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Preface

Measles, also called the greatest killer of children in history,
still annually affects about 50 million individuals and causes
close to a million deaths primarily in developing countries.
Before the advent of measles vaccine some 30 years ago,
these figures were roughly three times higher. Attenuated
measles virus (MV) strains, all quite closely related to the
original Edmonston isolate, have a very good record as a safe
and highly efficacious vaccine and have brought down the
measles toll in industrialized countries to almost negligible
levels. However, recent outbreaks in the USA and Europe
have again brought the measles problem to public attention.
Sadly enough, these outbreaks were more instrumental in
inducing activities to drastically reduce and hopefully finally
eradicate measles than were the ten thousand times higher
number of victims in developing countries. To reach this goal,
as detailed in this volume, apparently it is not enough to
rigorously enforce use of the existing vaccine as was the
case with smallpox eradication: the intricacies of measles
disease phenomena, in particular the generalized immune
suppression which favors secondary infections, require more
basic knowledge of the virus—host interactions and probably
the development of new vaccines for special applications
such as firstimmunizations of very young infants in developing
countries.

In view of the increased research activities on measles
encouraged by various health-related agencies, one important
purpose of the present volume is to merge the large body of
detailed knowledge on epidemiological, clinical and immuno-
logical aspects of MV accumulated during the past three
decades with the more recent findings of the molecularly
oriented sciences. It is to be hoped that this volume wiill
catalyze exchange and collaborations between different
disciplines and will facilitate the entry of newcomers to the
MV field.

The appearance of a volume on MV is timely for other
reasons, too. The MV genome and its components and
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products are now roughly defined and this is also true for
cellular components crucial for MV replication, most notably
the recently identified receptor molecules. Furthermore,
cloning and expression techniques now facilitate biochemical
investigations of MV, studies which until recently were
reasonably feasible only with nonsegmented negative-strand
RNA viruses (Mononegavirales) growing to high titers, such
as vesicular stomatitis virus and Sendai virus. True reverse
genetics involving the entire genome is still not feasible for
any of these viruses for the time being, however, a good
basis towards this goal has been elaborated by a number of
laboratories: active transcription, replication and cellular
transfer of diverse artificial subgenomic RNAs recovered
from DNA constructs has been achieved, implicating genomic
cis-acting elements of several representatives of the
Mononegavirales, including MV, combined with reporter
genes. These new tools will not only revolutionize the study
of the different life styles of MV, including long-lasting
persistence, and of the various disease phenomena triggered
by MV, but will also be important in the elaboration of new
generations of vaccines.

We wish to express our deep appreciation to all
contributors for their spontaneous willingness to share their
expertise in the production of a multifaceted and yet coherent
volume.

MAaRTIN A. BILLETER
Zurich and Wirzburg VOLKER TER MEULEN

Addendum in Proof

In the meantime, the first rescue from cDNA of a representative
of the order Mononegavirales, the very distantly related rabies
virus, has been reported by the group of K.-K. Conzelmann
(Tubingen), permitting application of the full power of reverse
genetics to this virus. Using a rather different approach, rescue
from cDNA has now been achieved for MV in the laboratory of
M.A. Billeter (unpublished results).
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1 Introduction

Acute measles, an exceptionally contagious viral infection, is a severe disease
with a substantial degree of morbidity and a significant mortality (RossiNs 1962;
Krueman et al. 1985). Before we had an effective vaccine, measles was an
inevitable step in human development. Except for certain isolated areas of the
world, all those who reached adulthood had been infected.

March of Dimes Birth Defects Foundation, 1275 Mamaroneck Avenue, White Plains, NY 10605, USA
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1.1 History

Rhazes is credited with the first description of measles, in 840 AD, but there is no
certainty that he distinguished it from smallpox (RHAzes cited in MaJor 1954). This
distinction is attributed to Sydenham, who states: “The measles generally attack
children. On the first day they have chills and fever... On the second... cough...
The nose and eyes run continually; and this is the surest sign of measles... [on] the
fourth day... there appear on the face and forehead small red spots, very like the
bites of fleas” (SypenHam 1850). Our modern understanding of the epidemiology
of this infection is due to Panum, who in 1846 described the epidemicin the Faroe
Islands and discerned both the length of the incubation period of measles and the
establishment of a lifelong immunity in those who recovered from this infection
(PAnUM 1939).

1.2 Pathogenesis

The virus enters the host through the upper respiratory passages and the primary
site of infection is respiratory epithelium (RiLey et al. 1978). The virus binds to a
receptor, a cell surface glycoprotein, which is a membrane cofactor protein
(CD46), a member of the regulators of complement activation gene cluster
(NanicHE et al. 1993). The original impression, that the virus replicated extensively
in the respiratory epithelium, has been put to question by extensive studies of live
measles vaccine. These studies of the attenuated virus imply that the respiratory
epithelium is not a major site of replication and that the local lymph nodes are
(CHeErRY 1992). Replication there leads to primary viremia and consequent infec-
tion of the reticuloendothelial system at multiple sites. Some 5-7 days after the
initial infection, secondary viremia develops and leads to infection of the endothe-
lial cells—causing enanthem—and epithelial cells—causing exanthem (RuckLe
and Roger 1957). In the blood the virus is cell-associated with the leukocytes,
particularly the monocytes (SALONEN et al. 1988).

2 Acute Measles

2.1 The “Classical” Disease

After an incubation period of approximately 10 days, during which time there is no
outward sign of the disease, the infected child tends to develop a mild respiratory
iliness, easily confused with the common cold. A day or two later, these
symptoms increase in intensity and now include fever, cough—which tends to
become brassy, not unlike that characteristic of a viral croup—coryza, and
conjunctivitis. Nausea is a common accompaniment.
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This phase of measles corresponds to the development of an enanthem,
which is responsible for a pathognomonic sign of measles, white to gray maculae
with a pale red circumferential margin, visible on the buccal mucosa and the
conjunctivae and known as Koplik spots (KopLik 1896). They appear 2 days before
the rash. The underlying process of the enanthem is serous exudate and prolifer-
ation of lymphoid cells, mainly mononuclear ones, although some polymorphonu-
clear cells also appear, primarily around the capillaries. Characteristic giant
multinucleated cells—the so-called Warthin-Finkeldey cells—resulting from fu-
sion and containing several to more than 100 nuclei are seen in the lymphoid
tissue (LigHTFOOT et al. 1970).

Some 14 days after the exposure, or about 4 days after the onset of the initial
symptoms, the characteristic exanthematous rash develops, whereas the
enanthem subsides and Koplik spots disappear. The rash can be first seen on the
forehead—typically at the hairline—and behind the ears, but over a period of
2 days it spreads throughout the body. The rash can be pale and subtle at its
onset, but within a day or two becomes maculopapular and obviously red in color
and, indeed, even somewhat hemorrhagic. By the third day it will have spread
throughout the body. It begins to fade in the order of its original appearance,
starting on the face, and can be expected to disappear by the tenth day. It leaves
behind a brownish discoloration and even some desquamation, which soon heals
and the skin reverts to its normal state. In the most severe cases, the rash can be
quite intense and confluent. It can involve palms and feet and can be associated
with edema, especially of the face.

There is fever, with the temperature usually reaching 40°C. Defervescence
follows by lysis approximately 4 days after the onset of the rash; coryza and
conjunctivitis also begin to subside at that time, but cough can persist for a week
or so beyond the acute disease. Full recovery follows in most children, although
asthenia lasting for a month or so is common.

In normal individuals, host defense develops and ultimately curbs the infec-
tion. Humoral immunity protects against a subsequent infection and is passively
acquired through the placenta, tending to protect infants of seropositive mothers.
This is a satisfactory level of protection in the industrialized countries, but in the
developing countries, where exposure to measles during infancy is heavy this
passive protection is usually inadequate after 9 months of age (CLemens et al.
1988).

Antibodies are first detected coincidentally with the appearance of the rash.
They can be demonstrated by a variety of tests, viz. hemagglutination inhibition
(HI), neutralization (N), complement fixation (CF), fluorescence tests (FA),
enzyme-linked immunosorbent assay (ELISA), and immune precipitation
(NEumaNN et al. 1985). Hl is the most commonly used test, and a fourfold rise in the
titer between the acute and convalescent serum confirms the diagnosis. The
presence of this antibody correlates well with neutralization and indicates
insusceptibility to measles (KrRuamaN et al. 1967). The first antibody to appear is of
the IgM class, followed by the IgG1 and IgG4 classes (MATHIESEN et al. 1990).
These antibodies correspond to the specific antigenic sites of the virus and they
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can be detected by immunoassays using purified viral proteins. Thus antibodies
reacting with the N, or nucleocapsid, protein are present in the proportionally
largest quantity, followed by those to the H, or hemagglutinin, protein, the F, or
fusion, protein, and the M, or matrix, protein. The last appears in very small
amounts.

