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Recovery of Pathogenic Measles Virus from Cloned cDNA
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Reverse genetics technology so far established for measles virus (MeV) is based on the Edmonston strain,
which was isolated several decades ago, has been passaged in nonlymphoid cell lines, and is no longer patho-
genic in monkey models. On the other hand, MeVs isolated and passaged in the Epstein-Barr virus-trans-
formed marmoset B-lymphoblastoid cell line B95a would retain their original pathogenicity (F. Kobune et al.,
J. Virol. 64:700-705, 1990). Here we have developed MeV reverse genetics systems based on the highly patho-
genic IC-B strain isolated in B95a cells. Infectious viruses were successfully recovered from the cloned cDNA
of IC-B strain by two different approaches. One was simple cotransfection of B95a cells, with three plasmids
each encoding the nucleocapsid (N), phospho (P), or large (L) protein, respectively, and their expression was
driven by the bacteriophage T7 RNA polymerase supplied by coinfecting recombinant vaccinia virus vI'F7-3.
The second approach was transfection with the L-encoding plasmid of a helper cell line constitutively express-
ing the MeV N and P proteins and the T7 polymerase (F. Radecke et al., EMBO J. 14:5773-5784, 1995) on
which B95a cells were overlaid. Virus clones recovered by both methods possessed RNA genomes identical to
that of the parental IC-B strain and were indistinguishable from the IC-B strain with respect to growth
phenotypes in vitro and the clinical course and histopathology of experimentally infected cynomolgus monkeys.
Thus, the systems developed here could be useful for studying viral gene functions in the context of the natural

course of MeV pathogenesis.

Measles virus (MeV) belongs to the genus Morbillivirus in the
family Paramyxoviridae. The Paramyxoviridae, consisting of en-
veloped viruses with a linear, nonsegmented negative-strand
RNA of approximately 15.5 kb, belongs to the order Mono-
negavirales with three other families, Rhabdoviridae, Bornaviri-
dae, and Filoviridae. Reverse genetics technology first estab-
lished for the segmented negative-strand RNA genome of
influenza virus, a member of Orthomyxoviridae, has been ap-
plied to the nonsegmented viral RNA genomes of the Mono-
negavirales (21,22, 24, 26a). The initial success in recovering an
infectious virus from the full-length cDNA came in 1994 with
rabies virus, a rhabdovirus (33), and many paramyxoviruses
representing all four genera have been so far recovered from
the cloned cDNAs (2-5, 10-13, 18, 26, 28, 40). Their genomes
can now be manipulated at will by site-directed mutagenesis,
greatly facilitating detailed studies of viral regulatory elements,
protein functions, etc. Thus, paramyxovirus reverse genetics is
improving our understanding of viral replication and patho-
genesis (20).

The advantage of reverse genetics is to enable us to resolve
important questions regarding pathogenicity not only in tissue
culture but also in vivo. It is therefore of importance to con-
sider the lineage of parental virus strains that we rely on in our
reverse genetics approaches and the availability of appropriate
animal models by which the outcomes of mutagenesis are stud-
ied (20). As for MeV, reverse genetics technology is currently
available only for the Edmonston strain (28), an overattenu-
ated laboratory strain which was isolated several decades ago
(6) and extensively adapted to nonlymphoid cell lines no
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longer producing disease in monkey models (1, 7, 39, 42).
Therefore, it is questionable how much of the original nature
of MeV this strain retains. Edmonston strain-based technology
would certainly help to expand knowledge about MeV (8, 25,
28, 29, 32, 37, 38), but there would likely be a serious gap
between experimental findings and observations in human in-
fections.

Wild-type MeVs circulating in nature do not grow efficiently
in Vero (African green monkey kidney) cells, most frequently
used for isolating MeV from patients, whereas the Edmonston
strain has been adapted to grow well in Vero cells (42). There-
fore, Vero cell-adapted viruses should have been selected from
minor populations of quasispecies in patients, which are not
fully pathogenic for monkeys and perhaps for humans (15).
Thus, a marmoset B-cell line, B95a, has recently replaced Vero
cells, since isolates in this cell line retain full pathogenicity in
monkeys, producing clinical signs and histopathology similar to
those seen in humans (15). The Ichinose-B (IC-B) strain (re-
ferred to as the 84-01 strain in a previous paper [15]), a rep-
resentative pathogenic MeV, was isolated from a patient with
acute measles in 1984, using B95a cells (15, 16). It is patho-
genic for cynomolgus monkeys, as described previously in de-
tail (16); Takeuchi et al. recently reported the entire genome
structure of this virus, noting only two nucleotide differences in
the P and M genes compared with the nonpathogenic coun-
terpart isolated from the same patient in Vero cells (36). Here,
we report two systems for virus recovery from the cloned
cDNA of the IC-B strain. Reverse genetics technology based
on the genetic lineage of this pathogenic isolate would bridge
the gap between Edmonston-based MeV analyses and infec-
tion induced by wild-type MeV in humans.

