identification of virus-encoded 7TM receptors
within pox- and herpesvirus genomes suggests that these recep-
tors play important roles in the virus life cycle. With 7-membrane-
spanning o-helices and mechanistic coupling to G proteins, these
viral receptors all bear the structural hallmarks of classical endog-
enous 7TM receptors. With myriad identified pharmacological
inhibitors, cellular 7TM receptors are accepted as highly drug-
gable targets, and these virus-encoded counterparts may similarly
represent putative drug targets for amelioration of virus-mediated
diseases (58).

The most extensively studied viral 7TM receptors (KSHV
ORF74 and HCMV US28) function as chemokine receptor homo-
logues that interact with host (human) chemokines (16-18). The
capacity of these receptors to promiscuously bind (and scavenge)
human chemokines suggests their function in manipulation of the
host immune system presumably to enhance survival as part of a
viral immune evasion strategy (14). In contrast to KHSV ORF74
and HCMV US28, the LCV BILF1 receptors are not close homo-
logues to any known cellular 7TM receptor and do not appear to
bind host chemokines. However, the capacity of EBV and RhLCV
BILF1 to modulate cellular signaling pathways and target a wide
range of MHC class I molecules suggests that these receptors may
similarly play a central role for immune evasion (28, 29, 33-35).
The importance of BILF1 is underscored by the observation that
all primate LCVs investigated in this study encode an intact BILF1
receptor ORF. Even within the ungulate gammaherpesviruses of
the pig, wildebeest, sheep, and horse that have low sequence iden-
tity to primate LCVs, a putative 7TM receptor-encoding ORF has
been identified (but not characterized yet) at a similar genomic
position (59-61). However, not all gammaherpesviruses encode a
BILF1 orthologue. Murine gammaherpesvirus 68 (MHV-68), a
member of the related Rhadinovirus (RHV) genus, contains ap-
proximately 80 ORFs, 80% of which are homologues to genes of
KSHYV (genus RHV) and EBV (genus LCV) (62). MHV-68 is also
closely related in its biological function to both viruses (63). De-
spite this high similarity to LCVs, neither MHV-68 nor KSHV
encodes a BILF1 receptor, neither at the expected genomic posi-
tion nor elsewhere. This exclusivity of BILF1 receptors to LCVs,
ungulate percaviruses, and macaviruses suggests that a 7TM re-
ceptor-encoding ORF was captured once by a common ancestor
of members of these genera, after divergence from the rhadinovi-
rus lineage, which then evolved into BILF1 and its orthologues.

New and Old World monkey and great ape LCV's have a num-
ber of differences. Compared to EBV, the CalHV3 genome lacks
11 genes, some of which have known immune modulatory roles.
This marked difference in gene repertoire makes New World
LCVs interesting from an evolutionary perspective (10). Serolog-
ical studies showed that LCV infection in New World primates
may not be as ubiquitous as in humans (64), and the absence of
these immune modulatory genes could feasibly have impacted the
capacity for CalHV3 transmission or persistence within its host
(65). Regarding receptor function, CalHV3 BILF1 is unable to
downregulate MHC class I cell surface expression levels (35),
which contrasts with LCVs of the Old World. In the present study,
we found no clear differences between CalHV3 BILF1, and those
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of the other primate LCVs, suggesting that the lack of MHC class
I targeting may rely more on subtle structural differences than on
functional differences in the BILF1 receptors—knowledge that
may facilitate an understanding of the molecular mechanism of
how EBV BILF1 targets MHC class I molecules.

It has been suggested that both the exocytosis and the endocy-
tosis of MHC class I are affected by EBV BILF1 (34). However, it
has so far not been determined whether EBV BILF1 undergoes
internalization from the cell surface. Herein, we show that EBV
BILF1 does undergo recycling from the cell surface and that this
property is conserved for all investigated New and Old World
monkey and ape BILF1 molecules. This internalization may be
necessary for the immune evasive mechanism of EBV BILF1, as it
could occur in complex with MHC class I, thereby reducing MHC
class I cell surface expression levels. A similar immune evasion
strategy has been described for HCMV US28, which removes
(scavenges) chemokines from the surface of HCMV-infected cells
by constitutive internalization and recycling (17, 18). However, as
CalHV3 BILF1 is clearly recycled from the cell surface but does not
downregulate MHC class I, receptor recycling may be necessary
but is obviously not sufficient for this immune evasion function.
At present, the specific internalization and sorting motifs and sig-
nal-transducing adaptor proteins in EBV BILF1 remain to be
identified, though it has been shown that the C terminus and the
intracellular portion of the MHC class I molecules are essential for
BILF1-mediated downregulation of MHC class I (35). Our se-
quence analysis of novel BILF1 receptors allowed the identifica-
tion of several highly conserved amino acids in the C terminus,
which may be required for internalization. Mapping experiments
as the requirement of receptor cycling for MHC class I downregu-
lation are the focus of ongoing experiments.