Cell-mediated immunity is expressed in the CD4 and CD8 T cells, which
helps to clear tissue-associated virus (van BINNENDIK et al 1989, 1990).

2.2 Modified Measles

This term is applied to acute measles that has been attenuated by antibodies
(Epmonson et al. 1990). Most commonly it develops in children exposed to
measles who have received an immunoglobulin injection in an amount insuffi-
cient to abort the infection. Infants with transplacentally transmitted maternal
immunoglobulin can also develop modified measles, when their passive immuni-
ty is on the decline and no longer fully protective. Modified measles seems to be
also a rare consequence of a partial failure of measles vaccine. Whether this
happens because the immunity induced by the vaccine has become less effec-
tive, or whether there was an insufficiently strong immune response to the
original vaccine remains moot. In this form of modified disease, the children
develop only an anamnestic IgG antibody response. A similar situation obtains in
cases of recurrent measles, which are quite rare, but are well documented
(CHERRY et al. 1972).

The incubation period of modified measles tends to be longer than in classical
measles and can extend up to 20 days after the exposure. On the other hand, the
illness is much shorter, with the prodrome of 2 days and the disease lasting an
additional 3 or 4 days. Moreover the clinical symptoms are much milder, charac-
terized by a low grade fever, few or no Koplik spots, a minimal rash, and usually
no adverse after effects.

3 Beyond the Core Disease

Although ordinary acute measles is a debilitating disease, responsible for signifi-
cant absenteeism from school and corresponding loss of time from work by
parents, it is its rarer expressions that cause major morbidity and mortality. The
spectrum of these is remarkably wide. There is no general agreement whether
they are part of the disease proper, or are its complications. In this discussion no
such distinction will be made. Instead these expressions of measles will be
categorized by the pathogenic process.
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3.1 The Respiratory System

Respiratory symptoms and roentgenographic manifestations of pulmonary and
hilar involvement are found in a majority of patients (Konn et al. 1929), but serious
clinical pneumonia—viral or bacterial—is rare, although its portent can be death
(Mason et al. 1993). Laryngotracheobronchitis (LTB) tends to develop in the
younger age group. During an epidemic nearly 19% of children experienced LTB.
The mean age of this group was under 2 years, in comparison with the entire
cohort, whose mean age was over 2 years (Ross et al. 1992). Infants can
experience bronchiolitis obliterans (OmaR and Manan 1989; Wiesicke and
SEDENBERG 1990).

3.2 The Heart

Myocarditis (FINKEL 1964), pericarditis and conduction defects can be detected by
electrocardiography in a fifth of the patients but these abnormalities are transient
and usually not associated with a clinical iliness (Ross 1952).

3.3 The Gastrointestinal System

Diarrheal disease is associated with vomiting during acute measles. The so-called
measles enteritis is rare in the industrialized countries, but occurs with an
observable frequency among measles patients under 2 years of age in the
developing world (MoniF and Hoop 1970). Its consequences depend on the
management of the dehydration, but in hospital cases no mortality has been
attributed to this expression of measles. In a report from Indonesia more than a
third of patients with measles who were admitted to the hospital had gastro-
enteritis, but this relatively high incidence reflects the fact that only the very sick
are admitted. These children were 2 years of age, or younger, with none under 6
months of age (TAmBOEN et al. 1991).

3.4 The Hematopoietic System

The so-called black measles is a hemorrhagic form of this disease, which was
common in the past in the industrialized countries, but today is observed mainly
in the developing world. It has a sudden onset, presenting with high fever,
followed by the development of a confluent rash, which becomes hemorrhagic;
there is also bleeding from the mucous membranes. It is likely that this form of
measles represents disseminated intravascular coagulopathy, but little is known
about its pathogenesis.

On the other hand, thrombocytopenic purpura, which follows acute measles
by several weeks, resembles the idiopathic thrombocytopenic purpura. Its prog-
nosis is excellent (Hupson et al. 1956).
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3.5 The Central Nervous System

Although electroencephalographic abnormalities are found in half of all the
patients with measles, acute clinical encephalitis is uncommon (AarLi 1974). It
can present at any time from the prodrome to a week after the recovery. Its
consequences can be quite severe, with mortality of 32% in one series of
patients before 1947 and 12% in those who became ill after 1947 (LaBoceTTa
and Tornay 1964). Symptoms are not unique to measles, but resemble those of
any acute encepbhalitis. They include irritability, seizures, lethargy or coma, and
ataxia. Cerebrospinal fluid (CSF) can show mononuclear pleocytosis and a slight
elevation of protein, but in some cases it has been quite normal (McLean et al. ~
1966). Although the pathogenetic process is most likely autoimmune (see
chapter by Griffin), there have been reports of recovery of measles virus from the
CSF (McLean et al. 1966) and brain tissue of the affected patients (TEr MEULEN
et al. 1972).

Subacute sclerosing panencephalitis (SSPE) (TEr MEeuLEN et al. 1983) is related
to measles infection, but it can present many years after the acute disease. It is
characterized by an insidious onset of a progressive cerebral dysfunction occur-
ring over the course of weeks or months. The initial symptoms can involve
alteration in personality and frequently include a deteriorating school perfor-
mance. Myoclonic jerks, initially of the head and later also of the trunk and limbs,
usually occur within 2 months. With progression of the illness, extrapyramidal
dyskinesias including athetosis, chorea, ballismus and even dystonic posturing
develop. Progressive loss of vision is due to focal chorioretinitis, cortical blind-
ness, or optic atrophy. Ultimately the patient reaches a decorticate state and
coma. SSPE is characterized by a slow progressive deterioration. The entire
course of this virtually always fatal disease is variable, from weeks to years with
periods of remissions. The average patient dies within 2 years, in rare cases
patients have remained in a vegetative state for 10 years.

The clinical diagnosis is confirmed by the detection of serum measles
antibodies in very high titers and by the presence of oligoclonal measles anti-
bodies in the CSF. Characteristic EEG abnormalities are paroxysmal bursts of high
voltage slow waves with associated spike discharges in two to three cycles per
second, followed by a short period of flattened activity, the so-called burst-
suppression pattern. The neuropathology is that of a subacute encephalitis
accompanied by demyelination. Lesions involve the cerebral cortex, hippo-
campus, cerebellar cortex, basal ganglia, brain stem and spinal cord. Inclusions
are seen within the nucleus and cytoplasm of the neurons and glial cells. Typically
they consist of Cowdry type A homogenous eosinophilic material containing
measles antigen detectable by fluorescent antibody staining. Ultrastructural
studies reveal nucleocapsids of a paramyxovirus. The virus is defective in a
variety of ways and has not been cultured directly from the brain tissue; it has
been rescued by fusing the explanted brain cells with indicator cells. In one
case it has also been rescued from a peripheral lymph node (Horta-BARBOSA
etal. 1971).
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A somewhat less well defined form of measles encephalitis, inclusion body
encephalitis, affects immunocompromised patients. It has been reported in
those with leukemia, AIDS, and iatrogenic immunosuppression (AICARDI et al.
1977, AcamaNoLis et al. 1979; HucHes et al. 1993). It has a variable “incubation
period”, or the time interval from the recognized acute measles to the central
nervous system disease, between 1 and 6 months. The clinical presentation is
that of a nonspecific encephalitis, although convulsive seizures are almost
invariable and occur early and epilepsia partialis continua was described in several
cases. The outcome is usually death within 2 weeks; however, early treatment
with ribavirin has been successful in one reported case (MusTara et al. 1993).
There is no pathological hallmark of this condition. It is a hemorrhagic
leukoencephalitis with intranuclear inclusion bodies which contain paramyxovirus
nucleocapsids. Polymerase chain reaction has been effective in demonstrating
measles virus genome in the biopsied brain tissue (MusTara et al. 1993).

