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INTRODUCTION

£ Epstein-Barr Virus (EBV) in
lture, the epidemiology and role
t disease, and the relevant
tablishing latent infectionin
infected cellsinmvirro,
ively investigated.

In the past 30 years since the discovery o
Rurkitt lymphoma (BL) cells growing in cu
of this Herpes virus in benign and malignan
molecular biological properties of the virusin es
B lvmphocytes. in causing proliferation of the latently
and in replicating in B lymphocytes, have been exiens
However, relatively little has becn done to correlate the molecular biologi-
cal observations with EBV recombinant molecular genetics which could
" provide a critical and independent approach to defining the role of viral
genes in specific aspects of virus infection and its effects on cell growth. For
the most part, the lag in recombinant EBV molecular genetics arose because
of the poor permissivity of B lymphocytes for EBV replication and the lack
of an alternative, more permissive host cell. Recently, however, substantial
progress has been made in the development of strategies for specifically
mutating EBV genes and for creating EBV recombinants. These strategies
have resulted in significant advances in-understanding the role of specific
EBV genes in lymphocyte infection and in cell growth transformation. This
review will focus on latent EBV infection and B lymphocyte growth
transformation. The relevant biology and biochemistry of EBV infection,
the general strategies for constructing EBV recombinants. and the signifi-
cant results of the application of these strategies to the study of the role of
specific EBV genes in latent infection and growth transformation will be

described. .
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BACKGROUND

First, the relevant medical and molecular biology (for more extensive
reviews and primary references see Liebowitz & Kieft, 1993; Miller, 198<:
Epstein & Achaong, 1979, 1986; Farrell, 1992; Henle & Henle, 1979; Klein.
1987; Middleton eral., 1991; Moss eral., 1992; Rogers, Strominger & Speck.
1992; Thomas, Allday & Crawford, 1991; Magrath, 1990; Amen cral.. 1586,
and also contributions by Rickinson, Farrell and Kiein in thisvolume). EBY
is transmitted in saliva. Infection begins in the oropharyngeal epithelium
which is permissive for virus replication. In the course of primary infection.
as many as 10% of the circutating B lymphocytes become infected. These
cells are largely non-permissive for virus replication and are probably the
important site of long-term latent EBV infection and of periodic reuci-
vation for reseceding of virus on to the oropharyngeal epithelium. Initially.
natural killer cells, and later, CD8™" cytotoxic T lymphocytes climinate
almost all virus infected B lymphocytes. In adolescence, this phase of infec-
tion and immune response results in the manifestation of acute infectious
mononucicosis. After primary EBV infection. only about 1 in 10°-1(7
peripheral blood B lymphocytes is tatently infected with EBV. When these
latently infected cells are cultured én vitro. or when normal B tymphocyies
are infected with EBV in vitro, the latently infected cells will continuousdy
proliferate. These latently infected celis are tumarigenic in nude mouse
brain or in SCID mice. The effect on B lvmphocyie proliferation is also scen
in cotton top tamarins where inoculation of a turge dosc of EBV resultsinun
acute polyclonal lymphoproliferative discase. A reluted discase occurs in
humans whose cytotoxic T lymphocytes specific for EBV transformed
tymphoeytes have been destroyed or rendered functionally incompetent or
in humans with X linked or sporadic genetic susceptibility to EBV infection
Thus, although latent infection of B lymphocytes is associated with the
expression of virus genes which can cause cell prolifcration, in the normal
host the proliferating latently infected cells are well contained and provide
fong term reservoir of virus from which infection can reactivate. can sprea
to the oropharyngeél epithelium, and can infect non-immunc hosts,
When primary B lymphocytes are infected with EBV in vitro, the virus

expresses six nuclear proteins or EBNAs, two integral membrane proteins
or LMPs and two small RNAs or EBERs. The EBNAs, LMPsand EBERs
are expressed in some latently infected cells in vivo since normal infected
humans have continuously circulating T lymphocytes which specificaity
recognize peptides derived from each of the EBNAs and LMPs (with the -
possible exception of EBNA 1) in the context of class [ histocompatibitity
molecules. EBNA or LMP mRNASs have also been detected in the periph-
eral blood of normal seropositive people. Further. these genesare expressed
in latently infected cells v EBV associuted Ivmphoproliferative discase.
However. the full complement of EBNAs and LMPs may not be expressed

-
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Fig. 1. EBV cpisome. transcripts. and mRNAs in latem B lymphocytc infection. Largeiy
unique {(U1T-US) and highly repetitive internal (IR1-4) orterminal {TR) repeat DNA domains.
the cpisome DNA replication origin and termination site (ori P} and the location of cxons
encoding EBY nuclear proteins (EBNA 1.2,3A.3B,3C. LP) or membrane proteins (LMP L.
IA or 2B) genes are indicated by dark boxes. The EBNA mRNAs arc spliced as indicated from
a single transcript. Transcription is shown as it initiates from the IR1 or Bam W promoter. In
many infected lymphocytes. after expression of EBNA LP and EBNA 2. the Bam C promater
in U1 dominates EBNA transcription. Alernative splicing then keads to cxpression of all of the
EBNAs. EBNA-LPis cncoded by repeating ¢xons (W1 or W2) from IR 1 and two shert unique
cxons from UZ2. Translation of EBNA LP is dependent on a splice between the cxons
downstream of the W or C promoters and the first W1 exon. RNAs with a 5b shorter first Wl
exon have an ATG at the beginning of the EBNA LP open reading frame and express EBNA
LP. RNAs with a longer W1 exon are not translated 1o EBNA LP. These RNMNAs have o long
untranstated leader and EBNA 2,3A, 1B, 3C or EBNA 1 from alicrnative open reading frames
at the end of their respective mRNAs, The EBERs arc two small, non-potyadenylated RNAs
which are transcribed in latent or productive infection. LMP 1 and LMP 2B arc transcribed in
opposite dircctions under controt of promoters scparated by only 200 bp. The promoters sharc
the'same EBNA 2 responsc clement and are bothup regulated by EBNA 2expression. Another
clockwise promoter downstream of the LMP 1 polyadenylation sitc ranscribes LMP 2A. LMP
2A ulso has an upstream EBNA 2 response clement. The cosmids used in one cosmid masker
rescue of transformution experiments {(EcoR1 A) or in the fisst second site marker Fescud
experiments {Sall C) orin the five cosmid genome reconstruction experimenis are shown.

in all latently infected cells. Another state of latent infection has been noted
in BL cells where, frequently, EBNA 1 is the only EBNA which is
expressed. If a similar state of Jatency can occur in a normal B lymphocyte,
the infected cell would not be recognized as foreign by most EBV immune
CDS§™ cytotoxic B lymphocytes.

The key steps in initiation of latent infection in primary B lymphocytes in
vitre (Fig. 1) are: -

1 Within § hours atter infection, the viral genome circularizes, and RNA
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is transcribed under control of the Bam W or IR1 latency promoier.
The RNA is processed into two multiply spliced mRNAs which differ
only in the second exon acceptor site and which encode either EBNA
LP from the multiply spliced first exon or EBNA 2 from z terminal
exon. Immediate early or other viral genes expressed in the course of
lytic infection are not expressed during latent infection.