Recovery of infectious MeV from the full-length cDNA of the
IC-B strain by two different approaches. p(+)MV323, carrying
the full-length cDNA of the IC-B strain, was constructed (Fig.
1). To distinguish the virus to be recovered from the cDNA
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FIG. 1. Using a primer containing a BssHII site and T7 promoter sequence
(black area) just upstream of the MeV leader sequence and a genome-specific
antisense primer, the fragment covering from the MeV leader sequence to the
HindIlI site at nucleotide position 2419 [frg(BssHII-T7-HindIl1**'%)] was gener-
ated by NAT with RT. The c¢cDNA fragments, frg(HindIII**'°-Hpal>>??),
frg(Hpal> 2-Pac17?3®), frg(Pac1’?*%-Spel®17), frg(Spel®!>-Stu1'24%2), and
frg(Stul'?*¥2-Cla1'*93%), were generated by NAT. To generate a fragment from
Clal'*3° to the end of the MeV genome with the genomic hepatitis delta virus
ribozyme sequence (Rz) (27) (black area) and NotI [frg(Clal****°-Rz-Notl)],
NAT was carried out using an MeV genome-specific sense primer and primers
containing Rz sequence and a Notl site. All fragments were assembled stepwise
and cloned into the pBluescriptII KS(+) (Stratagene, La Jolla, Calif.) (dark gray
area), whose multiple cloning site was replaced with BssHII, BamHI, Pacl,
HindIll, and Notl sites. In addition, the AAII'!®** _to-StuI'?*52 segment of the
full-genome cDNA of the IC-B strain was replaced with the corresponding
segment from another B95a-isolated pathogenic 9301B strain [9301-tag area (c)].
Compared to the IC-B genome, nine synonymous mutations were accumulated
in 9301-tag area (c) and another four synonymous mutations were present at
nucleotide positions 8320 (a), 9881 (b), 15179 (d), and 15257 (e). Light gray areas
show open reading frames of MeV N, P, M, F, H, and L proteins.

from the parental IC-B strain and other field isolates, the
genome segment (AAIIM%% to SruI'?*%?) in the plasmid was
replaced by that of the 9301B strain, another pathogenic MeV
isolate in B95a cells (34, 35), as a tag (Fig. 1). Pathogenic MeV
isolated in B95a cells will grow only in lymphoid cells such as
human peripheral blood mononuclear cells (PBMCs) and a
monkey B95a cell line, whereas MeV strains passaged in non-
lymphoid cells, such as Vero cells, are remarkably attenuated
in pathogenicity for monkeys (15, 34). Thus, B95a cells are
desirable for the generation of pathogenic MeV from the
cDNA. B95a cells were transfected by using the lipofection
reagent DOSPER (Roche Diagnostics GmbH, Mannheim,
Germany) and then infected with the T7 RNA polymerase-
expressing vaccinia virus vIF7-3 (a kind gift from B. Moss) (9)
to express the nucleocapsid (N), phospho (P), and large (L)
proteins and the antigenome of MeV from the cotransfected
pEMC-Na, pEMC-Pa, pEMC-La (kind gifts from M. A. Bill-
eter), and p(+)MV323, respectively. The cytopathic effect on
B95a cells induced by vIF7-3 was negligible. Several syncytia
did develop when the extract, which was prepared by three
cycles of freezing and thawing of the vI'F7-3-infected and plas-
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mid-transfected cells 2 days after incubation, was inoculated
into a fresh culture of B95a cells (Fig. 2A). One of the syncytia
was picked up and transferred to another culture of B95a cells.
After 3 days, the culture supernatant was assayed for 50%
tissue culture infectious dose (TCIDs,) of MeV and PFU of
vIF7-3 in B95a cells and Vero cells, respectively. The MeV
titer was 1.3 X 10° TCIDs,/ml, whereas vTF7-3 titer was below
50 PFU/ml. The supernatant, after diluted to 10~>-fold to
eliminate VIF7-3 completely, was inoculated into B95a cells
and passaged four times in the same manner to obtain a suf-
ficient virus stock. The final stock of MeV was named 1C323-1.