4 Atypical Measles

Children who had received inactivated measles vaccine—no longer available—
2-6 years later developed an unusually severe iliness after an infection with the
wild measles virus and, in rare instances, after immunization with the live
measles vaccine (Karzon et al. 1965). The incubation period of atypical measles is
the same as for the classical disease, but the prodrome is quite different. The
disease is heralded by the sudden onset of high fever, reaching 40°C, headache,
pleural and abdominal pain, and myalgia. Koplik spots are usually not seen.
Although the rash appears in 2 or 3 days, as it does in classical measles, it has a
distinct centripetal distribution; in some patients it is spotty, involving only wrists
and ankles. It is a serious clinical disease, with respiratory distress, pneumonitis
and pleuritis. Moreover, hepatosplenomegaly, paresthesias, and a profound
asthenia are frequent. Neither coryza, nor conjunctivitis—so characterstic of
measles—is a prominent feature. Of particular interest is the antibody response.
In the CF and HI tests it tends to be tenfold higher than in classical measles.

5 Host Defense

During the acute disease and for several weeks thereafter, the patient experienc-
es some degree of immune suppression. A positive tuberculin skin test reverts to
negative, lymphoproliferative responses to mitogens are diminished, and produc-
tion of lymphokines is abnormal. Clinical extent of this immune suppression can
be variable. Some children develop secondary bacterial infections, such as otitis
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media and pneumonia and even tuberculosis (STArr and BerkovicH 1965). Those
with the nephrotic syndrome tend to have a remission of their disease. There is no|
definitive explanation for this suppressive effect in the face of a rather brisk
immune response to measles, both humoral and cell-mediated. GrirrIN (this
volume) has speculated that, because monocytes are infected by the virus, the
immune defect probably results from an inadequacy of antigen presentation and
production of IL1 and TNF-a, as these monocytes are damaged by the measles
virus. In the absence of adequate production of interleukin-1 (IL1), lymphocytes
do not proliferate and fail to produce significant amounts of IL 2.

Deficiency of vitamin A, even at a subclinical level contributes to the morbid-
ity and even mortality of measles (Hussey and KLein 1990). Severity of clinical
measles has been correlated in a direct proportion with the degree of depression
of serum retinol concentration (BuTLeRr et al. 1993).

Measles in association with Plasmodium falciparum malaria apparently re-
sults in some degree of suppression of parasitemia. It shares this characteristic
with influenza. Neither the clinical significance of this observation nor the mech-
anism underlying it is known (RooTH et al. 1992). Recent studies in Guinea-Bissau,
Haiti, and Bangladesh have suggested that female children who received high-
titer Edmonston-Zagreb live measles vaccine as infants experienced excess
mortality as toddlers (see Clements and Cutts, this volume).

6 Conditions Putatively Associated with Measles

These are well defined diseases of uncertain etiology, which have had what could
best be described as a “flirtation” with the measles virus. In each there is some
suggestive evidence of the involvement of measles virus, but unlike SSPE, in
which the virus has been isolated, it remains indirect.

6.1 Multiple Sclerosis

Since patients with multiple sclerosis tend to have an elevation of measles virus
antibodies, the possibility that this virus is etiologically related has been raised.
The problem with sorting out this hypothesis has been the ubiquity of measles
infection and the presence of elevated antibodies to viruses other than measles
(Ter MEeuLen and Kartz, in press). On epidemiological grounds, multiple sclerosis
seems to have been absent in the isolated areas of the world free of measles and
to have appeared in the wake of the introduced measles infection. On the other
hand, an inability to isolate, or even identify in situ, the measles virus (Gopec et al.
1992) has cast substantial doubt on this hypothesis.
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6.2 Chronic Liver Disease

In a similar fashion, elevated measles antibodies have been reported in cases of
chronic active hepatitis (CHrisTIE et al. 1987) and measles virus genome was
identified in autoimmune chronic active hepatitis in 12 of 18 patients (RoBerTson
et al. 1987). This last finding, however, could not be reproduced in a study by
KaLLanD et al. (1989), who suggested that the presence of any measles “imprints”
in such patients may be merely a reflection of their hyperimmune state. This is
consonant with the findings of AnbuarariDzE et al. (1989), that RNA isolated from
the peripheral blood lymphocytes of patients with chronic glomerulonephritis and
systemic lupus erythematosus had, in many cases, specific sequences of
measles virus nucleocapsid protein, whereas that from the controls did not.

Two types of acute liver disease in association with measles have been
described in the literature and recently reviewed by KHaTig et al. (1993). Serum
aminotransferase was elevated in 24 of 27 patients, all of whom were
asymptomatic and a third of whom had atypical measles. Three cases of
cholestatic jaundice were also described. With the respect to the latter, a number
of potentially confounding factors were not evaluated.

6.3 Paget’s Disease of the Bone

Ultrastructural studies of pagetic bone revealed structures resembling
nucleocapsids of a paramyxovirus (ReseL et al. 1974). Thus, virologists tended to
experience a deja vu phenomenon recalling the SSPE story. A search for the virus
began in earnest, and ultimately BasLE et al. (1986) detected measles virus RNA
by in situ hybridization in bone of patients with this disease. In a subsequent
study, Gorpon et al. (1991) detected canine distemper virus sequences and none
of the other paramyxoviruses, including measles. However, a year later, the same
group of investigators, now using reverse transcribed RNA from pagetic bone,
which was specifically amplified for distemper and measles sequences found
evidence of canine distemper virus in most of their patients, but found both
viruses in one patient and only measles virus in one other one (Gorbon et al.
1992). In a similar study, CARTWRIGHT et al. (1993) also detected canine distemper
virus sequences, but not those of measles, respiratory syncytial virus, and simian
virus 5. There are no reports of an attempted isolation of the virus. In parallel with
the human studies they also identified canine distemper virus transcripts in bone
cells of dogs suffering with metaphyseal osteopathy (Gorpon et al. 1993).

6.4 Otosclerosis

Even more tenuous evidence has been adduced for the measles virus etiology of
this condition. Structures resembling nucleocapsids of a paramyxovirus have
been seen in osteoblasts and preosteoblasts in stapes footplate fragments.
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McKenna and MiLLs (1989) studied four temporal bone specimens from patients
with otosclerosis and found reactivity with monoclonal antibodies against mea-
sles, especially in the area of active foci of the disease. However, Roald, et al.
failed to detect any such evidence (RoaLp et al. 1992). There are no reports of an
attempted isolation of the virus.

7 Conclusions

Although measles made its first appearance in the literature in 840 AD, and even
as the seriousness of the acute disease has been recognized almost from the
start, it is the last 30 years that have taught us about the enormous extent of its
ravage. For some conditions we now have a large body of evidence implicating
the measles virus; for other we have mere hints, or even just audacious guesses.
Thanks to the available technology and the veritable explosion of molecular
biological methods we can expect to learn more about measles in the next
decade than we have learned in the preceding millennium.
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1 Introduction

Measles has been called the greatest killer of children in history. Over the
centuries, it has been responsible for severe epidemics throughout the world.
Although mortality rates from measles fell when socioeconomic conditions

improved in developed countries, measles is still a major preventable cause

of

childhood mortality in developing countries. Measles vaccine was first licensed
30 years ago, and is one of the most cost-effective public health tools available.
Through its use, most developed and many developing countries have reduced

" Expanded Programme on Immunization, World Health Organization, 1211 Geneva 27, Switzerland
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measles morbidity and mortality to a small fraction of preimmunization levels, and
an estimated 1.54 million measles-associated deaths and over 90 million cases
are prevented each year. Nonetheless, as of September 1994, the World Health
Organization estimates that globally 45 million cases and 1.19 million deaths
occur annually due to measles.

The eradication of smallpox from the world in 1977 demonstrated the
feasibility of eradication of infectious disease. Public health officials, researchers,
politicians and others have been systematically evaluating other candidates for
potential eradication. In May 1988, the World Health Assembly selected polio-
myelitis as another disease to be targeted for eradication. In 1990, international
consensus was reached at the World Summit for Children to embark on a well-
coordinated worldwide control programme as a major step towards the global
eradication of measles in the longer term.

