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I ntroduction

Measles virus, one of the most contagious of all human viruses, has been largely
contained by the development and use of a vaccine that was introduced 50 years
ago. These two volumes were timed to honor the introduction of the vaccine and
to record the enormous advancements made in understanding the molecular and
cell biology, pathogenesis, and control of this infectious disease. Where vaccine
has been effectively delivered, endemic measles virus transmission has been
eliminated. However, difficulties in vaccine delivery, lack of health care support
and objection to vaccination in some communities continue to result in nearly 40
million cases and over 300,000 deaths per year from measles.

By itself measles virusinfection has and still provides some of the most interest-
ing phenomena in biology. Following infection of dendritic cells, measles virus
causes a profound suppression of the host’'s immune response that lasts a number
of months after apparent recovery from infection. Indeed, measles virus was the
first virus to be associated with immunosuppression with many of the manifesta-
tions to be observed one hundred years later with HIV infection. Measles is also
associated with development of both post-infectious encephalomyelitis, an autoim-
mune demyelinating disease, and subacute sclerosing panencephalitis, a slowly
progressive neurodegenerative disorder. How measles virus infects cells, spreads
to various tissues and causes disease, as well as the role of the immune response,
generation of new vaccines, and use as a vector for gene delivery are topics covered
in these two volumes. A unique highlight for readers of this series and those inter-
ested in the history of a major and profound biomedical research accomplishment
isthe chapter written by one of the participants who worked on the initial discovery
and use of the vaccine who records the events that occurred at that time.

Baltimore, MD Diane E. Griffin
LaJolla, CA Michael B.A. Oldstone
D.E. Griffin and M.B.A. Oldstone (eds.) Measles — History and Basic Biology. 1
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Chapter 1
John F. Enders and M eadsles Virus Vaccine—a
Reminiscence

S.L. Katz

Contents

REfEIENCES . . ..o e 10

Abstract Following their initial isolation in cell culture of the virus in 1954, a
succession of investigators under the mentorship of John F. Enders conducted the
research, development, and initial clinical studies responsible for the licensure in
1963 of a successful live attenuated measles virus vaccine. Propagation of the virus
successively in human kidney cells, human amnion cells, embryonated hens' eggs,
and finally chick embryo cell cultures had selected virus that when inoculated into
susceptible monkeys proved immunogenic without viremia or overt disease, in
contrast to the early kidney cell-passaged material, which in similar monkeys pro-
duced viremia with illness mimicking human measles. Careful clinical studies in
children by the Enders group and then by collaborating investigators in many sites
established its safety, immunogenicity, and efficacy. This Edmonston strain measles
virus became the progenitor of vaccines prepared, studied, and utilized throughout
the United States and many other countries. With appreciation of measles morbid-
ity and mortality, most marked among infants and children in the resource-limited
lands, the vaccine was incorporated into the World Health Organization’s (WHO)
Expanded Programme of Immunization (EPI) in 1974 along with BCG, OPV, and
DTP. Successful efforts to further reduce measles’ burden were launched in 2001
and are continuing as the Measles Initiative (Partnership) under the leadership of
the American Red Cross, International Red Cross, and Red Crescent societies,
Centers for Disease Control (CDC), United Nations Children’'s Fund (UNICEF),
WHO, and the United Nations Foundation.

S.L.Katz
Duke University Medical Center, Box 2925, Durham, NC 27710, USA, e-mail: katz0004@
mc.duke.edu

D.E. Griffinand M.B.A. Oldstone (eds.) Measles — History and Basic Biology. 3
© Springer-Verlag Berlin Heidelberg 2009



4 SL.Katz

When in 1954 John F. Enders and his two younger colleagues, Frederick Robbins
and Thomas WEeller, received the Nobel Prize in Physiology or Medicine for the
cultivation in cell cultures of polio viruses, he had already returned to his initial
interest in isolating and propagating the virus responsible for measles. Enders was
aunique investigator whose career had followed aless than conventional path. The
scion of a wealthy Connecticut Yankee family, he had attended an €lite boys pre-
paratory school, St. Paul’s in Concord, New Hampshire, and then Yale University.
Additionally, he had spent an interim year asa US Navy World War | flight instruc-
tor. Upon university graduation, he was provided a position in the family’s banking
enterprise, responsible for selling real estate. Recognizing his lack of interest and
commitment to such a pursuit, he enrolled in the Graduate School at Harvard
University studying ancient Celtic philology. A fortunate turn of events provided
him a roommate in their rented Brookline apartment, Hugh Ward, a budding
Australian microbiologist. Ward was apprenticed to Hans Zinsser, the eminent
microbiologist, in whose |aboratory he studied. Enders visited the laboratory where
he became fascinated by the projects of his roommate and the views he gained
through Ward's microscope. Abandoning Celtic philology, he joined Zinsser's
group as a graduate student in microbiology. Here began the career for which heis
widely remembered and appreciated. His early work focused on the role of comple-
ment and antibody in the response to pneumococcal infections. After, and perhaps
because of, the death of hisfirst wife from influenzavirus infection, he directed his
investigative efforts to viruses. Early work involved feline panleukopenia, a fatal
disease of cats, mumps virus, and then polio.

Enderswas avery special individual, not fitting the mold of the aggressive goal-
oriented researcher, but more a contemplative, broadly interested investigator who
pursued medical science for enrichment of the field and personal gratification, but
not for audience acclaim. He was an ideal mentor for many young aspirants, most
of whom later succeeded in developing subsequent careers as distinguished scien-
tists. Because he believed that daily and leisurely contact with one's disciples was
critical to their advancement and the productivity of his laboratory, he never
accepted more than four or five fellows at any time, a marked contrast to many of
his contemporaries. In addition to those from the United States, he enjoyed opening
his laboratory to bright young fellows from abroad (Japan, Iran, the Netherlands,
Sweden, England, Yugoslavia, Belgium, Germany, South Africa, Turkey). On the
daily rounds of the laboratory benches, his question “What's new?’ provided an
effective stimulus to each fellow to have developed something that would then
catch his interest, initiating then a 30- or 60-minute conversation in which the
significance of the findings and the ways in which one might pursue further studies
were discussed. One worked with John Enders not for him (Table 1).

In 1954, one pediatric fellow who spent ayear in the laboratory was dispatched
to a suburban school where an outbreak of measles was reported to be underway.
Thomas Peebles obtained throat swabs and blood specimens from the affected
youngsters and brought them back to the laboratory. In conventional Enders’ fash-
ion, never to waste material and always to utilize available opportunities, cellsfrom
human kidneys had been successfully cultured in vitro. These originated from a
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Tablel Enders laboratory participants in the research and development of measles virus vaccine

Thomas Peebles Samuel Katz
Kevin McCarthy Ann Holloway
AnnaMitus Donald Medearis
Milan Milovanovic Elizabeth Grogan

neurosurgical procedure then in fashion in which children with hydrocephal us had
aunilateral nephrectomy with a connection then established between the cerebros-
pinal fluid in the subarachnoid space and the ureter of the sacrificed kidney. These
kidneys came to the Enders’ lab, where they were minced, trypsinized, and put into
cell culture with nutrient media. It was in these cells that measles virus was first
successfully cultivated and passaged a number of times (Enders and Peebles 1954).
Because the name of the young student from whom the original virus had been iso-
lated was David Edmonston, this strain of virus has subsequently always been
identified as Edmonston virus. Virus harvested from early passage of these cultures
was inoculated into measles-susceptible monkeys who then developed fever, rash,
viremia, and eventually measles-specific antibodies, both complement-fixing and
virus-neutralizing (Peebles et al. 1957). As ventriculoureteral shunts fell out of
fashion, with the development of improved technology for relief of hydrocephalus,
new sources of human cells were sought. At a neighboring hospital, an obstetrical
institution, 1520 women were delivered each day of newborns and their placentas
cast aside. Enders, in his customarily frugal but innovative fashion, suggested we
strip the amniotic membrane from these discarded placentas and attempt to prepare
cultures of human amnion cells. One of the fellows went to the obstetrical hospital
to claim a placenta, brought it back to the laboratory, where it was mounted so that
the amniotic membrane could be sterilely removed. The membrane was then
trypsinized, and the resultant cells were dispersed, harvested, and placed in test
tubes and flasks where they were successfully grown. Measles virus after 24
passages in human kidney cells replicated effectively in these human amnion cell
cultures and once again produced an identifiable cytopathic effect (Milovanovic
et al. 1957). With typical Enders imaginative approach, he then suggested that if
the virus grew readily in human amnion cells, perhaps it would also replicate in a
nonhuman but similar environment. Therefore after 28 human amnion cell pas-
sages, we moved to embryonated hen's eggs and inoculated virus intra-amnioti-
cally. The eggs were obtained from a supposedly pathogen-free flock in New
Hampshire. Although there was no visible resultant pathology, fluids harvested
from these infected eggs displayed cytopathology when inoculated back into
human amnion cells, and titers indicated the virus had not merely persisted but had
multiplied (Milovanovic et al. 1957). After six passagesin the fertile hen’s eggs, we
prepared cell cultures from trypsinized chick embryo tissue and inoculated virus
into those tubes. Although no effect was seen for the initial passages, after five,
there was visible cytopathology which coincided with demonstrable replication of
the virus in these cultures (Katz et a. 1958). It was 13th passaged chick cell mate-
rial that was inoculated into measl es-susceptible monkeys and the results compared
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with the original early human kidney-cell-propagated virus. In contrast, the chick
cell virus produced no rash, no detectable viremia but nonethel ess complement-fix-
ing and virus-neutralizing antibodies (Enders et a. 1960). In addition to the afore-
mentioned studies, chick cell virus was a so inoculated directly into the cistern and
the cerebral hemispheres of susceptible monkeys. No behavioral changes were
noted after this procedure, but the animals were sacrificed and neuropathological
studies of the infected cerebral tissue were conducted by veterinary pathologists at
the neighboring animal hospital. No histological changes could be identified. In
contrast, monkeys similarly injected intracranially with early passaged kidney cell
virus devel oped lesions with local mononuclear cell infiltrates, perivascular cuffing,
and demyelination. In another series of experiments, monkeys that had been immu-
nized with the chick cell virus were then challenged with the virulent human kidney
cell virus and proved completely resistant to infection. After these successful stud-
ies in monkeys, the question was how next to proceed to evaluation in humans.
Initially, we prepared lots of serum-free vaccine virus carefully scrutinized and
tested for any contaminating agents and for sterility, to inoculate one another.
Although thiswas not atest of efficacy, it was a determinant of possible toxicity and
safety. With the successful completion of these preliminary studies, we then consid-
ered how best to proceed to study the vaccine in susceptible children. At a nearby
state Institution for physically and intellectually challenged youngsters, outbreaks
of measles occurred every 2 or 3 years, resulting in serious morbidity and a number
of deaths. Following discussions with the institutional director, we were able to meset
with the parents of several dozen children who had not yet suffered measles. After
explaining to them the background of our potential vaccine and our plansfor aclini-
cal trial, most of them agreed to have their children participate. Using the same
materials with which we had inocul ated one another in the [aboratory, we proceeded
to inject subcutaneously a dozen susceptible children with the vaccine and several
with sterile tissue culture fluid as placebo. We examined them daily, obtained
nasopharyngeal cultures and venous blood samples on alternate days and followed
them carefully over the next 3 weeks. Five to 8 days after inocul ation, many of them
developed fevers that persisted for severa days and were then followed by an eva
nescent rash. Throughout this time, they neverthel ess remained well and went about
their normal activities. No virus was recovered from the throat cultures or blood, but
within 2 weeks all had detectable measles virus-neutralizing and complement-fixing
antibodies in their sera (Katz and Enders 1959; Katz et al. 1960a). The nursing per-
sonnel and others responsible for these children attested to the absence of any appar-
ent disability during this time. Buoyed by these initially successful studies, we
enlisted colleagues in Denver, New Haven, Cleveland, New York, and Boston to
conduct similar studies among home-dwelling children under their care. The suc-
cessful completion of these studies resulted in the New England Journal of Medicine
reportsin 1960 describing the background and devel opment of the vaccine virus and
the clinical observations of the vaccinated children (Katz et al. 1960b).
Throughout the years of this laboratory and clinical research (1954-1963), the
Enders laboratory made available to any and all legitimate investigators who were
interested in pursuing related studies varied materials for their use. These included
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virus, cell cultures, and sera. The Enders philosophy was that the more people
working on a problem the sooner solutions would be found. There was never any
intent to patent the virus or to seek monetary return. As a result, within a short
period of time, many university groups pursued measles vaccine investigations and
seven different pharmaceutical firms in the United States and several abroad were
producing their versions of the Edmonston measles virus vaccine (Table 2; Fig. 1).
To attenuate further the clinical results of the initial vaccination (the aforemen-
tioned fever and exanthem), protocols were initiated in which the injection of vac-
cine was accompanied by a simultaneous tiny dose of human immunoglobulin
(0.02 mg/kg body weight), which reduced these manifestations to approximately

Table2 US Firms that produced measles virus vaccines

Pfizer Lilly
Parke-Davis Lederle
Philips-Roxane Pitman Moore-Dow

Merck (Sharpe and Dohme)?

aThe sole remaining US producer

Fig. 1 First International Conference on Measles Immunization. 8 November 1961 at the National
Institutes of Health, Bethesda Maryland. Left to right: Samuel Katz, Ann Holloway, Kevin
McCarthy, Anna Mitus, Milan Milovanovic, John Enders, Gisele Ruckle, Frederick Robbins,
Ikuyu Nagata
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10%-15%t of susceptible recipients. A number of investigators (initially Anton
Schwarz in 1965 at American Home Products-Pittman Moore Dow and later
Maurice Hilleman in 1968 at Merck) further attenuated the Edmonston virus by an
increased number of passages in chick embryo fibroblasts at reduced temperature
(32°C in contrast to the usual 35°-36°C). Additionally, several firms prepared for-
malin-inactivated, alum-precipitated measles vaccine from the Edmonston strain
and studied its use in a three-dose schedule (Rauh and Schmidt 1965). The Enders
group remained committed to live vaccine, convinced of its advantages over the
inactivated preparation (Enders et al. 1962). Both the live attenuated and this inac-
tivated vaccine were licensed in the United States on 21 March 1963. Over the
ensuing severa years, it was discovered that the killed vaccine did not produce
enduring immunity and that when recipients were exposed to wild measles, many
developed a severe atypical measles infection characterized by high fever, unusual
rash beginning most prominently on the extremities, pneumonia with residual pul-
monary nodules, and some central nervous system obtundation (Fulginiti et al.
1967; Annunziato et al. 1982). This inactivated vaccine was therefore withdrawn
from use in 1967.

Fortunately it was not until 1969, 6 years after the licensure of measles virus
vaccines, that the responsibility of wild measles virus for subacute sclerosing pan-
encephalitis (SSPE) was discovered (Horta-Barbosa et al. 1969; Payne et al. 1969).
By then, millions of American children had received live-attenuated measles virus
vaccines with no resultant central nervous system complications resembling SSPE,
and annual measles cases had been reduced by more than 90%. If the association
of measles with SSPE had been appreciated prior to 1963, it is questionable
whether licensure of a live-virus vaccine would have been so readily approved.
Reassuringly, not only has SSPE become an extreme rarity in the United States and
other countries with widespread childhood coverage by measles vaccine, but
Bellini and colleagues at CDC have demonstrated that all the few cases identified
in recent years are attributable genotypically to wild-type virus distinct from the
vaccine strain (Bellini et al. 2005).

Early in development of the vaccine, after several presentations at national and
international meetings, we began to receive a number of communications from Dr.
David Morley, a British pediatrician who was developing child health programs in
Nigeria, where he informed us that mortality from measles frequently approached
10%—-20%. Of 555 children at his clinic 125 died of measles! He urged us to come
to Nigeria and study the vaccine there. Judiciously, however, John Enders cautioned
us to wait until the vaccine had proven its safety and efficacy in US youngsters
before embarking on such amission. His concern was that premature studies would
be regarded as taking advantage of human guinea pigs rather than as a humane
medical mission. Responding eventually to Morley’s entreaties, Katz went in 1960
with Edmonston vaccine provided by Merck, which was then involved in itsinitial
commercia production. The clinical trial was conducted in Imesi-ile, atiny village
outside llesha, alarger market town north of Ibadan. When informed of the project,
local mothers keenly aware of measles morbidity and mortality, eagerly brought
their infants and children to participate. Many of these youngsters had malaria,
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protein malnutrition, and intestina nematode infestations. Despite these severe
compromises, the initial 26 recipients responded favorably to the vaccine, had no
adverse events, and devel oped antibodies at the expected time (Katz et al. 1962). A
secondary benefit of this experience was our personal awakening to an awareness
of the serious morbidity and mortality of measles among infants and children in the
resource-limited nations. Our previous perspective had been arather parochial one,
of measles in the United States where nearly every child by age 7 had acquired the
infection. Complications including otitis media, pneumonia, and gastroenteritis
were common, requiring hospitalization in as many as 20%, but mortality was unu-
sual, approximately one in 500 cases. Progress in the Americas had been remarka-
bly successful, with transmission in the United States halted in 1993 (Katz and
Hinman 2004) and in the entire Western hemisphere by 2002 (de Quadros et al.
2004). The few cases identified since then have been attributable to importations
from countries where measles remains endemic. Although initial successin control
was mainly the result of a single dose schedule, it became apparent that the 5%—
10% of recipients who failed to seroconvert after this administration soon consti-
tuted a significant cluster of susceptiblesin whom such a highly transmissible virus
could ignite an outbreak. Therefore, beginning in the early 1990s, a two-dose
schedule became the routine and has been continued worldwide in those nations
where measles vaccination is practiced.

The experience in Nigeria stimulated our endeavors to place measles vaccine on
the global scene, resulting eventually in its inclusion in the Expanded Program on
Immunization (EPI) of the World Health Organization (WHO). However, there
were still millions of deaths each year and no international effort was initiated,
whereas the global focus was on polio eradication (Katz 2005). However, by the
year 2000, the American Red Cross and International Red Cross and Red Crescent
Societies, joined by the Centers for Disease Control (CDC), the United Nations
Children’s Fund (UNICEF), the United Nations Foundation, and the World Health
Organization (WHO), formed the Measles Partnership (Measles Initiative) with its
goal of reducing measles mortality from 873,000 annually (WHO figures for 1999)
to half in the next 5 years. Remarkably, in the initial 5 years they exceeded their
goal with vaccination of 297 million infants and children (ages 9 monthsto 5 years)
and a resultant 68% overall decrease in measles mortalities (Wolfson et al. 2007).
Most of this was in sub-Saharan Africa, where only 126,000 deaths were recorded
in 2006 compared to the 506,000 in the first year of the Initiative (Partnership). For
2008-2010, the measles endemic countries of Southeast Asia are the targets of
continuing campaigns.

Fortunately, measles virus has remained a monotypic agent with remarkably
stable surface proteins that are responsible for induction of immunity. Forty-five
years after introduction of the vaccine in 1963, it continues to provide solid, endur-
ing immunity to vaccine recipients today, neutralizing measles viruses of al line-
ages. Even in those areas where exposure to wild measles viruses have been absent
for many years, antibodies and resultant protection have persisted. An attack of
natural measles conferred lifelong immunity to those who acquired it. Although it
istempting to predict that successful vaccination with attenuated measles virus will
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provide equivalent immunity, it is premature to make such a prediction with the
passage of |ess than five decades since its initial availability. In an erawhere many
individuals are living to their eighties and nineties, the senescence of their immune
systems may not maintain what has been assumed to be lifelong immunity. Only by
continuing longitudinal studies will the answer to this question be provided.

In September 1985, at age 88, John Enders died peacefully at his home while
reading poetry. His vision of a measles-free world has come closer to reality than
he anticipated, but the challenges of elimination and eradication of so highly trans-
missible a virus will continue to confront us for many more years. His legacy,
however, endures without challenge.
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Abstract Measles virus (MV) has two envelope glycoproteins, the hemaggluti-
nin (H) and fusion protein, which are responsible for attachment and membrane
fusion, respectively. Signaling lymphocyte activation molecule (SLAM, also
called CD150), a membrane glycoprotein expressed on immune cells, acts as
the principa cellular receptor for MV, accounting for its lymphotropism and
immunosuppressive nature. MV also infects polarized epithelial cells via an as
yet unknown receptor molecule, thereby presumably facilitating transmission via
aerosol droplets. Vaccine and laboratory-adapted strains of MV use ubiquitously
expressed CD46 as an aternate receptor through amino acid substitutions in the
H protein. The crystal structure of the H protein indicates that the putative binding
sites for SLAM, CD46, and the epithelial cell receptor are strategically located in
different positions of the H protein. Other molecules have also been implicated
in MV infection, although their relevance remains to be determined. The iden-
tification of MV receptors has advanced our understanding of MV tropism and
pathogenesis.
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I ntroduction

Measles virus (MV), a member of the genus Morbillivirus in the family
Paramyxoviridae, is an enveloped virus with a nonsegmented negative-sense RNA
genome (Griffin 2007). It has two envelope glycoproteins, the hemagglutinin (H)
and fusion (F) protein, which are involved in virus entry. MV enters a cell by pH-
independent membrane fusion at the cell surface. Attachment of the H protein to a
cell surface receptor is thought to induce the conformational change of the H pro-
tein, which in turn activates the fusion activity of the adjacent F protein, resulting in
the fusion of the viral envelope with the host cell membrane (see the chapter by
C. Navaratnargjah et d., this volume, for a more detailed discussion). Upon infec-
tion of susceptible cells, MV usually causes cell—-cell fusion, producing syncytia.

Some molecules (called entry receptors) are, by themselves, capable of inducing
the conformational changes of the H and F proteins required for membrane fusion
and thus allowing MV entry, whereas others (called attachment receptors) only
allow MV attachment to the cell without the ensuing membrane fusion and entry.
While entry receptors are indispensable for entry, attachment receptors may also
play asignificant rolein MV infection of certain cells by increasing the entry effi-
ciency. The presence of these viral receptors determines whether a specific cell type
is susceptible to MV. However, for successful MV infection, the cell also has to be
permissive for viral replication at post-entry steps, which depends on other intracel-
lular host factors.

MV was first isolated using the primary culture of human kidney cells (Enders
and Peebles 1954). This first isolate is the progenitor of currently used live vac-
cines of the Edmonston lineage (see the chapter by S.L. Katz and D. Griffin and
C.-H. Pan, this volume). In the past, Vero cells derived from the African green
monkey kidney were widely used to isolate MV from measles patients. However,
the isolation with Vero cells was inefficient and usually required several blind pas-
sages. Then, it was demonstrated that the Epstein-Barr (EB) virus-transformed
marmoset B lymphoblastoid cell line B95-8 and its subline B95a are highly sus-
ceptible to MV, and that B95a cell-isolated MV strains retain pathogenicity to
experimentally infected monkeys, unlike Vero cell-isolated strains (Kobune et al.
1990, 1996). Thus, B95a became a standard cell line used for MV isolation,
together with other human B cell lines (Lecouturier et al. 1996; Schneider-
Schaulies et al. 1995). These developments set the stage for the identification of
MV receptors.

Overview of MV Receptors

Initial attempts to identify an MV receptor employed the commonly used labora-
tory-adapted MV strains of the Edmonston lineage. Naniche et a. (1992) generated
a monoclonal antibody (mAb) that was capable of inhibiting the cell—cell fusion
induced by the H and F proteins of the Hallé strain of MV. The mAb precipitated a
cell-surface glycoprotein, which was subsequently identified as CD46 (also called
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membrane cofactor protein) (Naniche et al. 1993). Transfection of the human CD46
gene conferred susceptibility to MV on resistant rodent cell lines. Dorig et al.
(1993) independently showed that human CD46 acts as a receptor for the
Edmonston strain of MV. CD46 is expressed on al nucleated human cells (see the
chapter by C. Kemper and J.P. Atkinson, this volume), thus explaining the ability
of these laboratory-adapted MV strains to grow well in most human cell lines. In
monkeys, CD46 is also present on red blood cells, consistent with the observation
that these strains hemagglutinate monkey red blood cells.

Unlike vaccine and laboratory-adapted strains, MV strains isolated in B95a or
human B cell lines were found to grow only in some lymphoid cell lines (Kobune
et a. 1990; Schneider-Schaulies et al. 1995; Tatsuo et al. 2000a). Furthermore, the
H protein from B cell line-isolated MV strains neither induced downregulation of
CD46 nor caused cell—cell fusion (upon co-expression of the F protein) in CD46-
positive cell lines (Bartz et al. 1998; Lecouturier et al. 1996; Tanaka et al. 1998).
These observations suggested that B cell line-isolated MV strains may utilize a
molecule other than CD46 as a receptor (Bartz et al. 1998; Buckland and Wild
1997; Hsu et a. 1998; Lecouturier et a. 1996; Tanaka et al. 1998; Tatsuo et al.
2000a). Using an expression cloning approach, Tatsuo et al. (2000b) isolated a
cDNA that could render a resistant cell line susceptible to B95a cell-isolated MV
strains. The cDNA clone encoded signaling lymphocyte activation molecule
(SLAM, aso called CD150), a membrane glycoprotein expressed on immune cells
(Cocks et al. 1995). Importantly, the Edmonston strain was found to use SLAM, in
addition to CD46, as a receptor, indicating that SLAM acts as a receptor not only
for B cell line-isolated MV strains but also vaccine and |aboratory-adapted strains
(Tatsuo et al. 2000b). Other groups have reached the same conclusions using differ-
ent approaches (Erlenhoefer et al. 2001; Hsu et al. 2001).

To determine the receptor usage of different MV strains, Erlenhéfer et al. (2002)
examined a number of MV strains with various isolation and passage histories, and
showed that SLAM acts as a common receptor for all MV strains tested. In fact, no
MV strain that does not use SLAM as a receptor has ever been reported, except
artificially generated SLAM-blind recombinant viruses (Vongpunsawad et al.
2004). In general, B cell line-isolated strains utilize SLAM but not CD46 as a
receptor, whereas vaccine and Vero cell-isolated strains use both SLAM and CD46
as receptors. In an attempt to determine differential receptor usage in vivo, viruses
in throat swabs from measles patients were plaque-titrated on Vero cells with or
without human SLAM expression. The results showed that like B cell line-isolated
MV strains, the great majority of viruses in vivo use SLAM but not CD46 as a
receptor (Ono et al. 2001a). Manchester et al. (2000) reported that clinical isolates
obtained in peripheral blood mononuclear cells (PBMCs) utilize CD46 as a recep-
tor. However, these strains replicated well in Chinese hamster ovary (CHO) cells
expressing human SLAM (Tatsuo et al. 2000b) but failed to productively infect
CHO cells expressing human CD46 (Manchester et al. 2000). Taken together, the
data indicate that SLAM acts as the principal cellular receptor for MV in vivo, and
that the use of CD46 may be the result of MV adaptation in vitro.

In addition to these two well-characterized receptors, there may be other mol-
ecules that can act as an MV receptor. Pathological studies with humans and
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experimentally infected monkeys have shown that MV infects not only immune
cells, but aso epithelial, endothelial, and neuronal cells (Griffin 2007), all of
which do not express SLAM. Now there is good evidence for the presence of an
MYV receptor on polarized epithelial cells (Taharaet al. 2008; Takeda et al. 2007).
Furthermore, a ubiquitously expressed molecule(s) has been shown to allow MV
infection, but not syncytium formation, in various types of cells from many spe-
cies at low efficiencies (Hashimoto et al. 2002).

Figure 1 summarizes the receptor usage of MV in vivo and in vitro. In the fol-
lowing section, the properties of MV receptors will be discussed individually, along
with their rolesin MV infection.

MV Receptors

CD46

CD46 acts as a receptor for vaccine and laboratory-adapted strains of MV. Its physio-
logicdl functionisto protect cellsfrom attack by autol ogous complement, by regulating
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Fig. 1 Receptor usage of MV invivo and in vitro. SLAM acts as the principal receptor for MV in
vivo, accounting for its lymphotropism and immunosuppressive nature. MV also infects polarized
epithelia cellsviaan as yet unknown receptor molecule, releasing progeny infectious particles for
transmission. Vaccine and |aboratory-adapted strains of MV acquire the ability to use CD46 as an
aternate receptor through amino acid substitutions in the H protein during in vitro culture
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complement activation. Furthermore, CD46 signaling has been implicated in the regu-
lation of innate and acquired immune responses. The structure and functions of human
CD46 are reviewed in the chapter by C. Kemper and J.P. Atkinson, this volume.

The ectodomain of the H protein of the Edmonston strain binds to the most
membrane-distal short consensus repeat 1 and 2 of CD46 (Devaux et al. 1996;
Iwata et al. 1995; Manchester et al. 1995). Analyses of the H proteins from many
MV strains have reveal ed that the majority of strains using both SLAM and CD46
as receptors have tyrosine at position 481, whereas most B cell line-isolated
strains have asparagine at that position. An N481Y substitution in the H protein
was shown to allow B cell line-isolated strains to use CD46 as a receptor, without
affecting their ability to use SLAM (Bartz et al. 1996; Erlenhtfer et al. 2002; Hsu
et a. 1998; Lecouturier et a. 1996; Nielsen et a. 2001; Shibaharaet a. 1994; Xie
et a. 1999). Furthermore, when B cell line-isolated strains were adapted to growth
in Vero cells (SLAM-negative), an N481Y substitution of the H protein was often
observed after several passages (Nielsen et al. 2001; Schneider et al. 2002;
Shibahara et al. 1994). Some Vero cell-adapted strains have a serine to glycine
substitution at position 546 of the H protein, instead of the N481Y substitution (Li
and Qi 2002; Rima et al. 1997; Shibahara et al. 1994; Woelk et al. 2001).

Isasingle N481lY or S546G substitution in the H protein sufficient for MV to
use CD46 as a receptor? By using recombinant viruses, it was shown that an
N481Y or S546G substitution in the H protein alone cannot make a B cell line-
isolated MV strain utilize CD46 as efficiently as the Edmonston strain (Seki et al.
2006). Severa additional mutations are required for the H protein to interact
efficiently with CD46 (Tahara et a. 2007a). This may explain why CD46-using
viruses are seldom detected in vivo (Ono et a. 2001a). Furthermore, CD46-using
viruses may have a growth disadvantage because they induce higher levels of type
| interferons in PBMCs (Naniche et a. 2000). Thus, CD46-using viruses may
emerge and grow in SLAM-negative cultured cells, but they may not expand in vivo
because there is little selection pressure for them (the interferon system may even
act against them). Although CD46 is the first MV receptor identified, its relevance
in vivo remains to be proven.

SLAM

It is now well established that SLAM is the principal cellular receptor for MV.
SLAM is a member of the SLAM family receptors that mediate important regula-
tory signals in immune cells (reviewed in Engel et al. 2003; Ma et a. 2007;
Sidorenko and Clark 2003; Veillette 2006). SLAM is expressed on thymocytes,
activated lymphocytes, mature dendritic cells (DCs), macrophages, and plateletsin
both humans and mice. SLAM is not expressed on monocytes (see below in this
section for activated monocytes), natural killer cells, or granulocytes. SLAM has
two extracellular immunoglobulin superfamily domains, V and C2, and a cytoplas-
mic tail with three tyrosine-based motifs that undergo phosphorylation and recruit
SH2 domain-containing proteins such as SLAM-associated protein (SAP) and
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Ewing's sarcoma-associated transcript 2 (EAT-2) (Cocks et al. 1995; Engel et al.
2003; Maet al. 2007; Veillette 2006) (Fig. 2). SLAM functions by interacting with
another SLAM molecule present on an adjacent cell (Mavaddat et al. 2000).
Ligation of SLAM on CD4* T cells leads to its binding to SAP, which in turn
recruits and activates the Src-related protein tyrosine kinase FynT, resulting in
tyrosine phosphorylation of SLAM. Combined with T cell receptor engagement,
this triggers downstream effectors, leading to upregulation of the GATA-3 tran-
scription factor and production of T helper 2 cytokines such as interleukin (IL)-4
and IL-13 (Engel et al. 2003; Ma et al. 2007; Veillette 2006) (Fig. 2). SLAM aso
regulates lipopolysaccharide-induced production of IL-12, tumor necrosis factor
a, and nitric oxide by macrophages in mice (Wang et al. 2004). The distribution
and functions of SLAM provide a good explanation for the lymphotropism and
immunosuppressive nature of MV. Indeed, a recent study of MV infection in
macaques identified SLAM* lymphocytes and DCs as predominantly infected cell
types (de Swart et al. 2007). Although SLAM is reported to be a marker for the
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Fig. 2 SLAM structure and signal transduction. SLAM has extracellular V and C2 domains and
acytoplasmic tail with tyrosine (Y)-based motifs. Itsligand is another SLAM present on adjacent
cells. Ligation of SLAM on CD4* T cells leads to its binding to SAP, which in turn recruits and
activates FynT, resulting in phosphorylation of SLAM. Combined with T cell receptor (TCR)-
mediated signals, this triggers downstream effectors, leading to upregulation of GATA-3 and
production of 1L-4 and IL-13. The MV H protein binds to the V domain of SLAM to initiate cell
entry. MHC, major histocompatibility complex
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most primitive hematopoietic stem cells in mice (Kiel et al. 2005), it is currently
unknown whether it is also expressed on human hematopoietic stem cells, thereby
contributing to MV pathogenesis.

Mouse SLAM has functional and structural similarity to human SLAM (~60%
identity at the amino acid level), but it cannot act as a receptor for MV, partly
explaining why mice are not susceptible to MV (Ono et al. 2001b). The V domain
of human SLAM is necessary and sufficient for MV receptor function (Ono et al.
2001b) (Fig. 2), and the amino acid residues at positions 60, 61, and 63 are critical
for function (Ohno et al. 2003). Substitutions at these three positions to human-type
residues make mouse SLAM act asan MV receptor, while introduction of changes
at these positions compromises the receptor function of human SLAM. At present,
it is unknown whether these residues directly bind to the H protein or, upon substi-
tutions, modul ate the conformation of SLAM, thereby affecting its interaction with
the H protein. The answer to this question awaits the elucidation of the crystal
structure of human SLAM complexed with the MV H protein.

Toll-like receptor (TLR) 2, 4, and 5 ligands induce SLAM expression on mono-
cytes (Bieback et al. 2002; Farina et al. 2004; Minagawa et a. 2001). The MV
H protein also induces SLAM expression on monocytes after binding to TLR 2
(Bieback et al. 2002). Thus, MV may induce its own entry receptor on potential
target cells such as TLR2" monocytes and DCs.

Vero cells stably expressing human SLAM (Vero/hSLAM) (Ono et al. 2001a)
are now commonly used for MV isolation and propagation, replacing EB virus-
producing B95a cells for safety reasons. However, in retrospect, the introduction of
SLAM* B95acellsto MV research (Kobune et al. 1990) was critical for the identi-
fication of SLAM as the principal receptor for MV. Without the use of B95a cells,
its identification would have been delayed for many years.

A Putative Receptor on Epithelial Cells

In measl es patients and experimentally infected monkeys, MV antigens and syncytia
have been identified in the epithelia of various organs, including the skin, oral cavity,
pharynx, trachea, esophagus, intestines, and urinary bladder, as well asin lymphoid
tissues (for references, see the paper by Takedaet al. 2007). However, epithelial cells
do not express SLAM, and B cell line-isolated MV strains, unlike vaccine and labo-
ratory-adapted strains, do not infect most epithelial cell lines. Takeuchi et a. (2003)
reported that a B95a cell-isolated strain caused syncytium formation in primary
human respiratory epithelial cells, which was independent of SLAM and CDA46.
Recently, a human lung adenocarcinoma cell line NCI-H358 (Takeda et & . 2007) as
well as four human polarized epithelial cell lines (Tahara et al. 2008) were shown to
support SLAM- and CD46-independent MV entry, replication, and syncytium for-
mation. Furthermore, analyses using anti-H protein mAbs and recombinant viruses
possessing the mutated H proteins indicated that the receptor-binding site on the
H protein required to infect these epithelial cell lines is different from the binding
sitesfor SLAM and CD46 (see p. 22). Thus, wild-type viruses circulating in measles
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patients appear to have an intrinsic ability to infect immune and polarized epithelial
cellsby using SLAM and an as yet unidentified molecule, respectively. (Also seethe
chapter by C. Navaratnargjah et a., this volume.)

Other Receptors

The C-type lectin DC-specific intercellular adhesion molecule 3-grabbing
nonintegrin (DC-SIGN) may play arolein MV infection of DCs (de Witte et al.
2006). Both attachment and infection of DCswith MV are blocked in the presence
of DC-SIGN inhibitors. However, stable expression of DC-SIGN cannot confer
susceptibility to MV on CHO cells. Thus, DC-SIGN appearsto act as an attachment,
but not entry, receptor for DCs.

On rare occasions, MV causes subacute sclerosing panencephalitis (SSPE), a
persistent MV infection in the central nervous system (CNS), in which few free
MV particles and syncytiaare detected (see the chaptersby V.A. Young and G. Rall
and M.B. Oldstone, this volume). MV may spread trans-synaptically in neurons
(Lawrence et al. 2000). It has been proposed, based on competitive inhibition stud-
ies and on experiments with knock-out mice, that neurokinin-1 (NK-1, substance
P receptor) may promote MV entry into neurons by serving as a receptor for the
MV F protein (Makhortova et a. 2007). However, the exact mechanism by which
NK-1 contributes to MV spread in neurons remains to be defined.

Studies with recombinant MV's expressing green fluorescent protein (GFP)
demonstrated that SLAM- and CD46-independent MV entry occurs in a variety
of cell lines (Hashimoto et al. 2002). This mode of entry produces solitary
infected cells, but does not usually induce syncytium formation, and its efficiency
is100- to 1,000-fold lower than that of SLAM-dependent entry. Such aweak MV-
receptor interaction that only alows inefficient entry may not lead to apparent
cell—cell fusion (Hasegawa et al. 2007). This inefficient entry appears to be medi-
ated by a ubiquitously expressed molecule(s) because it occurs in almost all cul-
tured cells from various species (Hashimoto et al. 2002). It has been reported that
B cell line-isolated MV strains effectively infect human umbilical vein and brain
microvascular endothelial cells (Andres et al. 2003). Shingai et al. (2003) showed
that pseudotype viruses bearing the H and F proteins of SSPE strains of MV uti-
lize SLAM, but not CD46, as a receptor, and that they can infect various SLAM-
negative cell linesindependent of CD46. It remains to be determined whether MV
infection of endothelial and neuronal cells in these instances is mediated by the
ubiquitous inefficient receptor or a more efficient receptor(s) such as the putative
epithelial cell receptor.

Even this ubiquitous inefficient receptor may allow significant MV growth after
virus adaptation to cultured cells at post-entry step(s) of the vira life cycle.
Recombinant chimeric viruses were generated, in which part of the genome of aB
cell line-isolated MV strain was replaced with the corresponding genes from the
Edmonston strain. While the parental virus could not grow in SLAM-negative Vero
cells, the virus possessing the Edmonston H gene replicated efficiently using CD46
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as a receptor. The recombinant virus possessing the Edmonston M or L gene also
grew in Vero cells, although their entry efficiencies were as low as that of the
parental virus (Tahara et al. 2005). This study provides an explanation for the pre-
vious observations that the recombinant viruses based on the Edmonston strain
possessing the H protein of B cell line-isolated strains efficiently replicate in Vero
cells (Johnston et al. 1999; Takeuchi et al. 2002). Other studies have also shown
that B cell line-isolated MV strains can adapt to growth in Vero cells by substitu-
tions in other proteins than the receptor-binding H protein (Bankamp et al. 2008;
Kouomou and Wild 2002; Miyajimaet al. 2004; Takeuchi et al. 2000). The changes
found in these proteins may enhance MV growth at post-entry step(s) by improving
viral transcription and replication, virus assembly (Tahara et al. 2007b), and/or
evasion of antiviral host responses, thereby compensating the inefficient entry.

Mor billivirus Receptor s

MV isamember of the Morbillivirus genus, which also includes canine distemper
virus (CDV), rinderpest virus (RPV), peste-des-petits-ruminants virus, cetacean
morbillivirus, and phocine distemper virus (Griffin 2007). Morbilliviruses are lym-
photropic and cause lymphopenia and immunosuppression in respective host spe-
cies. The common tropism and pathology of these viruses prompted Tatsuo et al.
(2001) to examine the receptor usage of several strains of CDV and RPV. That
study showed that all CDV and RPV strains examined use dog and cow SLAM as
a receptor, respectively.

Dog and ferret macrophages (Appel and Jones 1967; Poste 1971), mitogen-
stimulated dog lymphocytes (Appel et a. 1992), and the marmoset B cell line B95a
(Kai et a. 1993) have been successfully used to isolate virulent CDV. All these
cells presumably express SLAM. Moreover, CDV wasreadily isolated in Vero cells
stably expressing dog SLAM (Vero.DogSL AMtag) from the majority of dogs with
distemper, suggesting that CDV uses dog SLAM as the principal receptor in vivo
(Seki et al. 2003). Thisis supported by the finding that a recombinant CDV unable
to recognize SLAM isattenuated in experimental infection of ferrets (von Messling
et a. 2006). It is currently unknown how CDV infects the cellsin the CNS, one of
the commonly affected targets. It was shown that awild-type RPV uses cow SLAM
as areceptor, while the Plowright vaccine strain of RPV can use heparan sulphate
as an alternative receptor, growing in many types of cells (Baron 2005). Thus, the
use of SLAM as areceptor may be a common property of all morbilliviruses.

Interaction of the MV H protein with Receptors

Binding of CD46 and SLAM to the MV H protein has been studied using soluble
molecules (Hashiguchi et al. 2007; Navaratnargjah et al. 2008; Santiago et a. 2002).
SLAM binds to the MV Edmonston (vaccine strain) and IC-B (B95a cell-isolated
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wild-type strain) H proteins with similar affinities (dissociation constant Kd of 0.43
vs 0.29 uM). On the other hand, CD46 hinds to the Edmonston H protein (Kd of
2.2 uM) but not to the IC-B H protein (Hashiguchi et al. 2007).

To identify residues in the MV H protein involved in the interaction with
SLAM and CD46, a series of mutants of the Edmonston or Hallé H protein were
examined for their ability to induce SLAM- or CD46-dependent cell—cell fusion
or to downregulate SLAM or CD46 from the cell surface (Massé et al. 2002,
2004; Navaratnarajah et al. 2008; Vongpunsawad et al. 2004). Changes of the
relevant residues are expected to affect these functions of the H protein. The stud-
ies showed that some residues (1194, D505, D507, Y529, D530, T531, R533,
H536, F552, Y553, and P554) interact with SLAM, and others (A428, F431,
V451, Y452, L464, Y481, PA86, 1487, A527, S546, S548, and F549) interact
with CD46. Tahara et al. (2007a) showed that substitutions at positions 390, 416,
446, 484, and 492, in addition to N481Y, are important to allow the IC-B strain
to use CD46 as a receptor, suggesting that amino acid residues at those positions
may also interact with CD46. Using site-directed mutagenesis, it was recently
shown that aromatic residues such as F483, Y541, and Y543 in the H protein are
critical for MV to infect and cause cell—cell fusion in polarized epithelial cell
lines (Tahara et al. 2008). (Also see the chapter by C. Navaratnarajah et al., this
volume.)