Within 24 hours, EBNA 2 turns on EBV promoters for LMP1 and
LMP2 and cell promoters for CD21, CD23 and c-fgr. The EBNA
latency promoter in some cells shifts upstream to a Bam C or Ul
fatency promoter (probably due to EBNA 2 responsive elements
around the Bam C promoter). EBNA transcription now extends
through at least two-thirds of the R strand of the viral genome and the
EBNA transcript is processed into RNAs encoding EBNA LP, EBNA
2. EBNA 3A, EBNA 3B, EBNA 3C and EBNA i.

Within 48 hours, all the EBNAs and LMPs are expressed. The
expression of many B lymphocyte genes isinduced by EBNA 2 or LMP
1 orbyother EBNAs. EBNA3A, 3B and 3C are three distantly related
genes which evolved from a single progenitor since the three are
distantly homologous, are tandemly located in the EBV genome. are
similarly processed into a short and long exon at the end of EBNA
mRNAs, and encode proteins of approximately 1000 amino acids.
EBNA 3C can induce CD21 expression in B lymphocyies. LMP1 and
LMP2 localize 10 a patch in the plasma membrane. LMP1 has trans-
forming effects on immortalized rodent fibroblasts including loss of
contact inhibition, serum independence. anchorage independence and
nude mouse tumourigenicity. LMPT also induces expression of many B
lymphocyte activation and adhesion moiecules and of Bel-2 and A20,
two proteins which have anti apoptotic effects in B lymphocytes. Much
of this activation is probably mediated by NF-kb interaction. LMP2
‘ateracts with sec family tyrosine kinases (Burkhardt ef al., 1992).
By 3648 hours, cell DNA replication begins. Cell division follows.
The EBERs are then expressed. The EBV episome is maintained and
amplified through cell division in response 10 EBNA 1 binding to the
EBYV ori-p element and the recruitment of cellutar factors. Viral DNA
synthesis initiates at the dyad symmetry component of the origin and
terminates at the family of repeats component of the origin. {(Both
components being composed of repeats of the same EBNA 1 cognate
sequence).

The EBNAs, LMPs and EBERSs continue to be expressed and the cell
continues to proliferate.
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OBIECTIVES

Recombinant EBV-based molecular genetic experiments were initiated in
order to evaluate the relative importance of the EBNAs, LMPsand EBERs
in Jatent infection and cell growth transformation, and to define critical
domains and specific sites in these molecules which can be used to further
delineate essential biochemical interactions.

Background of the experimental strategy

The approach is based on previous studies of herpes simplex and pseudora-
bies virus molecular genetics, on the unique ability of EBV to establish
tatent infection and to transform B lymphocytes into cell lines {(1.CLs), on
strategies for transfection of B lymphocytes, and on strategies for the
induction of lytic EBV infection in latently infected cells. The important
principles of those previous experiments are: '

|. The transfection of herpes simplex virus (HSV) DNA or of overlap-
ping ciones of pscudbmbies virus (PRV) DNA into cells can result in
virus replication.
Transfection of HSV DNA into cells along with a mutagenized
fragment of HSV DNA results in a high frequency of incorporation of
the transfected DNA fragment into the correct site in the progeny viral
genomes. Transfection of cells with a DNA fragment and infection
with HSV results in a lower frequency of incorporation of the mutage-.
nized fragment into the correct site in the viral genome.

Lymphoblasts can be transfected by electroporation.

4. Lytic EBV infection can be induced with a low efficiency in latently
infected cells with phorbal esters, or butyrate, or by transfection of
cells with an expression vector for the 2 immediate early transactivator
of lytic EBV infection.

[

(5]

Thus. the strategies which evolved were based on lymphoblast transfec-
tion. on induction of partial permissivity for EBV replication, on the
expectation that a transfected EBV DNA fragment would recombine with
the replicating EBV genome in lytically infected cells and on the ability to
identify EBV infected primary B lymphocytes by their continuous prolifer-
ation into LCLs. This last point raises the most important theoretical barrier
at the start of this investigation. How can mutation be studied in a gene
«@hich is essential 1o the processes of latent infection and cell growth
transformation, when the only way of obtaining recombinants is through
infection of primary B lymphocytes and the clonal derivation of LCLs?

‘Gain of function’, ransforming, EBV recombinanis

The first recombinant EBV molecular genetic experiments avoided the
conceptual barrier of inability to isolate non-transforming mutants by
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creating ‘gain of function” transforming mutants, using the P3HR-1 EBV
strain which has a deletion involving two nuclear proteins. There was
considerable precedent for this approach. P3HR-1 is 2 BL derived cell line
which is one of the most spontancously permissive cell lines for lytic EBV
infection. The P3HR-1 EBV 1s replication competent, but the resulting virus
is unable to transform primary B lymphocytes. The P3HR-1 EBV genome is
deleted for a DNA segment which includes the last two exons of EBNA LP
and the entire EBNA 2 exon. A favourite working hypothesis was that the
deletion involving EBNA LP and EBNA 2 was the basis for the inability of
P3HR-1 to growth transform primary B lymphocytes. P3HR-1 EBV can
induce lytic EBV infection in another Burkitt lymphoma-derived cell line.
Raji. which carries a replication defective endogenous EBV genome con-
taining two deletions. The resulting virus stocks could transform primary B
lymphocytes. The resultant LCLs contain EBV genomes which have
markers characteristic of the P3HR-1 genome except for restoration of the
deleted DNA segmeat that encodes EBNA LP and EBNA 2. '
The first recombinant EBV molecular genetic expertments were done by
transfecting into P3HR-1 cells acloned wild type (WT) EBV DNA fragment
which spanned the P3HR-1 deletion, inducing replication and infecting
primary B lymphocytes with the resultant virus (Hammerschmidt & Sugden,
1989; Cohen ef al., 1989}, The infected primary B lymphocytes were then
either plated in soft agarose over fibroblast feeder layers or seeded into -
multiple micro well plates. In both sets of experiments, the conditions for
the growth of newly transformed primary B lymphocytes were near optimal.
and "gain of function’, transforming, EBV recombinants were clonatly
derived in clones of resultant LCLs. The recombinants had the restriction
endonucicase digestion products expected for EBV P3HR-1 DNA which
had incorporated the WT DNA at the former deletion site. The procedures
were standardized so that the number of transformants obtained following
transfection with a WT EBV DNA fragment spanning the deletion was
similar among repeated experiments. To evaluate specifically the roles of
EBNA LP and EBNA 2 in the rescue of transformation competence,
mutations were made in the EBNA LP and EBNA 2 open reading frames
within the cloned transfected DNA fragments. Transfection of PAHR-1 cells
with cloned EBV DNA fragments which span the site of the P3IHR-1
deletion and which had been specifically mutated by insertion of a stop
codon or by deletion of substantial parts of the EBNA 2 open réading frame
gave no recombinants which could induce B lymphocytesto growinto LCLs.
An interesting correlative series of experiments was based on the obser-
vation that there are two EBV strains which have divergedin their EBNA 2,
EBNA 3A, 3B and 3C genes. Type | (T1 or A type) strains have a much
greater ability to transform primary B lymphocytes. EBV recombinants
constructed by transfection of P3HR-1 cells with WT DNA having the T1
EBNA 2 exhibited the T1 EBV transforming phenotype: while replacement
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of the EBNA 2 open reading frame with T2 EBNA 2 results in a T2
transforming phenotype. The consistent failure of at least two DNA clones
with speciﬁcally mutated EBNA 2 open reading frames to vield 1.CLs in
multiple experiments, the consistent positive results with WT constructs
transfected in parailel and the type specific effects of EBNA 2 prove that
EBNA 2 is critical to the ability of EBV to transform primary B lympho-
cytes.