2 Measles-Associated Morbidity and Mortality

Measles ranks as one of the leading causes of childhood mortality in the world. In
one community study in Kenya, measles accounted for 35% of reported deaths
ininfants up to 12 months of age, and for 40% of deaths in children 1-4 years old
(SPENCER et al. 1987). Complications affect multiple organ systems and are most
common in the first 4-6 weeks after measles (acute complications) when
disturbances of immune function are demonstrable. Measles also appears to

Table 1. Complications of measles

Acute complications

Diarrhoea

Pneumonia

Laryngotracheobronchitis

Otitis media

Malnutrition

Vitamin A deficiency (leading to corneal ulceration and
blindness)

Stomatitis

Acute encephalitis

Later complications
Increased susceptibility to other infections
Subacute sclerosing Pan encephalitis (SSPE)

Complications of measles in pregnancy
Premature delivery

Foetal loss

Increased risk of maternal death

Possible (as yet unproven) association with measles
Multiple sclerosis

Osteosclerosis

Some autoimmune diseases
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have more long-term effects on susceptibility to disease and risk of death
(delayed complications), and has been postulated to be associated with auto-
imhave more long-term effects on susceptibility to disease and risk of death
mune diseases in later life (Table 1). In immunocompromised hosts and in
pregnant women, measles is particularly severe.

2.1 Acute Complications

In industrialized countries up to 10% of measles cases are associated with
complications (Anonymous 1990), the commonest being ear infection (around
5%), pneumonia (around 2.5%), diarrhoea (around 2.5%) and encephalitis (around
0.1%). In developing countries, the complication rate is much higher, and second-
ary infections are compounded by weight loss and functional micronutrient
deficiencies. A community study from India showed 82% of children with
measles had acute complications (NarN et al. 1989). A study of hospitalized
children in Afghanistan (Srivastava et al. 1979) showed 30% of children with
measles had diarrhoea, 84% had pneumonia, and 22% laryngotracheobronchitis
(some had multiple complications).

Pneumonia may be caused directly by measles virus (particularly in malnour-
ished or immunosuppressed children), (MiTus et al. 1959) by secondary infections
with other viruses such as adenovirus and herpes simplex, (WARNER and MARSHALL
1976; KascHuLA et al. 1983) or by secondary bacterial infection. Measles is
estimated to account for a median of 14% (range 6%—-48%) of morbidity from
acute lower respiratory tract infection (ALRI) and a median of 38% of ALRI
mortality. (J. GINDLER et al., unpublished review 1993).

Mortality rates are higher in measles when cases are complicated by diar-
rhoea (KosTer et al. 1981). A review of ten community-based studies in five
developing countries showed that 156%-63% of measles cases were accompa-
nied by diarrhoea. It was estimated that measles immunization can prevent 6 %-—
26% of diarrhoea-associated deaths among children under 5 years of age
(FeacHem and KoBLinsky 1983).

The combined effects of reduced nutrient intake, because of anorexia and
mouth ulcers, and increased loss of water, minerals and protein into the gastroi-
ntestinal tract cause loss of more than 10% of body weight in over 25% of cases
in developing countries (MoRLEY et al. 1963; ScrimsHAW et al. 1966) and measles
may precipitate kwashiorkor (NeTRAsIRI and NeTrasisi 1954). On average, children
take 7 weeks to regain their former weight. Serum vitamin A and retinol binding
protein levels are significantly depressed during the acute stage of measles, but
usually revert to normal 8 weeks after recovery (Repby et al. 1986). Measles
commonly precipitates overt eye damage and blindness in countries where
vitamin A deficiency is prevalent (INua et al. 1983).

Encephalitis as a complication of measles usually occurs 7-10 days after
appearance of the rash and at a relatively constant rate throughout different
populations — around 0.1% of cases. The mortality rate for this complication is
around 10%-30%.
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Appropriate treatment of acute complications is likely to make a significant
impact on measles mortality rates. Well proven management tools such as
cotrimoxazole for respiratory infections, oral rehydration salts for dehydration,
administration of vitamin A, and nutritional support are relatively low priced and
should be made widely available.

2.2 Delayed Complications

Morbidity and nutritional status may remain significantly worse among children
with measles than controls for several months after the acute infection. In a
hospital-based study in India, at follow-up 6 months after discharge, measles
patients reported more frequent episodes of infections than children without
measles, the difference in number of days of illness being significant during the
first 3 months (BHaskArRAM et al. 1984). Community-based studies in India have
shown significantly increased incidence of diarrhoea and cough, hospitalization
for pneumonia (Repbpy et al. 1986), and conjunctival dryness (SHAHID et al. 1983)
among affected individuals at 4-6 months after onset than controls.

A rare complication is subacute sclerosing panencephalitis (SSPE), which
develops in between one and five per 100 000 cases and occurs an average of 6
years after the initial measles infection. SSPE is two to four times more common
in males than females and is more common among children who acquired
measles before 2 years of age. In industrialized countries, the incidence of SSPE
has fallen dramatically with rising coverage of measles vaccine, indicating that the
vaccine virus does not appear to cause SSPE (see chapter by KaTtz, this volume).

Measles remains a rare event in pregnancy in developing countries as most
women of child-bearing age acquired measles at a young age. However, in
industrialized countries (and it is to be predicted in developing countries in the
future), the age distribution of measles cases is changed by immunization,
resulting in measles infection in young adults. ATvAR et al. (1992) described
serious complications to the mother including pneumonitis, hepatitis, premature
labour, and death. Adverse fetal outcomes include abortion and prematurity.

2.3 Case Fatality Rates

Mortality associated with measles varies between regions, countries, and even
from one epidemic to another in the same locality. Measles acute case fatality
rates (the ratio of the number of deaths occurring within 1 month of onset of
measles rash to the total number of measles cases occurring) are currently
estimated to be 0.1 %—-0.2% in industrialized countries and around 50-fold higher
in developing countries.

Quantifying case fatality rates (CFRs) is difficult and may be subject to bias,
in that most information is usually obtained from sources which have an unrepre-
sentative case load, such as hospitals. Outbreaks may also produce higher CFRs
than are seen in endemic cases. For instance, an outbreak in Afghanistan resulted
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ina CFR of 28% for all ages and a CFR.of 42% for children 0-4 years. The results
from this study underline the added danger of acquiring measles at a young age
(Wakenam 1978). Recognizing such difficulties, WHO/EPI reviewed community
studies of CFRs and in the absence of country-specific information, now allocates
CFRs based on this review of the literature (WHO 1991). Further work is needed,
however, to refine how CFRs are measured.

Measles CFRs are higher among the young (GorpoN et al. 1965, McGREGOR
1964) unvaccinated (AaBy et al. 1986), secondary cases (AaBy et al. 1984; Aasy and
LeuwenBURG 1990; GarennE and Aary 1990) low socioeconomic groups (Bruiva
et al. 1987), those lacking access to care including nutritional management
(ScrimsHAw et al. 1966) and vitamin A supplementation (BarcLay et al. 1987;
Hussey and KLeiv 1990), and those with underlying illness (Diaz et al. 1992),
particularly immunosuppressive diseases such as HIV/AIDS (Krasinski and
Borkowsky 1989).

In developing countries, increased case fatality among secondary and sub-
sequent generations of cases has been documented after controlling for age and
nutritional status. This may arise not only because of higher infectious load of
measles virus, but also because of a higher probability of secondary infection or
larger dose of superinfecting pathogens. Case fatality is therefore likely to be
highest when there is a high proportion of secondary cases, such as in outbreaks,
and in crowded urban areas, particularly if there is poor medical and nutritional
care. In such conditions the CFR can be as high as 20%. In contrast, in the USA,
SutTeR et al. {(1991) found no difference in severity between primary and second-
ary cases in a very different sociological setting where the overall severity of
measles was much less and mortality was minimal.

Studies on the effect of preexisting malnutrition have yielded inconsistent
results. There are many biological reasons to expect more severe measles in
malnourished children, who have depressed cellular immune function and often
micronutrient deficiency (GrReenwoob and WHITTLE 1981). Some studies have
reported increased severity of measles and higher case fatality among malnour-
ished children (MoRrLey 1973; Savace 1967). However, other studies have shown
no effect of nutritional status on mortality (KosTer et al. 1981), and nutritional
status may be confounded by intensity of exposure. Multiple cases are more
likely to occur in crowded households with large families, which are also those at
risk of malnutrition (Aasy 1988).

As with morbidity, mortality may be increased for several months after
measles infection (Aary and CLeMENTS 1989; HuLL et al. 1983). Death may result
from a variety of apparently unrelated conditions in the months following measles
infection. One possible explanation of these observations is an altered cell-
mediated immune response as a result of measles infection. It has been postulat-
ed that persistence of measles virus may account for increased delayed mortality,
but there is no empirical evidence for this. Proof accumulates, however, for some
form of immune suppression (see chapter by Griffin, this volume).