The crystal structure of the MV H protein was recently determined (Hashiguchi
et al. 2007). The receptor-binding head domain forms adisulfide-linked homodimer
and exhibits a six-bladed p-propeller fold (31-6). The residues implicated in the
interaction with SLAM, CD46 or the putative epithelial cell receptor are indi-
cated on the determined crystal structure of the MV H protein (Fig. 3A, viewed
from the top of the monomer). SLAM-relevant residues are mapped to the inter-
strand loops of the 35 sheet. The key residues for the interaction with CD46 span
the P3—35 sheets of the side face of the head domain and are mapped in different
locations from the putative SLAM-binding site. The aromatic residues impli-
cated in the interaction with the putative epithelial cell receptor are located
between the putative SLAM- and CD46-binding sites. Notably, the residues
implicated in the interaction with SLAM or the putative epithelial cell receptor
are highly conserved among morbilliviruses, whereas those shown to be impor-
tant for the interaction with CD46 are not. Thus, it islikely that many morbillivi-
ruses, including MV, CDV and RPV, use their orthologs (SLAM and an unknown
molecule) to infect immune and epithelial cells, respectively. Importantly, resi-
dues relevant for the interaction with SLAM and the putative epithelial cell
receptor are located upward from the viral envelope, because of the tilted orien-
tation of the molecules forming the H protein dimer (Fig. 3B, 3C). Thus, they
may readily interact with SLAM on immune cells and the putative receptor on
epithelial cells. On the other hand, CD46-relevant residues are accessible from
the top of the H protein, but are located more to the side. Although most of these
residues are expected to interact directly with the respective receptors because of
their location on the surface of the H protein, elucidation of the crystal structures
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Fig. 3 A—C Receptor-binding sites on the MV H protein. The receptor-binding head domain of
the MV H protein comprises six -sheets arranged cyclically around an axis as the blades of a
propeller, and forms a homodimer (A) The head domain monomer of the H protein viewed from
the top of the propeller-like structure (with the axis in the center) is shown by the ribbon model,
together with residues implicated in the interaction with SLAM (magenta), CD46 (cyan), and a
putative epithelial cell receptor (orange) (B) The H protein homodimer viewed from the side is
shown by the ribbon model, with residues implicated in the interaction with receptors (C) The
cartoon model of the H protein homodimer on the MV envelope. Residues implicated in the inter-
action with SLAM and a putative epithelial cell receptor are located upward from the viral enve-
lope because of the tilted orientation of the molecules forming the homodimer

of the MV H protein complexed with individual receptors are required to deter-
mine whether they indeed bind to the receptors.

It has been suggested that SLAM and CD46 bind to overlapping sites in the
H protein of the Edmonston strain, based on receptor binding competition and on
blocking of SLAM and CD46 binding with the same anti-H protein mAbs (Santiago
et al. 2002). However, given the assumed locations of the respective receptor-bind-
ing sites, it is more likely that the observed competition and blocking occurred
because of a mechanism of steric hindrance. Similarly, many mAbs neutralizing
SLAM-dependent MV infection appear to do so by steric hindrance, because their
mapped epitopes are located in different positions from the putative SLAM-hinding
sites (Bouche et al. 2002; Hashiguchi et al. 2007; Santibanez et al. 2005).
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MV Tropism and Pathogenesisin Relation to Receptors

Identification of MV receptors has led to better understanding of MV tropism
and pathogenesis. Lymphotropism of MV is explained by infection of SLAM*
immune cells. Polarized epithelial cells appear to express a specific cellular
receptor for MV. Currently, it is not known how endothelial and neuronal cells
are infected by MV. They may have their own receptors or express the same
receptor molecule as epithelial cells. Alternatively, they may be infected by MV
via an inefficient receptor.

MV is transmitted via aerosol droplets. Although respiratory epithelia cells are
generally suspected, initia target cellsare not well defined. A classical study on CDV
infection of dogs reported that the virus was detected only in bronchial lymph nodes
and in tonsils on the day of infection, and that it appeared in mononuclear cells of the
blood on the 2nd and 3rd days (Appel 1969). A ferret model of CDV infection also
showed massive lymphocyte infection in PBM Cs and lymphoid organs including the
thymus, spleen, and lymph nodes, followed by infection of epithelial cells during the
later stages of infection (von Mesdling et al. 2003, 2004). In intratracheal infection of
macagues with GFP-expressing recombinant wild-type MV, de Swart et al. (2007)
demonstrated that SLAM* lymphocytes and DCs are predominantly infected cell
types, with an occasiona infection of epithelial cells at the later stage. Thus, it is
likely that the primary targets of MV are SLAM* immune cells in the respiratory
tract, such as lymphocytes, DCs, and macrophages, rather than epithelial cells. It is
also possible that DC-SIGN* DCs capture MV (without being infected) in the respi-
ratory epithelia and carry it to loca lymph nodes, where the virus is transferred to
activated (SLAM*) lymphocytes (de Swart et al. 2007; de Witte et al. 2006, 2008).

Theseinterpretations are consistent with the observation that MV infects SLAM*
immune cells more efficiently than it does polarized epithelia cells (M. Takeda
et a., unpublished observations). Most likely, at the later stage of infection when a
large amount of MV is produced, infected SLAM* immune cells may transfer the
virus, abeit inefficiently, to epithelial cells, which in turn propagate the virus via
the epithelial cell receptor. Since polarized epithelial cellswith tight junctions cover
the external epithelial surface, MV may not efficiently release progeny virus parti-
cles into the externa surface through its ability to infect SLAM* immune cells
alone. Furthermore, studies showed that MV is selectively released into the apical
(luminal) side of polarized epithelia cells (Tahara et al. 2008). Thus, the ability to
infect epithelial cells may be necessary for MV to spread efficiently from person to
person. This may also explain why MV is transmitted efficiently via aerosol drop-
lets, whereas human immunodeficiency virus (HIV), which shares the tropism for
immune cells with MV, is transmitted exclusively via sexual contact or blood.

Two clinical observations are of particular interest, which may be understood in
terms of the use of SLAM as a receptor by MV. First, Burkitt's lymphoma and
Hodgkin's disease have been reported to regress after MV infection (Bluming and
Ziegler 1971; Taqi et a. 1981). EB virus may be responsible for these diseases, and
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EB virus-transformed B lymphoid cell lines have been shown to express high levels
of SLAM (Aversa et al. 1997; Tatsuo et al. 2000b). Thus, it is likely that these EB
virus-related tumors expressed SLAM, and MV infected and killed these tumor
cells. Second, HIV replication is reported to be suppressed during acute measles
(Moss et a. 2002). Although the authors propose that the finding is related to the
ability of MV to suppress lymphocyte proliferation (Garcia et al. 2005), it is aso
likely that suppression of HIV replication occurs because MV targets the very cells
that harbor HIV provirus and allow HIV replication. HIV resides and replicates in
memory and activated CD4* T cells, which are likely to be SLAM*, and therefore
to beinfected and killed by MV. A similar mechanism may also explain in part why
measles is more severe among people in devel oping countries, where chronic infec-
tion with various pathogens may increase the percentage of activated lymphocytes,
which are SLAM* and susceptible to MV infection.

Immunosuppression and lymphopenia are characteristic of measles. Infection
and subsequent destruction of SLAM* immune cells may account for these immu-
nological abnormalities. Furthermore, MV infection may also affect SLAM signal
transduction of immune cells by mimicking the natural ligand, thereby leading to
the immune dysfunction (see the chapter by D. Gerlier and H. Valentin, this vol-
ume). MV-induced immunosuppression is discussed in more detail in the chapter
by S. Schneider-Schaulies and J. Schneider-Schaulies, this volume.

Conclusions

Although the identification of SLAM as the principal cellular receptor for MV has
provided insight into MV tropism and pathogenesis, many problems associated
with measles still remain to be clarified. In this regard, animal models such as
macagues (see the chapter by R. de Swart et al., this volume) and human SLAM-
expressing mice (see the chapter by C.I. Sellin and B. Horvat et a., this volume)
are expected to provide useful information. For example, SLAM-knock-in mice
have been shown to reproduce MV tropism and immunosuppression seen in human
patients (Ohno et a. 2007; S. Ohno et al., unpublished observations). |dentification
of the epithelia cell receptor is greatly desired. The mechanism by which MV
spreads in the CNS during SSPE is almost unknown. Further studies on these sub-
jects, coupled with crystal structures of the MV H protein complexed with respec-
tive receptors, will lead to better understanding of MV pathogenesis and to novel
strategies of the prevention and therapy of measles.
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Abstract Meadesvirus (MV) wasisolated in 1954 (Enders and Peeble 1954). It is
among the most contagious of viruses and a leading cause of mortality in children
in developing countries (Murray and Lopez 1997; Griffin 2001; Bryce et a. 2005).
Despite intense research over decades on the biology and pathogenesis of the virus
and the successful development in 1963 of an effective MV vaccine (Cutts and
Markowitz 1994), cell entry receptor(s) for MV remained unidentified until 1993.
Two independent studies showed that transfection of nonsusceptible rodent cells
with human CD46 renders these cells permissive to infection with the Edmonston
and Halle vaccine strains of measles virus (Dorig et a. 1993; Naniche et al. 1993).
A key finding in these investigations was that MV binding and infection was inhib-
ited by monoclonal and polyclonal antibodies to CD46. These reports established
CD46 as a MV cell entry receptor. This chapter summarizes the role of CD46 in
measles virus infection.
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CD46 Discovery and Char acterization

CD46 was discovered 1985 as a protein expressed on human peripheral blood
mononuclear cellsthat bound C3b, the major opsonic and activation fragment of the
complement system (Cole et a. 1985). It was initially termed gp45-70 because of
its unusually broad, doublet, mobility pattern on SDS-PAGE. Subsequent functional
analysis showed that gp45-70 functions as a complement regulator by serving as a
cofactor for the plasma serine protease factor-I to cleave C3b and C4b (Seya et al.
1986; Yu et al. 1986). The protein was therefore renamed membrane cofactor pro-
tein (MCP) with a cluster of differentiation designation CD46 (Hadam 1989).

The complement system isamajor player in the innate immune response, where
it functions as afirst-line defense against invading pathogens (Whaley et al. 1993).
The complement system is activated by lectins and natural antibodies upon ligand
binding and al so serves as an independent immune system with sensing and effector
activities (the alternative pathway). Once activated, it mediates microbial destruc-
tion by opsonizing microbes for adherence and internalization via phagocytic cells
and through lysis (Whaley et al. 1993). It promotes the inflammatory process by the
release of proinflammatory mediators, especially the C3a and C5a anaphylatoxins,
which activate a wide range of cellsinvolved in the host’s immune response (Kohl
and Bitter-Suermann 1993; Hawlisch and Kohl 2006), including endothelial and
epithelial cells (Whaley et al. 1993). The complement system is often called a dou-
ble-edged sword. Thus, while instrumental in fighting infections and promoting the
immune response, it can cause damage to host tissues at a site of infection, in the
setting of autoantibodies and immune complexes, or in acute and chronic injury
states (Whaley et al. 1993; Walport 2001a, 2001b). To avoid undesirable damage to
self, tight control is critical (Richards et al. 2007). Such control is achieved in part
by two fluid-phase (factor H and C4b-binding protein) (Morgan and Harris 1999)
and two membrane-bound (decay accelerating factor, DAF/CD55 and membrane
cofactor protein, MCP/CD46) regulators. These proteinsinteract with C3 and/or C4
activation fragments through shared structural features (Morgan and Harris 1999).
Also, the gene locus for these complement regulators is in a cluster that occupies
an approximately 800-kb segment at 1932 (de Cordoba et al. 1984; Holers et al. 1985;
Reid et a. 1986; Hourcade et a. 1989). CD46 is in this regul ators-of-complement-
activation protein/gene cluster (Fig. 1A) (Cui et a. 1993).

Structure and | soforms

The CD46 gene consists of 14 exons and 13 introns (Hourcade et al. 1989), span-
ning about 45 kb within the RCA gene cluster (Fig. 1B). It encodes atype | trans-
membrane protein (Liszewski and Atkinson 1992). The analysis of distinct cDNAs
derived from cDNA libraries revealed one of the intriguing features of CD46: mul-
tipleisoformsarising from asingle gene by alternative splicing (Fig. 1C) (Hourcade
et al. 1989; Liszewski and Atkinson 1993). CD46 consists of four short consensus
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repeats (SCRs) at its amino-terminus. These SCRs are also called complement
control protein repeats (CCPs) or sushi domains and are independently folding
protein modules of approximately 60 amino acids in length (Barlow et al. 1991).
RCA members contain 4-30 CCPs and their C3 and C4 fragment binding sites
reside within these structural units, usually requiring three CCPs to form a hinding
site. CCPs 1, 2, and 4 of CD46 are N-glycosylated. Glycosylation of CCP2 is essen-
tial for CD46 to function as MV receptor (Maisner and Herrler 1995; Maisner et al.
1994, 1996). The four CCPs are followed by a serine/threonine/proline (STP)-rich
region. The STP region is encoded by three differentially spliced exons (giving rise
to STPregions A, B, and C of 14-15 amino acids each). The STP regions are sites
of O-glycosylation and the number and composition of amino acids of the STP
region determines the quantity of O-glycosylation (Liszewski and Atkinson 1992).
The STP region is followed by a short, juxtamembraneous 12 amino acid-long
domain (separate exon) of yet unknown function, a transmembrane domain, an
anchor, and one of two cytoplasmic tails, termed CY T-1 and CY T-2 (Liszewski and
Atkinson 1992).

Thus, based on the observed STP splicing pattern and the distinct cytoplasmic
tails, multiple CD46 isoforms can be generated (Fig. 1C). However, Northern and
Western blotting and RT-PCR analyses of multiple cell lines, peripheral blood cells,
and tissue samples demonstrate that CD46 is regularly expressed as variable
amounts of four predominant isoforms, BC1, BC2, C1, and C2. Due to their
difference in O-glycosylation, the BC1/2 isoforms show an M, of 62,000-67,000,
and the C1/2 forms have an M, of 54,000-60,000 (Liszewski et a. 1991). The
expression ratio of the four main isoforms is inherited in an autosomal codominant
fashion, with three phenotypes in the population: the majority (65%) expresses pre-
dominantly the highly O-glycosylated BC1/2 forms, 6% express predominantly the
less glycosylated C1/2 forms, and 29% of the population express both forms in
roughly equal amounts (Liszewski et al. 1991; Wilton et al. 1992; Seya et al. 1999).
All four isoforms serve asa MV receptor and binding of MV to CD46 is independ-
ent of the quantity of O-glycosylation (Maisner and Herrler 1995; Varior-Krishnan
et al. 1994; lwata et al. 1994). Soluble forms of CD46, possibly shed from the cell
surface via metalloproteinases (Hakulinen and Keski-Oja 2006), are present in low
concentrations in plasma, semina fluid, and tears (Hara et al. 1992; Simpson and
Holmes 1994). Their biological significance is unknown. Similarly, a role for
the low frequency CD46 mRNAs encoding other isoforms, identified primarily in

Fig. 1 (Continued) CD46 structure. CD46 is atype | transmembrane glycoprotein that is expressed
on most tissues as four major isoforms derived by aternative splicing of a single gene. The N-ter-
minus of eachisoform consists of four complement control protein repeats CCPs, and CCPs 1, 2,
and 4 each bear one N-linked complex sugar. The CCPs are followed by a serine, threonine, and
proline-rich (STP) region that is O-glycosylated. The STPregion, asite of aternative splicing, arises
from three separate exons, designated A, B, and C. The four major isoforms of CD46 utilize the C
region, whereas the B region is alternatively spliced, giving rise to either a BC or C STP region.
Isoforms containing the A exon of the STP region have been reported, but are rarely observed in
norma human tissue. The carboxyl terminus of CD46 is also differentially spliced, giving rise to
two distinct cytoplasmic tails, designated CY T-1 (16 amino acids) and CY T-2 (23 amino acids)
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EBV-transformed lymphocytes and leukemic cell lines (ABCL1/2) and in the pla-
centa (B1/2) (Hara et al. 1995; Matsumoto et a. 1992; Russell et al. 1992; Purcell
et a. 1991; Johnstone et a. 1993), has not been identified.

Tissue Distribution

CD46 is expressed by nearly all nucleated cells (Seyaet al. 1988). Human erythro-
cytes, in contrast to other primates, including the chimpanzee, do not express CD46
(Cole et a. 1985). The inherited specific CD46 expression pattern is generaly
identical on most all cell typesin an individual (Liszewski et a. 1991). There are,
however, notable exceptions. For example, in the fetal heart, CD46 is only found in
the C1/2 isoforms (Gorelick et al. 1995), while the salivary gland and kidney
expressthe -BC forms (Johnstone et al. 1993). Interestingly, sperm, kidney, salivary
gland, and brain only express CY T-2 (Johnstone et a. 1993; Buchholz et al. 1996;
Riley-Vargas and Atkinson 2003). Given that both tails of CD46 transduce intracel-
lular signals upon CD46 crosslinking (see p. 42), tissue-specific expression of cer-
tain CD46 isoforms may play an important role during MV infection. Direct proof
of thisidea is lacking and is hampered by the fact that a suitable mouse model
accurately recapitulating human MV infection is not available (see p. 46). A con-
nection between specific CD46 isoform expression patterns and MV infection
pathogenesis has not been observed. Although CD46 gene polymorphisms have
been identified (Wilton et al. 1992), an analysis of arole for CD46 polymorphisms
in the susceptibility to subacute sclerosing panencephalitis (SSPE) after MV infec-
tion has not shown an association (Kusuhara et al. 2000).

Functions

Complement Regulation

CD46 is an inhibitor of complement activation. It protects host cells from comple-
ment deposition by functioning as a cofactor for the factor |-mediated proteolytic
inactivation of C3b and C4b (Morgan and Harris 1999; Liszewski et al. 1991)
(Fig. 2). The binding sites for C3b and C4b and cofactor activity have been mapped
to CCPs 2—4 (Adams et a. 1991; Iwata et al. 1995). The importance of CD46 in
this processis demonstrated by the observation that individuals with CD46 haploin-
sufficiency secondary to mutations compromising its expression or regulatory func-
tion are predisposed to atypical or familia hemolytic uremic syndrome (HUS)
(Richards et al. 2003, 2008; Kavanagh et a. 2008; Zheng and Sadler 2008).
Atypical HUS is characterized by a triad of microangiopathic hemolytic anemia,
thrombocytopenia, and acute renal failure (Richards et a. 2008; Caprioli et a.
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Fig. 2 Functions of CD46. CD46 was originaly identified as a C3b-binding protein and then
shown to have cofactor activity (promotion of the degradation of C3b and C4b by factor I) (bottom
left). The complement regulatory activity of CD46 resides within CCPs 2—4. CD46 aso plays a
rolein fertilization at the time sperm/egg union (top left). Human pathogens utilize CD46 as a cell
entry receptor (right) (see Table 1). Concurrent activation of the T cell receptor and CD46 on
primary human CD4* T cellsin the presence of 1L-2 leads to the induction of 1L-10 and granzyme
B-producing regulatory T cells (bottom)

2005). A partial deficiency of CD46 is thought to lead to excessive complement
activation at the site of endothelia cell injury (Caprioli et a. 2006). The resulting
overexuberant innate immune and inflammatory response to injury produces a
thrombomicroangiopathy of glomerular vessels.

Fertilization

CD46 serves additional functions besides complement regulation (Riley-Vargas
et a. 2004). A rolein male fertility was initially suggested by its expression on the
inner acrosomal membrane of spermatozoa. Variations in CD46 expression levels
have been associated with maleinfertility (Kitamuraet al. 1997). CD46 isimportant
during fertilization by presumably promoting the sperm/egg interaction (Riley-Vargas
and Atkinson 2003; Riley-Vargas et a. 2004, 2005; Harris et al. 2006). Although the
exact role of CD46 during fertilization is unclear (Riley-Vargas et a. 2004), another
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indication of itsimportance here is the CD46 expression pattern in rodents. In mice,
rats, and guinea pigs, CD46 expression is restricted to spermatozoa (Morgan and
Harris 1999; Riley-Vargas and Atkinson 2003; Tsujimura et a. 1998), while ancther,
mouse-specific, complement regulator, Crry, takes over CD46's regulatory function
on somatic tissue (Kim et a. 1995; Xu et al. 2000). The disruption of mouse CD46
causes an accel erated spontaneous acrosome reaction in sperm, suggesting that CD46
participates in this important process (Inoue et a. 2003) (Fig. 2).

T Cell Regulation

CD46 is a costimulatory molecule during T cell receptor (TCR)-mediated activa-
tion of human CD4* T lymphocytes (Astier et a. 2000; Zaffran et a. 2001).
Specifically, concurrent crosslinking of CD46 with monoclonal antibodies, C3b
dimers or a pathogenic ligand of CD46, along with CD3 on naive human CD4*
T cells induces a population of cells that is characterized by high IL-10 secretion
(Kemper et a. 2003) and granzyme B/perforin production (Grossmann et al. 2004a,
2004b; Kemper and Atkinson 2007). CD3/CD46-activated T cells suppress the
activation of bystander effector T cells through the immunosuppressive action of
IL-10 and viadirect killing featuring granzyme B. These characteristics place CD3/
CD46-activated T cellsin a regulatory T cell subpopulation. Similar to other IL-
10-secreting regulatory T cells, the induction of this phenotype (including cell pro-
liferation) (Meiffren et al. 2006) is highly dependent on the presence of exogenous
IL-2 (Kemper and Atkinson 2007; Bluestone and Abbas 2003; Groux et al. 1997;
Groux 2001; Roncarolo et al. 2001). Thus, the activation of T cellsin the presence
of complement components drives afunctional phenotype distinct from that of
classically CD3/CD28-activated T cells (Fig. 2).

Pathogen Receptor

CD46 is used as a receptor and port of entry by multiple human pathogens. Beside
measles virus, herpes virus 6 and several adenovirus of the species B serotype uti-
lize CD46 as cell entry receptor (Santoro et al. 1999; Cattaneo 2004; Gagar et al.
2003; Mori et al. 2002) (Fig.2). A number of pathogenic bacteria, including
Streptococci pyogenes as well as Neisseria meningitides and N. gonorrhoeae, bind
to CD46 (Cattaneo 2004). The reason for CD46 being so attractive (pathogen mag-
net) for microbes is not clear yet. Obvious possibilities are that (a) CD46 could
protect the invading organism from complement attack or (b) the induction of a T
cell immunomodulatory phenotype. Also, in a strategy that is probably more com-
monly employed than currently recognized, Escherichia coli permit sufficient C3b
deposition so as to be able to engage CD46 on epithelia cells in the urogenital
system (Li et a. 2006) (Table 1).



Tablel Pathogen/CD46 interactions and their major cellular/biological consequences

Pathogen Ligand Binding Ref Major cellular consequences  Ref
domain(s)
within CD46
Mesasles virus Hemagglutinin CCPs 12 Manchester Downregulation of 1L-12 Karp et a. 1996
(MVH) et al. 2000 production by mono-
cytes/macrophages
Alterationsin internalization ~ Crimeen-Irwin et al. 2003
pathways
Modulation of Th1/Th2 Marie et a. 2002
responses
Induction of IFNa/p Katayama et a. 2000; Kurita-
Taniguchi et a. 2000
Neisseria (gonorrhoeae Type IV pilus CCPs 34 Kalstrometa.  CDA46 cluster formation Gill et a. 2003
and meningitides) 2001 below bacteria
attachment site
Ca* flux Kallstrom et a. 1998
Phosphorylation of CYT-2 Gill et al. 2003; Kallstrom et al.
CD46 downregulation 1998; Lee et d. 2002
Herpesvirus 6 (human) Complex of glyco- CCPs2-3 Santoro et al. Suppression of 1L-12 Smith et a. 2003
proteins H, L 2003; Mori CD46 downregulation Santoro et al. 1999
and Q et a. 2003;
Greenstone
et a. 2002
Streptococcus pyogenes M protein CCPs3+4 Giannakisetal.  Bacteria binding to human Price et al. 2005
2002 T cellsin the presence of

TCR stimulation in-duces
IL-10 and granzyme B
production (regulatory

T cell development)
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Adenovirus (groups B
and D)

Escherichia coli

Bovine vira diarrhea
virus

Fiberknob Ad35

C3b deposited on
pathogenic
E. coli
Unknown

CCPs1-2

CCPs24

CCP1

Gagger et a.
2003;
Segerman
et a. 2003;
Fleischli
et al. 2005

Li et al. 2006

Maurer et al.
2004; Krey
et al. 2006

Decreased pro-inflammatory
cytokine production by
PBMCs

Unknown

Virus entry

lacobelli-Martinez et al. 2005

Maurer et a. 2004; Krey et a.

2006
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CD46 and Measles Virus Interaction

MV Hemagglutinin Binding Site Within CD46

The MV outer envelope consists of two glycoproteins, the fusion (F) and hemag-
glutinin (H) protein (Griffen 2001). Both are essential for host cell entry and viral
pathogenesis (Griffen 2001). While the MVF protein plays arole in cell membrane
penetration and syncytium formation (Wild et al. 1994), MVH is responsible for
binding of the vaccine strains Edmonston and Halle to CD46 (Maisner et al. 1994;
Maisner and Herrler 1995; Devaux et al. 1996) (for a detailed description of MVF
and MVH proteins see chapter 4 by C. Navaratnargjah and R. Cattaneo, this
volume). MV H also binds to signaling lymphocyte-activation molecule (SOLAM,
CD150), which has been identified as a second MV receptor (Tatsuo et al. 2000;
Khiman et a. 2004; Erlenhofer et al. 2002) (see the chapter by Y. Yanagi et al.) (for
more information on MV receptor usage see chapter 2 by Yanagi and Hashiguchi,
this volume).

The MVH binding site of CD46 resides within CCPs 1 and 2 (Maisner et al.
1994; Maisner and Herrler 1995; Iwata et al. 1995; Devaux et a. 1996; Manchester
et a. 1997). Although dispensable for the MV/CD46 interaction, CCP4 enhances
binding of MVH to CCPs 1 and 2 (Christiansen et al. 2000). CCPs 1 and 2 each
contain a single site for N-glycosylation. The complex sugar linked to asparagine
in CCP2 iscritical for MV H binding, while the carbohydrate residue in CCP1 does
not influence virus—receptor interaction. Epitope mapping employing monoclonal
antibodies and peptides that inhibit the MVH/CD46 interaction and functional
analysis of single amino acid substitution exchanges within CCPs 1 and 2 showed
that amino acids 36-59 (CCP1) and 103-118 (CCP2) of CD46 are vital in
interaction of CD46 with MVH (Hsu et al. 1998; Buchholz et al. 1997). That single
amino acid changes not completely abolish the CD46/MVH interaction but rather
led to varying degrees of reduced binding suggests that several distinct regions in
CCPs 1 and 2 cooperate in binding MVH (Casasnovas et al. 1999; Hsu et al. 1997;
Lecoutrier et al. 1996; Mumenthaler et al. 1997). This notion is supported by the
crystal structure and molecular modeling studies of CCPs 1 and 2 (Casasnovas
et al. 1999; Mumenthaler et al. 1997).

The location of the MV-binding and the C3b-binding sites within CD46 suggest
that the MV interaction may not interfere with CD46's regulation of the alternative
complement pathway (Christiansen et a. 2000a, 2000b). Although the MVH
recognition site partially overlaps with the C4b-binding domain of CD46 (lwata
et a. 1995), in vivo interference of MV with classical complement pathway activa-
tion has not been reported.

One specific amino acid residue of CCP1 seems to be of exceptional importance
among those constituting the MVH binding site as mutation of the arginine in posi-
tion 59 decreases binding of MVH to CD46 by approximately 80%. Thisis particu-
larly interesting because the major families of New World monkeys lack CCP1 on
somatic cells (Hsu et a. 1997). This splicing out of CCP1 may account for the
low susceptibility of these species to MV infection (Hsu et a. 1997, 1998). The
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complement regulatory activity of monkey CD46 is not compromised as the domains
for this activity reside within CCPs 2—4. In addition, the expression of CCP1 is
retained in CD46 expressed on the sperm of New World monkeys (Riley et al. 2002).
This manipulation of the CD46 structure by New World monkeys may represent
deletion of CCP1 on peripheral blood cells to protect against infection by a major
pathogen but yet conserve the vital functions of CD46 in complement regulation
(CCPs 2—4) and fertilization (CCP1 in sperm). CCP1 of CD46 aso harbors the bind-
ing sites for herpes virus 6 and for al CD46-binding adenoviruses. This raises the
interesting question of why humans did not adapt/continue the monkey strategy and
only retain CCP1 expression on sperm but delete it on somatic cells and suggests a
potential yet unidentified role for CCP1 in CD46 biology besides that in sperm—egg
interactions.

CD46 Binding Site Within MV Hemagglutinin

CD46 functions as areceptor for the MV vaccine strains Edmonston and Halle (Dorig
et a. 1993; Naniche et al. 1993) but wild-type MV gtrains isolated from blood or
throat swabs of patients generally do not bind to CD46 (Dhiman et al. 2004; Buckland
and Wild 1997). In contrast, al known MV strains interact with SLAM (Dhiman
et al. 2004; Yanagi et al. 2006; Kerdileset al. 2006; Masse et d. 2004). Wild-type MV
strains propagated in the marmoset lymphoblastic cell line BO5 or Epstein-Barr virus-
immortalized human B cell lines continue to only interact with SLAM (L ecouturier
et a. 1996; Shibahara et a. 1994). However, wild-type strains passaged through Vero
cells (Schneider-Schaulies et a. 1994) bind both receptors, CD46 and SLAM
(for detailed information on MV tropisms on pathogenesis in relation to receptors,
see chapter 2 by Yanagi and Hashiguchi, this volume).

Analyses of the regions within MV H responsible for this difference in receptor
usage showed that only two amino acid changes at positions 546 and/or 481
determine the ability of MVH to bind to CD46 and/or SLAM. MVH (Erlenhofer
et a. 2002; Hsu et al. 1998; Seki et al. 2006; Bartz et al. 1996, 1998; Rima et al.
1997; Takeuchi et al. 2002; Vongpunsawad et al. 2004; Li and Qi 2002) proteins
that have a serine to glycine substitution at position 546 or a tyrosine at position
481 interact with both CD46 and SLAM. MV H containing an asparagine at the 481
position only binds SLAM. All strains analyzed after prolonged passage in Vero
cells have atyrosine at the 481 position (Yanagi et a. 2005). Because Vero cells
express CD46 but not SLAM (Takeuchi et al. 2002; Johnston et a. 1999), MV is
forced to adapt in Vero cell culture with the appropriate amino acid change to
CD46 usage. It is, however, unclear how the wild-type virus with initial low
binding and cell-entry capability overcomes this crucial entry step to propagate
strongly in Vero cells.

CD46 is ubiquitously expressed in humans, suggesting that the factors that drive
wild-type MV strains to favor SLAM as a receptor in vivo are likely not based on
the differences in the receptor expression profiles alone. Several studies analyzing
the residues within MVH relevant for the binding to CD46 identified 12 amino
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acids (A428, F431, V451, Y452, L464, Y481, P486, 1487, A527, S546, S548, and
F549) (Masse et al. 2002, 2004; Vongpunsawad et al. 2004; Santiago et al. 2002).
Mapping of these amino acid residues onto the MVH crystal structure (Colf et al.
2007) (see p. 23) demonstrated that the CD46 binding site is on the rim of the so-
called dead neuraminidase fold. The authors of this study also determined that the
binding site for SLAM within MVH is approximately 35 A removed from the C3b
CD46 binding domain. Because of this distance, sites of these binding domains
within MVH likely do not overlap (Colf et a. 2007) (for further reading on the
CD46/MVH interaction, see chapter 2 by Yanagi and Hashigachi, this volume).

Interaction of MVH with a receptor induces conformational changes. These
changes in MVH affect the structure of the adjacent MVF protein and trigger a
series of events leading to the fusion of the viral envelope with the host cell mem-
brane (Wild et al. 1991). Similarly, the interaction of CD46 with a pathogenic ligand
also affects its structure and cell surface distribution. For example, binding of the
adenovirus type 11 knob protein profoundly alters the conformation of CD46: lig-
and-free CD46 shows a pronounced 60-degree bend between CCPs 1 and 2. Upon
binding to the adenovirus knob protein, these CCPs realign and assume a rod-like
shape (Persson et a. 2007). Also, the binding of pathogenic Neisseriato CD46 on
human epithelial cells induces the formation of CD46 clusters below the bacteria
attachment site and CD46-dependent changesin intracellular actin distribution (Gill
and Atkinson 2004). Thus, the MV—CD46 interaction triggers a complex cascade of
events on both the virus and the host cell side (for adetailed description of this event
see the chapter by D. Gerlier and H. Vaentin, this volume). Delineating these path-
ways and their intricate interplay most likely holdsthe key to understanding the MV
pathogenesis and ultimately the improvement of MV vaccines.

CD46-Mediated M echanisms of | mmunosuppression
in MV Infection

The mechanisms underlying the lymphopenia and immunosuppression that
accompany MV infections are not well understood (Gerlier et al. 2006; Marie
et al. 2004). All MV receptors so far identified produce intracellular signals upon
their engagement (Dhiman et al. 2004; Yanagi et al. 2006; Kerdiles et al. 2006;
Gerlier et a. 2006). Many of these signalsinitiate cellular events that modulate the
immune response, seemingly in favor of the pathogen (Gerlier et a. 2006; de
Witte et al. 2006). A first indication that CD46 activation could be beneficial for
viral dissemination was the observation that human primary monocytes downreg-
ulate 1L-12p70 and p40 upon CD46 crosslinking with MV H, anti-CD46 mono-
clonal Abs, or C3b dimers (natural ligand) (Karp et al. 1996; Karp 1999). Since
IL-12 is essential for the generation of successful effector T cell responses, MV-
induced IL-12 downregulation provides an attractive mechanism for virus-medi-
ated immunosuppression. Suppression of IL-12 synthesis has indeed been
observed in MV-infected patients (Atabani et a. 2001). Early CD46-mediated
signaling events in human macrophages induce recruitment of the protein-tyrosine
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phosphatase SHP-1 to CD46's cytoplasmic domain and then the subsequent syn-
thesis of nitric oxide (NO) and IL-12p40 (Kurita-Taniguchi et al. 2000). The rea-
sons for these apparently contradictory findings are unclear. One possibility isthat
the developmental stage of the MV-targeted cell (monocyte vs dendritic cell) elic-
its differential responses upon CD46 activation. Also, in one study MV was uti-
lized as CD46 ligand while CD46 crosslinking antibodies were used in the other.
Thus, signals induced upon CD46 engagement might also differ depending on the
nature of the CD46-activating ligand.

MV binding to CD46 also modulates the production of another central
cytokine, IFNo/p (Kurita-Taniguchi et a. 2000; Marie et al. 2001; Naniche et al.
2000). MV-exposed macrophages from huCD46-transgenic mice (see p. 46)
resist infection but produce high amounts of IFNa/p (Katayama et a. 2000). The
in-duction of IFNa/p is dependent on CD46-mediated signaling because macro-
phages expressing tail-less forms of CD46 do not produce IFNa/p and become
susceptible to MV infection (Hirano et al. 2002). Little is known about the effect
of the MV/CD46 interaction on B lymphocytes, but MV bhinding to CD46
expressed on B cells results in more efficient processing of MV antigens as well
as enhanced MHC class |1-restricted presentation to T cells (Gerlier et al. 19944;
Rivailler et al. 1998).

Altering the function of antigen-presenting cells such as macrophages and den-
dritic cells is a common strategy of many pathogens (de Witte et a. 2006). There
is accumulating evidence that the MV—CD46 interaction also impacts effector T
cell responses directly. The concurrent activation of CD3 and CD46 with mAbs on
peripheral blood human CD4* T lymphocytes induces the production of high
amounts of IL-10 and granzyme B. CD3/CD46-activated T cells acquire a pheno-
type reminiscent of Trl regulatory T cells and suppress the activation of bystander
effector T cellsvialL-10 and/or granzyme B (Kemper et al. 2003; Grossman et al.
2004b). T cells with these properties are predicted to aid in the contraction of an
effector T cell response and in the prevention of autoimmunity (Kemper and
Atkinson 2007; Bluestone and Abbas 2003; Sakaguchi 2000).

Although the in vivo role of such CD46-induced regulatory T cellsis not clear,
MV strains that bind CD46 may take advantage of CD46's T cell function modu-
latory property to perturb the protective T cell immune response and gain a foot-
hold in the host. In accordance with this hypothesis is the observation that
Streptococci pyogenes or the purified CD46-binding M protein of these bacteria
indeed induce this suppressive Trl phenotype in primary human CD4* T cells
(Price et al. 2005).

The notion of direct modulation of T cell responses by the MV—CDA46 interac-
tion is aso supported by recent studies conducted in huCD46-transgenic mice
expressing either a CYT-1 or CY T-2-bearing human CD46 isoform (see p. 46).
When these animals are injected with inactivated vesicular stomatitis virus (VSV)
expressing MVH, purified CD4* T cellsfrom CY T-1-expressing animals proliferate
strongly, produce IL-10 and inhibit the contact hypersensitivity reaction after
concurrent TCR and CD46 activation. By contrast, CD3/CD46-activated T cells
from CY T-2-expressing animals show weak proliferation, low IL-10 production,
and an increased contact hypersensitivity reaction (Marie et a. 2002). The apparent
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differencein the signaling eventsinduced by the two intracellular domains of CD46
suggests first that the distinct CD46 isoform pattern observed in certain tissues (see
p. 32 and 35) may be of importance in MV cell entry and virus spread and second
that the inherited isoform expression pattern might be associated with differences
in susceptibility of agiven individual to MV infection or CD46-binding pathogens
in general.

A puzzling observation is that wild-type MV strains favor SLAM over CD46 as
their receptor despite the ubiquitous expression profile and immunomodulatory
properties of CD46 (Dhiman et a. 2004; Yanagi et al. 2006). A possible explana-
tion is that CD4* T cells not only produce I1L-10 but also the proinflammatory
cytokine IFN-y upon CD3 and CD46 engagement (Kemper et al. 2003; Sanchez
et a. 2004). In addition, it is not known if CD46-induced regulatory T cells sup-
press both Thl and Th2 responses. Thus, an unfavorable skewing of the effector T
cell response by CD46-activated T cells might have driven MV receptor usage in
vivo toward SLAM. In addition, CD46 activation by multiple ligands, including
MV and MVH, on several cell types analyzed so far induces CD46 downregulation
(Dhiman et al. 2004; Yanagi et al. 2006; Bartz et al. 1996; Schnoor et al. 1995;
Galbraith et a. 1998). In fact, CD46 downregulation is used as a common marker
for a successful or infection-propagating interaction between CD46 and MV or
MVH (Schnoor et a. 1995). Thisis commonly viewed as a protective measure by
the host, as CD46 downregulation renders MV-infected cells more vulnerable to
complement-mediated lysis (Schnoor et a. 1995). Furthermore, Gasque et al. pro-
posed that CD46 expression provides adon’t-eat-me signal, much like MHC class-|
(Elward et al. 2005). Loss of CD46 expression, either via CD46-activation or
after induction of apoptosis, flags the cells with an eat-me signal for uptake by
phagocytes (Elward et al. 2005) (for further reading on the impact of MV on host
immunity, see the chapter by Gerlier and Valentin, this issue).

CD46 activation on T cells and epithelial cells induces actin skeleton rearrange-
ments (Zaffran et al. 2001; Gill et a. 2003) and CD46 activation on T cells has been
implicated in uropod formation (Oliaro et a. 2006). In addition, CYT-1 of CD46
interacts with DLG-4, a protein that provides a scaffold for signaling complexesin
epithelial cells (Ludford-Menting et al. 2002). The CD46/DL G-4 interaction results
in the basolateral targeting of CD46 in several different epithelial cell lines. DLG4
is also implicated in tight junction formation and membrane fusion (Ludford-
Menting et a. 2002). Thus, MV binding to CD46 possibly induces changes in the
actin skeleton, thereby affecting the overall cellular shape or structure of the
infected cell. Since ahallmark of MV infection is the induction of cell—ell fusion
with the formation of multinucleated giant cells or syncytia, it would be interesting
to address if CD46 is possibly involved in this process.

The existence of an unidentified additional MV receptors has been proposed
since severa groups observed MV attachment and entry to cellsin a SLAM and
CD46-independent fashion (Hashimoto et al. 2002; Andres et al. 2003; Hall et al.
1971). The identification of this putative receptor may help to explain the charac-
teristics of MV infection that are not well accounted for by CD46's or SLAM’s
expression profile and function (Table 2).



Table2 Measles virus’CD46 interactions and cellular signaling events

Cell type Stimulation Major observation Ref
Human primary peripheral MV hemagglutinin, mono  Downregulation of 1L-12 (p70 and p40) Karp et a. 1996
blood monocytes clonal antibodies to
CD46 and C3b dimers
Macrophages from hCD46- MV Increase in IFN-o/f production Kurita-Taniguchi et a. 2000; Atabani et al.
transgenic mice 2001; Naniche et al. 2000
CD4" T cells from hCD46- MV hemagglutinin CYT-1 dependent induction of IL-10 leading Marie et al. 2002

transgenic mice

B cells from hCD46- MV
transgenic mice

to inhibition of the contact hypersensitivity
reaction

CY T-2 dependent increased contact
hypersensitivity reaction

Increase in MV antigen processing
Enhancement of MHC class | I-restricted
antigen presentation

Rivailler et al. 1998; Gerlier et al. 1994

hCD46 human CD46; CYT-1 or -2 cytoplasmic tail of CD46
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CD46-Transgenic Mouse M odels

Nonhuman primates can be infected with MV experimentally and provide the ani-
mal model that most closely mimics the disease in humans (Hall et al. 1971; van
Binnendijk et al. 1995). MV-infected rhesus macaques and African green monkeys
show evidence of systemic vira replication, MV-induced immunosuppression, and
clinical signs of disease, including maculopapular rash and conjunctivitis (Hall
et a. 1971; van Binnendijk et al. 1995). On the other hand, nonhuman primate mod-
els are expensive and logistically challenging. In addition, they lack many of the
advantages of small animal models, including the easy and basically unlimited
access to tissue samples and the ability to study MV pathogenesisin gene knock out
models. Unfortunately, the development of a successful small animal model has
been hampered by the restricted function and/or expression of the two known MV
receptors in rodents: mouse SLAM displays 60% structural and functional identity
to human SLAM, but does not bind MV (Yanagi et al. 2006; Ono et al. 2001) and
mouse CD46 is only expressed on spermatozoa (Riley-Vargas et a. 2004; Harris
et a. 2006; Tsujimuraet al. 1998). Similarly, ratsincluding the cotton strain that was
used in one study to analyze the function of the MV envelope outer glycoproteinsin
MV-induced immunosuppression (Niewiesk 1999) and guinea pigs do not express
CD46 on somatic cells (Harris et al. 2006; Hosokawa et al. 1996). In addition, the
intracellular domain of mouse and rat CD46 has no sequence or structure homology
to either of the cytoplasmic domains of human CD46 (Hosokawa et al. 1996).