We also tried to recover infectious virus from p(+)MV323
by using the human embryonic kidney cell-derived 293-3-46
cells stably expressing MeV N and P proteins and T7 RNA
polymerase (a kind gift from M. A. Billeter), because this
system was reported to be highly efficient for recovery of the
Edmonston strain and advantageous in requiring no helper
virus (28). However, preliminary experiments by immuno-
flourescence staining of infected cells showed that the IC-B
strain replicated very poorly in 293-3-46 cells, suggesting that
the virus, even recovered from p(+)MV323, would not grow in
these cells. As expected, by use of 293-3-46 cells alone, neither
syncytium formation indicating replication of MeV (28) nor
infectious virus was recovered from p(+)MV323 (data not
shown). Thus, a modification that B95a cells were overlaid
onto the 293-3-46 cell monolayers was attempted 2 days after
transfection. This modification enabled us to recover infectious
viruses efficiently from p(+)MV323. Two or 3 days later, sev-
eral syncytia developed in the overlaid B95a cells (Fig. 2B).
One of the syncytia was picked up and passaged three times in
B95a cells to obtain a sufficient stock of the recovered MeV.
The virus stock was named 1C323-2.

Characterization of the recovered viruses. Viral RNAs were
purified from the culture supernatant of B95a cells infected
with IC323-1 and IC323-2. To exclude possible contamination
with the full-genome cDNA plasmid p(+)MV323, several re-
gions of the MeV genome were amplified by the nucleic acid
amplify technique (NAT) without reverse transcription (RT).
No DNA fragment was generated by NAT, strongly suggesting
that cDNA contamination did not occur. The purified RNAs of
each virus were then transcribed into cDNA by reverse tran-
scriptase, and the generated cDNAs were amplified by NAT.
The cDNAs of protein-coding regions of N (C-terminal half),
hemagglutinin (H), matrix (M), and P genes, as well as the
9301-tag area (nucleotide positions 11604 to 12482) (Fig. 1),
were amplified and sequenced. All sequence data so far
determined for the two viruses were identical to the
p(+)MV323 sequence, supporting the authenticity of our plas-
mid-based MeV recovery system.

Growth kinetics of 1C323-1 and 1C323-2 analyzed in B95a
and Vero cells showed that the both recovered viruses grew
efficiently in B95a cells comparably to the original IC-B strain.
The molecular size of each viral polypeptide and its amount
synthesized in B95a cells were comparable among 1C323-1,
1C323-2, and the parental IC-B strains (data not shown). On
the other hand, the recovered viruses replicated poorly without
synthesis of any viral proteins in Vero cells, as did the original
IC-B strain (data not shown). It was therefore demonstrated
that both of the recovered viruses retained the in vitro pheno-
type characteristic of the parental IC-B strain.

Two 10-year-old cynomolgus monkeys were infected intra-
nasally with 10° TCIDs, of 1C323-2. MeV-infected PBMC
counts increased up to days 8 to 11 after inoculation (Fig. 3B).
Lymphopenia appeared in the monkeys as severely as that
reported for infection with the original IC-B virus (16) (Fig.
3A) and also in humans (23). Typical manifestations of mea-



VoL. 74, 2000

IC323-1

NOTES 6645

I1C323-2

FIG. 2. Subconfluent B95a cells in dishes 3.5 cm in diameter were infected with vI'F7-3 at MOI of 1.0. Then, using the lipofection reagent DOSPER, vTF7-3-
infected B95a cells were transfected with 1 ug of p(+)MV323 together with 1, 0.5, and 0.5 pg of N, P, and L protein-expressing plasmids pEMC-Na, pEMC-Pa, and
PEMC-La, respectively (kind gifts from M. A. Billeter). Two days after transfection, the transfected B95a cells were scraped into the culture medium. After three cycles
of freezing and thawing, the cells and medium were inoculated into fresh cultures of B95a cells. One or two days later, syncytia in B95a cells were observed by
microscopy (A). Subconfluent 293-3-46 cells (a kind gift from M. A. Billeter) in dishes 3.5 cm in diameter were transfected with 5 pg of p(+)MV323 and 10 ng of
pEMC-La. Two days later, B95a cells were overlaid on the transfected 293-3-46 cells. Two or three days later, syncytia were observed by microscopy in the overlaid

B95a cells (B).