The younger the age of infection, the greater the effect of this delayed
mortality phenomenon, emphasizing the urgent need to protect children by
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immunization at the youngest possible age. It is thought that the true impact of
measles virus infection is much greater than is actually recorded in the number of
deaths generally attributed directly to measles, making the control of this disease
an even greater priority. To date, studies describing delayed mortality have all
been conducted in Africa. It is important to confirm these observations in Asia and
the Americas.

3 Measles Epidemiology

Measles virus is most transmissible from a 4-5 days prior to the onset of rash to
1-2 days after rash onset. It is highly infectious: one study estimated that 76% of
household exposures of susceptibles led to measles transmission, compared to
61% for varicella and only 31% for mumps (Hope SimpsoN 1952).

Prior to measles immunization, immunity to measles was acquired by natural
infection or by passive immunization of neonates by maternal antibody trans-
ferred in utero to the fetus. This passive immunity wanes gradually as the
growing infant catabolises maternal antibodies. The majority of infants are
susceptible to measles by the age of 6-9 months in developing countries and
9-12 months in industrialized countries. Because measles transmission requires
contact between an infectious individual and a susceptible individual, the epide-
miology of measles is determined by the likelihood of such contact in different
population groups.

In large unimmunized populations, measles epidemics occur at regular
intervals. In a given population, an increase in the number of persons susceptible
to infection or in the frequency of contact between infectious individuals and
susceptibles will lead to an increase in measles cases. Measles incidence rises,
thus reducing the number of persons susceptible to measles, until the chance of
an infectious person making contact with a susceptible person decreases, when
measles incidence begins to fall. As measles incidence falls, the number of
susceptibles rises again, until a “threshold density” of susceptibles is passed, at
which point measles transmission increases and incidence rises once more. A
classical outbreak in an unimmunized population in India was described by Narn
et al. (1989) (Fig. 1), when measles spread rapidly through the village population.

New susceptibles may enter a population by birth or by in-migration of older
persons who have not been exposed previously. In large populations, the rate
of entry of new susceptibles is high enough to sustain continuous measles
transmission, so that measles is endemic, though still demonstrating periodic
cycles of epidemics. In small, isolated populations, measles dies out between
epidemics, and susceptibles accumulate until a new infectious individual enters
the area, when an explosive epidemic may occur. A famous outbreak in the Faroe
Islands followed 65 years after the epidemic of 1781 (Panum 1939), affecting all
age groups born since the previous epidemic. In rural areas which have high
population movement to and from surrounding areas such as towns or trading
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Fig. 1. Spread of measles during an outbreak in an unimmunized population. Cases reported from an
outbreak of measles in Pikhi District, India, 1986. (From Nairn et al. 1989)

centers, measles epidemiology may resemble that in urban areas, with frequent
introduction of measles causing small clusters of cases and shorter disease-free
periods (VOORHOEVE et al. 1977).

There appears to be an inter-relationship between continuous urban trans-
mission and rural outbreaks. BARTLET (1957) and Brack (1966) suggested that, in
an isolated situation, a minimum population of 400 000-500 000 susceptible
individuals is required to sustain measles transmission. If this is correct, rural
transmission is likely to be initiated by cases from nearby cities. This "“seeding”
phenomenon was documented in an outbreak in Oman (ANonymous 1993) when
imported cases to one village resulted first in a surge of cases in nearby villages
followed by a larger outbreak in more distant villages (Fig. 2). This observation
underlines the importance of improving coverage not only at the country level but
even at the village and community levels as well. Improved surveillance and
special studies are needed to obtain better documentation of the foci of measles
transmission in countries with high coverage.

The average age at measles infection depends on the age at which maternal
antibody is lost and on age-related changes in frequency of contact with other
persons. Measles occurs among younger children in developing than industrial-
ized countries because of the higher birth rates, more crowded living conditions,
and earlier loss of maternal antibody in the former (BLack et al. 1986). Similarly, the
age at infection is earlier in urban than rural areas. The average age of infection
was 4-6 years in most industrialized countries in the early 1960s, prior to the
introduction of widespread immunization (WaLsH 1983). In Senegal, 100% of
urban children were seropositive at 18-24 months of age, whereas in rural areas
100% seropositivity was not reached until 10 years of age (Boue 1964).

Cultural factors which affect the likelihood of an infected person coming into
contact with a susceptible individual may affect the seasonality of measles. In the
UK, for example, FiNe and Crarkson (1982) found that changes in measles
incidence were related to changes in the chance of contact between infectious
and susceptible persons when school terms began and ended. Measles trans-
mission fell during school holidays, and rose after school opening.
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Fig. 2. Dispersal of measles cases in Dhofar Region, Oman, December 10, 1991 to May 31, 1992,
(ANoNYMous 1993)

4 Measles Vaccines

Measles virus was isolated by Enpers and PeesLes in 1954. Both live and killed
vaccines were developed initially, and, by the end of 1950s, Enders and colleagues
had developed the Edmonston B strain of live attenuated measles vaccine (ENDERS
1962). Because of its reactogenicity, gamma globulin was often administered
simultaneously (KrucMaN et al. 1963). By the middle-late 1960s, new strains of
measles vaccine were developed in the USA, Japan, Yugoslavia, the USSR and
China, by further attenuation of Edmonston (AIK-C), Edmonston A (Schwarz),
Edmonston B (Moraten, Edmonston Zagreb) or separate isolates (Leningrad 16,
CAM-70). Further attenuated vaccines were less reactogenic and were suitable
for widespread use without concurrent administration of gamma globulin.

One of the first measles vaccines was a formalin-inactivated vaccine derived
from the Edmonston strain. Usually, three doses of inactivated vaccine or two
doses of inactivated and one dose of live vaccine were administered at monthly
intervals (KrucmMaN et al. 1965). Use of inactivated vaccine was stopped in 1967
when it was realized that immunity was short-lived and that recipients were at
risk of atypical measles on exposure to live measles virus (CENTERS FOR DISEASE
ControL 1967).

Measles vaccines are heat stable in the freeze-dried condition. They survive
well at temperatures between 0°C and + 8°C in the refrigerator, but can be taken
out of refrigeration for a considerable time before there is serious loss of potency.
Once reconstituted, however, at 22°-25°C, they suffer approximately 50% loss
in potency in 1 h, and at temperatures over 37°C, they are inactivated within 1 h.
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It is therefore extremely important to keep reconstituted vaccines cool and
protected from sunlight. It is anticipated that measles vaccine vials will shortly
be provided with heat-sensitive colour indicators. Such colour indicators will
not replace cold chain monitors; however, they will allow health workers to
know when the vaccine which has not yet been reconstituted should no longer
be used. Reconstituted vials of measles vaccine are discarded at the end of the
working day.

4.1 Immunogenicity

Measles vaccine is highly immunogenic when potent vaccine is given in the
correct dose to children of appropriate ages. However, the presence of maternal
antibody markedly reduces seroconversion rates. Where measles among young
infants is not a public health concern, it is recommended to administer vaccine at
12-15 months of age, a time when the majority of children no longer have
maternal antibody circulating and seroconversich rates will be very high. Where
measles is occurring earlier—the case in most developing countries—immuniza-
tion is recommended at 9 months of age. This is a balance between immunizing
later in life (when no maternal antibody remains and seroconversion will be high),
but the infant may be exposed to measles in the mean time, and immunizing early
in life before the infant is exposed to measles (when seroconversion will be low).

4.2 Vaccine Efficacy

Vaccine efficacy is typically determined by comparing the rate of measles in
immunized children with that of measles in unimmunized children. Under most
field conditions, the vaccine efficacy is thought to be at least 85% for children
receiving the vaccine at 9 months of age. Vaccine efficacy increases to 95% or
higher when potent vaccine is administered in the absence of maternal antibodies
at 12-15 months of age.

4.3 Duration of Immunity

Infection with the wild measles virus confers life-long immunity. The measles
vaccine virus is attenuated and antibody levels after immunization are lower than
those after disease. Nonetheless, in most individuals, immunity induced by
standard measles vaccine (administered at an age when maternal antibody has
been lost) lasts at least 21 years (MiLLEr 1987). Antibody persists longer when
there is boosting from exposure to circulating wild virus (Krusman 1983; ZHANG and
Su 1983). However, even in isolated communities, antibodies have been shown
to persist for at least 16 years after immunization (XianGg and CHen 1983).