To study pathogen infections and immune reactions, several groups generated
mouse strains transgenic for human CD46 (Marie et a. 2002; Mrkic et al. 1998;
Rall et al. 1997; Horvat et al. 1996; Oldstone et al. 1999; Kemper et al. 2005). Some
mouse strains express only one specific human CD46 isoform (Marie et al. 2002)
and should be useful in analyzing functional differences between the distinct iso-
forms. A mouse line generated utilizing ayeast artificial chromosome that contains
the complete CD46 gene, including the regulatory regions, mimics the CD46
expression pattern found in humans, including several tissue-specific distribution
patterns of the four isoforms (Hourcade et al. 1990, 1992; Kemper et al. 2001).
These mice have the obvious advantage that possible cooperative signaling events
induced by both intracellular domains of CD46 can still occur, but it is unclear if
the signaling platform and proper intermediates are present in rodents.

Intracerebral MV inoculation of mice expressing human CD46 isoforms under
the control of a neuron-specific promotor induced disease and mortality, while
nontransgenic control animal did not show signs of infection (Rall et al. 1997).
In addition, injection of MV into the brain of these animals induced MV-associated
cellular immune responses, including migration and infiltration of CD4* and CD8*
T lymphocytes (Dorig et al. 1993; Rall et al. 1997; Manchester et al. 2000a).
However, huCD46-transgenic mice are not susceptible to MV infection when the
virus is administered via another route (for example, the natural respiratory route)
than cerebral injection (Manchester and Rall 2001) because MV replication islim-
ited (Oldstone et al. 1999; Horvat et al. 1996; Niewiesk et al. 1997; Thorley et al.



Table3 Current hCD46-transgenic mouse strains

CD46 isoforms Mouse model Reference

C1l MV Horvat et al. 1996

BC1 MV Rall et al. 1997; Oldstone et al. 1999

C1 MV Evlashev et al. 2000, 2001

C1 strain and a C2 strain CDAT cell activation/regulation Marie et al. 2002

C1, C2,BC1, BC2 (YAC) Xenotransplantation; MV Oldstone et al. 1999; Yannoutsos et a. 1996

Minigene, isoforms* Xenotransplantation; MV Thorley et al. 1997

C1, C2,BC1, BC2 (YAC) MV; Neisseria meningitidis Mrkic et al. 1998; Johansson et al. 2003

80kb Genomic fragment, isoforms* MV Blixenkrone-Moeller et al. 1998

C1, C2,BC1, BC2 (YAC) Expression study; xenotransplantation; MV Mrkic et al. 1998; Kemper et a. 2001; Yannoutsos
et al. 1996

C1 or C2 (crossed with CD 150+ Measles virus infection Shingai et a. 2005

and IFNAR1)

*|soform expression pattern not depicted in study. YAC, yeast artificial chromosome.
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1997) by the host's antiviral response. Crossing huCD46-trangenice mice with
mice deficient in the type | IFN receptor (IFNAR1) (Mrkic et a. 1998) or the tran-
scription factor STAT1 (Shingai et al. 2005) improved this model because respira-
tory inoculation of the virus resulted in enhanced virus spread and lung tissue
inflammation (Oldstone et al. 1999). However, even in these animals, late-stage
virus replication isinefficient and virus spread and MV pathogenesis only partially
mimics the human disease (Peng et al. 2003).

The more limited expression of the protein in mice transgenic for human SLAM
is thought to be one reason for the failure to obtain systemic MV infection in
huSL AM-transgenic animals (Hahm et al. 2003, 2004). huSLAM/huCD46 double-
transgenic mice, either with or without IFNARL expression, have been generated
recently (Shingai et al. 2005). MV infection of huSLAM/huCD46 double-trans-
genic mice with afunctional IFNAR did not induce systemic infection or disease.
However, systemic infection occurred in huSLAM/huCD46/IFNAR17- animals or
in huSLAM/huCD46/IFNAR1** mice injected with MV-infected DCs (Shingai
et a. 2005). Thus, this study establishes that DCs and likely IFN production by
these cells play a critical role in MV infection in mouse models. Thisisin agree-
ment with the previous finding that MV-induced activation of CD46 expressed on
human macrophages alters their cytokine profile (Karp et al. 1996) (see p. 42). It
will be interesting to now delineate the roles of CD46 and SLAM in this process,
specifically in the interplay between T lymphocytes and DCs.

In 2002, a study suggested an interaction between human toll-like receptor
(TLR)2 and MV (Bieback et al. 2002). Wild-type MV H activates TLR2 on macro-
phages and monocytic cells, resulting in the production of IL-6 (Bieback et al.
2002). Given the essential role of TLRsin the recognition of pathogens (M edzhitov
et al. 1997), MV infection likely triggers danger signals within this protein family.
Thus, TLR knock-out mice should be considered in the generation of animal
models studying MV pathogenesis.

Taken together, a number of mouse models are available to study certain aspects
of MV pathogenesis. A model faithfully recapitulating the human disease does not
exist. We anticipate the discovery of at least one additional human MV receptor.
It does seem though that the mouse went through much effort to rid itself of MV
cell entry receptors on somatic tissue. Thus, other murine factorsimportant for viral
RNA synthesis and virus assembly may also not support MV infection (Table 3).

Future Outlook

Successful immune defense is increasingly visualized as a process in which the
innate part plays vital rolesin instructing and guiding the adaptive system. That so
many important human pathogens utilize CD46 as receptor atteststo its central role
at this important interface and communication between innate and adaptive immu-
nity. Although we have learned much about CD46's functions as a measles virus
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receptor, itsrole during MV infections remains largely enigmatic. Thus, delineating
the cellular mechanisms that drive the diverse CD46—pathogen interactions in the
context of theimmune response model systemswill be key to improving our under-
standing of MV pathogenesis.
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Measles Virus Glycoprotein Complex Assembly,
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Abstract Measles virus (MV) enters cells by membrane fusion at the cell surface
at neutral pH. Two glycoproteins mediate this process. the hemagglutinin (H) and
fusion (F) proteins. The H-protein binds to receptors, while the F-protein mediates
fusion of the viral and cellular membranes. H naturally interacts with at least three
different receptors. The wild-type virus primarily uses the signaling lymphocyte
activation molecule (SLAM, CD150) expressed on certain lymphatic cells, while
the vaccine strain has gained the ability to also use the ubiquitous membrane cofac-
tor protein (MCP, CD46), a regulator of complement activation. Additionally, MV
infects polarized epithelial cells through an unidentified receptor (EpR). The foot-
prints of the three receptors on H have been characterized, and the focus of research
is shifting to the characterization of receptor-specific conformational changes that
occur in the H-protein dimer and how these are transmitted to the F-protein trimer.
It was also shown that MV attachment and cell entry can be readily targeted to
designated receptors by adding specificity determinants to the H-protein. These
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studies have contributed to our understanding of membrane fusion by the glycopro-
tein complex of paramyxovirusesin general.

I ntroduction

This review focuses on the measles virus (MV) glycoprotein complex: we discuss
its assembly and how itsinteractions with different receptorsresult in cell entry. The
MV glycoprotein complex makes the first contact with the host, targeting the infec-
tion to specific cells and thus governing tropism and pathogenesis. MV, one of the
most contagious human pathogens, is transmitted by aerosols, infecting a new host
via the upper respiratory tract (Panum 1939). It has been assumed that MV infects
the respiratory epithelium from the luminal side before spreading in lymphatic cells
(Griffin 2007; Cherry 2003). However, the identification of the signaling lym-
phocytic activation molecule (SLAM, CD150) as the primary MV receptor (Tatsuo
et a. 2000) and recent work with selectively receptor-blind MV and animal morbil-
liviruses (Leonard et a. 2008; von Messling et a. 2006) have brought compelling
evidence for anew model of MV dissemination postulating that the systemic spread
of wild-type MV depends only on infection of SLAM-expressing lymphatic cells,
without initial virus amplification in the respiratory epithelium (Fig. 1) (Leonard
et a. 2008; de Swart et al. 2007; von Messling et a. 2006; Yanagi et a. 2006).
This model impliesthat MV does not cross the respiratory epithelium immediately
after contagion, but only when it leaves the host (Fig. 1). Moreover, it predicts that
avirusthat does not recognize the unidentified epithelial receptor (EpR) will not be
shed. This prediction was confirmed by generating a recombinant EpR-blind MV
and demonstrating that it spread in lymphocytes and remained virulent in rhesus
monkeys, but importantly was not shed in the respiratory tract (Leonard et al.
2008). The protein initially identified as the vaccine (Edmonston) strain receptor,
the membrane cofactor protein (MCP, CD46), a ubiquitous regulator of comple-
ment activation, seems to be of minor relevance for wild type MV infections (see
the chapter by Y. Yanagi et al., this volume), and the ability of the vaccine strain
to use CD46 partially explains its attenuated phenotype (Condack et al. 2007;
Schneider-Schaulies et al. 1995).

Glycoprotein Complex Assembly

Understanding how the glycoprotein complex is assembled is important for the
characterization of the subsegquent mechanisms of receptor-binding and cell entry.
TheMV envel ope covers particlesranging in diameter from 120-300 nm (Armstrong
et a. 1982; Casali et a. 1981). The envelope is traversed by the hemagglutinin (H)
and fusion (F) glycoproteins, which form spikes that extend about 10-15 nm from
the surface of the membrane (Fig. 2). It surrounds the nucleocapsid core, which
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junction
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Fig. 1 Disease mechanism of MV. MV is transmitted by aerosol and respiratory secretions.
Primary infection may start in SLAM-expressing lymphatic cells in the tonsils (top right) and
rapidly disseminate to al lymphatic organs (bottom). Destabilization of the respiratory epithelium
through infected lymphatic cells contacting EpR (inset, top left) may result in epithelial crossing
of these cells, coughing, and contagion (top center)

typically includes several genomes (Rager et al. 2002) tightly encapsidated by a
helically arranged nucleocapsid (N) protein. Also associated with the genome are
two other proteins, the polymerase (L) and a polymerase cofactor (phosphoprotein,
P), adl of which together form a replicationally active ribonucleoprotein (RNP)
complex (see the chapter by B.K. Rima and W.P. Duprex, this volume). The MV
RNP is condensed by the matrix (M) protein (Cathomen et a. 1998), which is
hydrophobic and interacts with cell membranes, forming leaflet structures at the
inner side of the viral envelope (Fig. 2, bottom). It may mediate the contacts
between the cytoplasmic tails of the F and H glycoproteins and the RNP complex.
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Fig. 2 The MV envelope glycoproteins. Top left: Schematic of the MV H-protein. CT, cytoplas-
mic tail; TM, transmembrane segment; N and C, N- and C-terminus, respectively. Top right:
Schematic of the MV F-protein. The disulfide bond (S-S) holding cleavage fragments F, and F, is
indicated. FP, fusion peptide; HRA, HRB, heptad repeats A and B, respectively. Center and bot-
tom: Quaternary structure and interactions of the H- and F-proteins. A space-filling representation
of the crystal structure of the MV H dimer (Hashiguchi et a. 2007) and the PIV5 F trimer (Yin
et a. 2006) is shown. PIV5 is a paramyxovirus related to MV. The stalk, TM, and CT regions of
the H-protein are represented by two vertical lines with the two disulfide bonds that hold the H
dimer together represented by horizontal red lines. The two monomers of the H-protein dimer and
the three monomers of the F-protein trimer are shown in different colors for clarity. The interac-
tions of the H- and F-proteins (double-headed arrow) are thought to be mediated via the head and
stalk domains. The M protein (clear boxes) interacts with the membrane (gray box) and the CTs
of the H- and F-proteins

Here we discuss first the biosynthesis and intercellular transport of the H-protein
dimer and F-protein trimer and then the interactions of the H and F envelope
oligomers leading to the assembly of fusion-competent glycoprotein complexes.

The Attachment Protein Hemagglutinin Dimer

Receptor attachment of MV and the other morbilliviruses is mediated by the
H-protein that has, in addition, a fusion-support function: co-expression of MV
H with F is required for fusion (Cattaneo and Rose 1993; Wild et a. 1991). The
H-protein binding to SLAM, or other receptors, provides the activation energy to
trigger the F-protein to carry out membrane fusion (Navaratnarajah et al. 2008;
Yin et al. 2006). Unlike other members of the Paramyxoviridae, the morbillivirus
H-proteins do not have neuraminidase activity, since H does not bind sialic acid
(Hashiguchi et al. 2007).
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MV H is a 617 amino acid (78-kDa) type Il transmembrane glycoprotein,
which is comprised of an N-termina cytoplasmic tail, a membrane-spanning
domain, and an extracellular membrane-proximal stalk region connected to a
large C-terminal globular head (Fig. 2, linear map on the top left) (Alkhatib and
Briedis 1986). Receptor-binding residues have been mapped to this head domain
(Leonard et al. 2008; Navaratnaragjah et al. 2008; Tahara et al. 2008; Masse et al.
2004; Vongpunsawad et al. 2004; Hsu et al. 1998). The hemagglutinin-neuramini-
dase (HN) receptor attachment proteins of other paramyxoviruses exist as tetram-
ers at the viral surface, consisting of a dimer of two disulfide linked homodimers
(Lamb 1993). However, the full length MV H only forms dimers (Plemper et al.
2000), and the head domain of H was also crystallized as a dimer (Hashiguchi
et a. 2007). We thus refer to the H oligomeric form simply as a dimer. Two
disulfide bonds are formed by cysteine residues (C139 and C154) located at the
C-terminal end of the stalk domain, just below the globular head (Fig. 1, center,
red lines) (Hashiguchi et a. 2007; Plemper et al. 2000).

The crystal structure of the MV H-protein globular head domain was recently
reported by two groups (Colf et al. 2007; Hashiguchi et al. 2007). Hashiguchi
et al. (2007) reported a dimeric structure (Fig. 2, center left) while Colf et al.
(2007) published a monomeric structure. The head domain of MV H (residues
154-607) exhibits a B-propeller structure comprised of six anti-parallel -sheets
(B-sheets 1-6) organized as a superbarrel. This structure most closely resembles
the human parainfluenza virus 3 (hPIV3) HN crystal structure (Colf et al. 2007).
The overall fold is similar to the sialidase fold previously determined for the HN
proteins of hPIV3, Newcastle disease virus (NDV) and parainfluenza virus 5
(PIV5, formerly known as Simian virus 5) (Yuan et a. 2005; Lawrence et a. 2004;
Crennell et al. 2000). However, the 3.9-A root mean square deviation between the
Co atoms of MV H and hPIV3 HN indicates that the H-protein exhibits consider-
able structural divergence from these proteins. While other paramyxovirus attach-
ment proteins are globular, MV H-protein exhibits a cube-shaped structure. A
significant area of the H-protein is covered with N-linked sugars (attached to N200
and N215) and is thus unavailable for receptor interaction (Hashiguchi et al.
2007). Also apparent from the crystal structure is that, in contrast to other para-
myxovirus attachment proteins, the two H-protein molecules making up the
homodimer are highly tilted with respect to each other. This becomes important
when discussing the location of residues implicated in receptor-specific fusion
support (see below) (Navaratnarajah et al. 2008).

The Fusion Protein Trimer

The MV F-protein is a 553 amino acid type | transmembrane glycoprotein (Fig. 2,
linear map on the top right) (Richardson et al. 1986). A cleavable 28-residue signal
sequence at the N-terminus of the nascent polypeptide directsit to the endoplasmic
reticulum. A transmembrane (TM) domain near the C-terminal end anchors it in
the membrane, leaving a short 33 amino acid cytoplasmic tail. The F-protein is
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synthesized as a precursor polypeptide (F, 60 kDa), which trimerizes in the endo-
plasmic reticulum (Plemper et al. 2001). F, is then cleaved by the ubiquitous intra-
cellular protease furin in the trans-Golgi (Bolt and Pedersen 1998; Watanabe et a.
1995). Proteolytic cleavage results in a metastable F-protein (Fig. 2, center right)
that consists of a membrane-spanning (F,, 40 kDa), and a membrane-distal subunit
(F,, 20 kDa), that is assembled into virus particles (Lamb 1993). The large F, frag-
ment is anchored to the membrane viathe TM domain, while the small F, fragment
is covalently linked to F, by adisulfide bond (Fig. 2, top right). The new N-termi-
nus of the F, fragment contains a hydrophobic stretch of amino acids, which com-
prises the fusion peptide (FP) that is inserted in to the target membrane during
fusion. The sequences adjacent to the FP and TM exhibit a 4-3 (heptad) pattern of
hydrophobic repeats and are named HRA and HRB, respectively (Fig. 2, top right).
HRA and HRB sequences are separated by approximately 250 residues and muta-
genesis of the heptad repeats adversely affects fusion (Buckland et al. 1992). The
MV F-protein has three N-linked carbohydrate chains, all located in the F, subunit,
that are necessary for proper proteolytic processing and transport to the cell surface
(Hu et al. 1995).

The MV F-proteinisclassified asaclass| fusion protein (Kielian and Rey 2006;
Yin et al. 2006). The fusion proteins of retroviruses, coronaviruses, Ebola virus,
influenza virus, as well as other paramyxoviruses also belong to this class. Class |
fusion proteins mediate membrane fusion by coupling irreversible protein refolding
to membrane juxtaposition (Lamb and Parks 2007). This is accomplished by dis-
crete conformational changes of a metastable F-protein structure to alower energy
structure. The F-protein found in virions is referred to as the pre-fusion structure
and, as it mediates membrane fusion, the F-protein adopts the post-fusion form.
The cleavage of F; into F—F, primes the protein for membrane fusion. Activation
of the F-protein resultsin the insertion of the FP, located in the F, subunit, into the
target membrane. This is followed by dramatic conformational rearrangements of
the F trimer, which result in a transient hairpin intermediate and the subsequent
formation of a stable six-helix bundle (6HB) structure in which the HRA peptides
form a central three-stranded coiled coil, and the HRB peptides pack in an antipar-
allel manner into hydrophobic grooves on the coiled-coil surface. As a result of
these conformational changes, the FP and TM domain, and thus the target and
donor membranes, are now in close proximity to each other (Yin et a. 2006). This
eventually leads to the formation of a fusion pore through which the RNP complex
can enter the cell.

Hetero-oligomerization of F and H Contributes to Particle
Assembly

The M-protein is considered the assembly organizer of paramyxovirus particles, and
it was formally shown for MV that M regulates the fusion efficiency of the glyco-
protein complex (Cathomen et al. 1998). The M-protein assembles in lattice-like
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structures at the inner side of the plasma membrane and binds to the cytoplasmic
tails of the glycoproteins (Fig. 1, bottom) (Buechi and Bachi 1982), bridging the
envel ope to the ribonucleocapsid.

Whereas early models of MV assembly assumed that the H- and F-protein
ectodomains interact only at the cell surface, it was then shown that the H- and F-
proteins form strong lateral interactions aready in the endoplasmic reticulum
(Plemper et al. 2001). Thisisin contrast to other paramyxoviruses such as hPIV3
and PIV5, where only minimal amounts of intracellular complexes between HN
and F are detected (Corey and lorio 2007). The H and F glycoprotein complexes
are transported through the secretory pathway to the plasma membrane, where
they will sustain cell-to-cell fusion or virus particle release. While the exact inter-
action sites and stoichiometry of H and F in these glycoprotein complexes is yet
to be determined, based on the fusion-support capacity of chimeric attachment
proteins from different paramyxoviruses and antibody mapping studies, it appears
that the stalk and head domains of H are responsible for conferring F specificity
(Fournier et al. 1997).

A key question that remainsto be addressed in the MV entry process, and indeed
for al paramyxoviruses, is how the receptor attachment protein triggers the F con-
formational changes upon receptor binding. Plemper et al. (2002) observed that the
stability of the H-F complex was a modulator of virus-induced cell-to-cell fusion
and that destabilizing the H—F interaction results in a significant increase in lateral
cell-to-cell fusion. This observation is in agreement with a model proposed for
NDV fusion activation, where the pre-fusion state of the F-protein is stabilized by
association with the HN-protein and upon receptor attachment the HN—F complex
dissociates, thus leading to F activation and fusion (M cGinnes and Morrison 2006).
Recent results of Muhlebach et al. (2008) highlight theimportance of the H—(F +F,)
glycoprotein complex for fusion. Mutations that reduced the amount of this com-
plex were less fusogenic, while mutations that increased its availability were more
fusogenic (M uhlebach et al. 2008). All these observations are consistent with arole
for the H-protein in stabilizing the F-protein prior to fusion. The strong H—F inter-
action observed in infected cells may be responsible for preventing premature
fusion after furin cleavage of the F-protein has converted it to a metastable pre-
fusion structure.

Receptor Attachment, Membrane Fusion, and Cell Entry

This section presents a discussion of the H-protein interactions with the two
known receptors (CD46 and SLAM) and the putative epithelial cell receptor
(EpR). Experiments with CD46 have revealed the importance of a receptor-H pro-
tein scaffold as aprerequisite for fusion. Subsequent experiments with SLAM have
demonstrated that there are receptor-specific H-protein conformational changes
that lead to fusion activation. The footprint of EpR has already been defined on H,
even if theidentity of this receptor remains unknown. Finally, the ability to retarget
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MV to specific receptors via specificity determinants fused to the C-terminus of
the H-protein is discussed.

Cdll Entry Through CD46: Scaffolding Fusion Through
Receptor-H Protein Interactions

The first MV receptor to be identified was the ubiquitous regulator of complement
activation, CD46 (see the chapter by C. Kemper and J.P. Atkinson et a., this vol-
ume) (Dorig et a. 1993; Naniche et al. 1993). MV adapts to use CD46 by accumu-
lated changes in the H-protein, the most significant of which is an N481Y
substitution (Bartz et al. 1996; Lecouturier et al. 1996). The attenuated phenotype
and altered tropism of the MV vaccine strain compared to the wild-type strains are
partly explained by the use of CD46. Although CD46 is not the principal cellular
receptor for the wild-type strain of MV, experiments with this receptor have yielded
important insights into the mechanism of fusion activationin MV and other morbil-
liviruses (Buchholz et al. 1996, 1997).

These experiments provided insights into how the H-protein and a receptor may
hold the virusin place before the F-protein trimer unfolds and mediates membrane
fusion. Buchholz et a. (1996) demonstrated that increasing the length of the CD46
protein, thereby effectively increasing the distance between the viral and cell mem-
branes, enhances binding but reduces fusion. The increase in virus binding can be
explained by the alleviation of steric hindrance as the attachment site on the recep-
tor is moved further away from the cell surface. The fact that the fusion efficiency
decreased as aresult of thisindicates that the viral and cellular membranes need to
be at a certain distance from each other for fusion to occur. This distance is proba-
bly defined by the need for the fusion peptide to efficiently insert into the target cell
membrane. Another key finding was that the CD46 receptors with increased length
had a dominant-negative effect on fusion when co-expressed with functional CD46
receptors, even at an unfavorable molar ratio. Thisisindirect evidence for the exist-
ence of aMV fusion complex in which multiple H-protein dimers bind CD46 and
form a scaffold surrounding multiple F-protein trimers. Co-expressing CD46 mol-
ecules of different length would result in an irregular scaffold that would be unable
to support fusion, thus explaining the dominant-negative effect.

The extracellular domain of CD46 consists of four complement control protein
domains (CCP1-4) (Fig. 3D, top left). The MV binding site has been localized to
the membrane distal CCP1 and CCP2 domains (Casasnovas et al. 1999; Devaux
et a. 1997; Manchester et al. 1997). Specifically, the region comprising CD46 resi-
dues 37-59 isinvolved in H-protein interactions (Buchholz et a. 1997) and muta-
tion of R59 in the CCP1 domain interferes with viral fusion and CD46
downregulation (Hsu et al. 1999). On the H-protein, V451 and Y481 have been
identified as CD46-dependent fusion-support residues (Lecouturier et a. 1996).
Binding studies with the soluble extracellular domain of the H-protein and soluble
receptorsdemonstrated theimportanceof thetyrosineat position481 (Navaratnarajah
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D46 SLAM

d

Fig. 3 a—e Receptor footprints on the H-protein dimer and a model for fusion activation. A Side
view of the MV H-protein homodimer crystal structure depicted as a space-filling model. Residues
1-153, not present in the crystal structure and comprising the cytoplasmic tail, transmembrane,
and stalk regions are represented as vertical gray boxes. The two red lines represent the C154-
C154 (residues colored black) and C139-C139 disulfide bonds that link the two monomersin the
homodimer. The membrane isillustrated as a horizontal gray box. B-Propeller blades 4, 5, and 6
are surface shaded pink, blue, and green, respectively. SLAM-, CD46-, and EpR-specific residues
are shaded purple, yellow, and red, respectively. B Top view of the H homodimer generated by
rotating the view depicted in A (right panel) 90° around the x-axis. The regions occluded by the
N-linked oligosaccharide chains are indicated by gray ovals. The color coding is identical to A.
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et al. 2008; Hashiguchi et al. 2007). The wild-type strain of MV carries an aspar-
agine at this position and does not interact with CD46 in surface plasmon reso-
nance-based binding assays. However, when the asparagine was substituted by
tyrosine, the soluble H-protein showed an appreciable interaction with CD46.

Figure 3 presents the recently published crystal structure of the H dimer with
receptor-specific residues indicated (Navaratnargjah et al. 2008; Hashiguchi et al.
2007). In this structure, the two H monomers tilt oppositely toward the horizontal
plane (Fig. 3A, right panel). This orients propeller blades 5 (blue surface) and 6
(green surface) with the SLAM-relevant residues upward toward the target cell
(Fig. 3A and 3B). Mapping of the CD46-specific fusion-support residues (F431,
V451, Y481, P486, and 1487) on to the MV H-protein structure defines a region
that involves propeller blade 4 (pink surface) located on the side of the H-dimer
(Fig. 3A and 3B, residues shaded yellow). Most CD46-rel evant residues are located
in the bottom half of the dimer. This site is adjacent to but distinct from the SLAM-
and EpR-specific sites (see below).

Cell Entry Through SLAM: Dynamic I nteractions
and Conformational Changes

SLAM is the primary cellular receptor for the wild-type strains (Erlenhoefer
et al. 2001; Hsu et al. 2001; Ono et al. 2001a; Tatsuo et al. 2000). Its tissue-specific
expression is consistent with MV lymphotropism and may be the fundament for
pathogenesis and immunosuppression (see the chapter by Y. Yanagi et al. this vol-
ume, and chapter by S. Schneider-Schaulies and J. Schneider-Schaulies, accompa-
nying volume). SLAM is composed of two immunoglobulin superfamily domains,
V and C2, followed by a TM and a cytoplasmic domain (Fig. 3D, top left) (Cocks
et al. 1995). The V domain interacts with H (Ono et al. 2001b). Specifically, 160,
H61, and V63 are key residues supporting this interaction, forming a putative MV
H binding site (Ohno et al. 2003).

Mutagenesis of the H-protein based on structural models has characterized resi-
dues 1194, D505, D507, Y529, D530, T531, R533, H536, Y553, and P554 as
important for SLAM-dependent fusion (Navaratnaragjah et al. 2008; Masse et al.
2004; Vongpunsawad et a. 2004). Furthermore, it was shown that mutating

Fig. 3 (Continued) C Interactions of 1194 with neighboring MV H residues. Closest distances
between heavy atoms of 1194 and interaction partners are depicted as dotted red lines. 1194 has
van der Waals contacts with Y551 and F549 on sheet 5 (blue) and with M602 and V604 on sheet
6 (green). D Close apposition of H dimers and F trimers before fusion activation. Schematics of
the SLAM and CD46 receptors are illustrated next to their respective binding sites on the H-pro-
tein (red circle, SLAM; blue circle, CD46). Complement control protein domains 1-4 (CCP 1-4)
of CD46 and immunoglobulin domains V and C2 of SLAM are indicated. Prior to receptor bind-
ing, the H dimer is closely associated with the F trimer. E H-protein dimer destabilization after
receptor-binding. Conformational changes of the H dimer may disrupt the H-(F +F,) interaction,
resulting in fusion activation
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1194 ablates SLAM-hinding (Navaratnargjah et al. 2008). In contrast, mutating
Y529, D530, R533, and P553 (termed the B-sheet 5 quartet), while interfering with
SLAM-dependent fusion, does not affect SLAM binding. The location of these
residuesisvisualized in Fig. 3 on the crystal structure of the H-protein ectodomain
dimer. The SLAM relevant residues (purple) are centrally located on the top of the
H-protein homodimer.

The results of assays measuring SL AM-dependent fusion-support and SLAM-
binding gave insights in to H-SLAM binding dynamics, which may be based on
sequential H-protein conformational changes. We know that the initial SLAM inter-
actionisinfluenced by 1194, and Fig. 3C illustrates how thisresidue, located on one
B-strand of propeller blade 6 (green), engages in van der Waals interactions (red
dashed lines) with M602 and V604 on another B-strand of propeller blade 6, aswell
as with F549 and Y551 on a B-strand of propeller blade 5 (blue), stabilizing this
interface. Thus, 1194 may maintain a conformation of the H-protein conducive to
SLAM-binding, rather than directly interacting with the receptor. The fact that four
of the residues (B-sheet 5 quartet) are essential for SLAM-dependent fusion but not
for SLAM binding proves that H-protein conformational changes can be receptor-
specific (Navaratnarajah et al. 2008). It also implies that aternative pathways of H-
protein conformational changes can converge to trigger F-protein unfolding and
membrane fusion.

Cell Entry Through EpR: The Footprint

Lack of SLAM expression in epithelial cells suggests that another receptor exists
(de Swart et a. 2007; von Messling et a. 2006; Yanagi et a. 2006). While the iden-
tity of the putative epithelial cell receptor (EpR) has remained elusive, two groups
have independently mapped H-protein residues specifically sustaining EpR-depend-
ent fusion (Leonard et a. 2008; Tahara et al. 2008). These studies identified H-pro-
tein residues L482, F483, P497, Y541, and Y543 (Fig. 3, red residues) located in an
area distinct from that defined by the SLAM-interacting residues. They define a
nonpolar valley running between propeller blades 4 and 5 (Fig. 3A, left panel). The
nonpolar side chains of L482, F483, and P497, together with the uncharged polar
side chains of Y541 and Y543, flank this valley situated between the SLAM- and
the CD46-binding sites. The hydroxyl group of tyrosine 543 tops one of the ridges.
Thus, uncharged polar and nonpolar residues govern the H-EpR interaction. It is
not known which EpR-relevant residues are directly involved in receptor binding.
Residues L482, FA83, P497, Y541, and Y543 are 13%, 14%, 6%, 28%, and 17%
solvent-exposed, respectively. Thus, the minimally exposed proline 497 may con-
duct areceptor-dependent conformational change. Asfor tyrosine 543, the hydroxyl
group on the aromatic ring may play acentral rolein EpR binding: replacing it with
phenylalanine, which differs from tyrosine by carrying a hydrogen atom in place of
the hydroxyl group at this position, resulted in loss of EpR-specific fusion-support
while maintaining SL AM-dependent function (Leonard et al. 2008).
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Cell Entry Through Designated Receptors: A Compliant
Membrane Fusion System

MV can be readily targeted to enter cells through a designated receptor by adding a
specificity determinant to the C-terminus of the H-protein. First demonstrated for
the epidermal growth factor receptor (Schneider et al. 2000), MV has since been
targeted to avariety of different cell surface molecules (see the chapter by S. Russell
and K.W. Peng, accompanying volume). Table 1 shows that receptor choice is not
a limitation for membrane fusion. MV has been modified to utilize a broad range
of cell surface antigens for cell entry, irrespective of their structure or function.
These proteins can span the membrane only once, in type | or type Il orientations,
or severa times, or even be anchored to the membrane by a glycosphingolipid.
They can be monomeric, homo-oligomeric, or hetero-oligomeric, and have awide
range of functions, aswell as cell-type specificity of expression. Equally important
is the ability of the virus to accommodate the corresponding ligands, which range
from the relatively small epidermal growth factor ligand to the significantly larger
single-chain antibodies.

The ability to retarget MV entry, including detargeting of the natural receptors,
coupled with its inherent oncolytic nature, has provided new perspectives for the
development of MV-based phase | or phase I/11 clinical trials of ovarian cancer, gli-
oma, and myeloma (Liu et al. 2007) (see the chapter by S. Russell and K.W. Peng,
accompanying volume, for an in-depth analysis). Two other devel opments enhanc-
ing specificity and efficacy of oncolytic MV are the use of cancer-specific proteases
to activate the F-protein (Springfeld et al. 2006) and arming of the virus by prodrug
convertases (Ungerechts et a. 2007a, 2007b). By altering the location of the furin
cleavage site of F through addition of hexameric sequences recognized by matrix
metalloproteinases, it was possible to generate a recombinant virus that only
spreads in cancer cells expressing these proteases. Moreover, arming of MV by
prodrug convertases sustains oncolytic efficacy even in mouse tumors set in fully
immunocompetent mice (Ungerechts et al. 2007b). In particular, arming MV with
the prodrug convertase purine nucleoside phosphorylase (PNP) is being sought in
the context of non-Hodgkin lymphoma treatment, because PNP converts fludarab-
ine phosphate, a drug used in combination with other chemotherapeutics to treat
lymphoma (Ungerechts et a. 2007a). Finaly, MV envelope proteins have been
used to target retroviruses and lentiviruses, further extending the therapeutic poten-
tia of these vectors (Funke et al. 2008).

Model for MV H-Mediated Fusion Activation

Based on the data discussed above, the following model of MV-induced membrane
fusion can be postulated. As shown in Fig. 3D, H dimers are associated with F —F,
trimers prior to receptor attachment (Plemper et al. 2001). First, upon receptor bind-
ing the H-protein dimer creates a scaffold with the receptor (Fig. 3D, left), locating



Tablel Measles virus natural and designated receptors

Synonyms Predominant Size (kDa) Transmembrane Quaternary Function Reference
expression site organization structure
Natural receptors
CD150 (SLAM) Lymphatic cells 70-95 Typel Monomer Adhesion/signaling
CD46 (MCP) Ubiquitous 55-65 Typel Monomer Regulator of
complement activation
Designated receptors
CD20 B lymphocytes 34 Tetraspanin Homo-oligomers Signaling/cell activation Bucheit et al. 2003
CD38 Leukocytes 45 Typell Homodimer ADP-ribosy! cyclase/ Peng et a. 2003
signaling
CEA Early development 180 GPI-anchor - Adhesion Hammond et al.
transformed cells 2001
EGFR (ErbB-1, Lung, Gl tract, 170 Typel Monomer Signaling Nakamura et a.
HER1) breast epithelium 2004
EGFRvIII Tumor cells 140 Typel Monomer Signaling Nakamura et al.
2005
IGFR Ubiquitous 130/95 Typel (B chain) Heterotetramer  Signaling Schneider et a. 2000
Intergrin av33 OEFMP? 160/85 Type l/typel Heterodimer Adhesion/signaling/ Hallak et a. 2005
internalization

a0steoclasts, endothelial cells, fibroblasts, macrophages, platelets
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the F trimer at an appropriate distance for the fusion peptide to reach the target
membrane (Buchholz et al. 1996). Second, the H-receptor interaction triggers F to
initiate the fusion process. As shown in Fig. 3E, the trigger may be simply the
destabilization of the H-(F +F,) interaction or it may entail a more complex set of
H-protein conformational changes. As has been suggested for NDV (Ludwig et al.
2008; McGinnes and Morrison 2006), the interaction of the H-protein with F +F,
may be essentia for stabilizing the metastable pre-fusion form of the
F-protein, thus preventing premature fusion (Plemper et a. 2002). For PIV5, it has
been suggested that the interaction of the tetrameric attachment protein with sialic
acid receptors destabilizes the tetramer, which in turn leads to changesin the inter-
action with F, which triggers F to mediate membrane fusion (Yuan et a. 2005). An
analogous model based on dimer destabilization can be adopted for MV fusion: the
interaction of MV H with its receptor may destabilize the H dimer (Fig. 3E), which
inturn will destabilize the HHF,+F,) interaction, resulting in F activation. In retro-
spect, the fact that many different specificity domains displayed on the H-protein
can elicit fusion through targeted receptors can be rationalized by the availability
of aternative pathways of H-protein conformational changes eliciting membrane
fusion (Navaratnaragjah et al. 2008).

Per spectives

In the last 15 years, the identification of two MV receptors, together with mutagen-
esis studies based on structural models of the MV H-protein, have supported the
characterization of the H—receptor interactions that govern tropism and pathogene-
sis. The recently determined crystal structure of MV H allows accurate planning of
the next phase of experimentation, which aims at understanding the molecular
dynamics of receptor binding and fusion activation. More crystal structures of indi-
vidual molecules or quaternary complexes are needed. However, these structures
will represent only one possible conformation, while proteins and protein com-
plexes are constantly moving in solution as a result of thermal energy. Further elu-
cidation of the mechanism of fusion activation and cell entry will thus depend on
our ability to study conformational changes through conformation-specific antibod-
ies, sophisticated fusion assays, and computational modeling techniques based on
molecular dynamic simulations.

In another new avenue of research, the insights gained by the mutagenesis stud-
ies on the determinants of MV tropism in the H-protein have yielded selectively
receptor-blind viruses. These new tools have been used for basic research studies
on the mechanisms of virulence and pathogenesis, and will be integrated in the
next generation of oncolytic virotherapy clinical protocols. While measlesis under
control and may soon be eradicated, the study of MV biology remains of central
importance for the development of MV-based replicating therapeutics to treat can-
cer, and for the generation of multivalent vaccines (see the chapter by M. Billeter
and S. Udem, this volume).
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Abstract This review describes the two interrelated and interdependent proc-
esses of transcription and replication for measles virus. First, we concentrate on
the ribonucleoprotein (RNP) complex, which contains the negative sense genomic
template and in encapsidated in every virion. Second, we examine the viral proteins
involved in these processes, placing particular emphasis on their structure, con-
served sequence motifs, their interaction partners and the domains which mediate
these associations. Transcription is discussed in terms of sequence motifs in the
template, editing, co-transcriptional modifications of the mRNAs and the phase of
the gene start sites within the genome. Likewise, replication is considered in terms
of promoter strength, copy numbers and the remarkable plasticity of the system.
The review emphasises what is not known or known only by analogy rather than
by direct experimental evidence in the MV replication cycle and hence where
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additional research, using reverse genetic systems, is needed to complete our under-
standing of the processes involved.

Introductory Remarks

The focus of this chapter centres on the ribonucleoprotein (RNP) complex, which
is the basic unit of infectivity of measles virus (MV) and deals with the two inti-
mately linked processes of transcription and replication. The preceding chapters by
Y. Yanagi, C. Kemper and J.P. Atkinson, and C. Navaratnarajah et al. in this volume
on membrane receptor interactions have dealt with the processes of attachment and
fusion, so we start our discussion and description of these processes immediately
after fusion of the virion and host cell membrane, i.e. when the RNP containing the
negative sense genome has entered the cell. The RNP has a density of 1.30 g/cm?®
in CsCl gradients and is comprised for more than 97% protein (Stallcup et al. 1979),
which protects the RNA from RNAses (Andzhaparidze et al. 1987). In addition, the
RNP is the template for transcription and replication processes.

In this volume, the structure of the nucleocapsid core is dealt with separately
(see the chapter by S. Longhi, this volume), although for the sake of completeness
occasionally we refer to structural aspects to illustrate mechanistic aspects of the
two processes. Accompanying chapters have focussed on host factors involved in
the replication of the virus (see the chapter by D. Gerlier and H. Valentin, this vol-
ume) and the ability of the virus to combat innate immune defence mechanisms of
the cells and the host organism (see the chapter by D. Gerlier and H. Valentin, this
volume), and again these aspects are only touched upon tangentially in this review
of the MV replication cycle.

Ploidy and Particle-to-Plaque-Forming Unit Ratios

Early electron microscopy (EM) studies showed that MV populations are pleomor-
phic, being comprised of spherical particles with different diameters of 300-
1000 nm (Casali et al. 1981; Lund et al. 1984). Interestingly, although this was an
accepted part of MV biology, it took many years to demonstrate that this heteroge-
neity could be accompanied by incorporation of more than one RNP in a virion.
Thus, many particles contain more than one functional RNP and are therefore
functionally polyploid (Rager et al. 2002). Furthermore, the particle-to-plaque-
forming unit (p.f.u.) ratio of MV is high (>10:1) (Afzal et al. 2003) and hence the
numbers of defective RNPs introduced in a cell upon infection is not known. These
defective RNPs can either be full-length or contain large internal deletions such as
are found in defective interfering particles. The latter have been demonstrated to be
present in both virus stocks and vaccines, where they affect replication of the stand-
ard virus significantly (Rima et al. 1977). Virions can also contain (+)RNPs, encap-
sidated, antigenomic, positive-sense full-length RNA molecules. These (+)RNPs
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are essential intermediates in virus replication since they are required to generate
progeny (-)RNPs. At present, it is thought that the budding process is unable to
discriminate between (+) and (=) RNPs and genome containing RNPs are not pref-
erentially packaged. This suggests that cells infected at a multiplicity of infection
(MOI) of greater than 0.1 will contain a number of RNPs, many of which may be
defective. Nothing is known about competition between multiple RNPs or whether
there exists a defined, saturable set of intracellular replications site where the MV
replication can progress. It remains unknown if the virus uses specific sites on the
plasma membrane to enter a cell, and hence there is no information on potential
coupling of entry and intracellular replication sites mediated, for example, by
activities of the cytoskeleton.

The RNP

Although it is clear that more than one RNP can be found in a cell for the sake of sim-
plicity, we will describe the ensuing processes of viral RNA synthesis, i.e. transcription
and replication and mRNA translation assuming that a single RNP containing the full-
length genome has entered the cell.

In addition to the genomic RNA, the RNP is comprised of the nucleocapsid (N)
protein, the phospho- (P) protein and the large (L) protein (Table 1). The RNA-
dependent RNA polymerase (RdRp) complex consists of the L protein and the P
protein and functions both as the viral transcriptase and replicase. After negative
staining and EM, the RNP appears as a helical nucleocapsid approximately 1 um in
length and 18-21 nm in diameter, with a central core of 5 nm (Waterson 1962).
How the RNA and proteins are arranged in the RNP is not yet clear, but what is
known is addressed in the chapter by S. Longhi, this volume. Three-dimensional
reconstructions, calculated from cryo-negative stain transmission electron micro-
graphs, indicate that the RNP exhibits extensive conformational flexibility (Bhella
et al. 2004). As yet, X-ray crystallographic studies, such as those for lyssaviruses
and Borna disease virus (Albertini et al. 2006; Green et al. 2006; Luo et al. 2007;
Rudolph et al. 2003), have not yet been reported for MV. The MV RNP displays the
characteristic herringbone structure of all paramyxovirus nucleocapsids. Electron
microscopy studies of replicating intermediates have demonstrated that the herring-
bone points to the 5’ prime end of the genome (Thorne and Dermott 1977).