Our sequence analysis of the BILF1 receptors showed the con-
served signaling motif (E/DRY motif at the bottom of TM3) to be
present in a partially modified version. Other motifs were com-
pletely absent (for example, the PIF motif [in TM3] and the
NPxxY motif [in TM7]) (45, 66). This modified version of the
E/DRY motif has also been observed among other herpesvirus-
encoded 7TM receptors (47). In spite of these differences, all
BILF1 receptors signaled through Gai and induced upregulation
of NF-kB-controlled gene expression. For EBV BILF, G-protein
signaling is known to be important for MHC class I targeting, as its
disruption (by an inactivating point mutation in the EKT modi-
fied E/DRY motif) (67) abolished MHC class I downmodulation
(33). Whether NF-kB signaling also plays a role for the immune
evasion function of EBV BILFI remains to be elucidated. Many
viruses are believed to modulate NF-kB due to its role as a central
mediator of the immune response via regulation of the expression
of inflammatory cytokines, chemokines, and cell adhesion mole-
cules (68). NF-kB also stimulates the transcription of MHC class I
genes (69, 70), a cellular defense mechanism to help the host im-
mune system to eradicate the virus-infected cell. This raises the
question as to why viruses would activate NF-kB. EBV contains
several immune evasive genes involved in targeting MHC class I
molecules (71). As too-low MHC class I expression levels could
feasibly alert the immune system (for natural killer cell-mediated
removal), a counteraction could be needed to enable fine-tuning
of MHC-I expression through virus-regulated NF-kB activation.
Alternatively, the observed NF-kB activation could be irrelevant
for the immune evasion function of EBV BILF1 and merely impact
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virus replication by altering cellular signaling pathways in the lytic
phase.

In contrast to the overall similarity in the functional properties
of the BILF, we observed differences in their subcellular distribu-
tion, with SsynLCV1 and EBV BILF1 differing from the predom-
inant cell membrane localization of PpygLCV1, PtroLCV1, and
CalHV3 BILF1. Variations in cellular expression patterns are not
uncommon for virus-encoded 7TM receptors. HCMV US28 is
predominantly intracellular (72), while KSHV ORF74 mainly lo-
cates to the cell membrane (73). Interestingly, only SsynLCV1,
CalHV3, and EBV BILF1 mediated NFAT activity. Thus, Ssyn-
LCV1 BILF1 (clade C) and CalHV3 BILF1 (clade A), with low
sequence identity to EBV BILF1 (clade B), have a higher degree of
functional similarity to EBV BILF1, indicating that sequence sim-
ilarity does not necessarily correlate with function. These differ-
ences could also be in part due to the use of HEK-293 cells as the
default cell line, as these are not the natural target cells of primate
LCVs. As viral receptors coevolve with their host, it is also possible
that these receptors gain specific functions beneficial for host-
virus interaction, thereby developing certain minor functional
differences.

As an auxiliary effect, the constitutive signaling of EBV BILF1
has been shown to lead to the release of vascular endothelial
growth factor (VEGF), cell transformation, and tumor formation
in a xenograft tumor model (67). EBV BILF1 is an early lytic gene,
yet lytic genes have been shown to exert an effect on EBV-associ-
ated tumorigenesis (74). Similar to the case with KSHV ORF74
and HCMV US28 (32, 54, 75), the proliferative and tumorigenic
properties of EBV BILF1 have been linked to its constitutive ac-
tivity (67). Consequently, EBV BILF1 may represent a potential
druggable target for the treatment of EBV-mediated proliferative
diseases.

We identified novel BILF1 sequences in 12 recently identified
NHP LCVs with high or moderate sequence identity to EBV
BILF1. This allowed identification of conserved motifs within the
BILF1 receptors and revealed a large level of sequence variation
and absence of common structural motifs compared to endoge-
nous host cellular 7TM receptors. The absence of the 3 highly
conserved prolines in TMS5 to -7 represents such changes and
would be expected to result in substantial structural changes as
prolines commonly provide kinks in a-helices (45). This lack of
conservation indicates overall major structural differences be-
tween the BILFI receptor family and endogenous host 7TM re-
ceptors. In contrast, extracellular loop 2 (ECL-2) was conserved.
This domain is generally important for receptor function by con-
tributing to protein folding and conformational constraining in
addition to forming the ligand-binding sites (76-78). ECL-2 is, on
average, the longest of the 3 ECLs and encompasses the most di-
vergent loop with sequence variations even within otherwise con-
served class A 7TM receptor families (52, 79). The length and
sequence of ECL-2 are surprisingly conserved for the BILF1 recep-
tors, indicating an essential role of this receptor region. This could
be as part of a ligand-binding site (MHC class I or yet unidentified
ligand), as a regulator of ligand entry into the receptor, or as es-
sential for conformational changes in the BILF receptors. A more
thorough investigation of the role of conserved receptor parts
could pave the path for the development of drug-like substances
for EBV BILF1 and thereby a step further into opportunities for
potential treatment of EBV-mediated diseases.
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