When measles antibody falls to low levels, reexposure to measles virus (wild
or vaccine virus) stimulates a secondary immune response, in which IgG levels
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rise rapidly and peak approximately 12 days after reinfection. Although in the
majority of these persons, reinfection by wild virus will cause only a subclinical
boost of antibody levels, cases of clinical measles have been documented in
persons who had originally seroconverted after immunization (secondary vaccine
failures) (Reves et al. 1987; MatHias et al. 1989). If antibody levels are high prior to
exposure, reinfection is prevented and a boost is rarely seen (ZHuJ MEASLES
VacciNe Stupy Grour 1987). As outbreaks of measles become rare, exposure to
the wild virus will diminish, and therefore this boosting effect by the wild virus will
diminish also. The duration of vaccine-induced immunity in such circumstances
needs further study.

4.4 Safety of Standard Vaccines

Standard dose furtherattenuated measles vaccines are among the safest vaccines
in use today (FINE 1993). Local reactions at the site of infection are minimal. The
main reactions are associated with a mild, measles-like syndrome which occursin
2%-3% of recipients approximately 1 week after immunization. Febrile convul-
sions may occur in approximately 1 per 1000 vaccinees, but generally resolve
without sequelae. Encephalitis or encephalopathy have rarely been reported after
measles immunization (less than one per 100 000 vaccinees, compared with an
incidence of 5-40 per 10 000 measles cases). There are some groups who are
at increased risk of adverse events after measles vaccines. Chief among these
are children who are immunosuppressed (e.g. congenital immune deficiency,
leukaemia, lymphoma or generalized malignancy, or those on high dose steroids);
measles vaccine is contraindicated in these children. In contrast, children infected
with HIV have been shown to have no increase in adverse events compared with
controls (VoN ReyN et al. 1987). HIV infected children are in particular need of
measles vaccine because of the severity of measles disease in such children.

4.5 Alternative Routes of Administration

Initial replication of wild measles virus occurs on the mucosa of the respiratory
passages and the conjunctiva. It is therefore appealing to attempt introduction of
the vaccine virus in the same way, thereby allowing replication without the
interference of circulating maternal antibody. Nonparenteral routes of administra-
tion of vaccine (such as intranasal, aerosol) may be more efficient in stimulating
the formation of secretory IgA to provide local immunity against reinfection (OGra
et al. 1980).

Administration of vaccine by aerosol has given equivalent seroconversion
rates to the subcutaneous route in most studies (SaBIN et al. 1983; WHITTLE et al.
1984). However, this route has proved technically difficult and impractical (KHANUN
etal. 1987), and there have been concerns about cross-contamination with masks
(WHITTLE et al. 1984). While the aerosol route has found favour in some mass
campaigns in the Americas, it is still not widely accepted. However, this low cost
route remains an attractive potential alternative which requires further research.
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Fig. 3. Global coverage with measles vaccine 1983-1993. (From information supplied to WHO)

5 Current Progress in Measles Control

5.1 Impact of Vaccination

The use of measles vaccine has had a major impact on the epidemiology of
measles. Before the vaccine became available, virtually all children contracted
measles, thus an estimated 130 million cases and around 7-8 million deaths
occurred globally each year (assuming a CFR of 7% in the pre-immunization era in
developing countries). The activities of governments, the Expanded Programme
on Immunization (EPI), and collaborating agencies, have resulted in a dramatic
increase in coverage which has contributed significantly to reducing both measles
morbidity and mortality. By 1991, approximately 80% of the world’s children
under 1 year of age were reported to have received the vaccine (Fig. 3), and it was
estimated that over 1 million deaths were prevented annually.

Despite impressive progress to date in immunizing the world's children,
WHO estimates that, as of September 1994, 45 million cases and around 1.19
million deaths from measles occur annually throughout the world. Thus measles
is still responsible for more deaths than any other EPI target disease. Reported
measles cases have declined since the introduction of the first measles vaccines
in the 1960s (Fig. 4). Because only 5% or less of actual cases are reported in many
situations, the actual numbers cannot be taken at truly representative. None-
theless the global trend is clear; as measles vaccine coverage has risen, the
number of cases has declined.

In locations of sustained high vaccine coverage and where there is good
surveillance, a marked reduction in measles cases has been noted. Several
countries in eastern and southern Africa have sustained coverage of 70% or more
and reduced mortality and morbidity from measles to a small fraction of previous
levels. In most countries in the Arabian Peninsula, coverage is over 80%
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Fig. 4. Number of cases of measles reported globally 1985-1992. (From information provided to WHO)

and measles has virtually disappeared. In Malaysia, coverage is 79% and only
around 400 cases were reported in 1992, a thirtieth of the number reported 10
years ago.

Urban slums represent a major challenge for measles control, as families
often use health services less frequently so that coverage is low, and measles
is likely to be more severe when it occurs. Nonetheless, some African cities
have demonstrated the feasibility of controlling measles in these environments.
Maputo city, Mozambique, for instance, has reduced reported measles incidence
rates by 92 % and mortality by 96% from preimmunization levels by achieving and
sustaining coverage of over 90% of children in the first year of life (Cutts et al.
1994). Measles incidence has fallen in all age groups, including children under 9
months of age, and there has been a shift to older ages. Kinshasa, Zaire, has
achieved similar reductions in measles incidence by attaining close to 90%
coverage with "medium” titre Edmonston Zagreb (EZ) measles vaccine at the
age of 6 months (Cutrs et al. 1994). Reported incidence rates decreased by over
90% from 37.5/10 000 in 1980 to 6.5/10 000 in 1990 and 1.6/10 000 in 1991.
Reported measles incidence declined in all age groups, but the decrease was
greatest among infants under 9 months of age; 32% of cases were below 9
months in 1986-1987 before introduction of EZ vaccine. This dropped to 23% of
cases in 1990-1991 after introduction of EZ vaccine. At the same time, there was
a relative increase in cases among children over 23 months of age from 29% of
cases in 1986-1987 to 43% in 1990-1991.

5.2 Age of Affected Individuals

When assessing changes in measles age-specific incidence, it is important to
distinguish between proportions, relative frequencies and absolute incidence.
Following a period of successful immunization in a community, two events
commonly occur: (1) an increase in the proportion of measles cases which occur
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in immunized children, and (2) an increase in the proportions of children who
acquire measles before the scheduled age of immunization or after the upper limit
of the age group targeted for immunization.

As coverage increases, the average age of cases tends to rise. Achievement
of high vaccine coverage induces a period of low incidence, termed the “honey-
moon period” (McLean and Anperson 1988). During this period, cohorts of
susceptible children who were not immunized in the early years of the pro-
gramme can reach older ages before being exposed. Susceptibles gradually
accumulate until the epidemic threshold is reached, when “posthoneymoon”
outbreaks occur (see below), which affect predominantly children of older ages.
Though the proportion of cases in older children increases after immunization,
the absolute number of such cases may fall due to the overall reduced incidence
rate of measles.

High coverage of children in the 9-11 month target age group soon has an
impact on incidence among children from 9 months onwards. However, the
proportion of cases occurring prior to 9 months may increase, though the actual
number of cases may not rise. In urban areas of developing countries, some
studies have shown that up to a third of reported cases occur before 9 months of
age when coverage is moderately high (TavLor et al. 1988). These data have
served as a critical impetus for researchers to find a measles vaccine which could
successfully immunize infants earlier in life. Over the next decade, it is hoped
that a vaccine will be developed which can be administered early in life, thus
protecting infants from attacks of measles before the scheduled age of adminis-
tration of presently available vaccines, and facilitating the attainment of high
coverage.

5.3 Outbreaks

Even in countries placing additional efforts behind measles control, outbreaks of
measles are expected to continue and do not necessarily indicate programme
failure. The commonest cause for outbreaks in developing countries is still a
failure to immunize (low vaccine coverage). But, for a number of reasons,
outbreaks have occurred even in developed and industrialized countries which
have had high measles vaccine coverage. First, even when coverage is mode-
rately high, susceptibles gradually accumulate over a number of years until a
“posthoneymoon” outbreak occurs. Second, there may be pockets of low
coverage, where outbreaks can occur after measles is introduced. Third, out-
breaks have occurred among the small percentage of immunized persons who do
not respond to the vaccine even when it is administered under optimal conditions.
Lastly, outbreaks may occur in immunized populations if there has been a
problem with vaccine handling, so that vaccine efficacy is low.