Transport of the RNP from the Plasma Membrane
to the Intracellular Sitesfor Transcription and Replication

The first question that arises is: does replication occur diffusely throughout the cell
cytoplasm or within dedicated viral factories? When the N and P proteins are local-
ised by indirect immunofluorescence (lIF) both in acutely or persistently infected
cells, the resulting intra-cytoplasmic staining pattern is punctuate (Duprex et al.
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Tablel Annotation of the measles virus genome sequence
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Numbers in RNA Open reading Number of Protein
antigenome frame codons
(positive
sense)
1-52 Leader - - There is a small ORF of
potentially 4 amino acids.
53-55 Leader
N Ig
56-1744 N gene 108-1682 525 Nucleocapsid protein:

(N) phosphorylated protein which
encapsidates the RNA and
protects it from RNAses.

1745-1747 N-P Ig
1748-3402 P/VIC 1807-3327 507 Phosphoprotein associated
gene P) with RNP in polymerase
complex as well as a
chaperone for the N protein.
1807-2702 231+ 69 Prevents interferon induced
+1G (V) =300 transcriptional responses in
MV
1807-2702 231+70
+4G (V) =301
1829-2386 186 Prevents interferon-induced
© transcriptional responses;
acts as an infectivity factor;
inhibits transcription
3403-3405 P-M Ig
3406-4872 M gene 3438-4442 335 Matrix protein: hydrophobic

M) protein on inner leaflet of
membrane; inhibits
transcription

4873-4875 M-F Ig
4876-7247 F gene 5458-7107 550 Fusion glycoprotein cleaved

F) to a disulphide linked F2-F1
complex by furin-like
proteases that are generally
available; acylated

7248-7250 F-Hlg
7251-9208 H gene 7271-9121 617 Haemagglutinin: attachment

(H) glycoprotein that interacts

directly with entry receptors
9209-9211 H-L IG
9212-15854 L gene 9234-15782 2183 Large protein in RdRp

(L) complex with P; RNA
synthesis; capping and
polyadenylation

15855-15857  L-tr Ig?
15858-15894  Trailer Transcript not identified

Ig nontranscribed intergenic sequence in positive sense
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1999; Ludlow et al. 2005). These inclusions appear to be the sites where mRNAs
encoding the N-, P- and matrix (M) proteins are localised using in situ hybridisation
(ISH). Furthermore, it is clear that when we studied the distribution of L proteins
that were tagged with enhanced green fluorescent protein (EGFP) or with a short
c-Myc epitope tag, that these are also distributed unevenly and show a similar punc-
tuate staining patterns (Duprex et al. 2002). Indirect immunofluorescence has been
used to prove that the L protein co-localises with N and P and, more surprisingly,
the M protein (M. Ludlow et al., unpublished observations). All these pieces of
evidence suggest that specific viral factories exist in the cell. We have also observed
an association of the L protein with the plasma membrane in cells acutely infected
with the closely related rinderpest virus (Brown et al. 2005) and in persistently
infected cells (M. Ludlow et al., unpublished observations).

The main site for localisation of these large viral factories is perinuclear, espe-
cially in the early stages of infection, and hence the question has arisen whether
these factories are associated with mitochondrial organising centres and aggre-
somes, as is the case in other viral infections (Wileman 2007). Currently, it is not
clear if the incoming RNP is actively transported to these sites due to an interaction
with components of, for example, the cytoskeletal networks. MV can grow, albeit
at reduced titres, in cells treated with cytochalasin B, which leads to enucleation of
cells and severe effects on the cytoskeleton (Follett et al. 1976), suggesting that if
there is a role for these components they are not absolutely required. In our study
of MV infection in astrocytoma cell lines using a recombinant MV which expresses
EGFP (MVeGFP), no alteration of the actin, tubulin, or vimentin components of the
cytoskeleton was observed in either cell type, whereas a disruption of the glial-
fibrillary-acidic protein filament network was noted in MVeGFP-infected U-251
cells (Duprex et al. 2000a).

The Genome and Viral Evolution

The MV genome is a nonsegmented RNA molecule of negative polarity, i.e. oppo-
site polarity to viral messenger RNAs (MRNASs), with a length of 15,894 nucle-
otides (Blumberg et al. 1988). It contains six transcription units (genes), which are
separated from each other by trinucleotide intergenic (lg) sequences, and 3’ and 5’
terminal sequences containing genomic and anti-genomic promoters, respectively.
The gene order was originally inferred from Northern blot analysis of mono- and
polycistronic mMRNA (Barrett and Underwood 1985; Richardson et al. 1985; Rima
et al. 1986) and thereafter by genomic sequencing (Bellini et al. 1985, 1986). The
transcription units encode at least eight proteins, six of which are components of
the virion (Fig. 1 and Table 1). Protruding from the envelope are glycoprotein
spikes consisting of the fusion (F) protein and the haemagglutinin (H) protein (see
the chapter by C. Navaratnarajah et al., this volume). The inner leaflet of the virion
membrane is coated with the hydrophobic M protein. At least two additional pro-
teins are generated from the gene encoding the P protein. The C protein is translated
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Fig. 1 The interactome of measles proteins with each other and selected host proteins. The inter-
action between viral proteins is depicted with a broken arrow if the domains have not been speci-
fied on both binding partners or when they are inferred from experimental observations, e.g. the
effect of the C protein on the transcription-replication complex. A solid arrow indicates that the
interacting domains on both partners have been determined by mutational analysis. Specific inter-
actions of viral and host proteins are detailed in the chapter by D. Gerlier and H. Valentin, this
volume
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from the P mRNA from an overlapping open reading frame (ORF) (Bellini et al.
1985). The V protein is generated from an edited transcript of the P gene (Cattaneo
et al. 1989a) (Table 1).

There are at least 22 known MV genotypes which are grouped in eight clades
(Riddell et al. 2005; Rima et al. 1995). Seventeen genotypes are currently active in
the world, and the remainder are probably extinct. So far, it has not been possible
to link genotypic differences to specific biological phenotypes. There was early
speculation that African B genotypes were responsible for the high levels of mortal-
ity associated with the infection on that continent, but, after more detailed epidemi-
ological and sociocultural analysis, this has not been shown to be the case. No
differences have been observed between genotypes in genome organisation or in
the basic processes of transcription and replication. Furthermore, the lengths of all
genes are conserved; there are no variations in editing, although this has been stud-
ied only for limited number of virus strains; the Ig sequences are conserved and,
apart from subacute sclerosing panencephalitis (SSPE) strains, the transcription
process is conserved. Morbilliviruses are unique within the Paramyxoviridae in that
they contain a very long noncoding region of nearly 1 kb between the M and F
OREFs (Bellini et al. 1985; Richardson et al. 1986; Table 1). The region is GC rich
and is likely to fold into complex secondary RNA structures. The function of this
region is not known, although the sequence is largely conserved in length and the
position of the nontranscribed Ig trinucleotide spacer is also fixed since it is located
almost in the middle of this region (Table 1). This long untranslated region (UTR)
is a unique feature of morbilliviruses and, although dispensable for the growth of
the virus in vitro (Takeda et al. 2005), the suggested functions include mRNA
stabilisation and regulation of translation.

All MV strains appear to show the CpG and UpA suppression that is characteristic
of most mammalian RNA viruses (Rima and McFerran 1997). In the case of MV,
the CpG motifs that are most stimulatory for toll-like receptors (TLRs) are 4.3
times as infrequent as the ones that are least stimulatory. Recently, it has been
shown that RNA oligonucleotides are able to stimulate the innate immune system,
although the interacting partners are not well established and this may involve as
yet unknown TLR-like molecules (Sugiyama et al. 2005). UpA suppression, which
is also widespread throughout the RNA viruses, may be linked to the fact that in
cells in which the innate immune responses are elicited, RNaseL. may target RNA
molecules containing this sequence for destruction (Washenberger et al. 2007).

In conclusion, it is clear that the basic processes for growth and replication of
MV virus are conserved throughout all genotypes.

Transcription

In describing the processes of MV transcription and replication, it must be remem-
bered that much of this is derived by analogy to the better studied paramyxoviruses
and other members of the Mononegavirales, particularly vesicular stomatitis virus
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(VSV) and Sendai virus (SeV) (for reviews see Lyles and Rupprecht 2006; Lamb
and Parks 2006). The difficulty in reliably obtaining high MOls, the relative low
level of gene expression as well as the lack of a dependable in vitro transcription
system has hindered the study of molecular biology of MV.

In the genome, the six transcription units are preceded by a region at the 3'-ter-
minus coding for the 56 nucleotide leader RNA and are followed at the 5'-terminus
by a trailer region of 40 nucleotides (Blumberg et al. 1988). The sizes of the various
transcription units and the coding regions, and the derived sizes of the various pro-
teins, are given in Table 1. The entire nucleotide sequence has been compiled for
the measles prototype strain Edmonston (Radecke and Billeter 1995), which was
isolated in 1954 and passaged in tissue culture by John Enders (Enders and Peebles
1954). In total approximately 30 vaccine and wild-type strains have been com-
pletely sequenced.

Virus and Host Proteins Associated with the RNP

The RNP consists of the genome or antigenome RNA and 2,649 copies of the N
protein. This figure is based on the fact that one protein can protect six nucleotides
(Calain and Roux 1993). Associated with this structure are two additional viral
proteins: the P protein, in approximately one-tenth that number, and roughly 20-30
copies of the L protein (Lamb et al. 1976; Portner et al. 1988). Every virion must
contain a nucleocapsid/L/P complex to ensure infectivity. The L protein contains
the enzymatic activities of the RdRp, which acts as both the viral transcriptase and
replicase. At least two additional nonstructural proteins are generated from the
gene encoding the P protein. The C protein is translated from the P mRNA from
an overlapping ORF (Bellini et al. 1985). The initiation codons for P and C are
not in optimal context, and hence cap-dependent scanning appears to allow the
ribosome to initiate translation at either the start of the P open reading frame at
position 60 in the mMRNA or that of the C ORF at position 82. The C protein is
composed of 186 amino acids and it has been proposed to function both as an
infectivity factor and an inhibitor of type I interferon-induced transcriptional
responses and signalling (see the chapter by D. Gerlier and H. Valentin, this vol-
ume). Virus mutants lacking this protein can be propagated successfully in tissue
culture (Radecke and Billeter 1996). However, more relevant to the present dis-
cussion, the C protein has been shown to inhibit expression of reporter genes in
minigenome rescue assays (Bankamp et al. 2005). As these are combined replica-
tion and transcription assays, the actual step that is inhibited by the C protein of
MV is not clear.

The V protein is generated from an edited transcript of the P gene (Cattaneo
et al. 1989a). A recombinant virus which fails to express this protein has been
generated (Schneider et al. 1997). Interference by with STAT-inducible transcrip-
tion, which may lead to virus-induced cytokine inhibition in vivo, and promotion
of STAT1 degradation have been observed (see the chapter by D. Gerlier and
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H. Valentin, this volume). It is amino-co-terminal with the P protein for the first
231 amino acids and therefore shares the main phosphorylation sites of P, includ-
ing the important tyrosine residue at position 110 (Devaux et al. 2007; Fontana
et al. 2008). The role of tyrosine 110 in modulating interactions with the innate
immune system is discussed in detail in the chapter by D. Gerlier and H. Valentin,
this volume. A 69-residue cysteine-rich tail, which contains a zinc-binding finger
domain, follows the common amino terminal 231 residues (Liston and Briedis
1994). This domain represents one of the most conserved products encoded by
the P genes of paramyxoviruses. The V protein also has been implicated in affect-
ing the expression of reporter genes in the minigenome expression assay (Parks
et al. 2006; Witko et al. 2006), but this has not been confirmed in other studies.
Thus, though the V and C proteins may affect the gene expression in these assays,
viruses in which the expression of these proteins is ablated grow well in tissue
culture, indicating that they are not essential components of the RdRp.

The RdRp can only use the RNP and not naked RNA as a template (Rozenblatt
et al. 1979). Although the L/P complex contains the requisite catalytic activities for
the RdRp, its activity may also involve or be modulated by host cell proteins and/or
cytoskeletal components such as tubulin, which has been reported to stimulate in
vitro RNA synthesis (Horikami and Moyer 1991). The stoichiometry of the complex
is not known for MV and has been suggested to be L/P, for SeV and L/P, for VSV
(Chen et al. 2006; Curran and Kolakofsky 2008). The P protein of the closely
related morbillivirus RPV is a tetramer (Rahaman et al. 2004). Oligomerisation of
the MV L protein has been inferred (Cevik et al. 2003), but this remains to be dem-
onstrated directly. The interaction of the RdRp complex with the RNP probably
involves a bridging function for the P protein, which has binding sites for both the
N and L proteins. Direct L—N interactions have not been documented. In Fig. 1, we
have attempted to synthesise the interactome of MV proteins with themselves
(homo-oligomerisation), each other and with selected host factors (hetero-oligom-
erisation). The complexity of the diagram indicates the plethora of interactions
exhibited by viral proteins even in a virus, which only expresses eight proteins.
Apart from the N and P and L interactions, relatively few direct deletion analyses
have been performed to locate the interacting sequences. The interactions of M with
the F and H proteins and the oligomerisation of the glycoproteins themselves are
described in the chapter by C. Navaratnarajah et al., this volume.

The original comparison by Poch et al. (1990) of five L proteins from
Mononegavirales identified six (I-VI) conserved domains. Few have been
linked to specific functions apart from domain I1l, which contains the canonical
sequence GDNQ as a potential RdRp active site. For the morbilliviruses, we
refined this analysis and found that there are two nonconserved hinges in the L
protein separating three largely conserved domains (Mcllhatton et al. 1997). The
first (D1) contains the Poch domains I and 11, the second (D2) domains Il IV and
V, and the third (D3) containing conserved domain VI. The latter has recently
been shown to be part of a structure involved in 2-O-methyl transferase activity
(Ferron et al. 2002). Sequence comparison of the L proteins of vaccine and wild-
type strains of MV confirmed that genotypic differences exist but no functional
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differences were observed, and this study was not able to identify consistent
changes between vaccine and wild-type strains (Bankamp et al. 1999).

In the Mononegavirales prototype, VSV, there is evidence that the tran-
scriptase complex has a number of host proteins associated with it such as EFla
(Qanungo et al. 2004), which is not present in the replicase version of the
complex. However, to date this has not been confirmed for paramyxoviruses, and
the question of whether the transcriptase complex is the same as the replicase
complex has not been resolved. Furthermore, although two forms of the RdRp
complex may contain the same proteins, it is possible that they might differ in the
phosphorylation state. Whilst the L protein of MV is not phosphorylated, both
the N and P proteins are. Phosphorylation of the N protein, and whether this
plays any role in the viral life cycle, has not been studied. It is known that threo-
nine and serine but not tyrosine residues are involved. The same is the case for
the P protein, where there are multiple phosphorylation sites. At least one of ser-
ine residues at positions 86, 151 and 180 are phosphorylated by casein kinase II.
Tyrosine 110 is also phosphorylated (Devaux et al. 2007). Temporal analyses
to gain insight in potential controlling roles for phosphorylation and function
studies of the phosphorylation of viral proteins using reverse genetics remain
to be done.

General Description of the Transcription Process

In the genome, the six transcription units are arranged in the order 3'-N-P(V/C)-M-
F-H-L-5" (Dowling et al. 1986; Rima et al. 1986). The sequence of the nontran-
scribed intergenic regions between the first five genes in the genome (negative
strand) is 3-GAA-5". There is a single nucleotide difference in the sequence
between the H and L genes which is 3'-GCA-5’ (negative sense). These Ig trinucle-
otides are not transcribed by the RdRp. The genome consists of a multiple of six
nucleotides (6 x 2,649). A suggested explanation for the rule of six (Calain and
Roux 1993), which is obeyed by MV (Sidhu et al. 1995), is that each N protein
associates with exactly six nucleotides of RNA. The 2649 nucleocapsid proteins
and the RNA form a helical RNP with 2649/13 = ~204 helical turns. The number
of helical turns was determined to be 204 (Lund et al. 1984), remarkably accurately
and long before the rule of six and the number of N proteins per helical turn were
established.

In MV there two recognised sequence elements for the promoter sequence, the
so-called A box which comprises the first 15 nucleotides at the 3’ end of the
genome and antigenome, and the B box, which is represented by the sequence
GN,GN,GN; at positions in the 14, 15 and 16th hexamers (see the chapter by S.
Longhi, this volume). Structural studies of the RNP suggest this would place the
B box immediately beside the A box in the first and second helical turn of the RNP,
which has been proposed to contain approximately 13 N protein molecules per
turn and hence 13 x 6 = 78 nucleotides (Lamb and Parks 2006). Mutagenesis has
demonstrated that the three G residues in the B box are essential and this element
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is conserved in all morbilliviruses (Rennick et al. 2007; Walpita 2004). Liu et al.
(2006) analysed the genome termini of a large number of MV vaccine and wild-
type strains and changes were only found in the 3" genome terminus at positions
26 and 42. Minigenome expression assays indicate that these naturally occurring
nucleotide variations in the 3’ leader region affected the levels of reporter protein
synthesis (Liu et al. 2006).

It is not clear whether transcription always starts at the 3’ end of the template
producing the 56 nucleotide leader or if a capped mRNA can be generated directly
from the start of the N gene. The 56-nucleotide leader RNA has been found linked
to the mRNA encoding the MV N protein (Castaneda and Wong 1990). This in
itself should render the leader-N transcript untranslatable, as it would place an AUG
codon and an ORF encoding four amino acids upstream of the major ORF encoding
the N protein. Free leader RNA has been not been demonstrated, certainly not at
the high levels one may expect in infected cells if the transcription process always
involved the start of copying at the 3’ end of the genome, which should lead to at
least equimolar amounts of the leader and N mRNA in the cells. However, there are
caveats. Absence of evidence is not evidence of absence and the relative stability of
such a small RNA molecule which has no 5’ cap or 3’ poly-A tail may make it prone
to rapid degradation. Castaneda and Wong showed that there are a large number of
leader-N and leader-N-P read-through RNA molecules which are polyadenylated
but not capped in both acute and persistently infected cells. These are found in
structures with the density of RNPs and not on polysomes (Castaneda and Wong
1990). This, and the fact that these molecules were not made when cells were
treated with cycloheximide, indicates these leader-N-read-through products are
probably derived from abortive replication processes rather than from transcription.
They could not detect free leader and estimated their lower detection level to be
1/400th of the level expected if leader and N were expressed in equimolar amounts.
Hence these data suggest that transcription starts not with a leader but with the
beginning of the N gene. Recently proposed mechanisms for nonsegmented nega-
tive-strand RNA synthesis indeed suggest that the polymerase of well-studied
Mononegavirales may be able to approach the 3’ end of the template and scan until
it starts to copy the template at the N start site and that the synthesis of free leader
is a relatively infrequent event as is found to be the case for MV (Curran and
Kolakofsky 2008).

Modifications of mMRNAS

Transcription starts, or restarts in the case of the second and subsequent transcrip-
tion units, with a consensus gene start (GS) sequence of AGGRNNc/aARGa/t at the
5" end of each transcript. Similar to what is observed in all Mononegavirales, the
MV mRNAs have been shown to be capped (Hall and ter Meulen 1977). An O-
methyl transferase motif has been identified in the D3 domain of the L protein of
MV using bioinformatics-based approaches (Ferron et al. 2002). It is assumed that
this would be involved in the formation of the methylated cap structure, which
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contains an inverted guanosine residue. However, direct evidence from reverse
genetics has not been published to support this. As MV is a strictly cytoplasmic
virus with no known involvement of the nucleus, demonstrated by the fact that the
virus grows equally well in enucleated cells (Follett et al. 1976), it is assumed that
splicing of MRNAs does not take place. There is indeed no evidence for this from
any cloning and sequencing studies that have been undertaken on mRNAs.
However, there is evidence that the N and C proteins are translocated to the nucleus,
although no associated functionality has been described (Huber et al. 1991; Nishie
et al. 2007). Accumulation of RNP is particularly prominent in the nuclei in
infected cells in cases of SSPE (Chui et al. 1986). All MRNAs are polyadenylated
with the length of the tails similar to those of normal cellular mRNAs (Hall and ter
Meulen 1977). The process used to generate the poly-A tail requires a signal
sequence motif at each gene end (GE). When the RdRp complex encounters the GE
sequence of 5-RUUAUAAAACTT-3' (positive sense), stutters or slips on the U-
rich template sequence adding between 70-140-A residues to the 3’ end of the nas-
cent mRNA (Hall and ter Meulen 1977). The GE signal is characterised by a
conserved RUU motif in all morbilliviruses followed by an A-rich block of eight
nucleotides interspersed with one or two pyrimidines. No mutational analysis has
been performed to assess the functional importance of any of these sequence sig-
nals in MV. Mechanistically there is no information on the process by which the
RdRp stops polyadenylation when the length of the tail reaches the desired length.
Interestingly, although generated by entirely different mechanisms, this size range
mirrors that of cellular mRNAs.

Asimilarsignal tothe GE isfound inthe middle of the P gene 5’ AUUAAAAAGGG-
CAC-AGAZ3'. In this case, this leads not to polyadenylation but to the nontemplated
insertion of extra G residues due to RdRp slippage or stuttering on the UUUUUCCC
template. This is referred to as co-transcriptional editing and leads to the generation
of transcripts encoding the VV and W proteins (Cattaneo et al. 1989a). Stuttering
occurs to a very limited extent at the so-called editing site. The V protein is trans-
lated from an mMRNA with one extra G, which shifts the ORF after the first 231
codons for P and gives rise to the unique carboxy terminal 69 amino acid extension.
The protein (W) which would result from incorporation of two extra Gs has not
been identified in morbillivirus-infected cells, possibly because editing is tightly
controlled, meaning that in most cases editing leads to the insertion of only a single
extra single G residue. In other members of the Paramyxovirinae, editing is less
tightly controlled and a number of extra G residues (1-4) are incorporated during
the process, giving rise to V-, W- and P-like proteins with extra glycine residues
(Lamb and Parks 2006). The percentage of edited (V) as opposed to nonedited (P)
mRNAs in acute MV-infected cells varies from 30% to 50%. This may depend on
the cell type in which infection takes places. There is no evidence that other
mRNAs of MV are similarly edited. The sequence motif of RY'Y followed by an
A-rich stretch is found in several places in the genome, and we have analysed one
of the at the 3’ end of the H mRNA, which through editing could access conserved
ORFs in all MV strains, giving rise to different C terminal extensions of the H
protein. However, at the RNA level no evidence was found that indicated that the
process took place at this site (position 8943).
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Phase and Transcription

A consequence of the fact that precisely six nucleotides associate with a single
N protein is that each nucleotide has a specific phase (positions 1, 2, 3, 4, 5 or
6) with respect to the N protein and 3’ end of the genome. Minigenomes that do
not obey the rule of six are neither replicated efficiently nor readily encapsidated
(Sidhu et al. 1995). Comparative analysis of morbillivirus genomes has estab-
lished that the phase of the transcription starts sites is conserved between the
various viruses, although not between the genes (Iseni et al. 2002; Rima et al.
2005). Thus, the transcription start site for all N mRNAs of morbilliviruses is
position 2, meaning that the U that resides in the template is the second one
protected by the N protein molecule. The phase for the start sites of the P and L
genes is also 2; for M it is 4 and for the H it is gene 3. The only variation appears
to be in the phase of the start site for the F gene, as it is 3 in MV and 2 for rind-
erpest virus canine distemper virus (CDV), phocine distemper virus and the
cetacean morbilliviruses. This raises the question: is phase important? Phasing
is conserved but obviously not between genes in one genome. However, varia-
tions in morbillivirus genome lengths always involve the deletion or insertion of
multiples of six nucleotides primarily, but not exclusively, within the UTRs. As
such, this preserves the phasing of the genes. Hence, it appears there is a signifi-
cant biological pressure for phase conservation. Furthermore, Iseni and co-
workers demonstrated that phase affected co-transcriptional editing patterns in
SeV (lIseni et al. 2002). This indicates that the RdRp complex has at least a
potential to sense phase and encapsidation imposes a higher order structure on
the genetic entity that is the RNP, similar to, for example, the histone code
(lizuka and Smith 2003).

The topology of the transcription, and for that matter the replication processes,
is unknown. From first principles, the energy needed to have both the RdRp and the
de novo RNA wind around the RNP as the RdRp copied the template would be sig-
nificant. Topologically, this could be achieved with the least energy expenditure if
the RdRp remained in a fixed position and helical RNP rotated around the axis of
its length. Current models suggest that the interactions between the RNA and the N
protein are either broken or that at least the RNA template is available for base
recognition.

Dynamics of RNA Accumulation and Transcription Attenuation

When the RdRp reaches the GE, one of four processes may occur, the complex
may:

1. Polyadenylate the mRNA, skip transcription of the intergenic sequence, com-
mence transcription of the next gene, add an inverted guanosine residue to the 5’
end of the mRNA and finally methylate the newly formed cap;

2. Polyadenylate the mRNA and drop off the template;
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3. Ignore the GE, Ig and GS sequences altogether, transcribe them all and thereby
allow the formation of a read-through mRNA, which can contain as many as five
ORFs (5'-N-P-M-F-H-3' transcripts have been detected);

4., Start limited polyadenylation and then continue with the formation of a read-
through mRNA. No evidence has been found for this latter process to occur in
MV though it has been demonstrated to occur very occasionally in other
Paramyxovirinae (Paterson et al. 1984).

The finite chance for the polymerase complex to leave the template gives rise to
a gradient of gene expression in which the promoter proximal (e.g. N and P/V/C)
genes are transcribed much more frequently into mRNA than the promoter distal H
and especially the L gene.

Early studies examining RNA synthesis used 2P orthophosphate labelling in the
presence of actinomycin D to inhibit cellular but not viral RNA synthesis. Long
labelling periods were required to achieve detectable amounts of incorporation, and
hence it was not possible to carry our pulse chase experiments to assess rates of
synthesis and degradation (Barrett and Underwood 1985). In the most successful
experiments, 3- to 4-h labelling with carrier-free orthophosphate indicated that each
of the viral mMRNAs accumulated to levels that were in accordance with what would
be expected from the transcription gradient. In one study in which cells were shifted
to 39°C, at which little or no transcription takes place, it was clear from these and
other experiments (Schneider-Schaulies et al. 1991) that none of the viral mMRNAs
decayed more quickly than the others and these experiments also showed a very
low rate of turnover of the various viral RNA species in the infected cell (Ogura
et al. 1987). The levels of the various mRNA species were analysed by Northern
blots. Such approaches measure steady state levels at the time of harvesting the
cells rather than dynamics.

Seminal studies were conducted by Cattaneo et al. (1987) and Schneider-
Schaulies et al. (1989). Both used calibrated amounts of in vitro transcripts as inter-
nal controls but the two studies came to different conclusions about the steepness of
the transcription gradient. The relative frequency of each of these events is approxi-
mate 0.7 for stop and restart, 0.2 for RdRp to leave the template and 0.05-0.1 for
read-through in several of the Mononegavirales, where this process has been studied
in detail, e.g. in VSV and Sendai virus (Gupta and Kingsbury 1985; Banerjee et al.
1991; Whelan et al. 2004). The paper by Cattaneo et al. indicates that in acutely
infected Vero cells there are approximately 26,800 copies of the N mRNA but only
approximately 9,100 copies of the P mMRNA. After the P gene, the transcription gra-
dient becomes less steep and the remainder of the mRNAs are present at amounts
approximately 0.8 times the previous, e.g. 6,700 M mRNA copies, 5,400 F mRNA
copies and 4,000 H mRNA copies. There appears to be a very high level of tran-
scription attenuation at the H-L boundary, as only 400 copies of the L mRNA were
detected. The Ig sequence between the H and L genes (3'-GCA-5’ in the template)
is different from the consensus 3'-GAA-5', and this has been suggested to be associ-
ated with very high levels of transcription termination. Alternatively, these results
may reflect difficulties in the isolation of the very large L mRNA molecules during



5 The Measles Virus Replication Cycle 91

polyA selection of mRNAs or double-stranded RNA formation due to the presence
of defective interfering particles which may contain parts of the L gene during the
RNA isolation. In the studies by Schneider-Schaulies et al., the copy numbers of the
L mRNAs were not assessed (Schneider-Schaulies et al. 1989). In general, the tran-
scription gradient was found to be less steep and the frequency of stop and restart
events was approximately 0.75 + 0.04 at the intergenic boundaries. Plumet et al.
approached the enumeration of copy numbers of viral RNAs using a carefully cali-
brated real-time, reverse transcription-polymerase chain reaction (RT-PCR) using
primer sets that gave as near equimolar products for each of the genes as was possi-
ble (Plumet et al. 2005). Their data support those from Cattaneo et al. and show a
very severe attenuation after the N gene. Infected cells were found to contain 31,000
copies of N and only 4,800 copies of the P/V mRNA.

Re-analysing the older literature — 32P orthophosphate-labelled mRNAsS,
Northern blots and protein synthesis experiments using pulse labelling with various
labelled amino-acids including *S and *C amino acids — does not indicate that
there is a large difference in the amount of the N and P mRNAs. However, these
experimental approaches can obviously not prove this point. One would have to
assume very large variations in rates of translation, specific activities of probes for
different genes, etc., to reconcile the data with the presence of very significant
attenuation after the N gene. Apart from the fact that this does not make much sense
in terms of protein requirements, my own attempts (B.K. Rima, unpublished data)
at quantifying the mRNAs in Northern blots using the same protocol as Cattaneo
et al. did not support attenuation at this point in the genome to be larger than that
observed at other intergenic boundaries. In contract, in several experiments we
failed to observe any attenuation as the copy number of P mRNAs was the same as
that of the N mRNAs. This is similar to the result obtained by Rennick et al. who
used bi-cistronic minigenomes expressing fluorescent reporter proteins (Rennick
et al. 2007). Thus the precise levels of mMRNA and attenuation levels remain to be
determined.

Plumet et al. described four phases in the dynamics of RNA accumulation
(Plumet et al. 2005). In the first phase (06 h.p.i.) there is linear accumulation of
mMRNAs, probably resulting from RdRp molecules that were attached to the tem-
plate in the incoming RNP. During this phase, transcription is not sensitive to inhibi-
tion by cycloheximide. From the accumulation of various mRNAs, the authors
calculated an in vivo RNA synthesis rate of three nucleotides per second (nt/s) for
the MV RdRp. This corresponds well with the rates for in vitro RNA synthesis
determined for VSV and Sendai virus of 3.5 and 1.7 nt/s, respectively (Barr et al.
2002; Gubbay et al. 2001). In an MV strain in which the ORF of EGFP was inserted
into the L protein (Edtag-L-MMEgGrrM) the calculated rate of RNA synthesis was
substantially reduced to 0.8 nt/s. This precipitates a problem since the current model
assumes that initiation of RNA synthesis only occurs at the 3’ end of the template
RNP. If this is the case at that rate of synthesis, the H and L mRNAs could only be
completed after 3 and 7 h, respectively. The authors suggest that incoming RdRp
already attached to the RNP template would be able to start (or continue) transcrip-
tion starting at the location in the RNP where they had stalled. However, the
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estimate may be incorrect as the growth curve of this virus indicated a delay of 4 h,
which is not as much as would be expected from this calculation. Also, the activity
in minigenome expression assays of the L protein of Edtag-L-MMEGFPM was
between 40% and 60% (Duprex et al. 2002). In the second phase (6-12 h.p.i.),
exponential accumulation of MRNAs takes place presumably as a result of the for-
mation of new RdRp complexes. These start to contribute to replication in the third
phase (12-24 h.p.i.). In the fourth phase (24-28 h.p.i.) the RNA synthesis slows
down either due to an unknown mechanism or simply as a result of the widespread
fusion, syncytium formation and associated cytopathology. There is no further
accumulation of viral RNA in the fifth phase (>28 h.p.i.).

The slope of the transcription gradient varies from one cell type to another
and appears especially steep (little L expression) in the human central nervous
system (Cattaneo et al. 1987; Schneider-Schaulies et al. 1989). For example, in
some neuronal cell lines and SSPE cases, which is a rare and invariably fatal
late sequela of MV infection, the slope of this gradient of gene expression is so
steep that very little F and H protein are produced (Cattaneo et al. 1987). This
may aid the virus in escaping detection by the immune system by disposing the
virus to a wholly intracellular existence. Consequently, the amounts of L protein
synthesised should also be substantially reduced in these cells. Similar observa-
tions on the enhanced steepness of the gradient of gene expression have been
made in in vitro infections of neuronal cells (Schneider-Schaulies et al. 1989).
These cells also respond differently from others to the expression of the inter-
feron inducible MxA protein, which is rapidly induced in these cells to high
levels. After stable transfection with MxA into human glioblastoma cells (U-
87-MxA), they released 50- to 100-fold less infectious virus and expression of
viral proteins was highly restricted. The overall MV-specific transcription levels
were reduced by up to 90% due to an inhibition of viral RNA synthesis and
a steeper gradient of gene expression and not to decreased stability. However,
this effect is cell-type-specific because in other cells MxA affects translation
(Schnorr et al. 1993).

An additional transcription variation in SSPE has been observed in a number of
cases where the transcriptase leads to frequent or exclusive generation of a P-M
read-through transcript (Baczko et al. 1986; Yoshikawa et al. 1990). In the well-
studied cases, this was found not to be due to mutations in the GE, Ig or GS
sequences between the P and the M gene. Hence, other effects of mutations in the
N or L proteins were invoked, but not analysed, to explain these data. To date, none
of this has been subjected to analysis by reverse genetics analysis. To the best of
our knowledge, the generation of such a read-through transcript means that no or
little M protein will be expressed as it is in the second ORF and thereby probably
unavailable for translation. Reduced expression of the M protein is a general feature
of SSPE and many MV virus SSPE strains appear to have undergone hypermutation
in this gene, testifying to the nonessential nature of the M protein in this CNS infec-
tion (Schneider-Schaulies et al. 1995). This may be related to the fact that M pro-
tein, though required for budding, has a general negative effect on RNA synthesis
in several Mononegavirales, including MV (Suryanarayana et al. 1994).
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In conclusion, there are still questions remaining about MV transcription. The
lack of a reliable in vitro system has hampered studies, although more studies on
transcription using real-time RT-PCR would be helpful.

Replication

During replication, the RdRp binds at the 3’ end of the genome and the nascent
RNA molecule is immediately encapsidated by N protein. On the basis of the N
protein requirement for replication, the level of this protein as a free N—P complex
has been put forward as an important parameter which controls the relative levels
of transcription and replication (Banerjee 1987; Kingsbury 1974). Signals in the
GS, GE, the Ig trinucleotide and the editing site are ignored. This gives rise to full-
length positive-stranded RNA molecules within an RNP, with Y forms of the RNP
being observed as intermediates by EM (Thorne and Dermott 1977). This allowed
identification of the 3’ and the 5’ ends of the herringbone as these images permit the
template and the product RNP to be readily discriminated. The herringbone points
to the 5’ end. The positive antigenome-containing RNPs have a strong promoter at
their 3’ end, which allows for a generation of excess amounts of RNPs containing
the genomic RNA. The ratio between antigenome and genome containing RNPs in
infected cells was estimated to be 0.43 (300/700) by Cattaneo et al. (1989b) and
0.13 (130/1030) by Plumet et al. (2005), who also showed that the same ratio
occurred in virions as in infected cells and thus that there was no selection for
packaging in to virions between antigenome and genome containing RNPs. Udem
and Cook (1984) estimated this ratio to be 0.40, e.g. 2.5 times more genome than
antigenome RNPs (Udem and Cook 1984).

The genome, antigenome, leader and trailer RNAs are the only species in the
replication process that have 5’ triphosphates at their end and hence are likely to
activate the innate immune system through RIG-I (Plumet et al. 2007). Molecules
with 5’ triphosphates are especially enriched in virus stocks that contain large num-
bers of defective interfering particles. These have been demonstrated to be present
in vaccine stocks and to play a role in determining the levels of interferon
induction.

The A and B boxes are all that is required for the MV replication process and
knowledge of that has allowed the genome to be segmented (Takeda et al. 2006).
Takeda et al. split the genome into three fragments: one encoding the N and P pro-
tein plus Lac-Z, a second one the M and F genes and DsRed and the third fragment
the H and L genes and EGFP. Together, the three fragments were able to replicate
as a segmented MV virus. Cells infected with only two of the three segments were
observed at frequencies that were so low as to indicate that most MV particles con-
tained at least one of each of the three (and more) segments, confirming the poly-
ploid nature of MV particles. The system allowed the expression of up to six
reporter genes and illustrates the stability and apparent unlimited packaging capac-
ity of the particles, which make this system an excellent one for the concerted



94 B.K. Rima, W.P. Duprex

delivery of multiple genes and proteins. It has also been possible to produce a single
nonsegmented recombinant MV virus expressing three reporter genes (Lac-Z,
EGFP and CAT) from separate additional transcription units (Zuniga et al. 2007).
The fidelity of genome replication is somewhat an enigma. Mutations rates in vitro
are estimated to be 9 x 10~ (Schrag et al. 1999). However, in vivo, i.e. circulating
virus, the population appears to be much more stable with a mutation rate in the N
gene of 5 x 10 per nucleotide per year (Rima et al. 1997). The genome is very
stable and ORFs present within additional transcription units are very stably main-
tained (Duprex et al. 1999), even during passage in vivo (de Swart et al. 2007;
Duprex et al. 2000b; Ludlow et al. 2008).

Trandation

Surprisingly little is known about translational control in the RNA viruses, even
though this is one of only two processes which offer opportunities for these viruses
to fine-tune the expression of their proteins. Global effects on translation of host
mRNAs have not been reported in MV-infected cells and there is no documented
effect on the phosphorylation of elF2a, which is a prominent mechanism for other
viruses to suppress host mMRNA translation (Williams 1999). Additionally, no acti-
vation of PKR has been demonstrated. Studies using the MxA protein, the type |
interferon-inducible human protein, which confers resistance to VSV and influenza
A virus in MxA-transfected mouse 3T3 cells, showed a 100-fold reduction of
released infectious virus for MV from U937 clones that constitutively express
MXxA. In this cell line, but not in others MV rates of transcription or the levels of
MV-specific mMRNAs were not affected. However, a significant reduction in the
synthesis of MV glycoproteins F- and H- but not other viral proteins was observed
in U937/MxA cells, indicating differential translational effects on some specific
viral mMRNAs induced by MxA expression.

The absence of global effects of MV on host translation is not surprising as MV
is very prone to establishing noncytolytic, persistent infections which allow for a
balanced synthesis of viral and host mMRNAs and their translation. However, in
acutely infected Vero cells, suppression of host protein synthesis is observed (Rima
and Martin 1979), although this may reflect competition for ribosomes as the
detailed analysis of copy numbers of MV RNA indicates that roughly 52,000 copies
of MV RNA would account for approximately 25% of the total RNA population in
a cell.

MV has a demonstrated potential for controlling gene expression through trans-
lational controls. The initiation codons for the P and C ORFs are in suboptimal
contexts in all morbilliviruses and hence cap-dependent scanning of the P/C or VIC
mRNAs appears to allow the ribosome to initiate translation at either the start of the
P/V ORF at position 60 in the mRNA or that of the C ORF at position 82. In prin-
ciple, this offers an opportunity to modulate the ration of C proteins over the P and
V proteins. The C protein has 186 amino acids, but its length and more importantly
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its sequence differs in various morbilliviruses. It is not clear from the studies con-
ducted so far if knocking out C expression by altering the initiation codon has an
effect on P or V expression. Since the initiation codon for C is the second one, it is
not clear whether the fact that the scanning ribosomes do not encounter the C initia-
tion codon leads to formation of amino-terminally truncated P and V proteins or the
expression of the 57 amino acid ORF starting at position 102 in the third frame,
which contains a second methionine codon with a strong Kozak consensus sequence
at position 165. Surprisingly altering the context of the start codon for the P ORF
to a strong context from CCGAUGG to GAGAUGG did not alter the levels of P
and C protein expression when the P/C gene was expressed in adenovirus vectors
(Alkhatib et al. 1988). The authors interpreted this as indicative that the levels of C
and P expression are not controlled by the leaky scanning of the ribosome.

One area that has been studied in relation to translational control in MV is the
extended 3" UTR of the M mRNA and the 5’ UTR of the F mRNA together forming
a 1-kb-long unique untranslated region which is well conserved in morbillivirus
genomes. Relatively little is known about the role of the 430-nt-long 3" UTR of the
M mRNA. Takeda et al. have shown that it promotes M protein synthesis and
thereby stimulates replication, as M protein has been shown to be an inhibitor of
transcription in most Paramyxoviridae, including MV (Takeda et al. 2005). The
effect on translation of deleting this or mMRNA stability has not been reported. In
our study of gene expression in minigenomes that express two autofluorescent
reporters, deletion of this sequence had no effect on gene expression (Rennick et al.
2007). The function of this 3’ UTR remains to be determined.

More work has been done on the 5" UTR of the F mRNA. In CDV, the region
appears to encode an extremely long signal sequence, but the details of its function
are not known (von Messling and Cattaneo 2002). It would be expected that this long
signal sequence (if that is what it is) must be co-translationally removed as no large
precursors for the F protein have been identified in pulse-chase labelling experiments
(Campbell et al. 1980). In MV, the initiation codon appears to be at position 572.
Contradictory results have been published on the effect of the 5* UTR. Removal of
the this region from F mRNA transcripts leads to increased translation in vitro
(Richardson et al. 1986), suggesting that the F-5" UTR sequence may have a negative
effect on translation of the mRNA. The region has an unusually high content of
cytosine residues (44%, including a G,C A, tract) with an overall GC content of 64%
(de Carvalho et al. 2002) and a high degree of predicted secondary structure (Curran
et al. 1986) and conservation between strains. It has been suggested that the sequence
acts as a focusing factor, directing translation initiation to the second of three clus-
tered in frame AUG codons (Cathomen et al. 1995). However, mRNA transcripts
with a high potential to form stable secondary structure in the 5* UTR tend to be
translated inefficiently (Kozak 1991a, 1991b). It has also been shown that all known
mMRNA transcripts encoding ribosomal proteins have a short (5-14 nucleotide) oli-
gopyrimidine tract at their 5’ end which has been associated with their underutilisa-
tion in translation (Pain 1996). The F-5" UTR sequence contains multiple C tracts
towards the 5’ end, which could lead to a negative effect on translation of the
F mRNA transcripts. A study of the phenotype of the recombinant MV (del5F),
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which contains a 504-nt deletion in the F-5" UTR in the SCID-human thymus and
liver mouse model (Auwaerter et al. 1996), found that this deletion resulted in
decreased peak virus production and a small change in the kinetics of growth
(\Valsamakis et al. 1998). The virus had an early growth advantage, but the infection
led to increased thymocyte death. The authors speculated that high levels of F syn-
thesis might lead to increased virus production early in infection but might also
cause premature fusion and death of infected cells prior to peak virus production.
Their conclusion was that the F-5' UTR sequence was not absolutely required for
MV replication in that model system, but that its deletion led to a reduction, but not
the abrogation of F protein expression. These conclusions reflect observations using
MV minigenomes expressing two fluorescent reporter genes where the presence of
the F-5" UTR led to decreased gene expression of the second reporter (Rennick et al.
2007). This effect was interpreted as indicating that the 5’ UTR of the F gene had a
negative effect on translation of the gene. Interestingly a long 5’ UTR in the HN gene
of human parainfluenza type | virus controls transcription read-through at the M-F
gene border rather than translation (Bousse et al. 2002).