sles, such as coughing, Koplik spots, and maculopapular rashes
(14, 17), developed in one of the monkeys as reported for
IC-B-infected monkeys (16). Histopathological examinations
on the monkeys autopsied on day 11 demonstrated extensive
giant cell formation of lymphoid cells called Warthin-
Finkeldey cells (19) as well as a number of MeV-infected
mononuclear cells, which were stained intensively by the im-
munoperoxidase method using anti-MeV N monoclonal an-
tibody, in lymphoid organs (data not shown). Giant cells were
also found in the bronchiolar cells, epidermal cells of oral
mucosa with mild acanthosis and intraepidermal neutrophil
infiltration, and epidermis and hair follicles around skin rashes.
These histological findings were also comparable to those with
the parental IC-B strain (16) and resemble to those observed in
humans (30). Finally, we determined the partial nucleotide
sequences including the 9301-tag segment of the viruses iso-
lated from the experimented monkeys and confirmed that
these pathogenic viruses were derived from p(+)MV323.
These results taken together demonstrated that the MeV re-
covered from p(+)MV323 reproduced clinical manifestations
and histopathology in monkeys similar to findings for human
cases (23, 30) and essentially identical to those induced by the
original IC-B strain and in contrast to nonpathogenic Vero
cell-grown counterparts (16), indicating the neutral effect of
the synonymous mutations introduced in the p(+)MV323 se-
quence as the tag (Fig. 1) on both in vitro and in vivo pheno-
types.

Although paramyxovirus reverse genetics is improving our
understanding of viral replication and pathogenesis, the MeV
technology developed so far is based on the Edmonston strain
(28), which is no longer pathogenic in the monkey models,
possibly due to numerous rounds of passages in nonlymphoid
cell lines (7, 42). Thus, it is not clear how useful the Edmon-
ston-based technology will be for answering questions relevant
to MeV pathogenesis. We have now succeeded in recovering

infectious MeV isolates from cDNA derived from a pathogenic
strain isolated in B95a cells (16). The feasibility of this reverse
genetics system was demonstrated for MeV pathogenicity stud-
ies by the facts that the recovered viruses retained several in
vitro and in vivo markers of MeV pathogenicity, including
lymphoid cell tropism, and clinical manifestations and histo-
pathology in monkeys. The technology could therefore facili-
tate comparative studies between genetic structures and patho-
genicity. These studies will fill the gap between the classical
virology based on the nonpathogenic Edmonston strain and
actual pathogenic MeVs.

The T7 polymerase expression system from vITF7-3, which
has been most frequently used in virus rescue systems, is often
detrimental due to the strong cytopathogenicity of this helper
virus. In addition, the helper virus generally replicated effi-
ciently in the rescue process, and elimination of vIF7-3 from
the recovered virus stock is laborious. Thus, a more attenuated
vaccinia virus strain, such as MVA, has been used to express T7
polymerase (2, 4, 5, 11, 31, 41), or the enzyme is constitutively
expressed in the transformed cells (28). However, the high
potency of VIF7-3 to express T7 polymerase is still advanta-
geous. Here, we showed that vIF7-3 was less cytopathic to
B95a cells, replicated poorly, but still provided the sufficient
polymerase activity for MeV rescue. On the other hand, B95a
cells are susceptible not only to morbilliviruses but also to
respiroviruses and rubulaviruses (data not shown). Therefore,
the present system using B95a cells and vTF7-3 will also be
applicable for the plasmid-based reverse genetics of other para-
myxoviruses, and perhaps of some other nonsegmented nega-
tive-strand virus families.

The human embryonic kidney-derived 293-3-46 cells were
not susceptible to B95a cell-isolated MeVs including the IC-B
strain. Nevertheless, the successful rescue of IC-B virus from
the overlaid B95a cells indicated that 293-3-46 cells could be
permissive for replication of the transfected cDNA to yield at
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FIG. 3. Two cynomolgus monkeys (monkeys 1 [(J] and 2 (m) were inoculated
intranasally with 10° TCIDs, of the infectious MeV clone 1C323-2. Before and at
2,4,8, 10, and 11 days after infection, lymphocyte count was assayed (A). PBMCs
were isolated on Percoll gradients (Amersham Pharmacia biotech, Uppsala,
Sweden), the starting density of which was adjusted to 1.070 g/ml. Aliquots of
PBMCs (10°/ml) were prepared and divided into twofold serial dilutions. Then,
a 1-ml aliquot of each diluted PBMC sample was inoculated into subconfluent
B95a cells in 24-well cluster plate, and cells were observed under an inverted
microscope. On the assumption that one MeV-infected PBMC was contained in
the maximum diluted PBMC sample that induced syncytium, the number of
MeV-infected PBMC per 10° PBMCs (MeV-infected/10° PBMCs) was calcu-
lated (B).

least one infectious unit or generate the functional RNP tem-
plate to be transferred to a neighboring B95a cell. Thus, when
the reconstitution of progeny virus is not fully supported by any
helper cells, overlay of susceptible or natural host cells will be
worthy of trial.
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