Typical “posthoneymoon” outbreaks were reported in 1988 in Harare,
Zimbabwe, when reported coverage was 83 % (Kamsarami etal. 1991), in Muyinga
sector, Burundi, when coverage was 64% (CHen RT et al. 1994), and in Hong Kong
when coverage was 80% (Yu-Luna Lau et al. 1992) (Fig. 5).
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attenders had demonstrable serological antibodies to measles. Thus, even with a
vaccine efficacy of over 95%, outbreaks can occur among vaccine failures under
conditions of close contact such as school settings, although the overall attack
rates will usually be low.

Alarge outbreak in Hungary in 1988-1989 was thought to reflect low vaccine
efficacy (Acocs et al. 1992). The immunization status was known for 12 890 (76 %)
of cases in 1989. Of these, 8006 (62%) occurred in immunized persons. Of the
14 537 (86 %) with a known year of birth, 8608 (59 %) were born during 1967-1973
(16-22 years of age). Persons born during 1971 and 1972 had the highest attack
rates, suggesting that vaccine efficacy had been low when vaccine was adminis-
tered in the mass campaigns during the beginning of the vaccination programme
in that country. This emphasizes the importance of monitoring the quality of
vaccination practices in addition to coverage.

Such examples of outbreaks occurring in relatively highly immunized popula-
tions do not weaken the argument for attaining high coverage, which is likely to
lengthen the period between epidemics. With control programmes and effective
surveillance systems in place, the size of expected outbreaks can also be
minimized, and it is important to note that measles incidence has been greatly
reduced from that of the preimmunization era.

5.4 Herd Immunity and Elimination

Mathematical models of infectious diseases have shown that once a population
reaches a certain level of immunity, the remaining unimmunized individuals will
be protected by the immunity of the surrounding “herd” (Anperson and May
1983). But due to the highly infectious nature of the measles virus, the required
level is thought to be very high. It is also recognized that the nonrandom
distribution of the unimmunized in a population will make it difficult to predict the
effects of herd immunity.

It appears that the level of coverage needed to interrupt transmission will vary
with the epidemiological situation. A low-density rural or island population with
few imported cases may need much lower levels of coverage to achieve herd
immunity, whereas it has been demonstrated that coverage of 83% and a vaccine
efficacy of around 85% are not sufficient for a city like Harare (Kamearami et al.
1991). In crowded conditions, it is likely that even 95% vaccine coverage using a
vaccine whose efficacy is less than 90% may not be sufficient to eliminate
measles.

6 New Schedules, New Challenges

The world is no longer satisfied with just controlling measles. Even with the
limitations of the available vaccines and strategies, some countries are aiming to
eliminate the disease. An added impetus has been provided by the World Health
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Assembly and the 1990 World Summit for Children, which set specific goals of
case and death reduction by 1995 as a step towards global eradication. The
fundamental activity undertaken at a country level to control measles is to raise
coverage with one dose of standard measles vaccine as high as possible. Several
complementary strategies are now planned or operational to reduce overall cases
and deaths, to reduce cases and deaths in young infants, or to eliminate measles
virus from a country or subregion. Some of these involve making better or more
strategic use of what is already available, while others involve totally new
technologies.

A number of high or middle income countries have introduced an additional
routine dose of vaccine. Many European countries and the United States give the
second dose to school age children, often including it as a multi-valent vaccine
such as MMR (mumps, measles, rubella). This two dose schedule aims to
reduce primary vaccine failures. Measles has virtually disappeared from Sweden
since introduction of a two dose MMR schedule and attainment of high coverage
with both doses (BotTiger et al. 1987), and is now an uncommon infection of
much of Europe and North America.

Campaigns have been used successfully in the region of the Americas to
provide either a missed first dose or an additional dose of vaccine to all persons
aged 9 months to 15 years. In the 2 years ending 1993, most countries in Latin
America had undertaken measles mass campaigns which included all children 9
months to 15 years of age. The results so farindicate measles has virtually ceased
to circulate in these countries. Until measles is eradicated, it may be necessary,
however, to repeat campaigns to maintain the virtual absence of cases, otherwise
numbers of susceptibles will accumulate until an outbreak occurs.

6.1 Future Directions and Needs

As described earlier, the continued occurrence of cases before the age of
immunization has been a constant concern to immunization programmes. One
solution may be to raise coverage in older eligible children, so reducing the
amount of virus circulating and the absolute number of children in the pool of
susceptibles. However, over the last 10 years, considerable effort has been
placed in trying to develop vaccines which can be administered at an earlier age.

While all measles vaccine strains are thought to be equally immunogenic in
older infants and children without maternal antibodies, some vaccine strains, in
particular EZ (MarkowiTz et al. 1990; Jos et al. 1991) and AIK-C (Tipuani et al. 1989)
strains, are more immunogenic in the presence of maternal antibody. Further-
more, increasing the potency of live attenuated vaccines was found to increase
their immunogenicity in the presence of maternal antibody (WHITTLE et al. 1988).

In 1989 the World Health Organization recommended the use of high titer EZ
vaccine for use in children aged 6 months in countries in which measles before
the age of 9 months is a significant cause of death. However, before the high titer
vaccine became available for widespread use, concerns were raised about its
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long term safety. In June 1992, a panel of experts reviewed data from several
studies and recommended that: “High titre (equal to or greater than log 4.7
infectious units per human dose as expressed in relation to the International
Reference Reagent for measles vaccine) measles vaccine derived from the
original Edmonston measles virus isolate should no longer be recommended for
use in immunization programmes” (ANoNymous 1992).

While efforts during the 1980s were directed at defining the differences
between live attenuated vaccine strains which may have permitted immunization
in the presence of maternal antibody, more recent approaches have focused on
the use of new molecular techniques to design vaccines. Among the approaches
being investigated, three approaches to immunizing before 6 months of age look
particularly promising. The insertion of internal proteins of the measles virus into
the bacillus Calmette Guerin (BCG) may allow priming of infants in the first few
weeks of life. Thus if wild measles virus were encountered, or a later dose of
standard vaccine given, a booster effect would result in either no infection or a
mild infection.

The second possibility is the development of arecombinant vaccine based on
the canary pox virus, an organism which cannot replicate in humans. The third is
the use of an immune stimulating complex (ISCOM) to present measles proteins
to the immune system. All three developments represent new technologies
which may, over the next decade, provide radical new approaches to measles
control.

The supply of standard vaccine is critical if programmes are to continue their
work of immunizing children. There is adequate manufacturing capacity for
measles vaccine to meet the current global needs. However, to meet a significant
increase in demand, industry would need to expand capacity—requiring a major
investment in equipment. There would also be roughly a 2 year lead time before
new plant could be operational. Global vaccine requirements have been increas-
ing as countries have adopted more vaccine-intensive strategies for controlling
measles such as multiple dose schedules, outbreak response, national vaccina-
tion days or campaigns.

[t has become increasingly difficult to predict accurately what global vaccine
needs will be over the next decade, but a trend can be anticipated where more
countries are likely to administer more than one dose per child. Evaluation of new
measles control strategies must include a consideration of the impact on vaccine
demand and a commitment to assure the supply and financing of the vaccine.

7 Summary

Measles is a highly infectious disease which has a major impact on child survival,
particularly in developing countries. The importance of understanding the epide-
miology of this disease is underlined by its ability to change rapidly in the face of
increasing immunization coverage. Much is still to be learned about measles
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epidemiology and the best strategies for administering measles vaccines, as well
as about the biological mechanisms of action of measles vaccines. However, it is
clear that tremendous progress can be made in preventing death and disease
from measles with existing knowledge about the disease, and by using the
presently available vaccines and applying well tried methods of treating cases.
Research in the coming decade may provide improved strategies and more
effective vaccines for use in immunization programmes.
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1 Virion Structure