The translation of the M and F mRNAs is sensitive to elevated temperatures to
a larger extent than that of the others, as its is abrogated immediately after a shift
up to 39°C whilst the translation of the N, P and H protein mRNAs still occurs at
this temperature, though at lower rates (Ogura et al. 1987). This effect is reversible
because shift down immediately restores translation. The F mRNA also appears to
be distributed on smaller polysomes than that of the H mRNA at the higher tem-
peratures (Ogura et al. 1988), although it remains to be seen whether these effects
are due to the presence of these extended UTRs.

The precise intracytoplasmic site of viral protein synthesis is essentially
unknown. We have some preliminary evidence that the N, P and M mRNAs accu-
mulate in the viral factories that have been identified earlier. Whether they are
translated there or are more diffuse in the cytoplasm cannot be evaluated. It is also
not clear whether transcription and translation are coupled. No information is
available for the other mRNAs since their abundance is too low or too diffuse for
detection by ISH. It is a reasonable assumption that the H and F mRNAs are local-
ised at the rough endoplasmic reticulum and that these glycoproteins are translated
there before processing through a pathway that involves the Golgi apparatus and
vesicular transport to the cell membrane (see the chapter by C.K. Navaratnarajah
et al., this volume).

Getting It All Together

Transport of the various viral components to the cell membrane and specific struc-
tures in these are processes that are not well understood, and this is exemplified best
by considering what is known in SSPE. In this disease, MV is able to spread along
neuronal anatomical pathways, which probably requires trans-synaptic transfer of
the virus. This poses a remarkable problem for the virus. It is likely that replication
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and transcription takes place in the cell bodies where most of the required host cell
functions are localised. The RNP would then have to be transported to the end of
the neuronal axons and or dendrites. Then, for budding to take place, somehow the
two viral glycoproteins also need to arrive at the same location. Location and locali-
sation are also important in cytopathology, as our study on persistence of MV in
NT2 cells indicates (Ludlow et al. 2005). Here all viral proteins required for cell-
to-cell fusion are present in the cells, and the cells express the receptor CD46, but
through altered localisation of the receptor, cell-to-cell fusion does not occur,
allowing the persistent state to continue in these cells. The complexity of these
processes indicates that our understanding of the replication of MV is still in its
infancy.
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Abstract Measles virus belongs to the Paramyxoviridae family within the Mono-
negavirales order. Its nonsegmented, single-stranded, negative-sense RNA genome
is encapsidated by the nucleoprotein (N) to form a helical nucleocapsid. This
ribonucleoproteic complex is the substrate for both transcription and replication.
The RNA-dependent RNA polymerase binds to the nucleocapsid template via its
co-factor, the phosphoprotein (P). This chapter describes the main structural infor-
mation available on the nucleoprotein, showing that it consists of a structured core
(Neore) @d an intrinsically disordered C-terminal domain (N, ). We propose a
model where the dynamic breaking and reforming of the interaction between N,
and P would allow the polymerase complex (L—P) to cartwheel on the nucleocapsid
template. We also propose a model where the flexibility of the disordered N and P
domains allows the formation of atripartite complex (N°—P-L) during replication,
followed by the delivery of N monomers to the newly synthesized genomic RNA
chain. Finally, the functional implications of structural disorder are also discussed
in light of the ability of disordered regions to establish interactions with multiple
partners, thus leading to multiple biological effects.

S. Longhi

Architecture et Fonction des Macromolécules Biologiques, UMR 6098 CNRS et Universités
Aix-Marseille | et 1, 163 avenue de Luminy, Case 932, 13288 Marseille Cedex 09, France,
e-mail: Sonia.Longhi@afmb.univ-mrs.fr

D.E. Griffin and M.B.A. Oldstone (eds.) Measles — History and Basic Biology. 103
© Springer-Verlag Berlin Heidelberg 2009



104 S. Longhi

The Replicative Complex of Measles Virus

The genome of measlesvirus (MV) is encapsidated by the nucleoprotein (N) within
ahelical nucleocapsid. The viral RNA istightly bound within the nucleocapsid and
does not dissociate during RNA synthesis, as shown by its resistance to silencing
by ssRNA (Bitko and Barik 2001). Hence, this ribonucleoproteic (RNP) complex,
rather than naked RNA,, is the template for both transcription and replication. These
latter activities are carried out by the RNA-dependent RNA polymerase (RdRp),
which is composed of the large (L) protein and of the phosphoprotein (P). The P
protein is an essential polymerase co-factor in that it tethers the L protein onto the
nucleocapsid template. This ribonucleoproteic complex made of RNA, N, P, and L
constitutes the replicative unit (Fig. 1A).

MYV nucleocapsids, as visualized by negative stain transmission electron micro-
scopy, have a typical herringbone-like appearance (Fig. 1B). The nucleocapsid of
all Paramyxoviridae has a considerable conformational flexibility and can adopt
different helical pitches (the axial rise per turn) and twists (the number of subunits
per turn), resulting in conformations differing in their extent of compactness
(Bhella et al. 2002, 2004; Egelman et al. 1989; Heggeness et al. 1980, 1981;
Schoehn et al. 2004).

Oncetheviral RNPs are released in the cytoplasm of infected cells, transcription
of viral genes occurs using endogenous NTPs as substrates. Following primary
transcription, the polymerase switches to a processive mode and ignores the gene
junctions to synthesize a full, complementary strand of genome length. This posi-
tive-stranded RNA (antigenome) does not serve as a template for transcription and
itsuniqueroleisto provide an intermediate in replication. Theintracellular concen-
tration of the N protein is the main element controlling the relative rates of tran-
scription and replication. When N is limiting, the polymerase is preferentially
engaged in transcription, thus leading to an increase in the intracellular concentra-
tion of vira proteins, including N. When N levels are high enough to allow encap-
sidation of the nascent RNA chain, the polymerase switches to a replication mode
(Plumet et al. 2005) (see also the chapter by B. Rimaand W.P. Durprex, thisvolume
and Albertini et al. 2005; Lamb and Kolakofsky 2001; Longhi and Canard 1999;
Roux 2005 for reviews on transcription and replication).

The nucleoprotein is the most abundant structural protein. Its primary function
isto encapsidate the viral genome. However, aswe will see throughout this chapter,
N is not a simple structural component, serving merely to package vira RNA.
Rather, it plays several functions. Within Mononegavirales, each N monomer inter-
acts with a precise number of nucleotides. The number of nucleotides varies among
Mononegavirales, being specificto each family: six nucleotidesfor Paramyxovirinae
(Egelman et al. 1989) and Pneumovirinae (Tran et al. 2007), ninefor Rhabdoviridae
(Albertini et a. 2006; Flamand et al. 1993; Green et a. 2006), and 12-15 for
Filoviridae (Mavrakis et al. 2002). The fact that in Paramyxovirinae N wraps
exactly six nucleotides imposes the so-called rule of six to these viruses, i.e., their
genome must be of polyhexameric length (6n + 0) to efficiently replicate (see
Kolakofsky et al. 2005; Roux 2005; Vulliemoz and Roux 2001 for reviews).
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Fig. 1 A Schematic representation of the NN~P—L. complex of measles virus. The disordered
N,,,. (aa401-525) and PNT (aa 1-230) regions are represented by lines. The encapsidated RNA
is shown as a dotted line embedded in the middie of N by analogy with Rhabdoviridae N-RNA
complexes (Albertini et al. 2006; Green et a. 2006). The multimerization domain of P (aa 304-375,
PMD) is represented with a dumbbell shape according to Tarbouriech et al. (2000). The tetrameric
P (Rahaman et a. 2004) is shown bound to NM¢ through three of its four C-terminad XD (aa
459-507) arms, as in the model of Curran and Kolakofsky (1999). The segment connecting PMD
and XD is represented as disordered according to Longhi et a. (2003) and Karlin et al. (2003).The
L protein is shown as a rectangle contacting P through PMD by analogy with SeV (Smallwood
et a. 1994). B Negative-staining electron micrographs of bacterially expressed MV N.
Nucleocapsid-like herringbone structures are shown on the left, while rings, corresponding to
short nucleocapsids seen perpendicularly to their axis, are shown on the right. The bar represents
50 nm. Data shown in B were taken from Karlin et a. 2002a. C Maturation of MV N according
to Gombart et al. (1993). Interior of an infected cell, with the nucleus (top left) and a cytoplasmic
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The specific encapsidation signal is thought to lay within the 5’ Leader and
Trailer extremities of the antigenome and genome RNA strands, respectively, as
demonstrated for another Mononegavirales member (Blumberg et al. 1983).
However, in the absence of viral RNA and of other viral proteins, Mononegavirales
nucleoproteins are able to self-assemble onto cellular RNA to form nucleocapsid-
like particles. Therefore, a regulatory mechanism is necessary to prevent the ille-
gitimate self-assembly of N in the absence of ongoing genomic RNA synthesis.
Indeed, in infected cells N is found in various forms: a soluble, monomeric form
(referred to as N°) and an assembled form (referred to as NNY©). Two forms of solu-
ble N are likely to occur in the cytosol: a neosynthesized, transient form (herein
referred to as n) and a more mature form, N° (Fig. 1C) (Gombart et al. 1993). The
assembled form of N is localized in both the cytosol and the nucleus (Fig. 1C)
(Gombart et al. 1993; Horikami and Moyer 1995). Sato and co-workers have
recently identified the determinants of the intracellular trafficking within the nucle-
oprotein sequence of MV and canine distemper virus (CDV), a closely related
Morbillivirus. They both possess a novel nuclear localization signal (NLS) at posi-
tions 7077 and a nuclear export signal (NES). The NLS has a novel leucine/iso-
leucine-rich motif (TGILISIL), whereas the NES is composed of a leucine-rich
motif (LLRSLTLF). While in CDV the NES occurs at positions 4-11, in MV it is
located in the C-terminus (Sato et al. 2006). In both viruses, the nuclear export of
N is CRM 1-independent.

Once synthesized, the monomeric form of N requires the presence of a chaper-
one. Thisroleis played by the P protein, whose association with N preventsillegiti-
mate self-assembly of N and also retains the soluble form of N in the cytoplasm
(Huber et al. 1991; Spehner et al. 1997). This soluble N°—P complex is used as a
substrate for the encapsidation of nascent genomic RNA chain during replication.
The assembled form of N also forms complexes with P, either isolated (NNV°—P) or
bound to L (NNY—P—L), which are essential to RNA synthesis by the viral polymer-
ase (Buchholz et al. 1994; Ryan and Portner 1990) (Fig. 1C).

As the nucleoprotein, the P protein provides several functions in transcription
and replication. Beyond serving as a chaperone for N, P hinds to the nucleocapsid,
thus tethering the polymerase onto the nucleocapsid template. P is a modular

Fig. 1 (Continued) inclusion body (bottom right). N is found under several conformations. The
neosynthesized form (n) and a more mature form (N°) are both cytosolic, whereas the assembled
form (NNY€) is probably bound to the cytoskeleton (not shown). The polymerase complex is
formed by L and by atetramer of P. In the absence of P (l€ft), n can self-assemble illegitimately
on cellular RNA (bottom) and migrates to the nucleus, where it forms nucleocapsid-like particles.
It is not known whether it undergoes a conformational change directly from n to NN or whether
N° is an intermediate conformation in the process. P forms a complex with N° (right) thereby
preventing illegitimate self-assembly of N. The N°—P complex has been represented with a 1:4
stoichiometry by analogy to SeV (J. Curran, personal communication). Within the N°—P complex,
the N region has been represented with a shape slightly differing from that of the N"-P
complex according to Gombart et a. (1993). The N°—P is used by the polymerase to encapsidate
neosynthesized RNA during replication (which takes place in the cytoplasmic inclusion bodies).
Reprinted with permission from Nova Publishers Inc.
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protein, consisting of at least two domains: an N-terminal disordered domain (aa
1-230, PNT) (Karlin et a. 2002b) and a C-terminal domain (aa 231-507, PCT) (for
a more detailed description of the modular organization of P see Bourhis et a.
20053, 2006). Transcription requires only the PCT domain, whereas genome repli-
cation also requires PNT.

Theviral polymerase, which isresponsible for both transcription and replication,
is poorly characterized. It is thought to carry out most (if not all) enzymatic activi-
ties required for transcription and replication, including nucleotide polymerization,
mMRNA capping, and polyadenylation. However, no Paramyxoviridae polymerase
has been purified so far, implying that most of our present knowledge arises from
bioinformatics studies. Notably, using bioinformatics approaches, a ribose-
2'-O-methyltransferase domain involved in capping of viral mMRNAs was identified
within the C-terminal region of Mononegavirales polymerases (with the exception
of Bornaviridae and Nucleorhabdoviruses) (Ferron et a. 2002). The methyltrans-
ferase activity of the C-termina region of Sendai virus (SeV) polymerase (aa
1756-2228) has been recently demonstrated biochemically (Ogino et a. 2005).
Interestingly, the polymerase of vesicular stomatitis virus (VSV, a Rhabdovir-
idae member) has been recently shown to possess both ribose-2'-O and guanine-
N-7-methyltransferase activities (Li et al. 2006).

In al Mononegavirales members, the viral genomic RNA is aways encapsi-
dated by the N protein, and genomic replication does not occur in the absence of
N°. Therefore, during RNA synthesis, the viral polymerase has to interact with the
N:RNA complex and use the N°—P complex as the substrate of encapsidation.
Hence, the components of the viral replication machinery —namely P, N, and L —
engage in a complex macromolecular ballet. Although the understanding of the
roles of N, P, and L within the replicative complex of MV has benefited from sig-
nificant breakthroughs in recent years (see Bourhis et al. 2006 for areview), rather
limited three-dimensional information on the replicative machinery is available.
The scarcity of high-resolution structural data stems from severa facts: (a) the
problems in obtaining homogenous polymers of N suitable for X-ray anaysis
(Karlin et al. 2002a; Schoehn et al. 2001), (b) the low abundance of L invirions and
its very large size, which renders its heterologous expression difficult, and (c) the
structural flexibility of N and P (see below) (Bourhis et a. 2004, 2005b, 2006;
Karlin et al. 2002b, 2003; Longhi et al. 2003).

Structural Disorder Within the N and P Proteins

In the course of the structural and functional characterization of MV replicative
complex proteins, my group discovered that the N and P proteins contain long (up
to 230 residues) disordered regions possessing sequence features that typify intrin-
sically disordered proteins (IDPs) (Bourhis et al. 2004, 2005a, 2005b, 2006; Karlin
et a. 2003; Karlin et al. 2002b; Longhi et al. 2003). By using bioinformatics
approaches (see Ferron et al. 2006), structural disorder was shown to be a conserved
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and widespread property within Mononegavirales N and P proteins, thus implying
functional relevance (Karlin et al. 2003).

IDPs, also referred to as natively unfolded proteins, are functional proteins
that fulfill essential biological functions while lacking highly populated constant
secondary and tertiary structure under physiological conditions (Dunker et al.
2001; Dyson and Wright 2005; Fink 2005; Tompa 2003, 2005; Uversky 2002a;
Uversky et al. 2005). Although there are IUPs that carry out their function while
remaining disordered al the time (e.g., entropic chains) (Dunker et al. 2001),
many of them undergo a disorder-to-order transition upon binding to their physi-
ological partner(s), a process termed induced folding (Dyson and Wright 2002;
Fuxreiter et al. 2004; Uversky 2002b).

The protein flexibility inherent in structural disorder is of functional relevance.
In particular, an increased plasticity would (a) enable binding of numerous structur-
ally distinct targets, (b) provide the ability to overcome steric restrictions, enabling
larger interaction surfaces in protein—protein and protein-igand complexes than
those obtained with rigid partners, and (c) allow protein interactions to occur with
both high specificity and low affinity (Dunker et al. 1998, 2001, 2002; Dunker and
Obradovic 2001; Dyson and Wright 2005; Fink 2005; Gunasekaran et al. 2003;
Uversky et al. 2002; Wright and Dyson 1999).

Regions lacking specific 3D structure have been so far associated with approxi-
mately 30 distinct functions, including nucleic acid and protein binding, display of
phosphorylation sites and proteolysis sites, prevention of interactions by means of
excluded volume effects, and molecular assembly. Most proteins containing disor-
dered regions are involved in signaling and regulation events that generally imply
multiple partner interactions (see Chen et a. 2006b; Dunker et al. 2002, 2005;
lakoucheva et a. 2002; Tompa 2003 for reviews). The percentage of the genome
encoding protein disorder increases from bacteria to eukaryotes and, more gener-
ally, it increases with increasing organism complexity. The increased preval ence of
disorder in higher organisms is related to an increased need for cell regulation and
signaling. In addition, a recent study published by Dunker and Uversky’s group
shows that viruses and Eukaryota have ten times more conserved disorder (roughly
1%) than archaea and bacteria (0.1%) (Chen et a. 2006a). The abundance of disor-
der within viruses likely reflects the need for genetic compaction, where a single
disordered protein can establish multiple interactions and hence exert multiple
concomitant biological effects.

Structural Organization of the Nucleoprotein

Deletion analyses and el ectron microscopy studieshave shown that Paramyxoviridae
nucleoproteins are divided into two regions: a structured N-terminal moiety, N_ ..
(aa 1-400 in MV), which contains all the regions necessary for self-assembly and
RNA hinding (Bankamp et a. 1996; Buchholz et al. 1993; Curran et al. 1993;
Karlin et a. 2002a; Kingston et al. 2004b; Liston et a. 1997; Myers et a. 1997;
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Myers et a. 1999), and a C-terminal domain, N, (aa401-525 in MV), which is
intrinsically disordered (Longhi et a. 2003) (Fig. 2A). N, protrudes from the
globular body of N_,.. and is exposed at the surface of the viral nucleocapsid
(Heggeness et a. 1980, 1981; Karlin et al. 2002a). N, contains the regions
responsible for binding to P in both N°—P and NNY°~P complexes (Bankamp et al.
1996; Kingston et al. 2004b; Liston et al. 1997; Longhi et al. 2003).

The Structured N Domain

CORE

N ore CONtains all the regions necessary for self-assembly and RNA binding, since
nucleoproteins composed only of the core region can encapsidate neosynthesized
RNA into nucleocapsid-like particles. Within N_ .., deletion studies have failed to
identify independent, modular domains, but have identified regionsinvolved in the
N-N interaction. The region spanning aa 258-357, called the central conserved
region (CCR), is well conserved in sequence, and mainly hydrophobic (Fig. 2A).
Several studies have shown that it is one of the regionsinvolved in self-association
and in RNA binding (Karlin et al. 2002a; Liston et al. 1997). The location of the
RNA-binding site(s) within N is unknown. When denatured, such as in North-
western blots, N does not bind RNA, indicating that the RNA-binding site is prob-
ably formed by maturation of N during encapsidation (Lamb and Kolakofsky
2001). In agreement, all mutants in which self-association isimpaired do not pack-
age RNA (Karlin et al. 2002a; Myers et a. 1999). In the closely related SeV (a
Respirovirus member), more subtle mutations in the 360-375 region were found
that disrupted neither RNA binding nor the morphology of N, but rendered N inac-
tivein replication (Myers et a. 1999). The author suggested that particular residues
in this region might be involved in binding the leader sequence of SeV RNA, as
opposed to nonspecific RNA. However, it is more likely that mutations within this
region could affect the ability of N to interact with PNT, thereby preventing either
formation or proper conformation of the N°—P complex.

Beyond the CCR, another region of N-N interaction was found within the 189—
239 residues of MV N (see Fig. 2A), as deletion of this region led to a nucleopro-
tein variant form that can still bind P but has lost its ability to self-assemble
(Bankamp et al. 1996). In further support of a role of this additional region in N
assembly, two point substitutions thereof (namely, S228Q and L229D) impair self-
association of N and RNA binding without affecting either the overall secondary
structure content or the gross domain organization and the ability to bind P (Karlin
et al. 2002a).

Indeed, a mgjor hurdle to X-ray crystallography techniques is the strong self-
assembly of N to form large nucleocapsids with a broad size distribution when
expressed in heterologous systems such as mammalian cells (Spehner et al. 1991),
bacteria (Warnes et al. 1995) and insect cells (Bhella et al. 2002). Because of this
property, Paramyxoviridae nucleoproteins have resisted high-resolution structure
determination so far. Because of variable helical parameters, the recombinant or
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Fig. 2 A Organization of MV N. The location of N-N, N-P, and RNA binding sites is indicated.
The central conserved region (CCR, aa 258-357) (dark gray) and the additional region involved
in oligomerization (aa 189-239; light gray) are aso shown. The positions targeted for mutagen-
esis (see text) are shown by an arrow. Wild-type residues are shown in the top position, while
mutated residues are shown below. The location of the N ..-PNT sites (aa 4-188 and 304-373),
as reported by Bankamp et a. (1996), is aso shown. B Reconstruction of MV nucleocapsid as
obtained from cryoelectron microscopy. Data were kindly provided by David Bhella (MRC,
Glasgow, UK). The picture was drawn using Pymol (DeLano, W.L. The PyMOL Molecular
Graphics System (2002) Delano Scientific, San Carlos, CA, USA. http://www.pymol.org).
(Reprinted with permission from Nova Publishers Inc.)

viral nucleocapsids are also difficult to analyze using electron microscopy coupled
to image analysis. Despite these technical drawbacks, elegant electron microscopy
studies by two independent groups led to real-space helical reconstruction of MV
nucleocapsids (Bhella et al. 2004; Schoehn et al. 2004) (Fig. 2B). These studies
pointed out a considerable conformational flexibility, with the most extended con-
formation having a helical pitch of 66 A, while twist varies from 13.04 to 13.44
(Bhella et al. 2004). Notably, these studies also highlighted cross-talk between
Neore @nd N, , based on the observation that remova of the disordered N_,
domain leads to increased nucleocapsid rigidity, with significant changes in both
pitch and twist (see Bhella et al. 2004; Longhi et al. 2003; Schoehn et al. 2004).
Conversely, high-resolution structural data are available for two Rhabdoviridae
members, namely the rabies virus and the VSV (Albertini et al. 2006; Green et al.
2006; Luo et al. 2007). The nucleoprotein of these viruses consists of two lobes and
possesses an extended terminal arm that makes contacts with a neighboring N
monomer. The RNA istightly packed in a cavity between the two N lobes. N estab-
lishes contacts with the sugar and phosphate moiety of nucleotides via basic
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residues, in agreement with previous studies showing that the phosphate moieties
of encapsidated RNA are not accessible to the solvent (Iseni et al. 2000). In both
nucleoproteins, the RNA is not accessible to the solvent. Thus, it has to partialy
dissociate from N to become accessible to the polymerase.

Functional andstructural similaritiesbetweenthenucl eoproteinsof Rhabdoviridae
and Paramyxoviridae are well established. In particular, they share the same organi-
zation in two well-defined regions, N_.. and N, , and in both families the CCR
is involved in RNA binding and self-assembly of N (Kouznetzoff et al. 1999).
Moreover, incubation of the rabies virus nucleocapsid with trypsin results in the
remova of the C-terminal region (aa 377-450) (Kouznetzoff et al. 1998). This
N, -free nucleocapsid is no longer able to bind to P, thus suggesting that in
Rhabdoviridae, N, plays arolein the recruitment of P, like in Paramyxoviridae
(Schoehn et al. 2001). However, contrary to MV, the rabies virus N, domain is
structured (Albertini et al. 2006). Presently, it is not known whether Rhabdoviridae
and Paramyxoviridae nucleoproteins share the same bilobal morphology. In MV N,
bioinformatics analyses predict that N is organized into two subdomains (aa 1-
130 and aa 145-400) (see Bourhis et al. 2007; Ferron et a. 2006) separated by a
hypervariable, antigenic loop (aa 131-149) (Giraudon et a. 1988), that would
probably fold cooperatively into a bilobal morphology.

Although within the MV NNY—P complex, the N region responsible for binding
to P is located within N, , the N°~P complex involves an additional interaction
between N .. and the disordered N-terminal domain of P (PNT) (Fig. 1C). Within
the N°—P complex, P-to-N binding is mediated by the dual PNT-N and PCT-

CORE

N, interaction (Chen et al. 2003) (Fig. 1C). Studies on SeV suggested that an
N°—P complex is absolutely necessary for the polymerase to initiate encapsidation
(Baker and Moyer 1988). Therefore, formation of the N°—P complex would have at
least two separate functions: (a) preventing illegitimate self-assembly of N and (b)
allowing the polymerase to deliver N to the nascent RNA to initiate replication.
The regionswithin N responsible for binding PNT within the N°—P complex
have been mapped to residues 4-188 and 304—373, with the latter region being not
strictly required for binding but rather favoring it (Bankamp et al. 1996) (Fig. 2A).
However, precise mapping of such regions is hard because N_ . does not have a
modular structure, and consequently it is difficult to distinguish between gross

structural defects and specific effects of deletions.

The Intrinsically Unstructured N, Domain

In Morbilliviruses, N, is responsible for binding to P in both N°-P and N"V“-P
complexes (Bankamp et al. 1996; Kingston et al. 2004; Liston et al. 1997; Longhi
et al. 2003). Within the N"“-P complex, N, is aso responsible for the interac-
tion with the polymerase (L—P) complex (Bankamp et a. 1996; Kingston et al.
2004, Liston et al. 1997; Longhi et a. 2003). Severa features distinguish N,

from N Indeed, N, possessesfeatures that are hallmarks of intrinsic disorder:
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(a) it is hypersensitive to proteolysis (Karlin et a. 2002a), (b) it is not visualizable
in cryoelectron microscopy reconstructions of nucleocapsids (Bhella et al. 2004),
and (c) it has an amino acid sequence that is hypervariable among Morbhillivirus
members.

In agreement with these features suggesting disorder, the sequence properties
of N,,,. conform to those of IDPs (Dunker et a. 2001). Indeed, while the amino
acid composition of N__.. does not deviate from the average composition of pro-
teins found in the Protein Data Bank (PDB), the N, region is depleted in order-
promoting residues (W, C, F, Y, I, L) and enriched in disorder-promoting residues
(R, Q, S, and E) (Longhi et al. 2003). Moreover, N, is predicted to be mainly (if
not fully) disordered (data not shown; Bourhis et a. 2004; Longhi et al. 2003) by
the secondary structure and disorder predictors implemented within the MeDor
metaserver (Lieutaud et al., in press).

The disordered state of N, was experimentally confirmed by severa spectro-
scopic and hydrodynamic approaches (see Receveur-Bréchot et al. 2006 for areview
on methods to assess structural disorder and induced folding). Altogether, these stud-
ies pointed out that N, is a premolten globule (Bourhis et a. 2004; Longhi
et al. 2003), i.e,, it has a conformational state intermediate between a random coil
and a molten globule (Dunker et al. 2001; Uversky 2002a). In solution, premolten
globules possess a certain degree of residual compactness due to the presence of
residua and fluctuating secondary and tertiary structures. As for the functional
implications, it has been proposed that the residual intramolecular interactions that
typify the premolten globule state may enable a more efficient start of the folding
process induced by a partner (Fuxreiter et al. 2004; Lacy et a. 2004; Tompa 2002).

That N, does indeed undergo induced folding was documented by CD stud-
ies, where N, was shown to undergo an a-helical transition in the presence of
PCT (Longhi et al. 2003). Using computational approaches, an a-helical Molecular
Recognition Element (a-MoRE, aa 488499 of N) has been identified within N_,
(see Fig. 2A). MOREs are regions within IDPs that have a certain propensity to
bind to a partner and thereby undergo induced folding (Garner et al. 1999; Mohan
et al. 2006; Oldfield et al. 2005; Vacic et a. 2007). The role of the a-MoRE in
binding to P and in the a-helical induced folding has further been confirmed by
spectroscopic and biochemical experiments carried out on a truncated N, form
devoid of the 489-525 region (Bourhis et al. 2004).

The P region responsible for the interaction with N_, ~and its induced folding
has been mapped to the C-terminal module (XD, aa 459-507; see Fig. 1A) of P
(Johansson et al. 2003). The crystal structure of XD has been solved and consists
of atriple a-helical bundle. A model of the interaction between XD and the a-
MoRE of N, wasthen builtinwhich N, isembedded in alarge XD hydropho-
bic cleft delimited by helices 02 and a3 of XD. According to this model, burying
of hydrophobic residues of the a-MoRE would provide the driving force to induce
its folding, thus leading to a pseudo-four-helix arrangement occurring frequently in
nature (Johansson et al. 2003). This model was thereafter validated by Kingston
and co-workers who solved the crystal structure of a chimeric form mimicking this
complex (Fig. 3) (Kingston et al. 2004).
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Fig. 3 Ribbon representation of the crystal structure of the complex between XD and the 486—
504 region of N, (pdb code: 1T60) (Kingston et al. 2004). The picture was drawn using Pymol
(DeLano, W.L. The PyMOL Molecular Graphics System (2002) DelL ano Scientific, San Carlos,
CA, USA, http://www.pymol.org). The schematic representation of N, ~with the o-MoRE
highlighted is shown on the top

Small-angle X-ray scattering studies provided a low resolution model of the
N,,,,—XD complex, which showed that most of N, (aa 401-488) remains disor-
dered within the complex and supported arole for the C-terminus in binding to XD
(Bourhis et al. 2005). The involvement of the C-terminus of N, in binding to XD
was indeed confirmed by spectroscopic and surface plasmon resonance (BlIAcore)
studies, where removal of either Box3 alone or Box2 plus Box3 (see Fig. 2A)
resultsin astrong increase (three orders of magnitude, 10uM K ) in the equilibrium
dissociation constant (Bourhis et al. 2005). When synthetic peptides mimicking
Box1, Box2, and Box3 were used, Box2 peptide was found to display an affinity
toward XD (20nM K ) similar to that of N, (80nM K ), consistent with the role
of Box2 as the primary binding site (S. Longhi and M.J. Oglesbee, unpublished
data). Interestingly however, Box3 peptide exhibits an insignificant affinity for XD
(approximately 1mM K)) (S. Longhi and M.J. Oglesbee, unpublished data). The
discrepancy between the data obtained with N, truncated proteins and with pep-
tides can be accounted for by assuming that Box3 would act only in the context of
N_, . and not in isolation. Thus, according to this model, Box3 and Box2 would be

TAIL
functionally coupled in the binding of N_, . to XD. One can speculate that burying

TAIL



114 S. Longhi

the hydrophobic side of the a-MoRE in the hydrophobic cleft formed by helices 0.2
and a3 of XD would provide the primary driving force in the N, -XD interaction
and that Box3 would act by stabilizing the bound conformation.

Heteronuclear NMR (HN-NMR) studies using **N-labeled N, or a truncated
form devoid of Box3 and unlabeled XD, revealed that while Box2 undergoes a-
helical folding upon binding to XD, Box3 does not acquire any regular secondary
structure element (Bourhis et al. 2005).

The molecular mechanism of the XD-induced folding of N, —has been also
investigated by using site-directed spin-labeling (SDSL) el ectron paramagnetic reso-
nance (EPR) spectroscopy. The basic strategy of SDSL involves the introduction of
a paramagnetic nitroxide side chain at a selected protein site. Thisis usually accom-
plished by cysteine-substitution mutagenesis, followed by covalent modification of
the unique sulphydryl group with a selective nitroxide reagent, such as the meth-
anethiosul phonate derivative (see Biswas et a. 2001; Feix and Klug 1998; Hubbell
et al. 1998 for reviews). From the EPR spectral shape of a spin-labeled protein, one
can extract information in terms of radical mobility, which reflectsthe local mobility
of residues in the proximity of the radical. Variations in the radical mobility can
therefore be monitored in the presence of partners, ligands, or organic solvents.

Fourteensingle-site N, cysteine mutants were designed, purified, and labeled,
thus enabling grafting of a nitroxide paramagnetic probe on 12 sites scattered in
the 488-525 region and on two sites located outside the reported region of
interaction with XD (Morin et a. 2006; V. Belle et al., in press). EPR spectrawere
then recorded in the presence of either the secondary structure stabilizer 2,2,2-
trifluoroethanol (TFE) or XD.

Different regions of N, were shown to contribute to a different extent to the
binding to XD: while the mobility of the spin labels grafted at positions 407 and 460
was unaffected upon addition of XD, that of the spin labels grafted within the 488—
502 and the 505-522 regions was severely and moderately reduced, respectively.
Furthermore, EPR experiments in the presence of 30% sucrose (i.e., under condi-
tionsin which the intrinsic motion of the protein becomes negligible with respect to
the intrinsic motion of the spin label), allowed precise mapping of the N, region
undergoing a-helical folding to residues 488-502. The drop in the mobility of the
505-522 region upon binding to XD was shown to be comparable to that observed
in the presence of TFE, thus suggesting that the restrained mobility that this region
experiences upon binding to XD is not due to a direct interaction with XD.

The mohility of the 488-502 region was found to be restrained even in the
absence of the partner, a behavior that could be accounted for by the existence of a
transiently populated folded state. This may reflect the predominance of an a-heli-
cal conformation among the highly fluctuating conformations sampled by unbound
N.,,., in agreement with previous biochemical and spectroscopic data that mapped
the region involved in the a-helical-induced folding to residues 489-506 (Bourhis
et al. 2004). That the conformational space of MoREs (Oldfield et al. 2005) in the
unbound state is restricted by their inherent conformational propensities, thereby
reducing the entropic cost of binding, has already been proposed (Fuxreiter et al.
2004; Lacy et al. 2004; Sivakolundu et al. 2005; Tompa 2002).
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Finally, equilibrium displacement experiments showed that the XD-induced
folding of N, is a reversible phenomenon (Morin et a. 2006). These results
represent the first experimental evidence indicating that N, adopts its original
premolten globule conformation after dissociation from its partner. This latter
point is particularly relevant taking into consideration that the contact between
XD and N, within the replicative complex has to be dynamically made and bro-
ken to allow the polymerase to progress along the nucleocapsid template during
both transcription and replication. Hence, the complex cannot be excessively sta-
ble for this transition to occur efficiently at a high rate.

In conclusion, using apanel of various physicochemical approaches, the interac-
tion between N, and XD was shown to imply the stabilization of the helical con-
formation of the a-MoRE, which is otherwise only transiently populated in the
unbound form. The occurrence of a transiently populated a-helix, even in the
absence of the partner, suggests that the molecular mechanism governing the fold-
ing of N, induced by XD may rely on conformer selection (i.e., selection by the
partner of a preexisting conformation) (Tsal et al. 2001a, 2001b) rather than on a
fly-casting mechanism (Shoemaker et al. 2000), contrary to what has been reported
for the pKID—KIX couple (Sugase et al. 2007).

Stabilization of the helical conformation of the a-MoRE is also accompanied by
a reduction in the mobility of the downstream region. The lower flexibility of the
region downstream Box2 is not caused by again of a-helicity, nor can it be ascribed
to a restrained motion brought by a direct interaction with XD. Rather, it likely
arises from again of rigidity brought by a-helical folding of the neighboring Box2
region.

In agreement with these data and with the BlAcore data obtained using a
synthetic Box3 peptide, preliminary titration studies using heteronuclear NMR sug-
gest that XD does not establish direct interactions with Box3 (H. Darbon and
S. Longhi, unpublished data). A tentative model can be proposed, where binding to
XD might take place through a sequential mechanism that could involve binding
and a-helical folding of Box2, followed by a conformational change of Box3,
whose overall mohility is consequently reduced, probably through tertiary contacts
with the neighboring Box2 region.

Functional Role of Structural Disorder of N_, |
for Transcription and Replication

The K, value between N, and XD isin the 100nM range (Bourhis et a. 2005).
This affinity is considerably higher than that derived from isothermal titration calor-
imetry studies which pointed out a KD of 13uM (Kingston et a. 2004). A weak
binding affinity, implying fast association and dissociation rates, would ideally ful-
fill the requirements of a polymerase complex that has to cartwheel on the nucleo-
capsid template during both transcription and replication. However, a K in the
micromolar range would not seem to be physiologically relevant considering the low



116 S. Longhi

intracellular concentrations of P in the early phases of infection and the relatively
long half-life of active P-L transcriptase complex tethered on the NC template,
which has been determined to be well over 6 h (Plumet et al. 2005). Moreover, such
a weak affinity is not consistent with the ability to readily purify nucleocapsid-P
complexes using rather stringent techniques such as CsCl isopycnic density centrifu-
gation (Oglesbee et a. 1989; Robbins and Bussell 1979; Robbins et al. 1980;
Stallcup et al. 1979). A more stable XD-N_,,, complex would be predicted to hinder
the processive movement of P along the nucleocapsid template. In agreement with
thismodel, the elongation rate of MV polymerase was found to be rather slow (three
nucleotides/s) (Plumet et a. 2005). In addition, the C-terminus of N, has been
shown to have an inhibitory role upon transcription and replication, as indicated by
minireplicon experiments, where deletion of the C-terminus of N enhanced basal
reporter gene expression (Zhang et a. 2002). Deletion of the C-terminus of N also
reduces the affinity of XD for N, , providing further support for modulation of
XDIN,,,. binding affinity as a basis for polymerase processivity. Thus, Box3 would
dynamically control the strength of the N, -XD interaction, by stabilizing the
Box2-XD interaction. Removal of Box3 or interaction of Box3 with other partners
(see the next paragraph) would reduce the affinity of N, for XD, thus stimulating
transcription. Modulation of XD/N,,, binding affinity could be dictated by interac-
tions between N, and cellular and/or viral co-factors. Indeed, the requirement for
cellular or vira co-factors in both transcription and replication has been already
documented in MV (Vincent et al. 2002) and other Mononegavirales members
(Fearns and Collins 1999; Hartlieb et al. 2003). Furthermore, in both CDV and MV,
viral transcription and replication are enhanced by the major heat shock protein
(hsp72), and this stimulation relies on interaction with N, (Zhang et a. 2002,
2005). These co-factors may serve as processivity or transcription elongation factors
and could act by modulating the strength of the interaction between the polymerase
complex and the nucleocapsid template (see the next paragraph).

N, aso influences the physical properties of the nucleocapsid helix that is
formed by N_... (Longhi et al. 2003; Schoehn et al. 2004). Electron microscopic
analysis of nucleocapsids formed by either N or N indicates that the presence
of N,,, wasassociated with agreater degree of fragility, evidenced by the tendency
of helicesto break into individual ring structures (Fig. 4A). This fragility is associ-
ated with evidence of increased nucleocapsid flexibility, with helices formed by
N ore Alone forming rods (Fig. 4A) (see also Schoehn et al. 2004). It is therefore
conceivable that the induced folding of N, resulting from the interaction with P
(and/or other physiological partners) could also affect the nucleocapsid conforma-
tion in such a way as to affect the structure of the replication promoter (Fig. 4B).
Indeed, the replication promoter, located at the 3' end of the viral genome, is com-
posed of two discontinuous elements building up a functional unit because of their
juxtaposition on two successive helical turns (Tapparel et al. 1998) (Fig. 4B). The
switch between transcription and replication could be dictated by variations in the
helical conformation of the nucleocapsid, which would result in a modification in
the number of N monomers (and thus of nucleotides) per turn, thereby disrupting
the replication promoter in favor of the transcription promoter (or vice-versa).
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Fig. 4 A Negative stain electron micrographs of N and N__... The bar corresponds to 100 nm.
Rings and herringbone structures are indicated by white and black arrows, respectively. B
Cryoelectron microscopy reconstructions of MV nucleocapsid (left) and schematic representation
of the nucleocapsid (right), highlighting the structure of the replication promoter composed of two
discontinuous units juxtaposed on successive helical turns (see regions wrapped by the red and
blue N monomers). (Courtesy of D. Bhella, MRC, Glasgow, UK). Data in A were taken from
Longhi et a. (2003). Reprinted with permission from Nova Publishers Inc.
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Morphological analyses, showing the occurrence of alarge conformational flexibil-
ity within Paramyxoviridae nucleocapsids (Bhella et al. 2002, 2004; Ogleshee et al.
1989, 1990), tend to corroborate this hypothesis.

Finally, preliminary data indicate that incubation of MV NCsin the presence of
XD triggers unwinding of the NC, thus possibly enhancing the accessibility of
genomic RNA to the polymerase complex (D. Bhella and S. Longhi, unpublished
data). Hence, it is tempting to propose that the XD-induced a-helical folding of
N, could trigger the opening of the two lobes of N thus rendering the
genomic RNA accessible to the solvent.

Unstructured regions are considerably more extended in solution than globular
regions. For instance, MV PNT has a Stokes radius of 4 nm (Karlin et al. 2002).
However, the Stokes radius only reflects a mean dimension. Indeed, the maximal
extension of PNT, as measured by SAXS (S. Longhi et al., unpublished data) is
considerably larger (>40 nm). In comparison, one turn of the nucleocapsid is
18 nm in diameter and 6 nm high (Bhella et al. 2002). Thus PNT could easily
stretch over several turns of the nucleocapsid, and since P is multimeric, N°—P
might have a considerable extension (Fig. 5). In the same vein, it is striking that
SeV and MV PCT, which interacts with the intrinsically disordered N_,  domain,
comprises a flexible linker (Bernado et al. 2005; Blanchard et al. 2004; Longhi
et al. 2003; Marion et al. 2001). This certainly suggests the need for a great struc-
tural flexibility. This flexibility could be necessary for the tetrameric P to bind
several turns of the helical nucleocapsid. Indeed, the promoter signals for the
polymerase are located on the first and the second turn of the SeV nucleocapsid
(Tapparel et al. 1998).

Likewise, the maximal extension of N, in solution is of 13 nm (Longhi et al.
2003). The very long reach of disordered regions could enable them to act aslinkers
and to tether partners on large macromolecular assemblies. Accordingly, one role
of the tentacular N, projections in actively replicating nucleocapsids could be to
put into contact several proteins within the replicative complex, such as the N°—P
and the P-L complexes (see Fig. 5).