An extended series of these marker rescue experiments demonstrated
that the procedures were sufficiently reproducible to determine the role of
specific sites and domains of EBNA 2inenabling EBV to transform primary
B lymphocytes and in transactivating LMP1 expression (Cohen, Wang &
Kieff, 1991). Two independent constructs of 11 linker insertions or 15
delctions were tested and found to fall into four groups. Ten deletions and
one linker insertion resulted in inactivation of transformation marker réscue
following transfection of P3HR-1 with the specifically mutated DNAs. Since
several of these deletions overlap with each other, or with the inactivating
linker insertion. only four domains are defined by these experiments as
being essential: Two deletions and one linker insertion resulted ina marked
reduction in transformation marker rescue. One deletion and one linker
insertion resulted in a small reduction <o transformation marker rescue. Two
deletions and eight linker insertions had no effect. All mutations which
affected marker rescue of transformation also had a similar decreased
activity in transactivation ‘of LMP1 expression in transient transfection
assays. In these transient assays, the level of EBNA 2 protein expression was
similar to WT EBNA 2. These results are consistent with the hypothesis that
the essential role of EBNA21in enabling EBV to transform B lymphocytes is
mediated by gene transactivation.

Subsequent biochemical studies have focused on the essential EBNA 2
domains (numbered 1—4 from amino to carboxy termini). Region 4 includes
an acidic domain which, when fused to the gal 4 DNA binding domain, can
transactivate a promoter with upstream gal 4 binding sites in transient assays
in B lymphocytes (Coben & Kieff, 1991). Mutation of tryptophan 434 in the
acidic domain to a serine results in loss of the transactivating and transform-
ing activity {(Cohen. 1992). The acidic transactivating domain of HSV VP16
can substitute for the EBNA 2 domain with similar transformatien and
wransactivation elficiencies. Region 3 includes a gly—arg repeat domain
which interacts with many proteins and with nucleic acids. Among nucleic
acids, the arg-gly element interacts preferentially with poly-rG. Among
proteins there is preferential interaction with histone. H1. Curiously.
deletion of the arg—gly repeat element markedly reduces transformation
efficiency but substantially increases the efficiency of transient transactiva-
tion by EBNA 2 of the LMP1 promoter. These data are consistent with the
arg—gly repeat having regulatory effectson transactivating activity which are
important to the role of EBNA 2 in cell growth wransformation.
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Similar studies of EBNA LP indicate that the last two exons are critical 10
efficient transformation of primary B lymphocytes (Mannick etal., 1991}
Although an initial experiment with a deletion encompassing the last two
exons of EBNA LP resulted in only a modest effect on the efficiency of
transformation marker rescue from P3HR-1, subsequent experiments with
similar deletions or with a stop codon inserted at the beginning of the
penultimate or ultimate exons resulted in a reduction of more than 95% in
the efficiency of transformation marker rescue. The transformants which
were obtained grew poorly, tended to differentiate toward g secretion and
tended to be more permissive for EBV replication. When virus was
recovered from the LCLs, the recombinant virus was deficient in ability to
transform primary B lymphocytes, and feeder layers facilitated LCL out
growth. These results are most compatible with the hypothesis that WT
EBNA LP is a transactivator of a lymphokine which has autocrine B'cell
" growth factor activity. ‘However; a mechanism of this kind has yet to be
confirmed, and other data suggest that the amino terminal repeat domains of
EBNA LP can interact inefficiently with Rb or p33 in vitro, raising the
possibility that EBNA LP may have a low affinity interaction with a tumour
SUpPressor gene (Szekely er al., 1993). - '

Marker rescue of transformation as a positive selection sirategy forE BV
recombinants

Marker rescue of transformation by transfection of WT EBV DNA into-
P3HR-1 cells enables EBV recombinants to be selected specifically by their
newly acquired ability to cause infected primary B tymphocytes to prolifer-
ate into LCLs. This is a sensitive and powerful selection strategy. Even with
primary B lymphocytes from seropositive humans, the background out-
growth of LCLs is far less than 1%. When infected cells are plated at less
than 0.5 transforming uiit per micro well, most LCLs result from a single
transforming event.and are infected with a single recombinant. Since the
transforming recombinants arise from homologous recombination between
the transfected DNA and P3HR-I'EBV DNA, specific mutations in the
DNA outside of the P3HR-1 deletion might be carried into the recombinant
EBV genomes, depending on the precise point of rec_ombinatioh between
the transfected DNA and the P3HR-1 EBV DNA. Several studies have used
this strategy of making a mutation outside of the P3HR-1 deletion in the
transfected, marker rescuing, DNA fragment, in the expectation that some
of the recombinants will have incorporated the physically linked mutated
DNA segment. : : : -

The first EBV recombinant molecular genetic experiment constructing 2
mutation outside of the P3HR-1 deletion was designed to evaluate the role
of the EBERs (Fig. 1, Swaminathan, Tomkinson & Kieff, 1991). For these
experiments, the EBER genes were deleted from a 50kb WT EBV DNA




£. KIEFF ET AL. 131

fragment which extends from 6 kb 5’ to the EBERs through the P3HR-1
deletion (3946 kb 3 to the EBERs) and ends 4 kb 3" to the deletion. The
mutant fragment was used to transfect P3HR-1 cells and the resultant virus
was used fo infect primary B fymphocytes in a clonal transformation assay.
Approximately 20% of the resultant LCLs were infected with a recombinant
which was deleted for the EBERs. These LCLs did not differ from their WT-
infected counterparts in their transformed cell growth characteristics,
- EBNA or LMP expression, or spontanéous lytic replication. EBER deleted
‘recombinants also did not differ from WT recombinants in their sensitivity
to interferons or in the permissivity of their interferon-treated LCLs for
vesicular stomatitis virus replication (Swaminathan et al., 1992). Thus, the
role of the EBERs in EBV infection rémains an enigma.