In Respiroviruses and Morhilliviruses, PNT, which is aso disordered (Karlin
et a. 2003), contains binding sites for N° (Curran et a. 1994; Harty and Palese
1995; Sweetman et a. 2001) and for L (Curran et al. 1995; Curran and Kolakofsky
1991; Sweetman et al. 2001). This pattern of interactions among N°, P, and L,
mediated by unstructured regions of either P or N, suggests that N°, P, and L might
interact simultaneously at some point during replication. Notably, the existence of
a N-P-L tripartite complex has been proved by co-immunoprecipitation studiesin
the case of VSV, where this tripartite complex constitutes the replicase complex, as
opposed to the L—P binary transcriptase complex (Gupta et al. 2003).

A model can be proposed where during replication, the extended conformation
of PNT and N, would be key to allowing contact between the assembly substrate
(N°—P) and the polymerase complex (L—P), thus leading to a tripartite N°—P—L
complex (Fig. 5). This model emphasizes the plasticity of intrinsicaly disordered
regions, which might give a considerable reach to the elements of the replicative
machinery.

CORE’
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Fig. 5 Model of the polymerase complex actively replicating genomic RNA. Disordered regions
are represented by lines. The location of the viral RNA (dotted line) within the NNY°—P complex
is schematically represented at the interior of the nucleocapsid by analogy with Rhabdoviridae

N-RNA complexes (Albertini et al.,

2006; Green et a., 2006). Within the NNYC—P
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Interestingly, there is a striking parallel between the N, —XD interaction and

the PNT-N_., interaction (Fig. 5). Both interactions are not stable by themselves
and must be strengthened by the combination of other interactions. This might
ensure easy breaking and reforming of interactions. The relative weak affinity that
typifies interacting disordered regions, together with their ability to establish con-
tacts with other partners serving as potential regulators, would ensure dynamic
breaking and reforming of interactions. Thiswould result in transient, easily modu-
lated interactions. One can speculate that the gain of structure of N, upon binding
to XD could result in stabilization of the N-P complex. At the same time, N_,
folding would result in a modification in the pattern of solvent-accessible regions,
resulting in the shielding of specific regions of interaction. Asaresult, N, would
no longer be available for binding to its other partners. Although induced folding
likely enhances the affinity between interacting proteins, the dynamic nature of
these interactions could rely on (@) the intervention of viral and/or cellular co-
factors modulating the strength of such interactions and (b) the ability of the IDP
to establish weak affinity interactions through residual disordered regions.

Finally, since binding of N, to XD allowstethering of the L protein on the NC
template, the N, —XD interaction is crucia for both viral transcription and repli-
cation. Moreover, as neither N, nor XD have cellular homologs, this interaction
isan ideal target for antiviral inhibitors. In silico screening of small compounds for
their ability to bind to the hydrophobic cleft of XD isin progress. A few candidate
molecules are being tested for their ability to bind to XD and to prevent interaction
with N, using HN-NMR (X. Morelli and S. Longhi, unpublished data).

TAIL

N, and Molecular Partnership

The disordered nature of N_,, confers to this N domain the ability to adapt to

TAIL
various partners and to form complexes that are critical for both transcription and

replication. Indeed, given its exposure at the surface of the viral nucleocapsid, N,

Fig. 5 (Continued) complex, P is represented as bound to NNY¢ through three of its four terminal
XD arms according to the model of Curran and Kolakofsky (1999). Only afew N, regions are
drawn. PNT regions within the L—P complex have not been represented in panels 2 and 3. The P
molecule delivering N° has been represented as distinct from that within the L—P complex in
agreement with the results of Tuckis et al. (2002). The numbering of the different panelsindicates
the chronology of events. (1) L is bound to a P tetramer. A supplementary P molecule, not bound
to L, is also shown (right). The newly synthesized RNA is shown as aready partially encapsi-
dated. (2) The encapsidation complex, N°—P, binds to the nucleocapsid template through three of
its four XD arms. The extended conformation of N, and PNT would alow the formation of a
tripartite complex between N°, P, and the polymerase (circled). It is tempting to imagine that the
proximity of the polymerase (or an unknown signal from this) may promote the release of N° by
XD, thus leading to N° incorporation within the assembling nucleocapsid. The N° release would
also lead to cartwheeling of the L—P complex through binding of the free XD arm onto the
nucleocapsid template (arrow) as in the model of Curran and Kolakofsky (1999). (3) PNT deliv-
ers N° to the newly assembled nucleocapsid (arrow). Reprinted with permission from Nova
Publishers Inc.
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establishes numerous interactions with various viral partners, including P, the P-L
complex, and possibly the matrix protein (Coronel et a. 2001). Beyond vira part-
ners, N, aso interacts with several cellular proteins, including the heat-shock
protein hsp72 (Zhang et al. 2002, 2005), the cell protein responsible for the nuclear
export of N (Sato et a. 2006) and possibly components of the cell cytoskeleton (De
and Banerjee 1999; Moyer et a. 1990). Moreover, N, within viral nucleocapsids
released from infected cells also binds to the yet unidentified nucleoprotein receptor
(NR) expressed at the surface of human thymic epithelial cells (Laine et a. 2003).

The interaction between N, ~and hsp72 stimulates both transcription and
genome replication. Two binding sites for hsp72 have been identified (Zhang et a.
2002, 2005). High-affinity binding is supported by the a-MORE, and hsp72 can
competitively inhibit binding of XD to N, (Zhang et a. 2005). A second |ow-
afinity binding site is present in the C-terminus of N, (Zhang et a. 2002).
Variability in sequence of the N protein C-terminus gives rise to hsp72 binding and
nonbinding variants. Analysis of infectious virus containing a nonbinding motif
showsloss of hsp72-dependent stimulation of transcription but not genome replica-
tion (Zhang et al. 2005). These findings suggest two mechanisms by which hsp72
could enhance transcription and genome replication, and both involve reducing the
stability of P/N,  complexes, thereby promoting successive cycles of binding and
release that are essential to polymerase processivity (Bourhis et al. 2005; Zhang
et al. 2005). The first mechanism is competition between hsp72 and XD for a-
MORE binding, and this would occur at low hsp72 concentrations. In the second
mechanism, hsp72 would neutralize the contribution of the C-terminus of N, to
the formation of a stable P-N_, complex, and this would occur in the context of
elevated cellular levels of hsp72 and only for MV strains that support hsp72 bind-
ing in this region (Zhang et al. 2005). The basis for the separable effects of hsp72
on genome replication versus transcription remains to be shown, with template
changes unique to a replicase versus transcriptase being a primary candidate. The
latter could involve unique nucleocapsid ultrastructural morphologies, with hsp72-
dependent morphologies being well documented for CDV (see Oglesbee et a.
1989, 1990).

Asfor the functional role of hsp72 in the context of MV infection, it has been
proposed that the elevation in the hsp72 levels in response to the infection could
contribute to virus clearance (Carsillo et al. 2004; Oglesbee et al. 2002). Indeed,
the stimulation of viral transcription and replication by hsp72 is also associated
with cytopathic effects, leading to apoptosis and release of viral proteins in the
extracellular compartment (Oglesbee et al. 1993; Vasconcelos et al. 1998a,
1998b). These would stimulate the adaptive immune response, thereby leading to
virus clearance.

Finally, after apoptosis of infected cells, the viral nucleocapsid isreleased in the
extracellular compartment, where it becomes available to cell surface receptors.
While N specifically interacts with FcyRII (Laine et al. 2005), N, interacts
with the yet uncharacterized NR, which is expressed at the surface of dendritic cells
of lymphoid origin (both normal and tumoral) (Laine et a. 2003), and of T and B
lymphocytes (Laine et al. 2005). The N, -NR interaction triggers an arrest in the

G,/G, phase of cell cycle, whereas the N_..—FcyRII interaction triggers apoptosis
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(Laine et a. 2005). Both mechanisms have the potential to contribute to immuno-
suppression, which is a hallmark of MV infections (Laine et al. 2005).

Flow cytofluorimetry studies conducted on truncated forms of N, identified
the N, region responsible for the interaction with NR (Box1, aa 401-420) (Laine
et al. 2005). SDSL EPR studies in the presence of TFE pointed out a structural
propensity within Box1 (Morin et a. 2006), the biological relevance of which may
reside in again of structure possibly arising upon binding to NR. It is tempting to
speculate that Box1 could undergo induced folding upon binding to NR. However,
definitive answers on gain of regular secondary structure elements by Box1 upon
binding to NR awaits the isolation of this receptor and the molecular characteriza-

tion of itsinteraction with N, .

Conclusions

Asthoroughly discussed in this chapter, N is a pleiotropic protein exerting multiple
biological functions. The molecular bases for this pleiotropy reside in the ability of
the C-terminal domain to establish interactions with various cellular and viral part-
ners. Since many, if not all, of these interactions are critical for transcription and
replication, they provide excellent targets for antiviral agents. In this context, the
discovery that the N domain supporting these multiple protein interactionsisintrin-
sically disordered is particularly relevant: indeed, protein—protein interactions
mediated by disordered regions provide interesting drug discovery targets with the
potential to increase the discovery rate for new compounds significantly (Cheng
etal. 2006). Thesecouldeventually beused against MV and/or other Mononegavirales
pathogens.
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Abstract An overview is given on the development of technologies to allow
reverse genetics of RNA viruses, i.e., the rescue of viruses from cDNA, with
emphasis on nonsegmented negative-strand RNA viruses (Mononegavirales),
as exemplified for measles virus (MV). Primarily, these technologies allowed
site-directed mutagenesis, enabling important insights into a variety of aspects
of the biology of these viruses. Concomitantly, foreign coding sequences were
inserted to (a) allow localization of virus replication in vivo through marker
gene expression, (b) develop candidate multivalent vaccines against measles
and other pathogens, and (c) create candidate oncolytic viruses. The vector
use of these viruses was experimentally encouraged by the pronounced genetic
stability of the recombinants unexpected for RNA viruses, and by the high load
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of insertable genetic material, in excess of 6 kb. The known assets, such as
the small genome size of the vector in comparison to DNA viruses proposed
as vectors, the extensive clinical experience of attenuated MV as vaccine with
a proven record of high safety and efficacy, and the low production cost per
vaccination dose are thus favorably complemented.

Development of Techniques Allowing Reverse
Genetics of RNA Viruses

Reverse genetics, i.e., theintroduction of exactly defined mutationsinto the genome
of organisms (true living organisms and viruses) has become one of the technical
cornerstones of molecular biology. Convenient application of thisimportant technique
for RNA viruses relies on the possibility to rescue such viruses from cloned DNA
that represent sequence variants of their RNA genomes. The underlying DNA
segments can be easily obtained, basically by reverse transcription in vitro, manipu-
lated, even conveniently synthesized chemically, and economically amplified in
bacteria as segments residing within plasmids.

The primary driving force for establishing reverse genetic systems for RNA
viruses was to obtain insights into their biology. Indeed, investigations using this
tool are bringing about a wealth of knowledge regarding the propagation of
viruses and their interactions with their hosts. In addition, it was recognized early
on that reverse genetic technology might also be exploited for practical purposes
in medicine, to create new vaccines, and possibly also to combat cancer, taking
advantage of the strong and often long-lasting stimulation of immune systems by
viruses. Particularly promising was the use of attenuated viruses aready widely
proven in medical practice to constitute efficient and safe vaccines against their
parent wild-type progenitors. Addition to their genome of genetic material encod-
ing proteins or protein fragments of other important pathogens might result in
multivalent vaccines mediating protection not only against the virus species used
as vector, but also against the pathogens from which the added genetic information
is derived.

Over the three decades since the 1970s, great progress has been made to gradu-
ally make essentialy all RNA virus genera amenable to the application of reverse
genetics, and during the last decade the processes to obtain genetically modified
viruses by reverse genetics have been refined to facilitate the technical processes,
so that practically any desired constructed RNA virus can be made readily availa-
ble, provided that the changes introduced are compatible with efficient propaga-
tion of the construct in cultured cells and packaging into infectious viral particles.
As outlined below, manipulated plus-strand RNA viruses were obtained rather
easily, and among the more problematic negative-strand RNA viruses, those con-
taining a nonsegmented genome (i.e., the ones grouped in the large order Mono-
negavirales) were more difficult to get hold of than representatives containing
segmented genomes.
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Positive-Strand RNA Viruses

The bacteriophage Qbeta was the first virus for which this technique could be
applied (Taniguchi et al. 1978). In this case, the rescue of virus was particularly
easy, as the cloned DNA segment representing the sequence of the viral genome,
simply flanked by oligo A and T stretches, was transcribed spontaneously after
introduction into Escherichia coli cells by the residing RNA polymerase. Since the
intracellularly transcribed genomes are first active as messenger RNA to produce
all viral proteins and subsequently as template for the viral RNA polymerase/repli-
case to produce antigenomes, from which progeny genomes are then transcribed,
progeny virusisformed automatically. It is still not clear by which mechanismsthe
primary transcripts containing additional nonviral flanking sequences give rise to
progeny RNA containing the precise viral ends.

The next virus made amenable to reverse genetics was poliomyelitis virus
(Racaniello and Baltimore 1981). The experimental hurdles to overcome were
considerably higher in this case: (a) culturing the host cells was much more
demanding, (b) the genome to be cloned was approximately twice as long, and (c)
it was necessary to provide a promoter for residing DNA-dependent RNA
polymerase. Nevertheless, due to some key properties similar to those outlined for
Qbeta, progeny virus could be rescued spontaneously after introduction either of
the properly constructed DNA or of in vitro transcribed RNA into host cells. This
pioneering work triggered the rescue of a very large variety of plus-strand RNA
viruses infecting vertebrates, invertebrates, plants, and microorganisms. Even
coronaviruses, the largest RNA viruses with genomes in excess of 30 kb are now
amenable to genetic manipulation. Very similar experimental techniques could be
employed for all positive-strand RNA viruses, despite their vastly differing propa-
gation mechanisms.

Attenuated poliomyelitis virus was also the first RNA virus to be employed as
avector to create plurivalent vaccine candidates by introduction of foreign genetic
material (Andino et al. 1994). Vector use of most positive-strand RNA viruses
suffers, however, from two major drawbacks. On one hand, the size of the intro-
duced coding sequences is limited because of the space constraints in icosahedral
viral capsids. On the other hand, the additional sequences introduced often survive
in the original form only for afew viral generations. This was particularly evident
for Qbeta and other RNA bacteriophages, which eliminate and/or modify added or
altered sequences at an incredibly fast rate. The underlying reason is the strict
requirement of suitable secondary and tertiary RNA structure for optimal RNA
replication by the notoriously error-prone RNA-dependent RNA polymerases,
usually defined as replicases. RNA structure is of paramount importance in all
plus-strand RNA viruses, the genomes of which in the active state inside their host
cells are naked or only loosely associated with proteins. In particular, deletions are
introduced in their transcripts by recombination due to copy-choice transcription,
which comes about by detachment of the replicase associated with the incomplete
transcript from the template and reattachment to the template, preferentially at a
location complementary to the last nucleotides of the transcript. Since RNA
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viruses with deletions of nonessential genome regions replicate more rapidly, such
spontaneous mutants soon overgrow the original constructed genomes.

Despite these drawbacks, the genetic stability of some recombinant viruses
appears sufficient for practical applications. In particular, aphavirus and flavivirus
vectors are promising and have in part advanced to clinical trials. Among the
former, Semliki Forest, Sindbis, and Venezuelan Equine Encephalitis viruses can be
mentioned (Atkins et al. 1996; Tubulekas et al. 1997; Polo et al. 1999; Pushko et al.
1997). Among the | atter, yellow fever virus based on the licensed attenuated vaccine
strain (Arroyo et al. 2004; Monath et a. 2003; Brandler et a. 2005) seems particu-
larly promising.

Negative-Strand RNA Viruses

Two distinctive features of all negative-strand RNA viruses render them inherently
more difficult to rescue from cloned DNA:

1. Their genomes, which are complementary to sense strands, are not active as
messenger RNA to produce the viral proteins, but are merely functional as tem-
plates required for the formation initially of mRNASs (transcription step) and
subsequently of antigenomic RNA (replication step 1), which then acts as tem-
plate for the synthesis of genomic RNA (replication step 2). Both transcription
and replication are mediated by the viral RNA-dependent RNA polymerase, also
defined as transcriptase/replicase. The transcription step is characterized by the
formation of less than full-length transcripts, which are typically both capped
and polyadenylated, whereas in the replication steps unmodified full-length
transcripts are synthesized.

2. The genomic RNA is only biologically active when it is present as ribonucleo-
protein (RNP), i.e., associated with at least a nucleocapsid protein (called N or
NP) and the viral RNA polymerase. In other words, the minimal infectious unit
consists not merely of RNA, but of a specifically associated complex, the RNP.
In the case of highly segmented viruses such as Influenza viruses, the polymer-
ase is composed of three polypeptides. In Mononegavirales, it consists of only
one very large polypeptide (L), frequently associated with a phosphoprotein (P),
which fulfills multiple functions in addition to its role as polymerase cofactor, in
particular as a chaperone mediating the attachment of N to genome or antige-
nome RNA as they are being synthesized. Thus, for rescue of virus from cloned
DNA, it is necessary to deliver RNP to the host cells by one of two approaches.
In vitro-made transcripts must be functionally covered in vitro by the viral pro-
teins mentioned above before introduction into host cells. Alternatively, tran-
scripts, on one hand, and encapsidating proteins (in large quantities) and viral
RNA polymerase (in tiny amounts), on the other hand, have to be concomitantly
synthesized in the host cells to form biologically active RNPs.
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Negative-Strand RNA Viruses with Highly Segmented Genomes

Almost two decades ago, the first partial rescue of a negative-strand RNA virus
from cloned DNA was described (Luytjes et al. 1989; Enami et al. 1990). Since the
RNP of segmented negative-strand RNA viruses is structured relatively loosely,
artificial in vitro transcripts of one cloned segment of an Influenza virus strain X
could be encapsidated in vitro by the proteins required for RNP formation (nucleo-
capsid and the three large polypeptides forming together the viral RNA polymer-
ase). When this in vitro-formed RNP was introduced into cells infected with
Influenza virus strain Y used as helper virus, reassortants of Influenza virus could
be isolated containing seven segments of the helper virus Y and one segment
derived from strain X. However, a method was required to separate the small
number of reassortants away from the large excess of nonreassorted helper virus.
This was achievable by means of specific antibodies directed against the protein
encoded by the segment of strain Y to be replaced.

Although this work not only constituted the first breakthrough in this area, but
also permitted the generation of some interesting designed Influenza virus mutants,
experimentation was limited, since the necessity of a counter-selection step
restricted the range of rescuable manipulated constructs. One decade of intensive
work by several groups was required to elaborate a method enabling the rescue of
Influenza virus entirely from DNA, i.e., without a helper virus (Neumann et al.
1999; Fodor et al. 1999). This method, using a large array of simultaneously co-
transfected plasmids, specifying the eight antigenomic RNAsaswell asthe MRNAs
for production of the proteins required for RNP formation, allows rescue of practi-
cally any desired Influenza virus compatible with the required biological properties
of this class of viruses.

Negative-Strand RNA Viruses with Nonsegmented Genomes
Preparatory Work Using Minireplicons

Numerous research groups attempted, but invariably failed, to assemble in vitro
RNPs of Mononegavirales, following or modifying the lessons provided in the ini-
tial accounts describing the rescue of Influenzavirus. There are three main reasons
for this failure: first and foremost, the RNPs of Mononegavirales are much tighter
and more rigid than those of segmented Influenza virus (indeed, in contrast to the
latter they are completely resistant to RNase digestion). Second, the RNA genomes
to be covered are much longer than the one Influenza segment being encapsidated
by the original Influenza virus rescue procedure. Third, the extremely large and
multidomain RNA polymerase (L) of Mononegavirales is more prone to nonfunc-
tional aggregation than the three subunits of the Influenza enzyme. Consequently,
many investigators reasoned that genomes or antigenomes of Mononegavirales
should be encapsidated inside cultured cells in statu nascendi, i.e., while they are
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being synthesized artificially from a cDNA template by a foreign DNA-dependent
RNA polymerase expressed in the host cells. Indeed, soon after the successful res-
cue of Influenza viruses, the first steps toward rescue of Mononegavirales were
achieved: RNA minireplicons of certain members of thisviral order triggered from
cloned DNA were propagated in various cell lines. The DNAs underlying these
minireplicons were initially derived by reverse transcription from natural defective
interfering particles (Dls) generated spontaneously when Mononegavirales are
propagated in serial succession at high infection rates. Later, minireplicon DNAs
were constructed that minimally contained the noncoding 5'- and 3'-terminal signal
sequences essential for virus-specific RNA replication; the viral genes were either
partially or completely deleted and replaced by reporter genesfor convenient detec-
tion of virus-specific transcription and replication (Collins et a. 1991, 1993; Park
et a. 1991; Conzelmann and Schnell 1994; Sidhu et al. 1995). Investigators used
two kinds of helper virusesto provide the proteinsto intracellularly encapsidate and
replicate these minireplicons. In a ssmple approach, in vitro transcripts from the
small cloned DNA segments were introduced into cells infected with the cognant
parent nondefective virus. In a more advanced strategy, the DNA specifying the
minireplicons were transfected, along with DNA encoding the encapsidating pro-
teins nucleocapsid (N), phosphoprotein (P), and the large polymerase (L) required
for formation of biologically active RNP, into cells infected with a Vaccinia virus
construct (VTF7-3), engineered to express T7 RNA polymerase at high levels. All
DNAs contained T7 promoters; thus, this strategy allowed efficient transcription of
all virus-specific cloned DNA segments in the transfected cells.

First Rescues Employing Helper Viruses

Obviously, the goal of these experiments was to find optimal conditions to achieve
replication of the much longer genomes of the full-length nondefective viruses, and
then to isolate spurious amounts of assembled rescued viruses away from the hel per
viruses present in large quantities. This was first achieved for rabies virus (RV)
(Schnell et al. 1994). Using almost identical technical approaches, approximately
1lyear later, two groups were able to rescue vesicular stomatitis virus (VSV)
(Lawson et a. 1995; Whelan et a. 1995). Both RV and VSV belong to the family
of Rhabdoviridae, the members of which are characterized by a sturdy bullet-
shaped virion structure, and by highly efficient, vigorous replication achieving high
viral titers. Furthermore, their replication/propagation is only scarcely inhibited by
the vaccinia-T7 helper virus. Thus, the tiny amounts of rescued virus could be iso-
lated by a series of elaborate purification steps, including passage through filters.

Rescues Relying Exclusively on Transfected DNA

Although the pioneering work described in the previous section established that
functional RNPs of entire genomes of Mononegavirales can indeed be formed
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intracellularly, this approach necessarily had to fail in the rescue of measles virus
(MV), a representative of the family Paramyxoviridae, which contains larger
genomes, replicatesto titer orders of amagnitude lower than RV and VSV, and forms
large polyploid virions that are easily inactivated by chemical and physical stress
such asfiltration. Therefore, it appeared desirable to develop arescue method avoid-
ing hel per viruses altogether, thus obviating the need for a purification step. Thiswas
achieved by relying only on transfected plasmids encoding N and P proteins as well
as T7 RNA polymerase; transcription of these artificial mMRNAs was governed by
strong CMV promoters recognized by cellular RNA polymerasell residing in nuclei,
rather than by T7 promoters. An intron and a polyadenylation sequence in the tran-
scribed region of the plasmids was inserted to ensure capping, splicing, and polya
denylation, thus enabling efficient export to the cytoplasm as well as along haf-life
of the mRNAs. It was clear that, despite these precautions, expression from a
plasmid would allow a much weaker expression of T7 RNA polymerase than that
achievable with vaccinia-T7. However, in the strategy chosen, the plasmids encoding
the viral proteins N and P, which are both required in large quantities, did not rely
on T7 promoters, asin the procedure enabling rescue of Rhabdoviridae. Thus, arela
tively low level of T7 RNA polymerase was thought to be sufficient for the synthesis
of antigenomic RNA and the mRNA encoding the large viral polymerase, which is
required only in tiny amounts. It should be mentioned that, to maximize the chances
of success, initially an approach involving two separate steps was employed. First,
helper cells were stably transfected with the three plasmids endowed with CMV
promoters encoding all three proteins: N, P, and T7 RNA polymerase. The plasmid
encoding T7 RNA polymerase contained a neomycin (Neo) resistance marker, and
among approximately 100 neoresistant colonies, two were chosen to propagate lines
of helper cells, which, in addition to T7 RNA polymerase, express both N and P at
appreciable levels. (These helper cell lines are still being used today by severa
research groups). Second, the helper cells were transiently transfected with two
plasmids containing T7 promoters. One specified precisely initiated and terminated
minireplicon (and later full-length antigenomic) transcripts; the other, used in very
small amounts, encoded the large viral RNA polymerase L.

This approach triggered high levels of chloramphenicol acetyl transferase (CAT)
in cells transfected with artificial minireplicon DNA bearing a CAT reporter gene,
similar to the level that had been obtained by introducing the in vitro transcripts of
CAT minireplicon DNA into MV-infected cells. In further experiments, succes-
sively longer viral antigenomic regions were added to the minireplicon sequence,
giving rise to what is termed midireplicons. As can be expected, the CAT signal
elicited became weaker with increasing midireplicon size. Finally, all of the missing
antigenomic sequence was added, leading, at the end of 1994, to the first rescued
MV, which were clonally derived from single syncytia, thus constituting an addi-
tional benefit in comparison to rescues using a helper virus that yields mixtures of
different clones (see Fig. 1A). This virus was denominated MV Edtag, as it had
been tagged by three nuclectide exchanges in a nontranslated region, to distinguish
it from the parent attenuated vaccine-derived MV Edmonston B type strain pas-
saged extensively in many laboratories. However, it took more than 6 months before



136 M.A. Billeter et al.

cuyp pon CMY pin MY, | CAf e CAF——R  CAT—F—p
& EMC L A} o F 1 L L
— r— To Mo o B o N Y | e ?; pCAN 0 pcap
Q_‘_p i 0 ,.,<d | — = 4. 5 TALE o
_b EMC-La__ T RES cALE pen
PHMV —pEMCLa PRI T e TR 7 ANPIM FIR] T AT
e ranafoction ™ MV £ pEmcLa ? —PHIMV__ ECo=2
plasmid DNA co-transfection — MV e —
5 Plasmid DNA transfection 5 Plasmid DNAtransfection
i o MelPer cell ~— - ~_Standard cells e~ Standard cells
e, e 203T o —
o _’_IJ_ 2 b Fros - (2937T) (2937T)
— ~ nuclear Pol2 transcription nuclear Pol2 tran: ti
cytoplasmic T7 transcription cytoplasmic T7 transcription cytoplasmic T7 trar
5 Y T ] + N
Scea : -~ —— - = AR Nene ql_‘ el Wone
. 9 N=
simultaneous encapsidation 1 % 3 % 2
Ls T ~ o n vacle, AR
+ - . o
[ e LS o simutaneous sncapadation I simultaneous encapsidation 1
& ) )
s () 3L [-1% 5 & 3y £
e & o
N, P, and L-dependent replication
3 — N, P, and L-dependent replication N, P, and L-dependent replication
as RNP (15894 nt) (] 2 MV genome MV genome
as RNP (15894 nt) as RNP (15894 nt)
MV mRNAs and proteins
4 MV mRNAs and proteins MV mRNAs and proteins
virus assembly .
virus assembly virus assembly
MV particle @ MV particle MV particle

Fig. 1 A—C Rescue methods for MV strains and recombinant MV's. A Rescue as first described
(Radecke et al. 1995), using as helper cells aclone of 293 cells (293-3-46) stably transfected with
expression plasmids encoding T7 RNA polymerase, N and P proteins. Note that the intracellular
T7 antigenomic transcripts specified by the p(+)MV type plasmids start precisely at the antige-
nomic 5' end and are cleaved automatically by the hepatitis' ribozyme sequence after termination
at the T7 termination signal T'. B Slightly modified rescue protocol: simultaneous transfection of
293 cells or any other cell line supporting replication of MV, using exactly the same five plasmids
used in the original method, where the plasmids pT7, pN, and pP had been utilized to generate the
293-3-46 cell clone. C Similar method as in B, but using the highly efficient chicken actin (CA)
promoter rather than the cytomegalovirus (CMV) promoter (Martin et al. 2006)

apatent application wasfiled, and amost 1 year for the first original research paper
to be published (Radecke et al. 1995), since all experimental procedures had to be
verified by different collaborators, and the genetic stability of rescued viruses had
to be ascertained by adding marker genes. Even chimera were constructed where
the envelope proteins of MV were genetically substituted by the unique envelope
protein of another virus, VSV (Spielhofer 1995; Spielhofer et al. 1998).

A comment regarding all rescue proceduresin general isnecessary here. It might
appear odd to artificially express antigenomic rather than genomic RNA, since this
requires a replication step to yield genomic RNP, from which transcription to pro-
duce all viral mRNAs and subsequently all viral proteins can take place. However,
several research groups independently adopted this strategy, which circumvents
hybridization and thus inactivation of artificially expressed antigenomes with the
large amounts of artificially expressed mRNA encoding N and P.

Methodological Refinements Allowing Experimentally Straightforward Rescue
of Virtually All Mononegavirales

Soon after the publication of RV rescue, the so-called MVA-T7 virus was con-
structed, based on the modified virus Ankara (MVA) strain of vaccinia virus. This
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recombinant expresses T7 RNA polymerase at levels similar to those produced by
the previously available helper virus vTF7-3. Importantly, however, the MVA vari-
ant replicates only up to acertain point in mammalian cells, and forms progeny virus
only in avian cells. Thus, use of this defective helper virus, circumventing the elimi-
nation of progeny helper virus, was a second means for the rescue of the large major-
ity of constructed Mononegavirales that are not obtainable by the original procedure
enabling the rescue of Rhabdoviridae. Indeed, shortly after publication of the inde-
pendent methodology described above, the rescue of human respiratory syncytial
virus (RSV) employing MVA-T7 was reported (Collins et a. 1995). Numerous
publications describing the rescue of different genera of Mononegavirales with this
method, which is actually a variant of the rhabdovirus rescue procedure, appeared
after this account. It should be mentioned that a further complex method only
loosely similar to the RV and VSV rescue procedure, employing VTF7-3, but a
completely different purification approach, applicable only for rescue of Sendai
virus (SeV) and a few particular representatives of Paramyxoviridae, was published
(Garcin et a. 1995) concurrently with the first rescue of RSV (Collins et al. 1995).

It is worth noting however, that all methods based on vaccinia-derived helper
virus, regardless of whether these form progeny during the rescue procedure, suffer
from severa important drawbacks, the most important being the high rate of recom-
bination induced by vaccinia virus among the transfected plasmids, which leads to
frequent incorporation of sequencesresiding in the plasmids encoding N and P pro-
tein into the antigenomic plasmid and thusinto the rescued virus. Therefore, several
of the most proficient investigatorsin the field later switched to procedures similar
to the one described above, exclusively using expression from plasmids, thus cir-
cumventing the need for a helper virus. The first published account in this line was
used for the rescue of bovine RSV (Buchholz et a. 1999).

In this context, it should also be mentioned that, curiously even in 2001, Yusuke
Yanagi's group described a protocol for rescuing wild-type MV strains (Tatsuo
et a. 2001), which is based on the replication proficient vaccinia-T7 strain vTF7-3
also used originally for the rescue of RV. However, it should be noted that the
Yanagi group used a very particular cell line shown earlier to be suitable for isola-
tion of wild-type MV strains from acutely infected individuals, the marmoset B cell
derived line B95a expressing SLAM, the receptor exclusively used by most wild-
type MV strains. In this cell line, the helper virus vTF7-3 replicates exceedingly
slowly and forms only asmall number of progeny. Thus, the experimental condition
closely resembles that using the replication-deficient MVA-T7 helper virus as dis-
cussed in the preceding paragraph.

Advantageous modifications of the original method for MV rescue involved a
gradual shift from the use of persistently transfected helper cellsto only transiently
transfected cell lines. The modifications are particularly advantageous when new
viral speciesareto be rescued from cloned cDNA, since they circumvent the tedious
selection of cellular clones expressing, in addition to T7 RNA, the N and P proteins
of the new viral speciesat suitable ratios. Standard cell lines able to support replica-
tion of the new virus are transfected simultaneously with all five required plasmids.
(See Fig. 1B. Note that for MV rescue, the exact original transient transfection
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procedure is utilized, varied only by inclusion of the three plasmids expressing T7
RNA polymerase and the viral proteins N and P, which in the original set-up are
already present in the persistently transfected helper cells.) The rescue efficiency
using only one-step transient transfection is higher than in the original method and
is enhanced further when instead of CMV promoters chicken actin promoters
(Martin et al. 2006) are used (compare Fig. 1B and C). This principle was first
adopted for the rescue of mumps virus (Clarke et al. 2000) and later for many
mani pulated representatives of Mononegavirales, as described in great experimental
detail in arecent international patent application (WO 2004/113517 A2).

An additional simplification of MV rescue has recently been described utilizing
aCMV promoter for the antigenomic expression plasmid, recognized by the nuclear
polymerase |1, rather than the traditional T7 promoter (Martin et al. 2006). The rea-
son for trying this strategy was actually dictated by Borna virus (BV) rescue. BV
replicates in the nucleus; therefore, it was reasonable to test pol | and pol 11 promot-
ers, and the latter proved to be optimal. The finding that this strategy was also suc-
cessful for MV suggests that MV RNP can be formed in the nucleus concomitantly
with the synthesis of antigenomic RNA by pol |1, thusimpeding splicing at fortuitous
splice sites, and that RNPs then reach the cytoplasm rather efficiently. RNP forma-
tion in the nucleus appears likely attributable to the fact that N protein, when artifi-
cialy expressed alone, migrates efficiently to the nucleus (Huber et a. 1991) and
likely also carries along some associated chaperone P when both proteins are simul-
taneously expressed.

Genomic Modifications of Existing Measles Virus Strains

As mentioned above, there was one magjor driving force behind the development of
systems enabling reverse genetics for Mononegavirales. to gain better insight into
the biology of the representatives of this viral order, as more comprehensively
illustrated for MV in other chapters of this book. Since this chapter mainly deals
with the possible practical applications enabled by these techniques, only some of
the first designed artificial mutants of MV are mentioned here.

The first of these modifications consisted in alarge deletion of 504 nucleotides,
almost the entire 5’ untranslated region (UTR) of the F gene (Radecke et al. 1995),
which is very GC-rich. In cell cultures, this mutant did not show any deterioration
in propagation. No experiments in the animal models described in other chapters
(ferrets, cotton rats, transgenic mice, and macaques) have been conducted to date,
which might demonstrate that the deleted region isindeed dispensable for viability
in infected model animals, and thus likely also in humans. (It should be noted,
however, that in human thymus/liver implants engrafted in SCID mice, this mutant
replicated somewhat more slowly and the virus titer reached was roughly ten times
lower than that of the parent MV Edtag; Valsamakiset al. 1998.) Also, inthe F gene
of other representatives of the genus morbillivirus, relatively long 5" UTRs exist,
although none with a comparable length. Recently, this region as well as the pre-
ceding long 3' UTR of the M gene have been reexamined in different cell lines, and
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it has been concluded that the former decreases F protein production, thus inhibit-
ing MV replication and reducing cytopathogenicity, whereas the latter increases M
production and promotes virus replication (Takeda et al. 2005). One can speculate
that the F protein in predecessors of MV might have been much longer; when a
shorter functional version of F protein arose, the remaining untranslated region,
rather than being eliminated as would be dictated by the maximal compaction of
genetic material in RNA viruses, became the target of biased G/I hypermutation
(Cattaneo et al. 1988; Bass et al. 1989), resulting in replacement of U by C residues
in the genome. (This type of massive mutational alteration has been observed fre-
quently in defective M genes of MV triggering subacute sclerosing panencephalitis
SSPE; Cattaneo et al. 1988, 1989b; Cattaneo and Billeter 1992.) Maintenance of
superfluous sequences in MV might only be a somewhat realistic hypothesis in
view of the virtual absence of recombination by copy choice and by the obligatory
adherence to the rule of six, hallmarks of all representatives of the subfamily
Paramyxovirinae. (For a discussion of this rule, see the following chapter.)

Another site-directed mutation was the inactivation of the C reading framein the
P gene (Radecke and Billeter 1996). This mutant propagated normally in Vero cells,
most likely due to the absence of interferon type | responsein these cells. Thisview
is supported by later studies with Sendai virus, showing that ablation of C-type
proteins leads to heavily compromised viruses, since Sendai C-type proteins inter-
fere with interferon responses. In addition, these proteins are involved in transcrip-
tion/replication (Delenda et al. 1998; Garcin et a. 1999, 2000, 2001, 2002). The
MV C-mutant replicated poorly in human peripheral blood cells (PBMCs)
(Escoffier et a. 1999) as well as in human thymug/liver implants in SCID mice
(Valsamakis et al. 1998), suggesting a role of C protein aso in the transcription/
replication of MV.

Ablation in MV Edtag of the V protein, which arises in all naturally occurring
and attenuated MV strains by co-transcriptional editing (Cattaneo et al. 1989a), or
overexpression of V showed no impairment in the interferon-deficient Vero cell line
(Schneider et a. 1997), nor in PBMCs (Escoffier et al. 1999), suggesting that V is
not essentially required for transcription/replication. Interestingly, the V- mutant
multiplied more slowly and the V overexpressing mutant more rapidly than the
parent virusin human implantsin SCID mice (Valsamakiset al. 1998). Furthermore,
C- and V- mutants appear to be overattenuated, since they multiplied poorly in
Ifnarke/CD46Ge transgenic mice, which express CD46 and are devoid of the inter-
feron type | response (Mrkic et al. 1998). However, al these results must be inter-
preted with caution; in the MV Edtag strain the C-terminal portion of V protein
deviating from the P protein is aready defective to begin with, by replacement of
important amino acids (Cys272Arg and Tyr291His) conserved in all approved MV
vaccine strains (Combredet et al. 2003). Very recent studies with wild-type MV and
derivatives lacking V and or C in macagues indicated that the defective MVs repli-
cated less extensively, because they were more restricted by the interferon and
inflammatory responses, whereas antibody and MV-specific T cell responses were
equal for wild-type and variant viruses (Devaux et al. 2008).

The function of the matrix protein M was addressed by either eliminating most
of the M reading frame (Naim et a. 2000) or by replacing the M frame in MV
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Edtag by a hypermutated M reading frame recovered from the brain of a deceased
SSPE patient (Patterson et al. 2001). These mutant viruses were able to replicate,
albeit very slowly, in cultures of polarized cell lines derived from lung epithelia, as
well asin the brain of transgenic mice expressing CD46, and in primary brain cell
cultures. The experiments also showed that migration and co-localization of N and
the envelope proteins F and H to particular cell compartments depend on M (Naim
et al. 2000), directly demonstrating the interaction of M with nucleocapsids on one
hand and with the cytoplasmic tails of the envelope proteins on the other.

Also, replacementsin the MV envelope proteins were studied by directed muta-
tions of MV strains. Replacement of single amino acids in the H protein of wild-
type MV able to use only SLAM for cell entry also gained the ability to utilize
CD46, the generic second receptor recognized only by attenuated vaccine strains
(Erlenhofer et al. 2002). For the F protein, it has been shown that the single replace-
ment of Leu at position 278 in the AIK-C vaccine strain by Phe, which is typical
for the Schwarz/Moraten strain, resulted in enhanced syncytium formation, a dis-
tinguishing feature between the two vaccine strains (Nakayama et al. 2001).

Measles Viruses with Inserted Foreign Coding Sequences

Technical Aspects of Foreign Gene Expression

Additional transcription units (ATUs) can be inserted rather easily into the MV
antigenomic sequence by placing short sequence stretches embracing an inter-
genic region into the 3' nontranslated region of aresident MV gene. Addition of a
cassette of unique restriction sites not present in plasmids bearing antigenomic
MV sequences then allows insertion of foreign reading frames (see Fig. 2 for an
overview).

Care has to be taken that the final constructs obey the rule of six, which states
that the number of nucleotides from the genomic 5’ to the 3’ terminus has to be an
integral multimer of six, i.e., that the genome has to be precisely covered by N
molecules, each contacting six nucleotides. This rule wasfirst found to be valid for
SeV copy-back minireplicons (Calain and Roux 1993) and then for constructed
internal deletion/replacement MV minireplicons (Sidhu et al. 1995). Later, adher-
ence to this rule was shown to be a strict requirement for full-length recombinant
MV aswell (Rager et al. 2002) and parainfluenzavirus type 2 (Skiadopoulos et al.
2003b) and is likely imperative for all representatives of the viral subfamily
Paramyxovirinae. (Whenever an antigenomic cDNA construct deviates by muta-
tion from this rule, viruses can only be rescued if they bear a second mutation
preferably close to the first one, correcting the deviation.) Additional ATUs have
been inserted first after the P and the H genes (Singh et al. 1999), then also before
the N gene (Hangartner 1997; Zuniga et al. 2007), and recently also after the L
gene (del Valleet a. 2007).
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Fig. 2 Strategy for inserting transgenes into the MV backbone. A The MV antigenome is schemati-
caly shown, and the relative transcript levels of the six MV genes areindicated. B In three positions,
1 (upstream of the N gene), 2 (downstream of the P gene), and 3 (downstream of the H gene), addi-
tional transcription units (ATUS) have been inserted into antigenomic plasmids, each containing a
transcription start signal, a multicloning site (MCS) embracing an open reading frame (ORF), and a
termination/polyadenylation signal (Hangartner 1997; Wang et a. 2001). C Three different staining
patterns of one syncytium isshown, induced by atriporter MV containing an eGFP ORF in positiond,
abeta-gaactosidase (LacZ) ORF in position 2, and a CAT ORF in position 3 (Zuniga et al. 2007)

Two other approaches to express additional foreign coding sequences were
also explored with the aim of ensuring that the inserted reading frames remain
functionally intact, i.e., cannot be mutated without inactivating the recombinant
virus. In particular, generation of viruses containing premature stop codons by the
error-prone viral RNA polymerase during repeated viral passages were to be
avoided. In one approach, the foreign reading frame was linked to a downstream
resident MV reading frame by a stop/restart signal, by overlapping a stop codon
with an adjacent initiation codon [UGAUG], as featured by influenza B viruses
for the expression of the downstream NS reading frame. In the second approach,
the protein self-cleavage featured by foot and mouth disease virus was adopted by
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linking the upstream foreign coding region with a downstream MV coding region
through a stretch of nucleotides generating a very short polypeptide able to cleave
almost exactly upstream of the MV protein (Ryan and Drew 1994). By this
design, the transgenic protein should bear a C-terminal elongation of 17 amino
acids, whereas the MV protein should bear a single foreign amino acid at its N-
terminus. In both approaches, the inserts were placed upstream of the L gene,
which hasto be expressed only at low levels. The first method did not lead to res-
cuable viruses, whereas the second approach did work and might actualy be
employed in particular cases (L. Martin, unpublished results). However, since in
a large variety of recombinant MVs mutational formation of premature stop
codons was not found to actually be a problem, this approach has not been further
explored in practice, at least for the time being.

Insertion of Genes Encoding Markers and | mmunomodulators

It was convenient to insert reading frames encoding various marker proteins for
monitoring the location of MV replication in cells (various primary cell types from
infected model animals and cell lines) and in the organs of infected animals.
Furthermore, the functionality of inserted ATUs can be readily ascertained, and the
reading frames encoding markers can then conveniently be replaced by coding
sequences of medical relevance. The most frequently used markers, apart from
luciferase, are shown in Fig. 2, which also illustrates the insertion sites and the
levels of expression. The most frequently used marker is green fluorescent protein
(GFP) and its various derivatives (Spielhofer 1995; Duprex et al. 1999a, 1999b;
Naim et al. 2000). In numerous publications not mentioned here, MV recombinants
expressing markers have been used for alarge variety of purposes.

Since GFP readily diffuses away from the site of its production, several attempts
have been made to incorporate GFP into viral proteins, to directly visualize their
location and viral assembly. Insertion into strongly expressed MV proteins has not
yielded reasonably viable viruses, but rather surprisingly, one insertion into the
large polymerase L was successful (Duprex et al. 2002).

Expression of cytokines, mainly to act as adjuvants to enhance the immuno-
genicity of vaccines, have been used in various systems. With MV, so far only IL-12
has been employed, in an attempt to completely eliminate the immunosuppression,
which is the hallmark of wild-type MV infection and also characterizes vaccine
strains to some extent. Functional IL-12 was expressed at high levels from inserts
containing the coding regions for the two components p35 and p40 separated by an
internal ribosome entry site (Singh and Billeter 1999). However, in macaques this
recombinant virus failed to eliminate immunosuppression, athough both humoral
and cellular immune responses were altered (Hoffman et al. 2003).
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Insertion of Genes from Other Pathogens: Candidate
Multivalent Vaccines

Reading frames encoding proteins from other pathogens have usually been inserted
into the MV context by replacement of the marker genes described above. MV's
with either single or multiple insertions have been constructed, as shown only for a
few examplesin Fig. 3 (Zuniga et al. 2007). Most of the recombinants show repli-
cation properties in cell lines very similar to the parent empty MVs; usually the
speed of propagation is only slightly delayed and the same end titers are reached.
For the purposes of vaccine production, the slight delays are not counterproductive,
but in the vaccinated host, a delay in propagation might result in a considerably
reduced immunogenicity of the vaccine, which, however, could be counterbalanced
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Fig. 3 Growth kinetics of selected recombinant MV's with one or two ATUs containing ORFs
derived from other pathogens. Recombinant MV's expressing one or two ORFs of SIV or mumps
virus were grown in comparison to the parental MV under the same physiologica conditions.
Growth is plotted as a function of infectious viruses released (y-axis) and time (x-axis).
Experimental conditions were as described previously (Wang et a. 2001; Zuniga et al. 2007). The
cloning position of all antigensisillustrated in the lower panel. Abbreviations: tag Parent empty
tagged MV (without ATU), rMV2env or rMV2pol MV with a single ATU containing SIV full-
length (anchored) envelope ORF or polymerase in position 2, rMV3env or rMV3gag ATU of SIV
env or group-specific antigen (gag: capsid proteins) ORF in position 3, rMV2,3env, gag MV with
2 ATUs, containing a SIV envelope ORF in position 2 and a SIV capsid ORF in position 3,
rMV2HN-MuVMV with a single ATU containing mumps virus hemagglutinin/neuraminidase
ORF in position 2
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by using higher viral doses. Given that the approved MV vaccines are administered
in low doses ranging between 10° and 10* plaque forming units, this would be per-
fectly feasible in practice. Multiple inserts do not generally lead to more slowly
growing recombinants than single inserts; the position of the inserts and the length
and quality of the expressed additional proteins are much more important. Inserts
at position 1 upstream of the N gene are most delaying, particularly if they arelong.
Glycoproteins targeted to the endoplasmic reticulum (ER) are usually more prob-
lematic than proteins remaining in the cytoplasm; furthermore, membrane-anchored
glycoproteins are more deleterious than excreted ones, probably because they tend
to compete with MV envelope proteins. Nevertheless, only in one instance, when
MV with inserts derived from mumps virus (MuV) have been tested, was the repli-
cation delay not tolerable for practical application. This was most likely due to
competition between MV and MuV glycoproteinsin the assembly of viral particles
(Wang et a. 2001). As evident from Fig. 3, the initial slow propagation of the
recombinant expressing MuV H later resumed a speed similar to empty MV; how-
ever, the more rapidly growing virus turned out to have lost MuV H expression.

Obvioudly, the quality of the MV backbone is of paramount importance for the
viability and thus the immunogenicity of the recombinants in vivo. As mentioned
above, the MV Edtag is mutationally altered and thus exposed to the interferon type
| response. (Other mutations than those in V as mentioned above, mainly in the P/
C/V and the L gene, might also cripple this virus.) When tested in Ifnar/CD46Ge
mice (Mrkic et a. 1998), where the IFN-o/p receptor is inactivated, the recom-
binants based on this laboratory strain replicate efficiently and are reasonably
immunogenic. However, in macagues, even high doses of this strain are poorly
immunogenic, in contrast to the licensed Schwarz vaccine strain, which elicits
strong humoral and cell-mediated immune responses (Combredet et al. 2003). It
should be kept in mind that prior to 2004 in none of the published vaccination stud-
ies cited below were MV recombinants based on licensed vaccine strains used.
Today, two groups (see Lorin et a. 2004; del Vale et al. 2007) use recombinants
based on the Schwarz/Moraten strain obtained from different sources. (It must be
recalled that the sequences of Schwarz and Moraten strains are identical, despite the
reported different attenuation regimen; Parks et al. 20014, 2001b.) Conversely, vec-
tors based on licensed Edmonston Zagreb (EZ) vaccine strains have been developed
and are being employed in several studies (H.Y. Naim et a., unpublished results).

Below, some of the pathogens addressed by recombinant MVs as described in
published reports are addressed individually. In addition, a variety of projects are
underway, addressing among others malaria, human papilloma virus (HPV), and
avian influenza virus.

Hepatitis B Virus

Hepatitis B virus (HBV) was the first pathogen against which candidate M V-based
vaccines were developed (Singh et a. 1999). The recombinant expressing the small
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surface antigen (HBsAQ) proved to be genetically stable for at least ten serial viral
transfers, a criterion subsequently checked routinely for al recombinant candidate
vaccines, and induced strong humoral immune responses in Ifnark/CD46Ge mice.
A recombinant with inserts encoding both the surface and the core antigen from
different cassettes in asingle MV vector was also shown to express both proteins.
However, this project was discontinued since development of a new HBV vaccine
was deemed not to be commercially promising given that efficient vaccines against
HBV already exist and that attenuated MV vaccine is not efficient in infants below
the age of 6 months, whereas in developing countries chronically HBV-infected
mothers usually transfer the virus to their newborns. Nevertheless, in a different
laboratory, recently MV-vectored HBV vaccine candidates expressing the HBsAg
have again been constructed (del Valle et a. 2007). The same insert as used previ-
ously was placed in a MV Schwarz-derived vector after the P, H, and L genes. In
Ifnarke/CD46 mice, the recombinants induced antibodies; as expected, the vectors
with the P and L cassettes dlicited the highest and the lowest immunogenicity,
respectively. In macagues, only two of the four animals inoculated with the P cas-
sette vector generated a humoral anti-S response. It was concluded that for optimal
immune responses against the insert antigens, it isimportant to choose the strongest
expression compatible with reasonably high replication speed of the MV recom-
binant, or that repeat vaccinations with the same recombinant, or prime-boost regi-
mens using either protein with adjuvant or other viral vectors should be adopted. It
is noteworthy that the recombinants protected the macaques as efficiently against
challenge by wild-type MV as the commercial vaccine.

It might be speculated that optimal MV-vectored HBV vaccine could even be
used therapeutically for the very large number of chronically HBV-infected patients
present mainly in Southeast Asia.

SIVIHIV

The target of most studies using MV vectors has been AIDS, which is arguably the
most important infectious disease against which no vaccine exists as yet. Due to the
very favorable record of attenuated MVs in terms of both efficacy and safety, as
discussed elsaewhere in this book and also in the next principal chapter, MV-vec-
tored vaccines are among the strongest candidates for final success against AIDS.
The first MV-based attempts against AIDS involved SIV antigens (Wang et al.
2001). Intwo laboratories, avariety of different reading frames encoding Gag, Poal,
Env, and Nef derived from SIV and HIV have since been inserted, either isolated
directly or manipulated in various ways, €.g., as resynthesi zed consensus sequences
or with deletions and/or fusions. In view of the high variability of HIV, particularly
env has been manipulated in different ways, to get rid of highly variable regionsand
thus to expose mainly conserved epitopes. In an interesting early study, anchored
env appeared to be preferable to excreted forms to induce neutralizing antibodies
against several heterologous HIV primary isolates and to dlicit cell-mediated
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immune responses (Lorin et a. 2004). It is noteworthy that, as observed for HBV
vaccing, MV preimmunization did not prevent these anti-HIV immune responses,
asrevealed in Fig. 4. In several recent reviews, the potential of MV vectored vac-
cines in general, and in particular against AIDS, is discussed (Tangy and Naim
2005; Zuniga et al. 2007; Brandler and Tangy 2007).

Flaviviruses: West Nile Virus, Dengue Virus

Among the human diseases caused by members of the family Flaviviridae, yellow
fever, Japanese encephalitis, Dengue fever, and West Nile (WN) fever are the most
important. Efficient vaccines exist against the first two, but morbidity and lethality
caused by these diseases is still high in Western Africa/South America and in the
Asia-Pacific region, respectively. In contrast, no vaccines are available against the
latter two. Thus, as recently reviewed, WN and Dengue fever have been addressed
using the MV-Schwarz strain (MV Schw) vector (Brandler and Tangy 2007).

The exodomains of all Flaviviruses have similar structures and are highly immu-
nogenic; thus, rather than expressing the anchored glycoprotein as in the case of
candidate AIDS vaccines, only the regions encoding the exodomains of Flaviviruses
have been inserted into MV.

First, Western Nile virus (WNV) was addressed, which can efficiently infect
mice by periphera inoculation, causing a lethal neurcinvasive disease similar to
encephalitisin humans. The secreted form of the glycoprotein E (SE) was expressed,
and low doses of MV Schw-sEWNV protected mice against lethal challenges by
WNV at least for a period ranging from 8 days to 6 months after vaccination
(Despres et al. 2005). In currently unpublished experiments, the efficacy of the
recombinant was also demonstrated in a primate model: squirrel monkeys
(Saimiri sciureus) were completely protected against WNV by a single-dose
vaccination.

Denguevirus (DV) poses agreater problem, asfour serotypes exist. The exposed
portion of gpE foldsinto three globular ectodomainsED |, I, and I11; the outermost
immunoglobulin-like ED 11l, which can fold independently through a single
disulfide bond, determines the serotype specificity and contains the major neutral-
izing epitopes. Thus, as announced by the Tangy group (Brandler et a. 2007), a
construct encoding al four EDIII domains of DV 1, 2, 3, and 4 has been inserted
into the MV Schw vector, and immunogenicity studies are ongoing.

SARS Corona Virus

Immediately following the SARS epidemic, and because of the fear that SARS
Coronavirus (CoV) might be used for bioterrorism, both the nucleocapsid protein
N and the codon-optimized spike glycoprotein S of SARS-CoV were inserted
independently into position 2 between the P and M gene of MV Edtag, yielding
p(+)MV-SARS-N and p(+)-SARS-S. In MV-susceptible Ifnark/CD46Ge mice,
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the recombinants induced high antibody titers against N and S. The antibodies
generated against the S-expressing MV strongly neutralized both SARS-CoV and
MV. N-expressing MV elicited a cellular immune response measured by IFN-y
ELISPOT. Also in this case, preimmunization with empty MV did not impair the
immune responses against SARS CoV, and a 1:1 mixture of the two recombinants
induced responses of a similar magnitude to that of the single vaccines (Liniger
et al. 2008).

Creation of Targeted MVs with Oncolytic Properties

The projects to develop recombinant MVs against cancer are extensively dis-
cussed elsewhere in this book (see the chapter by S. Russel et al., this Volume).
Here it should only be mentioned that these oncolytic viruses are constructed and
rescued basically as the recombinants discussed above. Oncolytic properties of
MV have been recognized by the early finding that MV infection resolved
Burkitt's lymphoma (Bluming and Ziegler 1971). To enhance these properties,
numerous alterations have been introduced into the MV derived from vaccines,
with the intent of retargeting the recombinants specifically to cancer cells and
ablating interaction with the known MV receptors SLAM and CD46. Thus, pri-
marily the H reading frame has been manipulated to create slightly shortened H
proteins carrying at their C-termini ligands fitting onto different receptors
expressed abundantly by diverse types of cancer cells. The first promising recom-
binants have been created by the authors of a recent review (von Messling and
Cattaneo 2004; for later origina publications see Springfeld et al. 2006;
Ungerechts et al. 2007a, 2007b).

Development of Segmented MVs Carrying Foreign Genes

One of the most interesting developments concerning manipulated MVs is the
recent creation of MV's containing bi- or even tri-partite genomes, denominated 2
seg-MV and 3 seg-MV, respectively (Takeda et al. 2006). The DNA constructs
underlying these segmented viruses were designed to bear precisely the 3’ and 5
terminal untranslated regions present in the parent MV. In addition to the MV
genes, the 3 seg-MV could accommodate up to six additional transcription units,
and efficient expression of five of the encoded proteins was demonstrated.
Importantly, expression of a long insert encoding beta-galactosidase placed
upstream of the N gene in a segment comprising only the MV N and P genes
impaired the replication of the recombinant much less than beta-galactosidase
residing in the same position of a monopartite MV. This suggests that long, multiple
inserts could be expressed more efficiently when segmented MVs are used as vec-
tors. The surprisingly efficient propagation can be explained by the fact that the MV
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particlesgrown in cell linesare largely polyploid (Rager et al. 2002), containing far
more than one genome. In addition, when relatively short genomes are replicated,
the probability of the replicase to quit the template prematurely is lower than on
long templates.

Until such segmented MV's can be used for evaluation in practice, much addi-
tional experimentation is needed. First, an attenuated licensed MV vaccine strain
has to be used rather that the wild-type isolate from which the constructs were
derived. Second, arescue method has to be used employing exclusively transfected
plasmids rather than vaccinia-T7 helper virus. Third, for the construction of tripar-
tite virus, each segment should contain one of the genes required for replication, N,
P, or L. (Idedlly, to fully exploit the potential of segmented MV vectors, one seg-
ment should bear only one short transgene upstream of the measl es genes encoding
M, F, H, and L, whereas two segments encoding N and P, respectively, could bear
multiple and relatively long inserts up- and downstream of the MV genes.) Fourth,
propagation and immunogenicity in animal models have to be checked in compari-
son to monopartite MV vectors. These provisos by no means reduce the importance
of this pioneering work.

Considerations for Practical Applications of Recombinant
Multivalent MV Vaccines

Stability of Recombinant MVs

RNA polymerases are known to be much more error-prone than DNA polymerases
due to the lack of proofreading; thus, the error rate in RNA viruses is on average
approximately three orders of magnitude higher than in DNA viruses. The so-called
quasi speciesconcept for RNA viruseswasexploredin an early study of bacteriophage
Qbeta (Domingo et a. 1978). Therefore, it came as a great surprise to find that in
the MV recombinants the transgenes are rather stably expressed, although they are
nonessential and in some cases deleterious for virus propagation and expected to be
even more rapidly mutated than the MV genes conserved by positive selection. The
expression of the first transgene studied in MV encoding chloramphenicol acetyl
transferase (CAT), inserted after the P and H gene, was completely maintained in all
analyzed progeny clones derived from single original rescued clones after ten serial
virus passages, which represent an amplification factor of 10% (Spielhofer 1995).
However, in that experiment, 35% and 100% of the clones derived from second res-
cued clones serially transferred in parallel had lost CAT expression. It seems likely
that the errors already occurred in these second original rescued clones during tran-
scription by the particularly error-prone T7 RNA polymerase. In amost al later
rescued recombinants, the transgene expression was maintained. Only the expres-
sion of MuV-derived transgenes encoding MuV F and HN was lost, resulting in
viruses propagating as fast as empty MV, whereas the freshly rescued recombinants
were slow, as discussed above and shown in Fig. 3.
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In none of these few cases where transgene expression was lost could any deletion
be detected as monitored by PCR, suggesting that recombination by copy-choice
must be an extremely rare event, in contrast to plus-strand RNA viruses, which read-
ily delete inserted foreign sequences. Copy-choice events must occur sometimes in
MV, as the generation of defective interfering particles (DIs) cannot arise in any
other fashion. However, most of the DIs are the copy-back type, where the polymer-
ase, dfter leaving the original template together with the unfinished transcript,
attaches to this transcript rather than to the original template. Virtual absence of
deletion events must be due to the extremely tight RNP structure, which renders
reattachment of the replicase to its template in ancther position almost impossible.

Misincorporation of single nucleotides certainly does occur in MV to an appre-
ciable extent, as documented by nucleotide changes in characteristic positions dur-
ing the attenuation process to obtain vaccine strains (Parks et al. 2001a, 2001b) and
by loss of virulence upon passage of wild-type virus isolates in nonlymphoid cells
(Kobune et a. 1990; Tatsuo et al. 2000). However, in these cases, the mutational
changes resulted in a propagation advantage in the cells used for attenuation and
were thus selected for against the original virus. In contrast, loss of expression of a
protein which does not interfere with viral propagation is neutral. Nevertheless, it
is surprising that ablation of protein expression, which could easily arise by nucle-
otide exchanges, leading to premature stop codons and thus interruption of the
coding region, has not been documented. Single nucleotide deletions and inser-
tions, which could also lead to truncation of the expressed protein, are virtualy
excluded due to the strict adherence of MV and all other Paramyxovirinae to the
rule of six discussed above. Missense mutation in transgenes are obviously more
difficult to detect than nonsense mutations, and to our knowledge for none of the
inserts in MV have such events been excluded by sequencing after ten standard
serial viral transfers. However, as long as the antigenic properties of the expressed
protein are not severely hampered, in most cases such changes are expected to
deteriorate the recombinant vaccine only very dlightly.

Efficacy and Safety

The efficacy of vaccination using attenuated MVs is quite remarkable: most vac-
cinees seroconvert and are then protected for life, at least against clinically manifest
MV infection. At present, it is only a hope that MV-expressed single antigens of
other pathogenswill elicit acomparable strong and durable protection. Nevertheless,
it isencouraging that in the first instance where protection of an animal model close
to humans has been tested, in the case of MV expressing the exodomain of WNV
gpE, a complete protection up to 6 months has been documented in monkeys, as
mentioned above (Brandler et a. 2007). Clinical trials with any recombinant vac-
cine candidate based on MV are only in the planning stage; thus, practical success
istill to be awaited for some yearsto comein view of the severe and costly hurdles
imposed by regulatory agencies.
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Nevertheless, the potential of MV recombinants as efficient multivalent vaccines
has started to be appreciated by increasing numbers of vaccination experts. Even if
in particularly difficult cases such as malaria, elicited by several different and vari-
able strains of Plasmodium, complete protection cannot be expected, MV recom-
binants might elicit immune responses comparable to that triggered by the first
Plasmodium infection that every infant in sub-Saharan Africa contracts. Thiswould
already be an important success, since the first infection is responsible for more
than 80% of deaths caused by malaria, whereas further Plasmodium infections
involve much less morbidity. The impact of MV recombinants on AIDS might be
considered less optimistically, since a partially protecting vaccine would most
likely result in increased negligence of other protective measures.

How does MV compare with other vaccination regimens based on delivery of
genetic material? In comparison with plasmid DNA, the efficacy is expected to be
much higher, and in terms of safety it is certainly favorable that the danger of inte-
gration of genetic material into the human genome is negligible in comparison to
delivered DNA or to DNA viruses. This expectation appears valid despite reported
integration of cDNA derived from lymphocytic choriomeningitis virus (LCMV)
into mouse genomes (Klenerman et a. 1997). An additional advantage is the rela-
tively small size of MV in comparison with DNA viruses used as delivery vehicles;
only afew proteins of the vector are expressed in addition to those expressed from
the artificia inserts, thus minimizing superfluous immune responses. In fact, the
immune responses against the vector must also be considered beneficial, at least as
long as MV is not eradicated, a goal of the WHO that will take many years to
achieve and might never be reached. (Here it should be mentioned that in the opin-
ion of some medical experts of MV vaccination in Africa, attenuated MV vaccina-
tion is generally beneficial for the development of the immune system in infants
and therefore should be maintained even if measlesis eradicated one day.) In com-
parison with RNA virus vectors, the high genetic stability of MV is noteworthy,
which is shared with the representatives of the viral subfamily Paramyxovirinae, all
representatives of which adheretotheruleof six, whereasthe other Mononegavirales
are somewhat less stable. In addition, the high possible payload of inserts, unre-
stricted by viral capsid structure, should be noted.

What are the consequences of MV vaccines being replication-competent?
Replication-deficient vectors such as most DNA viruses in use and RNA virus vec-
tors based on alpha-viruses are broadly considered to be generally safer. However,
replication-deficiency entails two major drawbacks. On one hand, doses higher by
many orders of magnitude in comparison with replicating vehicles have to be deliv-
ered. Even more importantly, the range of action is very limited, as only one-step
infection of cells bearing suitable virus receptors at the place of delivery is possible.
This contrasts significantly with attenuated MV vaccines, which owe their high
efficacy to systemic spread and preferential infection of professional antigen-
presenting cells and lymphoid tissues. In the case of MV replication, competence
appears only as an advantage in terms of safety and efficacy, since MV vaccines
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have an extremely good safety record (MV vaccination is recommended even for
immunocompromised patients, e.g., HIV), and severe sequelae of wild-type MV
infection such as SSPE have been stopped by vaccination. Importantly, cell target-
ing of MV recombinants is not altered by transgenes (no envelope proteins, except
MV-related glycoproteins as those of the MuV envelope have been shown to be
incorporated into MV particles; Wang et al. 2001).

Quite generaly, it is noteworthy that killed vaccines or subunit vaccines are not
necessarily safer than replication-competent vaccines, as shown for killed MV vac-
cine, which proved not only to lack efficacy, but even exacerbated the effects of
subsequent wild-type MV infection. Thus, there is no general increasing gradient
of safety when one compares replication-competent versus replication-restricted
versus dead vaccines. Any component delivered to humans must be planned, devel-
oped, and evaluated with equal care, without apriori bias based on theoretical general
and illusive classifications of danger to human health.

Preimmunity: Prime-Boost Regimens

Preimmunity is a concern for the use of recombinant MV vaccines given that (a)
almost all adolescent and adult individuals are immune against measles due to prior
wild-type MV infection or MV vaccination and (b) maternal antibodies against
measles in young infants bel ow 6-9 months of age prevent immunization by attenu-
ated MV vaccines. Therefore, vaccination with recombinant MV's was initially
considered exclusively for young infants at an age when MV vaccination is
recommended, thus replacing the standard vaccine with a bi- or multivalent vaccine
protecting not only against measles, but also against other important diseases such
as malaria. Such a regimen is certainly still a preferred option, and care has been
taken to ascertain that in animal models various transgenes in MV do not hamper
the immunogenicity against measles (Brandler et al. 2007; Brandler and Tangy
2007; del Valleet a. 2007). However, measlesimmunity can be boosted in children
who are preimmune after afirst vaccination, particularly when the boost is given as
an aerosol (Bennett et al. 2002). Thus, it was probably wrong to assume that the
immune reactions against measles in young infants, where the immune system is
still immature, is necessarily similar in older children and adults. Since, for example,
MV-based AIDS vaccines should be given much | ater, before sexual activity begins,
it was important to ascertain, for the time being in animal models, that preimmunity
from vaccination with standard MV vaccine does not prevent a boost with recom-
binant MV. In fact, boosts resulted in enhancement of immune responses against
MV and induction of immune responses against the transgenes (del Valle et al.
2007; Brandler and Tangy 2007; see Fig. 4).

Nevertheless, efficiency of boosting with MV recombinants will probably wane
with increasing numbers of boosts. Thus, prime-boost regimens using either subunit
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Fig. 4 Induction of immune responses against antigen ORFs in recombinant MV in presence of
anti-MV antibodies. Antibody titers against MV (blue) and against HIV (red) in mice and
macaques. Left panel A group of six transgenic CD46/IfnarGe mice (Mrkic et al. 1998) were
preimmunized with 10°> TCID., of MV Edtag and 9 months later twice with 5x10° TCID,, of
recombinant MV containing the HIV envelope glycoprotein gpl40,,,, 4, in position 2. Right panel
Two cynomolgus macaques were preimmunized with a standard human vaccination dose (10*
TCID,,) of commercial Rouvax MV, and immunized at months 12 and 13 with the same recom-
binant utilized for the mice, using 5x10° TCID,; (Lorin et a. 2004, Tangy and Naim 2005).
(Modified with permission from Brandler and Tangy 2007)

vaccines with adjuvants or delivery with other viral vectors may be advantageous
in practice. Adenovirus vectors should induce immune responses in newborns
already and might close the gap until MV vaccines can be used. A particularly
attractive regimen might entail vectors based on attenuated MuV, which, similar to
MV, is being used widely for human vaccination. Furthermore, other vectors
based on Mononegavirales and among those preferentially belonging to the
Paramyxovirinae should also be considered. Representatives of all genera belong-
ing to this subfamily and thus far unclassified viruses might be explored, as no
cross-reactivity between these genera exists. However, attenuated MV and MuV are
the only viruses for which extensive experience in humans exists, and are therefore
preferred options for vector use, particularly since they are able, at least in princi-
ple, to induce life-long immunity.

I mpediments | mposed by Regulatory and Commercial 1ssues

It is sad that the progress toward new vaccines and the improvement of existing
vaccines is blocked or severely slowed down by issues other than those based on
scientific and technical considerations. Thisistrue in genera: just one example is
the failure to improve the Sabin vaccine against polio by planned mutations, which
would impede reversion to wild-type viruses that repeatedly led to small epidemics.
Such impediments are highly regrettable in the case of MV and similar viruses for
vector use, which appear promising in the battle against important diseases.
Vaccines developed on the basis of such vectors may particularly enhance public
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health in devel oping countries, considering the reasons outlined above and the low
costs of production per vaccination dose.

Regulatory Hurdles

The great importance for human health and the high level of responsibility
expected from regulatory agencies such as the FDA in the United States is fully
recognized. Nevertheless, it is difficult to understand why, in cases such as the
polio vaccine mentioned in the preceding section, phase Il clinical trials costing
hundreds of millions of dollars would be imposed even for applying minor
changes that would render the vaccine much safer; one cannot blame manufactur-
ers for refraining from improving their product in view of the enormous costs
entailed. Similarly, imposing such extensive and costly clinical trials might not be
warranted for recombinants based on the widely used MV vaccines, provided that
it can be rigorously demonstrated that any of the additionally expressed antigen is
not toxic, the cell targeting of the recombinant virus is not altered by inserted
transgenes, the immune response generated against measles is the same as in the
traditional MV vaccines, and the manufacturing processis practically the same as
that used for the traditional vaccine.

It might also be asked whether society should not generally accept the prevailing
principle of ethical behavior, i.e., maximizing the average benefits for the largest
possible number of individuals. Risks accompany every human invention, and in
many cases, such astraffic and sport activities, risks are tacitly accepted. Why isthis
not the case with vaccines? Rare adverse effects of medically active compounds, as
routinely explainedinleafletsaccompanying drugs, areusual ly tol erated. Admittedly,
vaccines must be considered differently, as they are administered to healthy indi-
viduals, particularly to children. Nevertheless, why should even highly adverse
effects of vaccines not be acceptable, aslong as such effects remain very rare, when
severe morbidity and death can be prevented for large populations? Fact-based,
nonemotional dialogue between scientists and society is clearly necessary. It should
be possible to find acceptable legal and procedura solutions to this and similar
problems even though at present in genera the rights of the individual prevail over
the rights of the community.

Patent Conflicts and Disruption of Scientific Collaborations

Unfortunately, patents are unavoidable to actually produce, based on scientific
endeavors either in academic or corporate research laboratories, medically valuable
commercial products. Competition between companies and scientists is an impor-
tant driving force and may be considered more beneficial than detrimental in the
long run. However, for the development of Mononegavirales as vaccine vectors,
many researchersin different |aboratories have invented tool s that are indispensable
to the success in establishing reverse genetics and foreign gene expression. In this
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instance, competition and financial avidity not only among companies, but also
among scientists, has severely hampered progress. Patent offices must necessarily
adhereto legal considerations, but research institutions should be amenable to com-
promises based on the recognition of scientific merit. Patent conflicts are costly and
demotivating in general. They become intolerable when, for example, scientific
collaborations that have arisen over many years and are subsidized by public grant
money are unilaterally discontinued by decree of an institutional director, forcing
hisresearchers, for the financial benefit of hisinstitution, to discontinue the flow of
materials and information.

Other Recombinant Mononegavirales as Vaccines

As discussed in various sections above, avariety of Mononegavirales have been res-
cued from DNA. Thefirst reported rescues of anumber of these viruses are addressed
in an excellent general review on Paramyxoviridae and their interactions with the
host (Lamb and Parks 2007). The list includes RABV (Schnell et al. 1994), VSV
(Lawson et al. 1995; Whelan et al. 1995), MV (Radecke et a. 1995), human respira-
tory virus hRSV (Callins et al. 1995), SeV (Garcin et a. 1995; Kato et a. 1996),
rinderpest virus (Baron and Barrett 1997), hPIV3 (Durbin et al. 1997; Hoffman and
Banerjee 1997), SV5/PIV5 (He et al. 1997), NDV (Peeters et al. 1999), and bRSV
(Buchholz et al. 1999).

Some examples of foreign gene insertions in Paramyxoviridae are reported in
the review on Parainfluenza viruses, which comprise the genera Respirovirus,
Rubulavirus, and Avulavirus (Karron and Collins 2007). The bPIV 3 backbone bear-
ing the hPIV3 F and HN genes rather than their bovine counterparts (Schmidt et al.
2000), and hPIV in which only a few internal protein genes such as N and P are
replaced by their bovine counterparts (Bailly et al. 2000; Skiadopoulos et al. 2003a)
are candidate vaccines against human parainfluenza. Additional foreign genes
derived from other viruses such as hRSV and human metapneumovirus (hMPV)
have also been inserted into hPIV 3 (Schmidt et al. 2002; Skiadopoulos et al. 2002),
aswell asin hPIV1, hPIV2, and SeV. Vectors based on arepresentative of the genus
Avulavirus, Newcastle disease virus (NDV, now officially called AMPV 1) appear
promising as vaccines and oncolytic agents for veterinarian and human use (Ge
et a. 2007; Lorence et al. 2007; DiNapoli et al. 2007; Estevez et a. 2007; Vigil
et a. 2007; Janke et al. 2007). A drawback for respiroviruses as vaccination vectors
is that even afull infection with these nonattenuated viruses does not protect from
reinfection by the same agent. Thus, protection by attenuated respirovirus vectors
cannot be expected to be long-lasting.

Of the two main genera Lyssavirus and Vesiculovirus of the recently reviewed
Rhabdoviridae (Lyles and Rupprecht 2007), rabies virus (RABV) and the two main
subtypes of VSV (Indianaand New Jersey) have been proposed both as vaccination
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vectors, mainly against AIDS, and as therapeutic agents (Roberts et al. 1999; Roberts
and Rose 1999; Rose et al. 2001; Schnell et a. 2000; Pdlin et a. 2007; Simon et a.
2007; Clarke et al. 2006; Bergman et a. 2007; Diaz et al. 2007; Brandsma et al.
2007; Schwartz et al. 2007; Tani et a. 2007; Cooper et a. 2008). RABV, and particu-
larly VSV and derived recombinants containing inserts, have the advantage of repli-
cating to extremely high titers. Since the natural hosts of VSV are cattle, horses,
swine, mosquitoes, and sandflies, human use is somewhat problematic, particularly
since VSV shows some neurovirulence in primates (Johnson et al. 2007). However,
VSV can be greatly attenuated by shuffling its genes (Wertz et al. 1998).

Conclusions

In comparison with other Mononegavirales, in particular VSV and NDV/AMPV1,
MV vectors have lagged behind, as is evident from the recently published reports
cited in the preceding section. In part, this may stem from the relatively low titers
obtained for MV, to preexisting immunity against MV in the adolescent and adult
human population, as discussed above, and suboptimal and/or expensive animal
models. Clinical studiesinvolving MV vectors for vaccine applications are only in
the planning phase and are presently ongoing only with oncolytic MV recombinants
requiring less strict previous testing. Thus, the promise of recombinant MV vac-
cines obtained in studies with animal models has yet to be corroborated in humans,
the unique MV host. Nevertheless, for avariety of reasons discussed in this chapter,
it can be predicted that the search for medical applications with recombinant MV's
will rapidly gain momentum, as suggested by recent reviews comparing different
viral vectors for vaccination purposes (Li et a. 2007; Brave et a. 2007).

In comparison with other vectors based on RNA viruses, MV and generaly
Mononegavirales appear clearly superior. Will the hope presently attached to these
vectors gradually wane, as has occurred for many DNA virus applications and
delivered plasmid DNA? Comparative studies are clearly needed, as are studies
comparing replication restricted to replication-competent vectors, which are
thought to be superior at least in case of MV and MuV.
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Abstract Because viruses are obligate parasites, numerous partnerships between
measles virus and cellular molecules can be expected. At the entry level, measles
virus uses at least two cellular receptors, CD150 and a yet to be identified epi-
thelial receptor to which the virus H protein binds. This dual receptor strategy
illuminates the natural infection and inter-human propagation of this lymphotropic
virus. The attenuated vaccine strains use CD46 as an additional receptor, which
results in a tropism alteration. Surprisingly, the intracellular viral and cellular
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protein partnership leading to optimal virus life cycle remains mostly a black box,
while the interactions between viral proteins that sustain the RNA-dependant RNA
polymerase activity (i.e., transcription and replication), the particle assembly and
the polarised virus budding are documented. Hsp72 is the only cellular protein that
is known to regulate the virus transcription and replication through its interaction
with theviral N protein. The viral P protein is phosphorylated by the casein kinase
Il with undetermined functional consequences. The cellular partnership that con-
trols the intracellular trafficking of viral components, the assembly and/or the bud-
ding of measles virus, remains unknown. The virus to cell innate immunity war is
better documented. The 5’ triphosphate-ended virus leader transcript is recognised
by RIG-I, acellular helicase, and induces the interferon response. Measles virus V
protein binds to the MDA helicase and prevents the M DA5-mediated activation of
interferon. By interacting with STAT1 and Jak1, the viral P and V proteins prevent
thetypel interferon receptor (IFNAR) signalling. Thevirus N protein interactswith
elF3-p40 to inhibit the trandation of cellular mMRNA. The H protein bindsto TLR2,
which then transduces an activation signal and CD150 expression in monocytes.
The P protein activates the expression of the ubiquitin modifier A20, thus blocking
the TLR4-mediated signalling. Few other partnerships between measles virus com-
ponents and cellular proteins have been postulated or demonstrated, and they need
further investigations to understand their physiopathological outcome.

Abbreviations

MV Measles virus

(H)(m)DC  (Immature)(mature)dendritic cells
CEF Chicken embryonic fibroblasts

DI Defective interfering

Hsp Heat shock protein

NLS Nuclear localisation signal

NES Nuclear export signal

CRM1 Chromosomal region maintenance 1 protein
IFN Interferon

IFNAR IFN-o receptor

RNP Ribonucleoprotein

PNT P N-terminus

PCT P C-terminus

VCT V C-terminus

elF Eukaryotic initiation factor

FcyR Fc gamma receptor

NR Nucleoprotein receptor

ADAR Adenosine deaminase
IRF IFN regulatory factor
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Measles virus (MV) is particularly well suited to infect humans, who consti-
tute the unique natural reservoir for thisvirus. Like all viruses, measles virusis
an obligate parasite of a cell. The host cell provides all the necessary substrates,
cellular cofactors, protein synthesis, intracellular trafficking and vesicle budding
machineries for the synthesis and the assembly of its RNA and protein constitu-
ents and for the budding of the virus at the plasma membrane. Multiple con-
straints have to be dealt with by the virusin order to completeitsinfection cycle.
The target cell has to express an adequate cellular receptor, as well as polymer-
ase cofactors, cytoskeleton cargos, and budding components that can be recruited
by viral proteins. The activation and/or maturation of cell hosts results in cellu-
lar milieu changes that the virus has to cope with. The virus induced cellular
stress and the activation of the cellular innate immunity have to be counteracted
or dealt with. Furthermore, the artificial adaptation of measles virus to grow in
unnatural host cells can also shed some light on critical molecular parameters
involved in the cross-talk between measles virus and the host cell.

The aim of this chapter is to summarise the molecular information dealing with
the mutual relationships between MV and host cells during the virus life cycle.
Since some aspects are detailed elsewhere in this book, they will only be briefly
mentioned here.

Céllular Receptorsand Virus Entry

Natural Cellular Receptors as Partners of MV Glycoproteins

MV is primarily alymphotropic virus that also infects epithelial and neuronal cells.
CD150 (also caled signalling lymphocytic activation molecule, SLAM) is the cel-
lular receptor that binds to MV H glycoprotein to mediate the virus entry into a
large fraction of cells from the immune system, including resting and/or activated
B and T lymphocytes, and dendritic cells (DCs) (Condack et al. 2007; de Swart
et al. 2007) (see the chapter by Y. Yanagi et al., this volume). It is intriguing that
human platelets also expressed CD150 (Nanda et a. 2005)], and, as a consequence,
can act as trapping sponge for any virus particle circulating into the blood and/or
can bind to any circulating MV-infected cells.

A large body of molecular and cellular evidence (see the chapters by Y. Yanagi
et a. and C. Navaratnargjah et al ., thisvolume) predictsthe use of an epithelia receptor
to mediate MV binding and entry at the basolateral side of polarised epithelial cells.
Although neurokinin-1 (NK-1, substance P receptor) seemsto promote MV entry into
neurons by possibly serving as a receptor for the MV F protein (Makhortova et a.
2007), the molecular pathway leading to MV entry into neuronal cells remains to be
better documented (see the chapter by V.A. Young and G. Radl, this volume).

Details on the cellular receptors and their interactions with MV glycoproteins,
including structure, binding sites, membrane fusion, intracellular signalling, impact
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on DC functions and immunosuppression are described in the chapters by Y.
Yanagi et a. and C. Navaratnargjah et al., this volume, and by S. Schneider-
Schaulies and J. Schneider-Schaulies and B. Hahm, this volume.

Molecular Changes Associated with Adaptation to Unnatural
Host: Use of CD46 as Cellular Receptor by Attenuated
Vaccine Strains

The forced growth of a virus into a non-natural host cell can be away to decipher
some of the underlying molecular mechanisms which support virus replication in a
host cell.

The history of MV started with the isolation of the Edmonston strain, which
was isolated in human kidney epithelial cells (Enders and Peebles 1954). A pos-
teriori, since syncytia were observed from the first passage, the virus likely
entered the cells by using the postulated epithelial receptor (see the chapters by
Y. Yanagi et a. and C. Navaratnarajah et a., this volume). After a few passages
in human kidney epithelial cells, the virus was successfully grown either in simian
epithelial Vero cells (Rota et al. 1994) or in chicken embryonic fibroblasts
(CEFs). It should be noted that the first four passages in CEF were blind, i.e.
without cytopathogenic effects (Katz et al. 1958). All vaccine strains currently in
use derive from five different type A wild-type MV, including Edmonston, and
have been passed several timesin embryonated eggs and/or quail embryonic cells
and/or most often in CEF (Rota et al. 1994). These MV strains shared four com-
mon properties that distinguish them from the currently wild-type MV strains:
they belong to the type A strain, they can use human CD46 as a cellular receptor,
they grow well in Vero cells and CEF and they are strongly attenuated both in
humans and monkeys. Some vaccine strains, such as AIK-C, Zagreb and Moraten,
differ in their thymic pathogenicity, as evaluated in a human thymus xenograft
model in SCID mice (Valsamakis et al. 2001). Furthermore, successive passages
of the Moraten strain in such thymic tissue leads to the reversal from virus attenu-
ation to virulence, although the molecular mechanism has not been investigated
(Valsamakis et al. 1999).

Because the MV vaccine strains use both CD46 and CD150 receptors (see the
chapters by Y. Yanagi et al., C. Kemper and J.P. Atkinson, and C. Navaratnargjah
et al., this volume), they have a tropism alteration when infecting human tonsillar
tissue in vitro (Condack et al. 2007). Detailed descriptions of CD46 and itsinterac-
tion with MV H, including structure, binding sites, membrane fusion, intracellular
signalling, impact on macrophage or Treg functions and immunosuppression can
be found in the chapters by C. Kemper and J. Atkinson, C. Navaratnargjah et al.,
S. Schneider-Schaulies and J. Schneider-Schaulies, and B. Hahm, this volume.