Other pertinent recombinants that have been made using mutations
linked 1o the P3HR-1 transformation marker include those with specific
mutations in BHRF 1 (Marchinieral., 1991) or BCRF 1 (Swaminathanetal.,
1993), two other genes which had been implicated in latent infection or cell
growth transformation. BHRF 1 is distantly but colinearly homologous'to
bel-2. which has an anti-apoptotic effect in B lymphocytes. Although BHRF
. 1is expressed early in lyticinfection, RNAs thatinclude BHRF 1 have been
identified in latently infected cells. - Further, BHRF-1 is transiently ex-
pressed following serum refeeding of latently infected Raiji cells. Thus,
BHRF | couid have an anti-apoptotic effect in latent or early lytically
infected B lymphocytes. To investigate this possibility, EBV recombinants
with specifically mutated BHRF 1 open reading frames were constructed.
Since BHRF 1 maps less than 2 kb 3’ to the P3HR-I deletion, most
transformation rescued recombinants incorporated the specific mutations in
BHRE:1 that were introduced into the rescuing DNA fragment. EBY
recombinants with a stop codon in the 24th codon of BHRF 1, or with a
complete deletion of BHRF 1, were able to latently infect and transform
primary B lymphocytes and the transformed cells were indistinguishable
from WT recombinant-infected cells in their growth in vitro. A slightly
different approach had yielded similar results (Lee & Yates, 1992). Since -
BHRF-1 is expressed at high levels early in lytic EBV infection when bcl-2
expression might be expected to be shut off; attempts were made to explore
the hypothesis that BHRF 1 might protect cells from apoptotic death during
lytic infection. Recombinants containing a stop codon in BHRF-1 did not,
however. differ from wild type recombinantsin their progression from latent
through early lytic to late lytic infection, despite incubation of the infected
cells in media with low serum, a condition which induces B lymphocyte
apoptotic cell death. Thus, although the function of BHRF 1 remains an
enigma. the recombinant EBV molecular genetic experiments exclude a
rote for BHRF 1 in latent, lytic or growth transforming EBV .infection of
primary B lymphocytes in vitro. ' s

In contrast to the distant homology between BHRF 1and bel-2, BCRF 1is
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84% homologous to the human IL10 gene. IL10can enhance the growth and
differentiation of primary B lymphocytes in vitro and BCRF 1 also has this
activity. Although BCRF] is not expressed at high levels in latent infection.
the BCRF1 gene is located between the EBERs and the EBNA promoters
so that a low level of expression may be possible. To investigate the role of
BCRF 1in EBV infection, two specifically mutated EBV recombinants were
constructed. The first contains 2 termination triplet in place of codon 116 of
the BCRF 1 open reading frame, and the second contains a deletion of the
entire open reading frame and surrounding sequence extending from bp
9535--12870. The frequency of incorporation of the BCRF 1 stop codon
mutation into recombinant virus (as assayed in the resultant [.CLs) was
28%. This approximates to the Ercquency‘expected for a mutation 30kb

. away from the marker rescuing DNA. (BCRF 1is 3'kb closer to the positive

selection marker than the EBERs, and EBER mutations were-incorporated
-t 20% of the recombinants. BCRF 1'is 30 kb futther away from the
positive selection marker than BHRF 1, which is incorporated into >50% of
the recombinants). The BCRF 1 stop codon or deletion mutant recombi<
nants were not different from WT tecombinants in latentor lytic infection or
in cell growth transformation. [mportantly, however. B iymphocyies lvti-
cally infected with BCRF 1 stop codon mutant recombinants induced very
significant tevels of gamma interferon in human peripheral blood mono- '
nuclear cell cultures. while lymphocytes infected with WTBCRF 1 recombi-
nants induced little or no interferon. These results indicate that BCRF 1 has
a more readily demonstrable role in irikibiting gamma interferon induction
than in facilitating infected B lymphocyte outgrowth into L.CLs. Other
experiments with murine or human IL 10 or with BCRF 1in vitro (Stewart &
Rooney, 1992), orin vivo (Kurillaetal., 1993) point toeffectson interferon,

'NK and cytotoxic T cell responses which are likely 1o be biologically refevant

to EBV infection in vivo.

Second site itarker rescue enables the construction of nudations af auy site
in the EBV genome dand determination of the role of other EBNAs and
o LMPs :

Two observations made during the construction of EBV recombinants with -

mutationsin DNA physically tinked to the transtormation marker ledtonew -

strategies for constructing and testing mutations in other EBV genes. First,
the frequency with which transformation marker rescued recombinants had’
incorporated a linked mutation that was >30 kb away from the positive
selection marker was 20% or-more. The mutation was not only separated
from the marker by a long DNA segment, but the intervening DNA consists
almost entirely of multiple copiesofa3 kb repeat which would'be expected
to decrease genetic linkage 1o the selected marker. The hypothesis was
therefore considered {(and proven O be correct) that the high frequency of
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the mutation was not completely dependent on (the
distant) physical linkage to the selected marker. Secondly, the LCLs which
arose following infection of B lymphocytes with recombinant viruses de-
rived from P3HR-1 were frequently found to contain the parental P3HR-1
virus in addition to the transformatton competent recombinant. This indi-
cated that a sufficient excess of parental P3HR-1 EBV was released
following transfection of P3HR-1 cells that many of the primary B lympho-
cytes which were infected with a recombinant EBV were also co-infected
with P3HR-1 EBV (Fig. 2). Furthermore, this episome co-infection state
frequently continued through many cell divisions, despite the lack of
dependence on the co-infecting P3HR-1 EBV for infected cell proliferation.
- A potential consequéence of this phenomenon was that mutations could be
constructed in any gene. éssential or not, outside of the P3HR-1 deletion
" pecause P3HR-1 co-infection of the transformed cells might providethe WT
function. Since the P3HR-1 EBV titre approximated to the number of
-infected primary B lymphocytes used in a typical experiment, only about
“half of the cells infected with recombinant EBV were co-infected with
P3HR-1. If the mutation were in a gene which is not critical for latency or
growth transformation. co-infection would not be a uniform occurrence. If
the mutation were in a gene essential for latency or growth transformation,
then primary B lymphocytes infected with a mutant recombinant would
grow into' LCLs only if they were co-infected with P3HR-1 EBV (Fig. 2).
The recovery of the mutant recombinant in the co-infected LCL would
enable the recombinant to be characterized and then passaged to fresh
~ primary B lymphocytes to further evaluate whether the specifically mutated
‘recombinant genome required P3HR-1 co-infection for cell growth trans-
formation (Fig. 2). A dependence on the WT gene from P3HR-1 could be
verified by demonstrating that the B-lymphocytes infected with the second
generation mutant EBV would grow into LCLs only when P3HR-1 EBV
- was provided exogenously. Additional proof of the role of the specific
mutation in creating the dependence on P3HR-1 co-infection, as opposed to
other random changes which might have occurred elsewhere in the genome,
would derive from showing that independently derived specifically mutated
~ recombinants consistently required P3HR-1 co-infection, while WT recom-
binants derived in parallel did not. A further line of evidence arises from the
likelihood that induction of lytic EBV infection in the original co-infected
LCL would resultin recombination between the specifically mutated recom-
binant which would be WT for EBNA LP and EBNA 2 and the co-infecting
P3HR-1 EBV which is WT for the specific gene and deleted for EBNA LP -
and EBNA 2 (Fig. 2). Secondary recombinants which are competent for
latent infection would be able to transform primary B lymphocytes into
LCLs and would be identified in the subsequent PCR analysis because they
would not hiave the specifically mutated EBV DNA segment. If the defect
were elsewhere in the mutated recombinant EBV genome. and not a

incorporation of
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Fig. 2. Schematic depiction of the strategy used for generating EBV recombinants from P3HR-
! celis. In general. EBV recombinants are generated by transfecting latently infected B
lymphocytes with cloned EBV DNA fragments and inducing Iytic EBV infection in the
transfected cells. The progeny vitus is used to infect primary B lymphocytes or non EBV
infected BL lymphoblasts. The experiments depicted in the diagram start with P3HR-1 cells
which contain an EBY genome deleted for the last two exons of EBNA LP and the neighboring
exon which encodes EBNA 2. The PAHR-] EBV genome s defective and unable to initiate
growth transformation.of primary B lymphocyteés unless the EBNA LP/2 deletion is restored by

- transfection with a wild type EBV DNA fragment which spans the deletion. When such a DNA

fragment is transfected into PIHR-1 cells and Iytic replication is induced, about 107 P3HR-1
virus and 107 restored recombinant virus is produced. In a typical experiment, the virus
preparation is .used to infect' 1-2X107 primary B lymphocytes. The infected primarv B
lymphocytes are then plated into 1000 micro wells. The 100200 wells which have a lymphocyte
infected with a restored WT EBNA LP/2 recombinant are able to grow into lymphoblastoid celi
lines. About half of the recombinant infected cells are initially co-infécted with non recombi-
" nant P3HR-1 virus. The co-infected P3HR-1 genomes are lost as the resultant cell lines are
maintained in culture over several months. A second, non-linked, cosmid EBV DNA fragment
undergoes homelogous recombination with the WT EBNA LP/2 recombinant genomes in
Iytically infected P3HR-1 cells with 10-12% efficiency. Thus, mutations cngineered into a
second non-linked cosmid EBV DNA fragment will wind up in 10-12% of the infected cell
lines. If the mutation is in an essential transforming gene, the frequency of isolating the
recombinant.is only reduced by 50% since co-infecting P3HR-1 EBV will provide the WT gene
in trans. To evaluate further whether the mutated recombinant EBV can infect and growth
transform primary B lymphocytes, Iytic infection can be induced in most co-infected LCLs and
the virus plated onto primary B lymphocytes. Aggregates of virus can restlt in a small number
of cells which are co-infected with both the specifically mutated recombinant and P3HR-I
EBVs. However, most primary B lymphocytes will be infected with the specifically mutated

recombinant EBV or with P3HR-1 EBV or with a secondary recombinant. If the mutation

affects the ability of the recombinant to establish Tatent infection 0of 1o growth transform

primary B lymphocytes, no LCLs will grow out which are infected with the mutated recombi-.

nant alone. The mutated recombinant can, however, be demonstrated to be present in the virus
preparation by adding sufficient exogenous P3HR-1 virus to infect most of the primary B
lymphocytes so as to provide the WT gene function by complementation. ‘
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consequence of the specific mutation. phenotypically WT recombinants
would be gencrated which would still have the specific mutation and would
lack WT DNA at that site.

These principles were validated in a series of experiments in which a 30 kb

WT T1 EBV DNA fragment which included the EBNA 3A, 3B and 3C
genes was transfected into P3HR-1 celis along with the transformation
marker rescuing DNA fragment and an expression plasmid for the z
immediate early gene, to activate Iytic EBV infection in the co-transfected
cells (Tomkinson & Kieff, 1992q). Since P3HR-1is a T2 EBV strain, and
there are multiple tvpe specific differences between the T1 and T2 EBNA
3A, 3B and 3C genes. incorporation of the T1 transfected DNA into P3HR-
1 could be readily assayed by PCR. The resultant virus pool was platedonto
primary B lymphocytes which were then distributed into a number of micro-
wells that exceeded by more than two-fold the number of expected trans-
' formation markef rescued recombinants. The surprising and important

" result was that 10-12% of the EBV recombinants had incorporated the Tl

EBNA 3A and 3B genes. The EBNA 3C gene is near the end of the
transfected DNA fragment and was incorporated into only 2% of the
recombinants. Restriction endonuclease analysis revealed that most recom-

_ binants had the sites expected from a model in which the T1 EBNA 3 genes

. had been incorporated into the recombinant EBV genomes as a result of
homologous recombination. As expected, about half of the recombinants
were also co-infected with parental P3HR-1 EBV. When these co-infected
LCLs were passaged for many months in culture, the co-infecting P3HR-1
. EBYV genomes were usually lost. When lytic infection was induced in the _
" cells which were infected with only T1 EBNA 3A_ 3B and 3C recombinant ;
virus, the efficiency with which this virus replicated, established latent '

infection and growth transformed primary B lymphocytes was identical to

T2 EBNA 3 control recombinants. Thus, the observed recombination
" results establish a baseline efficiency for incorporation of an unselected

marker (T1 EBNA 3) into recombinant -EBV genomes which had also

incorporated the DNA fragments containing EBNA LP and EBNA 2.

Several parameters of these experiments have a bearing on the formu-
lation of a model that might explain the finding that 10-12% of the
‘transforming recombinants had incorporated the type 1 EBNA 3s (the
unselected marker). First;a 5-10 fold molar excess of the zexpression vector

(relative to the marker rescuing EBNA LP-EBNA 2 and type 1| EBNA 3

DNA fragments) is used to induce lytic replication in the P3HR-1 cells. z

expression is induced in about 5% of the transfected P3HR-1 cells. A cell

which takes up the z expression plasmid is also likely to take up the other

DNA fragments. However, since the marker rescuing and the type 1 EBNA

3 encoding DNA fragménts are larger and less abundant than the z

éxpression plasmid; <5% of the cells probably take up these plasmids. An

origin for lytic DNA replication is located near EBNA 2 on the marker




S 2 W .. e

136 EPSTEIN-BARR VIRUS RECOMBINANTS

rescuing DNA fragment and that {fragment is therefore likely to replicate
(and recombine) preferentially in a transfected cell in which lytic replication
is induced. In a typical experiment, 107 PAHR-{ cells are transfected and the
virus which is produced includes approximately 107 parental P3HR-1 {which
can be independently assayed by its ability to rescue transformation defec-
tive mutants in LMP1 or EBNA 3C by co-infection as will be described
below). The number of recombinants which have incorporated the EBNA
LP-EBNA 2 transformation marker fragment and, which therefore trans-
form primary B lymphocytes into LCLs, is 1-2 x 10%. The efficiency of
incorperating this fragment is 1 in 10° (102 transforming recombinants
" among 107 P3HR-1 EBV). Of these, 10-12% have incorporated type 1
" EBNA 3. Having inefficiently incorporated the first DNA fragment.. 10—
12% of these recombinants incorporated the second fragment, even though
“that fragment lacks an origin of DNA replication: Thus, an EBV genome
which has recombined with one transfected DNA fragment is now particu-
larly able to recombine with a second DNA fragment. This indicates that
there is a limiting step in the generation of recombinants such as an enzyme,
- enzyme complex or site, which having been engaged by a viral genome tends -
to remain associated with that DNA through successive recombination
events. This phenomenon is likely to extend to cells infected with any herpes
virus; and may extend to other recombination events. o

Exploiting the phenomenon of second stte homologous recombination.
specific mutated EBV recombinants were constructed with a stop codon
inserted into codon:111 of EBNA 3B {Tomkinson & Kieff, 19925 or into
codon 20 of LMP2A (Longnecker er af. . 1992). The truncationof EBNA 3B
after 110 of the 938 EBNA 3B codons had no effect on the ability of the
recombinant virus to latently infect, growth transform or lytically replicate
in primary B lymphocytes in vitro. No parameter of latent infection.
including other EBNA and LMP gene expression, episome copy number or
spontaneous transition to lytic infection was affected.