When propagated in vitro in their established cell host, the vaccine strains are
remarkably stable, with little or no change in sequence with time passages and
maintenance in different laboratories all around the world, aswell illustrated by the
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remarkable nucl eotide sequence identity of the Schwarz and Moraten strains (Parks
etal. 2001a, 2001b; Rotaet al. 1994). Unfortunately, the primary genomic sequences
of the five parental wild-type strains, as well as those of any other genotype A
viruses, are not available and only the sequence of the so-caled wild-type
Edmonston strain, which has been passed seven times in human kidney epithelial
cells and six to eight times in Vero cells, could be determined (Rota et al. 1994).
Therefore, it is difficult to associate genome mutations with the adaptation to the
avian cell environment and attenuation in vivo. Indeed, there are few mutations in
noncoding regions, some of them being common to all Edmonston-derived vaccine
strains (Parks et al. 2001a), but their functional impact is unknown. It should be
stressed here that an optimal virus life cycle can rely on the tight control of M and
F levels by the UTR regions of these two genes (Takeda et al. 2005). The vaccine
strains also display changes in coding sequence in al viral proteins, few of them
being common to all vaccine strains (Parks et a. 2001b; Rima et al. 1995). One
notable common mutation is the N481Y mutation in H, which is absent from the
so-called wild-type Edmonston strain and is associated with the usage of CD46 as
alternate cellular receptor. Since then, there have been severa attempts to adapt cur-
rently circulating wild-type MV strain to grow in CD150- CD46*Vero or CD150-
CD46- CEF cells searching for the acquisition of common mutations that would
sign the adaptation process. Adaptation into CD150- Vero cells is characterised by
initial slow growth of the virus without cytopathic effects for afew passages. At this
stage, cell-associated virus is reduced by approximately100-fold and the cell-free
virus, which usually accounts for roughly 0.1% of the cell-associated virus, is
almost undetectable (Bankamp et al. 2007). After afew passages, the virus produc-
tion increases with the appearance of cytopathic effects. The associated mutations
are usualy very limited to afew amino acid changes in one or several of the H, M,
N, P/V/C and L proteins. Notably, mutationsin H alowing the use of CD46 as cel-
lular receptor can be sporadically observed (Li and Qi 2002; Nielsen et al. 2001;
Schneider et a. 2002; Shibahara et al. 1994). However, they are far from appearing
systematically (Bankamp et al. 2007; Kouomou and Wild 2002; Shibahara et al.
1994; Takeuchi et a. 2000), although most of the wild-type strains bear the 1390,
D416 and $S446 residues that are additionally required for the efficient use of CD46
(Tahara et al. 2007a). Furthermore, the expression of a wild-type H unable to bind
to CD46 in the context of an Edmonston strain alows strong virus growth in Vero
cells (Takeuchi et al. 2002), while clinical MV isolates from genotype D3 can enter
and replicate into activated splenic lymphocytes from CD46 transgenic mice
(Manchester et al. 2000). How a virus with initially poor entry abilities can over-
come the entry step to grow to about normal levels in most cells after adaptation
remains enigmatic. MV can enter many cellsfrom several speciesat avery low level
by interaction with widely expressed inefficient receptors (Hashimoto et al. 2002).
After adaptation without mutations in H and F glycoproteins, it can be speculated
that the overal affinity of MV for plasma membranes is increased over a defined
threshold level (Hasegawa et a. 2007) because of self—self interaction of some cellu-
lar membrane proteins that have been embarked on the virus envelope during the
budding process. Further-more, or aternatively, the mutation(s) within the virus
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replication machinery can compensate for the entry defect. When looking at muta-
tions in other virus genes occurring after adaptation in Vero cells, no mutation was
systematically recovered, nor was a single gene systematically found to be mutated,
indicating that MV adaptation for optimal growth in Vero cells is multifactorial.
Only one recent attempt to adapt awild-type strain into CEF has been described and
it is associated with mutations in internal P/V/C and M proteins (Bankamp et al.
2007). As observed initialy (Katz et al. 1958), this adaptation requires few (<10)
blind passages before a cytopathic effect is observed. The adaptation to Vero cells
does not alleviate the adaptation step for growth in CEF. Adaptation to Vero or CEF
resulted in attenuated phenotype in monkeys (Bankamp et al. 2007). Thelack of any
consensus changes in the sequences of viral proteins, including glycoproteins, after
adaptation is even more puzzling, when considering that this adaptation is no longer
required for wild-type MV infection of CD150* Vero cells (Bankamp et al. 2007,
Ono et a. 2001) or for the infection of CD46" CEF by a stain that uses CD46
(Escoffier and Gerlier 1999). The cell host can even be insect cells expressing
human CD150 (Liu et a. 2005). However, some animal cells, such as primary lym-
phocytes from human CD150 or CD46 transgenic mice, remain poorly permissive
in vitro to the infection by a vaccine MV strain (Evlashev et a. 1999; Ohno et al.
2007), and, in vivo, to wild-type strains, (Ohno et a. 2007). In the latter case,
because MV growth is observed when transgenic CD150 mice are also deficient for
the type | IFN receptor (IFNAR), the mouse cellular innate immune response is
responsible for the stringent control of MeV infection in vivo.

The growth of MV in different host cells can also lead to major changes in the
propensity of the virusto generate defective interfering (D) particles (Whistler et al.
1996). This reflects the efficiency with which the polymerase continues using the
same template. Indeed, during MV replication, DI nucleocapsids can be generated
by the jump of the polymerase from itstemplate to another one, or further down onto
the same template (internal deletion DI) or to the nascent nucleocapsid containing
the complementary RNA strand (copyback DI).

The Black Box of Intracellular Viral and Cellular Protein
Partnership Leading to Optimal VirusLife Cycle

Partnership in Virus Transcription and Replication

From rare early studiesin vitro, cellular factorsincluding tubulin have been reported
to berequired to allow MeV RNA synthesis (Horikami and Moyer 1995). Likewise,
the higher fitness of DCsfor MV replication after their maturation supports the idea
that a better fitted host cell machinery conditions the virus life cycle (Fugier-Vivier
et a. 1997; Murabayashi et a. 2002). Surprisingly, our knowledge of the cellular
and viral partnership that drivesthe virus life cycle has not improved, except for the
identification of heat shock protein Hsp72 as a regulator of polymerase activity.
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When looking at other members of the Mononegavirales, the amount of available
information is also rather limited, thus preventing a comprehensive view. The rare
either putative or documented cellular partnership are briefly reviewed in the next
section.

Virus and Cell Stress Cross-Talk: Heat Shock Proteins (Hsp)
as Polymer ase Cofactor (s)

MV transcription and replication relies on a complex molecular ballet, the detail s of
which can be found in the chapters by B.K. Rima and W.P. Duprex and S. Longhi,
this volume. Briefly, the nucleocapsid made of the genome encapsidated by nucleo-
protein N acts as the template of either the P+L transcriptase complex or a N+P+L
replicase complex. The association-dissociation cycle of the C-terminal domain of P
(XD) with the Box2 (aa 489-506) and Box3 (aa 517-525) regions of the C-terminal
domain of N (N,,,,) playsacritical rolein alowing the progression of the polymer-
ase along the nucleocapsid template. Notably, the inducible Hsp72 aso binds to the
sameregion of N, . The high affinity of Hsp72 binding to Box2 seemsto be shared
by all MV strains (Zhang et a. 2005), and Hsp72 is proposed to reduce the stability
of XD binding to N, , thereby promoting the binding and release cycle that is
essential to polymerase processivity (see the chapter by S. Longhi, thisvolume). The
Box3 region of vaccine strains contains an additional low-affinity binding site for
Hsp72, which critically relies on the presence of an asparagine at position 522. This
rendersthe virus highly sensitive to the Hsp72 promoting effect on both transcription
and replication in vitro, as shown after artificial overexpression of Hsp72 (Carsillo
et a. 2006b; Zhang et al. 2005). In vitro, the enhancing effect of Hsp72 overexpres-
sion mimics that observed when endogenous Hsp72 is induced by a thermal shock
(Vasconcelos et al. 1998a, 1998hb). In vivo, hyperthermic preconditioning enhances
the clearance of MV from the brain in a mouse model (Carsillo et al. 2004), while
the expression of aHsp72 transgene in mice promotes virus burden and neuropathol-
ogy (Carsillo et a. 2006a). This opposite outcome of virus replication in the brain of
Hsp72 transgenic animals and hyperthermic preconditioned mice indicates that
parameters other than induction of Hsp72 control MV replication in the brain.

Hsp90 has been found to act as a chaperone for the L polymerase of severa
Mononegavirales, including Paramyxoviridae. Silencing Hsp90 or using specific
drug inhibitors results in a decrease in virus replication (Connor et a. 2007).
Because of the strong homology of L proteins within the Mononegavirales order, it
is tempting to speculate that Hsp90 may also be a partner for measles L protein.

Post-translational M odifications of Viral Proteins from the Polymerase
Complex: Kinase(s) and Ubiquitin Ligase(s)

P, V and N proteins are phosphorylated on Ser and/or Thr residues (Gombart et al.
1995; Robhins and Bussell 1979; Robbins et al. 1980a, 1980b; Wardrop and Breidis
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1991), the latter also being phosphorylated on Tyr residues in persistently infected
neuroblastoma cells (Ofir et al. 1996). While soluble N is phosphorylated solely on
Ser residues, N in nucleocapsid (NNUC) is also phosphorylated on Thr residues
(Gombeart et a. 1995). In vitro, P (and likely V) protein is phosphorylated by casein
kinase Il (CKII) on Ser86, Ser151 and Ser180 residues (Das et al. 1995) and possi-
bly by the zeta isoform of protein kinase C (PKC-() (Liu et a. 1997). The role of
these phosphorylation events is unknown, but they are likely critical, as shown for
other Mononegavirales (Liu et al. 1997) and references therein). Akt, also known
as protein kinase B, is a Ser/Thr kinase, which phosphorylates P protein from the
parainfluenzavirus 5 (PIV5), another Paramyxoviridae, and is negatively regul ated
by PIV5V protein (Sun et al. 2008). Since a specific inhibitor of Akt strongly
decreases the release of MV, it is speculated that Akt is also critically involved in
thereplication of MV. Interestingly, in the absence of MV replication, MV H/ F can
inhibit T cell proliferation in vitro (Schiender et al. 1996) and the intracellular
pathway involves the impairment of the Akt kinase activation (Avota et al. 2001,
2006). This challenges the possibility of two distinct Akt-dependent molecular
mechanisms for infected and uninfected cells, contributing to either MV propaga-
tion or immunosuppression.

MV P protein can be ubiquitinated and targeted for degradation by the proteas-
ome, but the ubiquitin ligase involved is unknown (Chen et al. 2005).

The Mysterious Nucleocytoplasmic Shuttling of N and C Proteins
and Possible Role of the Nucleusin the Virus Life Cycle

When the N protein is expressed alone, it accumulates in the nucleus, whereas it
remains essentially in the cytosol when co-expressed with the P protein, or during
the virus infection cycle (Huber et al. 1991; Spehner et a. 1997). Like other
Morbillivirus, MeV N possesses a leucine-isoleucine-rich nuclear localisation sig-
nal (NLS) at position N[70-77] that possesses no similarity to any previously
reported NLS. It also bears a leucine-rich nuclear export signal (NES) at position
N[425-440], which is independent from the chromosomal region maintenance 1
protein (CRM1) and has no known similarities with other NESs (Sato et al. 2006).
Within the soluble, monomeric form of N (N°), P protein binds to the N[4119]
region (Bankamp et al. 1996), which overlaps the NLS region of N protein. Thus,
by masking the NLS, the P protein may act as a cytosolic retention factor for N.
Intranuclear inclusion bodies made of N are consistently found in persistently
infected cells (Norrby 1972; Robbins 1983). Thisimpliesthat N might be shuttling
between the cytoplasm and the nucleus during the viral replication steps, and that
the nuclear transport of N protein may be involved in the pathogenicity specific to
Morbillivirus. Alternatively, nucleocytoplasmic shuttling may be required for MV
replication since the replication of MV, but not that of the respiratory syncytial
virus, is debilitated in enucleated cells (Follett et al. 1976).

When expressed alone, or at the beginning of MV infection, C protein accumu-
lates exclusively in the nucleus because of a classical NLS signal at position
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C[41-48]. At a later stage of infection, C protein mainly localises in the cytosol
due to a classical CRM 1-dependent NES sequence at position C[76-85] (Nishie
et a. 2007). Unravelling the mechanism of the nucleocytoplasmic shuttling of C
may help decipher some of the functions of this protein.

Mitochondrial Short-Chain Enoyl-CoA Hydratase
and MV Replication

Long-term persistent infection of human glioblastoma cell lineswith MV is associ-
ated with the downmodulation of the mitochondrial short chain enoyl-CoA
hydratase (ECHS), which catalyzes the p-oxidation pathway of fatty acid. The
silencing of this gene impairs the replication of MV, suggesting arole for the lipid
metabolism of the host cellsin the virus life cycle (Takahashi et al. 2007).

Which Partnership Is Used for Virus Assembly and Budding?

Virus Assembly and M embrane Rafts

MV assembly occurs at the plasma membrane. Cell membranes are not homoge-
nous. Cholesterol and (glyco)sphingolipids tend to segregate into microdomains
called membrane rafts. Membrane rafts act as a scaffold and/or assembly platform
for many biological events such as signal transduction and virus assembly (see
Chazal and Gerlier 2003, for review). MV assembly occurs within membrane rafts
(Fig. 1) (Manieet al. 2000; Vincent et al. 2000). In infected cells, al structural pro-
teins including the mature F-F, and H proteins are enriched into the raft fraction,
while the F; precursor remains excluded from the raft fraction. Interestingly, F, is
cleaved into F-F, in the trans-Golgi network, where the membrane rafts are formed.
The MV F protein istargeted to raftsin the absence of other viral proteins. Because
F, and H proteins associate in the endothelium reticulum (ER) (Plemper et al. 2001),
F can drag H into rafts, whereas H expressed alone is excluded from these micro-
domains. When the other structural proteins are expressed alone, only the M protein
exhibits a low but significant association with membrane rafts. The co-expression
of H and F together with M does not result in a significant increase in the amount
of M associated with rafts, although M protein interacts with the cytoplasmic tail of
F (Spielhofer et al. 1998). The inability of F to drag M into rafts is in agreement
with the lack of evidence for co-transport of M with MV glycoproteins for efficient
surface targeting (Ried! et al. 2002). Independently from the H and F glycoproteins,
the genomic RNA, N, Pand L proteins associate with RNPsin the cytosol, allowing
the scaffolding of M, which probably targets the M—RNP complex to membrane
rafts (Vincent et al. 2000). Indeed, M stability and accumulation at intracellular
membranes is a prerequisite for M and nucleocapsid co-transport to the plasma
membrane and for subsequent virus assembly and budding (Runkler et al. 2007).
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Thus, it is proposed that membrane rafts allow co-localisation and assembly of
H and F glycoproteins, on one hand, and of the M—RNP complex, on the other
hand. Indeed, detergent-resistant virus-like particles (VLP) budding from infected
cells are observed with electron microscopy (Bohn et a. 1986) and the assembly in
membrane rafts is functional, since rafts isolated from infected cells are infectious
(Manie et al. 2000).

Incidentally, the infection by MV strongly modifies receptor signalling such as
CD40 and T cell receptor, which required membrane raft integrity, thus contribut-
ing to MV-induced immunosuppression (Avota et al. 2004; Servet-Delprat et al.
1993; Vidalain et a. 2000). Unfortunately, the viral component(s) responsible for
these effects have not been identified yet.

Virus Budding

After assembly of MV within membrane rafts, the envelope-RNP complex is ready
for budding. After budding, single particles contain several RNPs (Rager et a. 2002).
Virus released into cell-free supernatant is partially made of non-raft membranes,
with recovery in detergent-resistant membrane rafts of H and F glycoproteins, but
of none of the other virus structural proteins (Manie et al. 2000). Thus, either the
particles assembled in membrane rafts are not the precursors of budding mature
viruses, or after assembly involving the coalescence of several membrane rafts,
virus budding through membrane rafts is associated with the capture of adjacent
non-raft membranes and simultaneously initiates a shift of the RNPs from raft to
non-raft regions. Two observations argue for the latter hypothesis: (a) whereas
RNPs are tightly bound to the plasma membrane of infected cells, the RNPs tend
to dissociate from the virus envelope after budding (Dubois-Dalcq and Reese
1975) and (b) there is a correlation between a defect in MV budding in a murine
cell line (Vincent et al. 1999) and the poor localisation of M protein in membrane
rafts from infected cells (Chazal and Gerlier 2003). Virus-like particles have been
found to occur upon expression of isolated F or M protein without strong evi-
dence for a synergistic effect (Pohl et al. 2007), but the relevance of these find-
ings to virus budding awaits confirmation. MV assembly and/or budding are
dependent on Rab9 since the silencing of endogenous the Rabh9 GTPase delays
MV release (Murray et a. 2005). Rab9 is involved in the retrotrafficking from
recycling endosome and/or late endosome to the trans-Golgi network and regu-
lates the trafficking of lipid raft components. This suggests that proper MV
assembly may require the recycling of H and F glycoproteins. That budding is
controlled by cellular factors is exemplified by the budding defect of wild-type
MV strains in Vero cells and by the rescue of efficient budding after P64S and
E89K substitutions in M (Tahara et al. 2005). The effect of these mutationsiis to
strengthen the interaction of M with the cytoplasmic tail of H in a cell type-
dependent manner (Tahara et al. 2007h). Likewise, the budding of the AIK-C
vaccine strain in monocyte-derived DCs is restricted because of the M instability
in these cells (Ohgimoto et al. 2007). The C protein, a product of the P gene, is
also required for optimal production of infectious virus (Devaux and Cattaneo
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2004). So far, no late domain capable of recruiting the endosomal sorting com-
plex required for transport (ESCRT) machinery has been identified within the M,
C protein or any other viral protein.

Topology of Virus Assembly and Budding in Polarised Cells

The topology of MV life cycle in polarised epithelial cells is very specific, with
entry at the basolateral side where the postulated epithelial receptor is expressed
(V.H.J. Leonard et a. 2008; Tahara et a. 2008) and progeny release from the apical
membrane domain to ensure dissemination to other humans (V.H.J. Leonard et al.
2008; see also the chapters by Y. Yanagi et a. and C. Navaratnargjah et a., this
volume for details and Fig. 1). The H and F glycoproteins are transported in a non-
polarised fashion and to the basolateral membrane domain, respectively (Maisner
et a. 1998). The expression of H and F at the basolateral membrane is required for
cell-to-cell fusion and MV spreading in vitro and in vivo (Moll et al. 2004). Both
basolateral targeting and internalisation of H and F are governed by a tyrosine
located in their cytoplasmic tails (Y12 for H, Y549 for F) (Moll et a. 2004). The
M protein is responsible for diverting some H and F glycoproteins from the basola-
teral side to the apical site where the virus buds (Naim et al. 2000). The tyrosine-
based targeting motifs of both H and F are also critical for uropod targeting in
polarised lymphocytes and for H and F interaction with M (Runkler et al. 2008).
The underlying molecular mechanisms are unknown and the recruited cellular fac-
torsthat ensure the proper intracellular trafficking of all the virus componentsto the
budding site remain to be identified.

Virus and Cellular Innate Immunity Cross-Talk

Invitro (Herschke et al. 2007; Plumet et al. 2007) (and references therein) and in
vivo (Devaux et al. 2008) infection by MV activates the innate immunity with the
induction of atype | interferon (IFN) response. Several molecular mechanisms
that are involved in the dual virus and cellular innate immunity cross-talk have
recently been elucidated, including those underlying detection of virus infection
by RIG-I and those sustaining the numerous anti-IFN activities exerted by the
viral proteins.

Recognition of MV Transcription by RI G-I
and Induction of IFN-/

Because RIG-I recognises 5'-triphosphate-ended RNA (Hornung et al. 2006;
Pichimair et a. 2006; Plumet et a. 2007), recognising any (viral) transcription
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Fig. 1 Trafficking of virus components and MV assembly in polarised epithelial cell. Virus enters
at the basolateral site. Among the proteins that are translated from the viral mMRNAs in the cytosol,
the H and F glycoproteins are targeted to the ER. During replication, the RNA (anti)genome is
encapsidated by a helicoidal polymer of N proteins to form the nucleocapsid to which P and L
proteins associates. H and F associate in the ER and after maturation into the Golgi they are tar-
geted to the basolateral site. The M protein diverts H/F complexes from the basolateral site and
addresses them at the apical site, where it also associates with the nucleocapsid made of the
genome, N, P and L proteins. This assembly likely occurs within membrane rafts see Sect. 2.21
and (Chazal and Gerlier 2003 for details). The C protein acts as a budding enhancing factor and
then the new virus particle buds from the apical site. Arrow with broken lines N and C shuttling
between the cytoplasm and the nucleus. The upper lateral black bars are the tight junctions
between contiguous epithelial cellsthat delineate the apical and basal sites. Dotted arrowsindicate
alternative or unknown pathway. Note that for the clarity of the scheme, the actual relative position
of the ER, Golgi and nucleus is not respected

MeV

occurring in the cytosol is proposed (Fig. 2). RIG-I scan cytosolic RNAs, and trigger
an IFN response when encountering a free 5'-triphosphate RNA. In other words, a
mislocated transcriptional activity is recognised as the hallmark of a foreign
invader. During MV infection, the IFN-B gene transcription follows kinetics that
paralelsthat of the virus transcription. Thisis due to the recognition of 5'-triphos-
phate-ended leader (and/or trailer) RNA by RIG-I. The leader synthesised both in
vitro and in vivo, is efficient in activating the IFN-B response provided that it is
delivered into the cytosol as a 5'-trisphosphate-ended RNA. The genome and antig-
enome are the only two other viral RNA species that are 5'-triphosphate-ended, but
their tight encapsidation into N protein prevents them from activating RIG-I
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Fig. 2 Selective recognition of 5' triphosphate-ended virus leader transcript by RIG-I. All cellular
RNAs but one are either cleaved or modified at their 5' end before migrating from the nucleus into
the cytosol. The 7SL RNA is the only cell RNA which remains 5' triphosphate-ended, but this
extremity islikely shielded by the protein components of the translocon that associate with thisRNA
in the nucleolus (see Plumet et al. 2007 for details). Because of their tight association with the N
protein assembled into the nucleocapsid, the virus genome and antigenome are also shielded away
from RIG-I recognition, and the vird mRNAs are capped. Abbreviations. mt mitochondrial, pol
(cellular) DNA-dependent RNA polymerase, r ribosomal, m messenger, mi micro, t transfer, SRP
signal recognition peptide, Le (MV) leader RNA, RdRp (MV) RNA-dependent RNA polymerase

(Plumet et al. 2007). Then, during the co-evolution between MV and its cellular
host, which selective pressure is necessary for maintaining such short leader tran-
script? Is this the price to be paid by the polymerase to find the first gene start? The
induction of IFN can aso be enhanced by the presence of DI particles (Shingai
et a. 2007). In this case, the generation of double-stranded RNA could be responsi-
ble, at least in part, for the activation of the RIG-dependant IFN response (Strahle
et al. 2006, 2007).

Virus-Induced Syncytium as a Robust Factory for IFN

MV infection is characterised by the formation of multinuclear giant cells (MGCs)
or syncytia that time-lapse microscopy studies revealed to have a highly dynamic
behaviour and an unexpectedly long lifespan in vitro (Herschke et a. 2007). In addi-
tion, MGCs derived from human epithelial cells or mature conventional dendritic
cells (mDCs) are much higher IFN-o/p producers than single cells (Herschke et a.
2007). Both fusion and | FN-p response amplification isinhibited in a dose-dependent
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way by afusioninhibitory peptide after MV infection of epithelial cells. Furthermore,
following the cell—cell fusion, RIG-1 and IFN- gene deficiencies can be trans-com-
plemented to induce IFN-B production. The enhancing effect of cell—ell fusion on
the IFN response requires infectious virus and occurs at low and high multiplicities
of infection. This amplification of IFN-B production is associated with a sustained
nuclear localisation of IFN regulatory factor 3 (IRF-3) in MV-induced MGCs derived
from both the epithelial cellsand mDCs, while IRF-7 upregulation is poorly sensitive
to the fusion process. Because MV-induced cell-cell fusion amplifies type | IFN
production in infected cells, MGCs should significantly contribute to the antiviral
immune responsein vivo. Indeed, a specific subset of infected MGCs called Warthin-
Finkeldey cells (WFCs), initially described in infants who died from acute measles,
isfound in primary lymphoid organs, such asthe thymus, and in the germinal centres
and interfollicular areas of secondary lymphoid organs, where activated B, T, and
dendritic cells expressing CD150 reside and where adaptive immune response occurs
(de Swart et al. 2007; Gerlier et a. 2006).

Anti-innate Immunity and/or Cellular Dysfunction Promoting
Properties of P, V and C Proteins

Blockade of IFNAR Signalling by VirusP, V and C Proteins

To circumvent the IFN-induced antiviral states, the MV has developed redundant
strategies that block IFN activation and/or IFNAR signal transduction. The MV V
protein interacts with MDADS, which belongs to the RIG-like receptors devoted to
detecting anomalous RNA in the cytosol and to activating the type | IFN response
(Andrejeva et al. 2004; Childs et al. 2007). Binding occurs through the interaction
of the C-terminal domain of V (VCT) with the helicase domain of MDA5 and
results in the inhibition of the IFN response mediated by MDADS.

The N-terminus of the P protein (PNT), which is common to both of the P and
V proteins, binds to STAT1, with the Tyr110 residue playing a key role in this
interaction (Caignard et al. 2007; Devaux et a. 2007; Ohno et al. 2004). As a con-
sequence, both P and V proteins can inhibit the phosphorylation of STAT1 and the
signal cascade downstream to the IFNAR (Caignard et al. 2007; Devaux et al. 2007,
Takeuchi et al. 2003; Yokota et al. 2003). In addition, the V protein binds to the
kinase domain JH1 of Jak1. Although the primary binding domain on V is located
on the common PNT domain, its C-terminal VCT domain seems to be required to
stabilise the interaction (Caignard et al. 2007). V protein makes trimeric complexes
with Jak1 and STAT1 and is co-immunoprecipitated within larger complexes asso-
ciated with IFNAR signalling (Palosaari et al. 2003; Yokotaet al. 2003). Abrogation
of V and P binding to STATL1 is not sufficient to prevent the inhibition of STAT1
phosphorylation by Jak1, indicating that binding to either STAT1 or Jak1 can result
in inhibitory activity. Interestingly, the CAM vaccine strain exhibits an Y110C
substitution (Fontana et al. 2008) that could contribute to its attenuated phenotype.
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It should be stressed that, in contrast to V proteins from mumps and other
Rubulaviruses that strongly bind to the UV-damaged DNA binding (DBB1) protein
(see (Chen and Gerlier 2006) for review), MV V protein does not act as a ubiquitin
E3 ligase subunit for STAT degradation.

The nonstructural C protein can inhibit IFNAR downstream signalling (Shaffer
et a. 2003), but this effect is weak and variable depending on the MV strain,
(Fontana et al. 2008). In infected cells, the C protein has been found to be associ-
ated in complex with IFNAR, STAT1 and the scaffolding protein RACK1 (Yokota
et a. 2003), but the underlying inhibitory mechanism is unknown. In a host cell
with fully competent IFNAR signalling, a recombinant MV lacking the C protein
does not grow well because of a reduced virus protein translation and replication.
Thisis associated with the phosphorylation of the el F20. transl ation factor (Nakatsu
et al. 2006), likely by the protein kinase R (PKR), one of the antiviral effectors
activated by the IFN response. How can the C protein prevent the phosphorylation
of elF2a remains to be unraveled.

In summary, P, V, and possibly C, proteins counteract the |FN-o/B-induced
antiviral activity through a number of molecular strategies. This diversity may
explain the variation in the ability of MeV to counteract the IFN response according
to the cell host and virus strain combinations.

V and C Protein as Virulence Factors with Anti-inflammatory Properties

Invivo, MeV V and C proteins function as virulence factors (Devaux et al. 2008;
Patterson et al. 2000; Valsamakis et al. 1998). While the Edmonston tag strain,
expressing a P and V protein deficient in IFN-antagonistic activity (Ohno et al.
2004), kills CD46-transgenic mice, V-deficient Edmonston tag hardly replicates
after intracranial inoculation of 1-day-old suckling mice, and C-deficient MV
replicates but fails to kill the animals (Patterson et al. 2000). Accordingly, both
of the V- and C-deficient Edmonston tag also display an attenuated phenotype
in IFNAR-null mice expressing human CD46 (Mrkic et al. 2000), as does a
Vero-adapted wild-type MV strain with four mutations in P/V/C genes in
IFNAR-null mice expressing human CD150 (Druelle et al. 2008). Likewise, C-
or V-deficient wild-type viruses (Devaux et al. 2008; Takeuchi et al. 2005) are
attenuated in monkeys.

Besides the anti-IFN-a/p properties of both VV and C proteins in vivo (Devaux
et al. 2008), both C and V proteins are required for MV to strongly inhibit the
inflammatory responsein the peripheral blood monocytic cells of infected monkeys.
In the absence of V or C protein, virus-induced TNFa downregulation is alleviated
and IL-6 is upregulated (Devaux et al. 2008).

In vitro, C-deficient Edmonston tag MV, but not V-deficient Edmonston tag,
shows reduced growth in human peripheral blood monocytes and in human thy-
mus tissues xenografted into SCID mice (Escoffier et al. 1999; Valsamakis et al.
1998), whereas the former virus replicates efficiently in Vero cells and in murine
neurons (Patterson et al. 2000; Radecke and Billeter 1996). This cell-type-specific
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requirement for the C protein indicates that it probably interacts with lymphoid
cell-type-specific factors yet to be determined.

Finally, since both V and C proteins can also modulate the virus polymerase
activity in a minigenome assay (Parks et al. 2006; Reutter et al. 2001; Witko et al.
2006), the dysregulation of the viral RNA synthesis resulting from the lack of these
proteins may contribute to hampering the virus dissemination.

In conclusion, in vivo, MV C and V proteins encode virulence functions that
likely operate via multiple and separate mechanisms.

Inhibition of Pirh2 Degradation by P Protein

The human p53-induced-RING-H2 (Pirh2) is a ubiquitin E3 ligase belonging to
the RING-like family. Through its C-terminus and RING domain, Pirh2 interacts
with the XD domain of P and, together with MV N, can form a ternary complex.
MV P efficiently stabilises PIRH2 expression and prevents its ubiquitination
(Chen et al. 2005). Our current knowledge on PIRH2 substrates and functions is
rather limited. It is a p53-inducible E3 ligase involved in the ubiquitination of p53
and the e-subunit of the coatmer complex, e—<COP, which is part of the COP-I
secretion complex. As such, PIRH2 can regulate cell proliferation and the secre-
tion machinery (Maruyama et al. 2008). Interestingly, the virulence factor ORF3
protein of the porcine circovirus also interacts with PIRH2 (Liu et a. 2007).
Additional work is needed to delineate the physiopathological relevance of the
interaction of MV P with PIRH2.

Inhibition of p73-Dependent Activation by V Protein

MV V protein was found to bind to the DNA-binding domains of both p53 and p73,
members of the p53 family. While it does not affect p53-mediated gene activation,
the V protein shows partial inhibition of a p73-dependent gene activation. As such,
it has been suggested that V protein could act as an inhibitor of cell death by pre-
venting the activation of the apoptosis regulator PUMA (Cruz et a. 2006).

Interplay of MV with Toll-Like Receptors

Wild-type, but not vaccine, MV strains activate cells via both human and murine
TLR2, aproperty of the H protein. TLR2 activation by MV H protein induces sur-
face expression of CD150 and the secretion of pro-inflammatory cytokines such as
IL-6 in human monocytic cells and macrophages. The unique property of MV wild-
type strains of activating TLR2-dependent signals could contribute not only to
immune activation, but also to viral spread and pathogenicity by allowing monocyte
infection (Bieback et al. 2002).
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TLR7/8-mediated IFN-a/p induction requires internalisation in an acidic com-
partment in which genomic RNA can be uncoated from N protein. Some MV is
probably endocytosed because MHC-II restricted presentation of N protein is
observed (Gerlier et al. 1994). Whether MV genomic RNA becomes accessible for
binding to TLR7/8 to activatethe type | IFN response remainsto be determined. MV
infection of human plasmacytoid dendritic cells (pDCs), has been reported to inhibit
the IFN response induced by ligand binding to TLR7 or TLR9 (Schlender et al.
2005). However, this effect seems to be virus strain-specific (Druelle et a. 2008).

The MV P protein has transactivating properties due to the acid-rich PNT domain
(Chen et al. 2003), and the ubiquitin-modifying enzyme A20 gene is directly acti-
vated by the MV P protein (Yokota et al. 2008). Pindirectly interacts with a negative
regulatory motif in the A20 gene promoter and rel eases the suppression of A20 tran-
scription in monocytes, but not in epithelial cells. The upregulation of A20 blocks
the lipopolysaccharide (L PS)-induced TL R4-mediated activation of NF-x B and AP-
1 in monocytic cells. The suppression of A20 expression by siRNA restored LPS-
induced signalling in infected cells. This cell-type-specific suppression of the
inflammatory response may contribute to the evasion of MV from the host immune
system. However, how P reaches the nucleus is unknown. One possibility is that it
could use the N protein as a nucleocytoplasmic shuttle (see Sect. 2.13).

Modulation of Cellular Functions by N Protein

Inhibition of Cellular Trandation by the N Protein

N protein binds to the eukaryatic initiation factor 3 (el F3-p40) (Sato et al. 2007). In
vitro, the interaction between MV N and elF3-p40 inhibits the trandation of a
reporter MRNASsin arabbit reticulocyte lysate trand ation system in a dose-dependent
manner. This effect is reminiscent of the observation made with the closely related
Sendai virus, where the addition of nucleocapsid templates inhibits the trandation of
areporter mRNA (Pelet et al. 2005). In vivo, the inducible expression of MV N inhib-
its the synthesis of atransfected reporter protein, as well as overall protein synthesis.
This is a first observation indicating that MV can repress the host cell trandation.
However, MV N does not inhibit the trandation of an RNA containing the intergenic
region of Plautia stali intestine virus, which can assemble 80S ribosomes in the
absence of canonical initiation factors. Could it be that vird mRNAs selectively
escape requirement for el F3-p40 initiation factor for trandation of viral proteins?

Activation of IRF-3 by N Protein
MV N can activate IRF-3 and thereby induce CCL5 (also called RANTES), a pro-

inflammatory cytokine, but not IFN-B (ten Oever et a. 2002). After MV infection,
IRF-3is phosphorylated at the key Ser385 and Ser386 residues. Activation of IRF-3,
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which required active MV transcription, is also mimicked by the transient expres-
sion of the N protein. Moreover, IRF-3 and a cellular kinase could be co-immuno-
precipitated with N. The IRF-3 binding region and N binding region map to
N, [415-523] and residues IRF-3[198-394], respectively (ten Oever et a. 2002).
However, the direct interaction between N and IRF-3 has been recently challenged
by using a panel of biochemical and biophysical techniques and by the lack of any
evidence for co-localisation of N and IRF-3 in human cells (Colombo et a., unpub-
lished observations).

Extracellular N Protein Bindsto FcyRIl and NR Receptors

The MV N isan internal protein within infected cells and virus. However, MV N is
also released in the extracellular milieu by dying cells (Laine et al. 2003). In addi-
tion, the N protein seems to be able to trandocate from the cytosol into the late
endocytic compartment from which it can be excreted when the cells express the
FcyRII receptor (Marie et a. 2004). To date, three cell surface receptors can bind
MV N: specific B cell receptor (BCR) (i.e. the cell surface immunoglobulin)
expressed on B lymphocytes (Graves et al. 1984) low-affinity Fc receptor for 1gG
of type Il (FcyRIl, CD32) Ravanel et a. 1997), and an as yet unidentified protein
receptor called nucleoprotein receptor (NR) (Laine et al. 2003, 2005). The region of
MV N responsible for binding to human FcyRIIB mapsto N, likely through an
exposed loop (aa 122-144) (Laine et a. 2005). NR is constitutively expressed on
fibroblasts, epithelial, lymphoid and myeloid cells. NR is not detected on resting T
cells, but upregulated upon activation (Laine et al. 2003). The region of MV N
responsible for binding to NR mapsto the Box1 (aa401-420) region of N, (Laine
et al. 2005). Whether NR is a ubiquitous and then unique molecule or a family of
related receptorsis unknown. Since MV N bindsto FcyRIIB and NR viaN_.. and
N, respectively, MV N can simultaneously bind both to FcyRIIB and NR on the
same cell type such as B cells, monocytes/macrophages and DCs. In contrast, MV
N interacts only with NR on human activated T cells (Laine et al. 2003). In vitro,
binding of MV N to FcyRIIB and NR induces apoptosis and inhibits both spontane-
ous and induced cell proliferation, respectively (Laine et al. 2003, 2005; Ravanel
et al. 1997). It also inhibits the immunoglobulin (1g) synthesis of CD40- or BCR-
activated human B lymphocytes in the presence of IL-2 and IL-10 (Ravanel et al.
1997). From in vivo studiesin mice, MV N binding to FcyRIIB appears to contrib-
ute to the cellular immunosuppression induced by MV (Marie et a. 2004) (see the
chapter by S. Schneider-Schaulies and J. Schneider-Schaulies, this Volume).

Cedllular Antiviral Effectors Active Against MV

MXA as Cell-Type-Specific Inhibitor of MV Growth

MXA isinduced by IFN and can inhibit MV replication. MXA belongs to the class
of dynamin-like large guanosine triphosphatases (GTPases) known to be involved
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in intracellular vesicle trafficking and organelle homeostasis. It accumulates in the
cytoplasm and is partly associated with a COP-I-positive sub-compartment of the
ER. (Haller et al. 2007). Stable expression in human glioblastoma (Schneider-
Schaulies et a. 1994) leads to a 100-fold decrease in virus transcription, whereas
stable expression in monocytic cell lines inhibits only the expression of the H and
F glycoproteins at a post-transcriptional level (Schnorr et al. 1993). The underlying
mechanism is unknown.

ADAR as a Predicted Antiviral Effector

Natural infection of neuronal tissue in vivo is often associated with virus defective
in assembly, with mutations or deletions of the M protein, and the cytoplasmic tails
of H and/or F glycoproteins (Cattaneo and Rose 1993; Cattaneo et al. 1986). Most
of these mutations result from biased U to C hypermutations (Cattaneo et al. 1989).
The candidate proposed for this activity is the cellular RNA-specific adenosine
deaminase (ADAR) that deaminates adenosineinto inosine. As a consequence, during
the following replication cycle, a guanosine is added as a complementary base to
the inosine. ADAR is an IFN-inducible RNA-editing enzyme acting on double-
stranded RNA (Hoopengardner 2006). Because during RNA synthesis the genome
RNA remained wrapped into the nucleocapsid (see the chapters by B.K. Rima and
W.P. Duprex and S. Longhi, this volume), a collapse transcription model has been
proposed. A nascent transcript may occasionally remain base-paired with the
genome in the close vicinity of an active polymerase and become the target of
unwinding and modification activity by cellular enzymes including ADAR (Bass
et al. 1989; Cattaneo and Billeter 1992; see also the chapters by V.A. Young and G.
Rall and M.B. Oldstone, this VVolume).

Conclusion and Future Studies

A few more that 20 partnerships between measles viral encoded molecules and cel-
lular proteins have been identified or postulated so far, al listed in Table 1. This
certainly represents only atiny part of the highly complex partnership that the virus
establishes with its host cells.

Over thelast 15 years, there have been many attempts to elucidate the molecular
mechanism governing the entry of MV into host cells. So far, the data have revolu-
tionised our view on the virus infection cycle in humans. MV primarily infects
CD150-expressing cells of the immune system, which is possible through the epi-
thelial barrier because of the presence of periscopic dendritic cells (Hammand and
Lambrecht 2008), and secondarily infects peripheral epithelial cells by using a
basolateral epithelial receptor that should be soon identified. Because of the apical
release of the virus, this disseminates the virus from person to person by exhaled
droplets. The contribution of the neo-acquisition of the CD46 receptor usage by
vaccine strains to their attenuated phenotype with fairly strong immunogenicity
remains unclear.
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Tablel Known and hypothetical cell and virus molecular partnerships

Vira Cellular Binding Function Selected
molecule protein parameters references
N Hsp72 N, Box2 Competition with Zhang et al.
[489-506] P XD to enhance 2002, 2005
the polymerase
processivity?
K, =~20nM
N, Box3[505-525  Increase transcription Carsillo
& N522] K, =~2uM  and replication et al. 2006b
? N[425-440] < ? Nuclear localisation Sato et a.
signal 2006
? N[70-77] < ? Nuclear export signal
(Ser/Thr Ser and Thr Phosphorylation of Gombart
kinase) phosphorylation Thr restricted to NNV© et a. 1995
at unknown sites
elF3-p40 N[81-192] < Inhibition of translation  Sato
elF3-p40 of cellular mMRNA et a. 2007
Fcy RII Ngore [122-144 7] Inhibition of B and DC Laineetd.
functions and 2005;
induction of Ravanel
apoptosis etd. 1997
Postulated N, Box.1 Inhibition of cell Laineetd.
NR [401-420] proliferation 2003, 2005
P Casein P [S86, S151, Regulation of Dasetal.
kinase I S180] < CKII polymerase activity? 1995
STAT1 P[Y110] & STAT1 Prevents phosphorylation  Devaux
of STAT1 and thus et al. 2007
IFNAR signalling
A20 gene PNT < Negative Activation of A20 Yokota
promoter regulatory motif expression that leads et a. 2008
to blockade of TLR4-
mediated transduction
signalling
PIRH2 PXD < Stabilisation of Chen
PIRH2 C-term PIRH2 by inhibition et a. 2003
of (auto?)
ubiquitination
\ MDAS VCT < MDAS Inhibition of MDA5- Andrejeva
(RIG-like helicase mediated activation et al. 2004;
receptor) of IFN-B Childs
et a. 2007
STAT1 PNT (Tyr 110) < Prevents phosphorylation Caignard et al.
STAT1 of STAT1 and thus 2007; Ohno
IFNAR signalling et al. 2004
Jak1 PNT (+VCT) < Jak1 Caignard
JH1 kinase domain et al. 2007
p73 V < p73 DNA Inhibition of p73- Cruz et al. 2006
binding domain dependent gene
activation
C ? C[4148] < ? Nuclear localisation Nishie
signal et al. 2004
CMR1 C[76-85] < CMR1 Nuclear export signal
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Tablel (continued)

Vira Cellular Binding Function Selected
molecule  protein parameters references
H CD150 H[P 5 sheet, 1194] <> Virus binding and Hashiguchi
(or SLAM)  CD150V domain entry into cells of the et al. 2007,
K, =~100 nM immune system Navaratnarajah
et al. 2008;
Tatsuo et al.
2000
Postulated H[L482, F483, P497, Virusbinding and entry V.H.J. Leonard
epithelial Y541, Y543] < ? at the basolateral site et a.; Tahara
receptor of polarized epithelial et a. 2008
cells
CD46 H[B 3to [ 6 sheet, Virus binding Buchholz et al.
(or MCP) Y481, G546] < and entry 1997; Li and Qi
CD46[SCR1+2] (vaccine strains only) 1998; Naniche
K, =~100 nM et al. 1993,
Navaratnarajah
et al. 2008
TLR2 H ectodomain < Induction of CD150 Bieback
TLR2 ectodomain expression on et a. 2002
monocytes
L eader RIG-I S'triphosphate end <  Induction of IFN-B Cui et al.
RNA RIG RD response 2008; Plumet
et al. 2007
Genome ADAR(?  dsRNA < ADAR? Biased hypermutation ~ Basset al. 1989;
e RNA U—C Cattaneo et a.
1988

The RIG-I recognition of the cytosolic transcription by MV has been identified
as the molecular mechanism responsible for the activation of the IFN-B response,
and several pieces of the large molecular puzzle underlying the virus to innate cel-
lular response have been unravelled, notably with the discovery of the inhibition of
the Jak1/STAT1 transduction pathway and MDAS5-dependent IFN activation by P
and/or V proteins. Some molecular interactions have been identified, but their
physiopathological role needs to be unveiled. In contrast, Hsp72 is so far the only
cellular factor identified as a regulator of the transcription and replication process.
Although the viral molecular interplay leading to virus assembly, packaging into
the virus envelope and polarised budding has been largely investigated, the cellular
machinery used by the virus for the intracellular trafficking of the viral components
and enabling their proper assembly and the budding process remains undefined.
Few MV proteins can bind to cell-surface proteins and transduces a signal that can
disturb the functions of cells from the immune system. Last, the molecular
mechanism(s) alowing the adaptation of MV so that they grow in heterologous
host cells remains a mystery.
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