Similar results were obtained with LMP2A. An LMP2A mutation was
constructed in an 8 kbp EBV DNA fragment by inserting a stop codon after
codon 19 of the LMP2A open reading frame. The cfficiency of incorporation
of this mutation into marker rescued recombinants was 6%/, a significant
reduction compared with thatof WT T1 EBNA 3A or 3B genes which were
incorporated into 10-12% of the recombinants from a 30kb EBV DNA

“fragment. Alt of the initial L.CLs that were infected with the LMP2A mutant
were also infected with non-recombinant P3HR-1. However, wher Iytic
infection was induced in these co-infected LCLs; th_e resulting mutant
progeny readily transformed primary B [ymphocytes without added P3HR-
1. The mutated recombinant virus could then be serially passaged without
P3HR-1. Infection of primary B lymphocytes was unaffected by the mu-
tation. LCLs transformed with LMP2A-mutated EBV recombinants grew
as well as those infected in parallel with WT control recombinants. Lvtic
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infection could be induced as readily in the LCLs infected with the LMP2A
as in LCLs infected with the wild type recombinant following transfection
with a z expression plasmid. Since LM P2A interacts with B lymphocyte src
family tyrosine Kinases and with LMP1, a lack of effect on cell growth
transformation was unexpected and the growth properties of the cells
infected with the mutant recombinant were extensively compared with those
of celis infected in paraliel with WT recombinants. No significant differences
were observed in LCL growth, cithet in vilro of in SCID animals. Similarly,
no difference was found with | MP? mutated recombinants which were
deleted and out of frame with regard to allof LMP2 after the first 120 codons
or were truncated after the fifth transmembrane domain (Longnecker efal..
0 1993a,b). Thus, LMP2 is complcleiy..non-critical for latent infection or
- growth of primary B lymphocytes in vitro.
~ "However, a marked difference was observed when surface lg was cross
. linked on cells infected with LMPZ mutants. (Miller, Longnecker & Kieff,
' 1993a: Millereral., 1993b). Cells infected with recombinants that could not
. express LMP2A (the unique amino terminus of which is critical to. the
*interaction with sre family tyrosine Kinascs) were similar to primary B
- \ymphocytes in their intracellular free calcium rise following surface Ig cross
2 linking, while cells infected with WT recombinants had little or no response
" to slg cross linking. The rise in intracellular free calcium in the cells infected
with mutant recombinants was associated with induction of EBV repli-
~‘cation, while EBYV replication was only minimatly induced in cells infected
; -'_with WT recombinants. No difference was observed between mutant and
- WT infected cells when fytic infection wus induced with calcium ionophore
- and TPA which bypass the signal transducing effects of slg associated src
= family ‘tyrosine kinases. Thus, LMP2A plays a key role in preventing
“ictivation of lytic EBV infection in response toslg cross linking. This is quite
- likely to be critical to the survival of latently infected cells in the peripheral
- circulation’ where they may encounter cross linking of slg or of other
. reccptors in response 10 antigen or other activating ligands. Activation of
_IWticinfection in that milicu would resultin termination of latency. cell death
* “as a consequence of lytic infection or of T cell cytotoxicity. and virus death as
g a cpnsg'querice: of release into immune serum.
... Second site homologous recombination has also been used to demon-
Liostrate that EBNA 3A.EBNA3Cand LMP1 are essential for latent infection
rand cell growth transformation. The experiments with EBNA 3A and 3C
- 'weredonein parallel with those evaluating EBNA 3B (Tomkinson, Robert-
- son & Kieff, 1993a), while the .experiments with LMP1 used a DNA
. fragment similar in size and map coordinates to that used for the LMP2
.~ /mutations (Kaye, 1zumi & Kieff, 1993). Over 600 EBYV recombinants were
s QP!E_!inéd following eight independent transfections of P3HR-1 cells with
- . either of two independently derived 30 kbp T1 EBV DNA fragments which
~had been specifically mutated by inserting a stop codon after EBNA 3A
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codon 302, The frequency of obtaining LCLs infected with EBNA 3A
mutated recombinants was 1.4% among the 637 EBV recombinant infected
LCLs compared with a 10% frequency of obtaining WT T1 EBNA 3A
recombinants in control experiments done in parallel. The cells infected
with T1 EBNA 3A mutants were all co-infected with P3HR-1. All lost the
EBNA 3A mutation as they were expanded over the first several months in
culture, with the exception of one in which the mutant EBNA 3A DNA had
not replaced the WT EBNA 3A. Thus, against an expected number of 63
mutated EBNA 3A recombinants, and while obtaining the expected num-
ber of WT EBNA 3A recombinants in control experiments done in parallel,
‘only one mutant EBNA 3A recombinant was stably maintained in LCLs and
that mutant resulted from an unusual recombination event which would
likely result in expression of the WT type 2 EBNA 3A gene. These
experiments indicate that EBNA 3A is critical oressential to latent infection
or growth transformation and that the amino terminal 302 amino acids of the
944in WTT1 EBNA 3A had-a dominant negative effect on the out growth of
“co-infected LCLs, resulting in continuous selection for a cell infected with a
secondary recombinant which lacks the mutated T1 EBNA 3A. '
Because EBNA 3C maps close to the end of the DNA fragment used to
construct EBNA 3 recombinants. the expected frequency of obtaining
recombinants which have incorporated WT EBNA 3C is only 2-3%. A stop
codon insertion after codon 365 of the 992 EBNA 3C codons was incorpor-
ated into 2% of the resulting recombinants. Five independent LCLs were
obtained containing T1 EBNA 3C mutants. Each LCL also carried the WT
T2 EBNA 3C gene, presumably due to co-infection with P3HR-1 EBV. One
of the five lost the EBNA 3C stop codon mutation within the first few months
- 1n culture, and two others lost the mutation over the next few months in
culture. Of the two LCLs which stably maintained both mutant and WT
EBNA 3C, one contained the mutated T1 EBNA 3Cand WT T2 EBNA 3C
genes in the same EBV genome; while the other was stably co-infected with
a rzcombinant containing the mutated TI EBNA 3C and WT EBNA LP-
EBNA B2 genes and with P3HR-1 EBV which is WT for T2 EBNA 3C.
When virus replication was induced in this latter LCL and the resultant
0.22u filtered virus used to infect primary B lymphocytes, all of the LCLs
~ which grew out were infected with secondary recombinants which had the
WT EBNA LP-EBNA 2 and the WT T2 EBNA 3C DNA. One of these
progeny-infected LCLs had been infected with a secondary recombinant
which had retained the WT T1 EBNA 3A gene and had replaced the
mutated T1 EBNA 3C with the WT T2 EBNA 3C from the P3HR-1
genomie. This specific replacement of the mutated EBNA 3C segment of the
~ T1 EBNA 3 DNA fragment indicates that the fragment is not incidentally-
defective outside the specific EBNA 3C mutation. Furthermore, the recom-
binant containing the mutated EBNA 3Cand WT EBNA LP-EBNA 2 genes’
was present in the virus preparation released from the co-infected LCL, but

. >
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© failed to transform primary B lymphocytes on its own since this recombinant
* was readily recovered in co-infected primary B lymphocytes when high titre
" exogenous P3HR-1 EBV was mixed with the virus preparation. Thus LCLs
*: were never obtained in the absence of a WT EBNA 3C gene and these data
-~ indicate that WTEBNA 3Cis critical to the establishment of latent growth-
“ ¢ransforming infection in primary B lymphocytes.
 Three types of specifically LMP1 mutated EBYV recombinants have been
" constructed. Two have a stop codon inserted after codon 9 or 84 of the LMP1
““open reading frame; while, the third has the same linker inserted into an
“LMPI1 intron to serveas a WT control. Eight independent stop codon 9,
" three independent stop codon 84 and 5 WT stop codon control recombinants
“were made. Although four of the five LCLs infected with control recombi-
“Inants were co-infected initially with P3HR-1, after eight menths of continu-
" ous cell growth these cells had lost the co-infected P3HR-1 genomes, and
" had only the WT stop codon recombinant genome. In contrast, all 11 LCLs
“ “containing open reading frame stop codon recombinants were initially co-
infected with P3HR-1; of the seven which could be grown continuously in
culture for 18 months all retained P3HR-1 co-infection. When virus repli-
“#ation was induced in the LCLs that were co-infected with the stop codon

" control recombinants and with P3HR-1, and the progeny virus was used to

. ‘transform primary B lymphocytes, many of the new LCLs contained the
control recombinants alone. In contrast, when virus was passaged from the
sven LCLs that carried the LMP1 mutants all LCLs (=300 were analysed)
kich arose from the infection of primary B lymphocytes were either co-
infected with P3HR-1 or were infected with a secondary recombinant which
had acquired the WT LMPI gene from P3HR-1. Of 172 LCLs that were

:reéding frame mutation. Four of the original open reading frame recombi-
nant and P3HR-1 co-infected LCLs could be induced to make a sufficient

exogenously added high titre P3HR-1. Ir each experiment, the added
~P3HR-1 virus complemented the open reading frame stop codon recombi-
. nant and primary B lymphocytes were transformed into LCLs which were
co-infected with the open reading frame recombinant and with P3HR-1.
. Interestingly, the recombinants containing a stop codon at position 9
- expressed abundant cross reactive proteins that were products of reinitiation
- of translation at codons 44, 89 or 129. These proteins did not form patchesin
- the plasma membrane or inhibit the growth of the co-infected LCLs,
- “indicating that LMP1 initiated at codon 44 does not interact with a putative
““down stream effector of LMP1 which is in limiting abundance. Taken

% together, these data provide strong evidence for an essential role for LMP1
L primary B lymphocyte growth transformation. Further, the data point 10
- the amino terminal cytoplasmic domain and the first two transmembrane.

;_ﬁi_omair}s as being critical to LMP1 interaction with the plasma membrane

infected with secondary recombinants, none had retained the LPMI open -

sinount of virus so that a complementation test could .be done with
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and to the function of LMP] in transforming primary B lymphocytes 10
LCLs.

Subsequent experiments with mutated EBV recombinants which have
alterations in the LMP1 amino terminal cytoplasmic amino acid sequence
reveal that there is little, if any, sequence specificity in this part of LMPI1,
beyond a requirement for a hydrophilic sequence which can properly tether
the first two transmembrane domains. These experiments strongly favour
the model that the principal function of the amino terminus is to correctly
position the first two transmembrane domains, and that correct positioning
of the transmembrane domains is sufficient for transformation by the SIX
transmembrane domains and the carboxy terminal cytoplasmic domain.
Thus, a key component of LMP1's role in cell growth transformation
probably derives from interaction -with a membrane-associated growth
regulating cell protein. - '

Non-EB V—iﬁfecred B lymphoma cells as hosts for isolating and replicating
: © EBV recombinanis :

All of the above experiments are dépendent on the use of transformation
marker rescue to identify and isolate EBV recombinants by their ability to
cause primary B lymphocytes to grow into LCLs. While this is a powerful
and easy selection, hon-transforming mutations in EBNA LP or EBNA 2
cannot be derived; and non-transforming mutations in other gences can only
be derived by providing the WT gene in trans. In almost all-of the above
experiments, the WT gene is provided by P3HR-I co-infection. which
complicates the physical analysis of the recombinant genome and also
complicates the genetic analysis. Attempts 10 transcomplement using
simpler expression vectors for expression of the WT gene have so far not
been successful (exceptin the'casc of EBNA LP), presumably because of the
stringent regulation of EBNA and-LMP gene expression in LCLs. Non-
EBV-infected BL cells are infectablé with EBV in vitro and were therefore a
possible host for isolating EBV recombinants. These cells are notdependent .
on EBV for their growth, and transforming or non-transforming recombi-
nants should therefore be obtainable. There were two obvious problems:
First, how to identify or select for the cell infected with the EBV recombi-
nant. Several positive selection markers which convey resistance to toxic
drugs have been used for selection of drug resistant transfected BL cells.
However, whether the usual promoters for expression of these genes would
work in the context of the viris genome was uncertain. Secondly, there was
considerable uncertainty about whether fytic EBV infection- could be-
reactivated from an in vitro infected BL cell fine. Several BL celt lines
derived from EBV-positive BL can be induced to replicate EBV in vitro.
However, EBV-negative BL cells, after infection with EBV in vitro. are
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notable for their integration of EBV DNA and their inability to be activated
for Iytic infection.

SV40 promoter and enhancer-driven hygromycin phosphotransferase
(hyg) or guanine phosphoribosyltransferase (gpt) open reading frames
proved to be expressed at effective levels from several different sites in the
EBV genome; and to have minimal effects on EBV gene expression {Wang,
Marchini & Kieff, 1991; Marchini e al., 1992a; Marchini, Longnecker &
Kieff, 1992b; Marchini. Kieff & Longnecker, 1993; Lec & al., 1992; Lee &
Yates, 1992; Longnecker ef al., 1993b). One effect noted is a focal alteration
in EBV gene expression so that a gene ordinarily expressed in lytic infection
such as DILMP1 is expressed in latent infection from EBV genomes which
have the SV40 promoter and enhancer nearby. bﬂlﬁggtt%j_mpgrtanﬂy,_‘EBN
genomes with expression cassettes for either hyg or gpt could be selected
specifically in non-EBV infected BL cells or primary B lymphocytes using
toxic drug resistance. A surprising finding was that the EBV genome

persisted as an episome in the.in vitro infected BL. cells. Most of the infected
cells expressed only EBNA 1 . Some expressed all of the EBNAs and LMPs.
These two types of latent EBV infection were noted among separate clones
of the same cell line infected with cloned recombinant virus. BL cells varied
in their efficiency for latent infection and conversion to toxic drug resistance.
BJAB cells were most efficient for recovery of recombinant virus, BL41 and
BL30 cells slightly less efficient and Louckes cells still less efficient. The titre
of recombinant virus which was fully transforming and carried a positive
selection ‘marker was about 10 fold higher in primary B lymphocyte
transformation assays than in BJAB conversion to toxic drug resistance. In
some non-EBV infected BL cells, reactivation of Iytic EBV infection was
very rare. Even in response 1o Z exXpression and phorbal ester treatment.
which was the most effective inducer, Iytic infection was hardly ever
activatable in BJAB cells. BL41 and BL30 cells were more permissive and
[ouckes cells tended to be most permissive. Lyticinfection could be induced
in a substantial fraction of some clones of infected Louckes cells. EBV
negative BL cells have been used to segregate and characterize non-
. transforming EBNA 2 nuli mutants of EBV which were created by transfec-
tion of P3HR-1 cells with DNA fragments -carrying specific EBNA 2
mutations. Non-EBV infected BL30 cells have also been infected with the
transformation defective P3HR-1 genome which had been altered by
recombination with an EBV DNA fragment carrying a $V40-hyg cassette.
The recombinant EB V-infected cells were then used as a host for creation of
new EBV recombinants using a transformation marker rescue protocol
similar to that used for marker rescue from P3HR-! cells In all these
experiments, the principal limitation of the BL cells is the lower efficiency of
~ obtaining cells infected with recombinant virus and the difficultyin inducing
lytic EBV infection in the BIAB cells which are the most efficient for
recovery of recombinant virus.

1
1
o
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Reconstitution of EBV from sub-genomic DNA fragments

Based on the experience that transfection of susceptible cells with sub-
genomic fragments of PRV results in lytic virus infection, overlapping
cosmid libraries have been constructed from the B95-8 EBV strain and many
attempts have been made to obtain lytic EBV replication in non-EBV
infected BL cells by transfection with the cosmid DNAs and a z expression
. plasmid: These experiments have so far not resulted in the generation of
transforming EBV. -
In a parallel series of experiments, the five overlapping cosmids were
transfected into P3HR-1 cells along with the z expression plasmid (kg 1,
. Tomkinson ef al., 1993b). Previous experiments had established that P3HR-
1 cells can be transfected with cosmid size DNA fragments, that transfection
with z expression plasmids can induce permissivity for replication of the
endogenous P3HR-1 EBV genome, that intermolecular recombination can
occur in these cells and that recombinant virus that contains the EBNA LP-
EBNA 2 marker rescuing DNA (and parental P3HR-1 EBV) will be found
in the LCLs which grow out following infection of primary B lymphocytes
with the virus from the transtected P3HR-1 cells. When primary B lympho-
cytes were infected with the resulting virus and the resultant L.CLs were
sereened for markers which distinguish between the transfected cosmid T1
~ EBV DNA and the T2 P3HR-1 EBV the important results werce:

1. Approximately 10% of the recombinants had markers only of the
transfected cosmid DNA; while the other 90% were derived in part
‘ from P3HR-1 DNA. .

2. Overall, the T\,tl_;@l}l}l.éﬁ;ﬁu gene was incorporated into g_t’f/gd-of the
" recombinants as opposed to only 10-12% when the Ti EBNA 3
carrying cosmid was transfected into cells with the transformation
marker rescuing fragment alone. Of the 26% frequency of TTEBNA3
incorporation, 10/26 were due to the recombinants which consisted
only of transfected DNA. The rest {16/26) were due to recombinants
which had markers from only two transfected cosmid DNAs (4/26),
markers from only three transfected cosmid DNAs (6/26) or markers
from only four transfected cosmid DNAs (6/26). Of recombinants

which had a marker from at least 1 EBV DNA fragment, 26% had a . o

marker from a second DNA fragment, and more than 80% of those
that had a marker from a second fragment had a-marker from a third.
Thus. these experiments provide further evidence that a molecule
which has undergone one recombination event is likely to goon to a
second, third, fourth or fifth event. Of important practical significance
was the finding in these experiments tiat markers near the end of a

cosmid fragment were incorpo yrated into recombinants at a frequency
eletion in one of the fragments {the B95

ast 12% ,aswasa largf, d
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Fig. 3. Strategy for creating minimal EBV genomes sufficicnt for cstablishing latent growih
‘transforming infection in primary B lymphocytes. Esscntial regions of the EcoR1 B and SnaBl
B fragments have been fused into a single cosmid and transfected into P3HR-1 cells along with
the EcoR1 A and Sall E/C cosmids. P3HR-1 provides replication functions and some of the
‘progeny virus is generated by recombination among the three cosmids, The BARFO transcript
s shown on the schematic diagram of the EBV genome. The BARFO open reading frame is in

the last ¢cxon.

-8 EBV genome from which the cosmid libraries were made is deleted
for 14kb of DNA relative to other EBV genomes). The frequency of
incorporation of the same large deletion in a two cosmid transfection
experiment was nearly zero. Thus, this procedure offers the highest
efficiency for producing recombinant EBV genomes with a specific
mutation at any site. '

Derivation of a minimal transforming EBV genome

The relatively high frequency of reconstruction of the EBV genome follow-
‘ing Ave-cosmid transfections into P3HR-1 cells, including as one cosmid a
‘cosmid with a large deletion, opened the possibility of making large
deletions at any site in the EBV genome and thereby defining the minimal
'EBV genome for primary B lymphocyte growth transformation. Since
all of the EBNAs and LMP1 are included in the part of the EBV genome
between 168 kb and 110 kb in the EBV genome map, the rest of the genome
between 110 kb and 168 kb should be dispensable for primary B lymphocyte
growth transformation (Fig. 3). This smaller genome could potentially be
‘reconstituted from three overlapping cosmids following transfection into
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P3HR-1 cells which would provide the missing lytic replication functions.
Such a small genome could fall below the minimal size for packaging and
might be too large for packaging as a dimer. Furthermore, a transcript which
includes a sizeable open reading frame (BARFU() is entirely encoded by
DNA between 145 kb and 163 kb in latently infected lymphoid or nasophar-
yngeal carcinoma cells (Smith er al., 1993). The appropriate constructs to
test the possibility that this part of the genome could be deleted and be
packaged as an extensively deleted EBV genome were made and the
experiment was then attempted. More than 20% of the resulting LCLs were
infected with an EBV recombinant consisting only of the three cosmids. As

expected for LCLs established by infection with virus from a PAHR-1 cell

transfection, about half the LCLs were co-infected with PAHR-1 EBV. Most
importantly, half of the LCLs were infected only with a genome which
- resulted from recombination among the three transfected cosmids and
lacked EBV DNA extending from 115-165 kb. These experiments demon-
strate that the BARFO transcript is not essential for primary B lymphocyte
tatent infection or cell growth transformation. Based on these experiments,
further deletions have been made in the EBV genome using the new three,
- cosmid transfection scheme for in siri construction of a transforming EBV.
* An additional 20 kb DNA segment has been deleted between the EBNA 2
and EBNA 3 encoding DNAs.

CCONCLUSIONS

Over the past five vears, initial forays in recombinant EBV molecular

genetics have lead 1o the derivation and application of a number of strategies |

for constructing specifically mutated EBV recombinants. Aspects of these
strategies, such as second site homologous recombination are likely to be
useful in constructing mutations in other herpes virus genomes and may be
useful in cell molecular genetics. This application of these strategies to the
analysis of how EBV transforms primary B lymphocytes has revealed critical
roles for EBNA LP, 2, 3A and 3C and LMP1, has led to the definition of key
components of these genes and has demonstrated that most of the rest of the
genome is not critical for primary B lymphocyte growth transformation in
vitro. Mutants in EBNA 1, an important gene in maintaining the EBV

episome in latent infection, have not as yet been evaluated. Genes which are
expressed in latently infected B lymphocytes and which appear to be non-

critical for latent infection or cell growth transformation in vitro are still
likely to be important in latent infection in vivo. One of these, LMP2A  is
likely to play a critical role in regulating reactivation from latency /n vivo.
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