Measles virus, a member of the morbillivirus genus of the paramyxovirus family,
is an enveloped virus containing a single-stranded, minus (-) sense 50S RNA
genome (Baczko et al. 1983; DunLAP et al. 1983; Upem and Cook 1984). Negatively
stained preparations of virus particles appear roughly spherical but pleomorphic
by electron microscopy, with the diameters of the particles ranging from 300 um
to 1000 um (Lunp et al. 1984). The envelope of the virion consists of a lipid bilayer
membrane; the integral viral membrane proteins hemagglutinin (H, 80 kDa)
(GeraLD et al. 1986) and the two subunits of the fusion protein (F1, 40 kDa and F2,
20 kDa) (BuckLaND et al. 1987; RicHARDSON et al. 1986; StaLLcup et al. 1979) can be
released by trypsin treatment. The matrix protein (M, 37 kDa) (GREER et al. 1986)
appears to lie on the inner surface of the membrane and can be released with
detergent and high salt (BELLINI et al. 1986; StaLLcup et al. 1979). Virion RNA is
packaged in a helical ribonucleoprotein particle or nucleocapsid (Nakal et al. 1969;
Rogsins et al. 1980; and LunD et al. 1984) by the nucleocapsid protein (N, 60 kDa)
(RozenBLATT et al. 1985). Measles nucleocapsids can be purified from virus banded
on CsCl gradients as ribonucleoprotein particles at a density of 1.32 g/cm?®
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Fig. 1. Gene organization of the measles virus RNA. The measles virion RNA is indicated by the
horizontal line, with the gene and boundary regions indicated above and below the line, respectively. The
number of nucleotides in each gene is indicated below the gene. The data are a summary of the
sequencing data contributed by the authors (referenced in the text)

(StaLLcup et al. 1979; Rossins et al. 1980; Upem and Cook 1984). The association
between RNA and N is very stable, being resistant to dissociation by high salt, and
the encapsidated RNA is resistant to nuclease digestion (ANDzZHAPARIDZE et al.
1987; Mover et al. 1990). The virus-encoded RNA-dependent RNA polymerase
consists of two subunits, the P (70 kDa) and L (~250 kDa) proteins, and is
associated with the nucleocapsid in the virion (BeLLiN et al. 1985; BLumBERG et al.
1988; SEeiFRIED et al. 1978).

The measles virus gene order, 3' leader-N-P/ C/ V-M-F-H-L-trailer 5' (Fig. 1),
was first inferred from northern analyses of the mono- and polycistronic mRNAs
isolated from measles-infected cells (BARRET and UNDERWOOD 1985; RICHARDSON et
al. 1985; DowLING et al. 1986; Rima et al. 1986; YosHikawa et al. 1986) and then
directly determined by sequencing (BELLINI et al. 1985, 1986; RozenBLATT et al.
1985; GeraLD et al. 1986; ALkHaTiB and Brienis 1986; RicHarDsoN et al. 1986;

A . Gene start Sequences

Gene Intergenic spacer Genomic sequence
3 5
N GAA UCCUAAGUUC. . ...
P/C/V GAA UCCUUGGUCC. . ...
M GAA gCcCcucGuuuC. . ...
F GAA UCCCGGUUCC. . ...
H GAA UCCCACGUUC. . ...
L GCA UCCCAGGUUC. . ...
B . Gene stop Sequences
Gene Genomic sequence
3 5!
N L. AGGUAGUAACAAUA UUUUUU
p/C/V L. GGAUUUAGGUAAUA UUUUUUU
M L GGCCGUUUGAUUUG UUUU
F L. UAGCCAUCAAUUAA UUUU
E ... UGUAGUCUUAAUUC UUUUU
L L. UUAUAUAUAAUUUC UOUUU

Fig. 2A,B. Sequences at the 3' and 5' ends of the measles virus genes. The data from Crowley et al.
(1988) are presented as (—) sense RNA



Transposon Tn7 37

that the reaction proceeds in a standard manner, through concerted joining of the
two ends of an excised linear transposon to the target DNA.

3.3 The Chemistry of DNA Breakage and Joining

The double-strand breaks that excise Tn7 from the donor backbone cleanly
expose the 3' ends of the transposon but are staggered, such that 3 nucleotides
of flanking donor DNA remain attached to the 5' transposon ends (BainTon et al.
1991; P. Gary and N.L. Craig, unpublished; Fig. 4B). This contrasts with the
excision of the bacterial transposon Tn10, which also transposes via an excised
linear transposon where the 5' strands are also cut at the transposon termini
(BenJamIN and KLeckNER 1989, 1992). Tn7 is inserted into the target DNA by the
joining of the exposed 3' transposon ends to staggered positions on the top and
bottom strands of attTn7; these positions are separated by 5 bp (BainTon et al.
1991). The joining of the 3' transposon ends to 5' positions in the target DNA
results in the concomitant generation of exposed 3' ends in the target DNA. Thus
the newly inserted Tn7 transposon is covalently linked to the target DNA through
its 3' ends and is flanked by short gaps at its 5' ends, reflecting the staggered
positions of end joining; the intact strands of the flanking gaps are the top and
bottom strand of the target DNA between the positions of end joining. The repair
of these gaps by the host DNA repair machinery results in the characteristic 5-bp
duplications that flank Tn7 insertions; this repair process is also presumed to
remove the few nucleotides of donor DNA attached to the 5' transposon ends in
the initial recombination product.

The same chemistry of DNA breakage and joining, i.e., breakage to expose the
3' ends of the transposon and subsequent covalent linkage of these ends to 5' ends
of target DNA, has been determined for all other elements that have been
investigated at the biochemical level including Mu, retroviruses and retrotrans-
posons, and other bacterial elements such as Tn10 (reviewed in Mizuuchi 1992).

It should be noted that although it appears as if the excised transposon has
joined to the target DNA by joining of the transposon ends of a staggered double-
strand break at the insertion site, there is no evidence to support the view that Tn7
transposition proceeds through such a mechanism. No such double-strand

i

‘Fig. 4A, B. The pathway of transposition. A Transposition substrates, intermediates, and products
are shown. On the left are the substrates, a donor plasmid containing Tn7 {white box) and a target
plasmid containing attTn7 (black box). Recombination initiates with double-strand breaks at either
transposon end; pairs of breaks on the same substrate generate an excised linear transposon which
inserts into the target DNA. The transposition products are a simple insertion and a gapped donor
backbone. B The chemistry of breakage and joining during Tn7 transposition is shown. Recombination
begins with staggered double-strand breaks at the ends of Tn7 which cleanly expose the 3' terminal-
CAs and leave several nucleotides of donor DNA (d) attached to the 5' ends of the transposon. Tn7
joins to the displaced 5' positions on the target DNA though its terminal 3' As. The simple insertion
transposition product has covalent linkages between the 3' ends of the transposon and 5' ends of
target DNA. The 5' transposon ends are flanked by short gaps; repair of these gaps by the host repair
machinery generates 5-bp duplications of target sequences
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the synthesis of the (+) strand nucleocapsid which in turn serves as the template
for the synthesis of progeny nucleocapsids containing the (-) strand genome
RNA. The newly synthesized (-) strand nucleocapsids are templates for second-
ary transcription, amplifying the viral mRNAs and proteins in the infected cell, as
well as for budding of progeny virus.

The envelope components of the virion, the H and F proteins, are synthesized
on membrane-bound ribosomes, transported through the endoplasmic reticulum,
glycosylated in the Golgi, and become integral plasma membrane proteins
(MoRrRisoN and PORTNER 1991; Ray et al. 1991b). The M protein is synthesized on
cytoplasmic ribosomes and binds both progeny nucleocapsids (StaLLcup et al.
1979; Hirano et al. 1992) and one or both of the viral glycoproteins at the
cytoplasmic surface of the plasma membrane (PeesLes 1991). The virions form by
budding of the nucleocapsids through the plasma membrane, a process largely
defined only by electron microscopy (NAkal et al. 1969). Virus containing both
single and multiple nucleocapsids with both the (+) and (-) sense RNAs are
formed, indicating a lack of specificity in the maturation process (Lunp et al. 1984).

Cellular proteins are thought to be required for measles virus maturation.
Cytochalasin B, an inhibitor of actin microfilaments, inhibits virus formation and
results in the accumulation of measles nucleocapsids within the cell (StaLLcup
et al. 1983). Actin binds M protein (GUIFFRE et al. 1982), is also packaged in virions
(TYRReLL and NorrBy 1978; StaLLcup et al. 1979; Rosains et al. 1980) and has been
shown to be associated with measles virus nonreplicating nucleocapsids in vitro
(Mover et al. 1990). From this and electron microscopy data (BoHn et al. 1986), it
is proposed that progeny nucleocapsids attach to growing actin filaments, possi-
bly through their association with M protein bound to the nucleocapsid, and the
vectoral growth of the actin filament is used as the means of transport of the
nucleocapsids from the cytoplasm to the plasma membrane to initiate budding.

3 Experimental Systems for Synthesis
of Viral RNA in Vitro

We will concentrate in this review specifically on the mechanisms of measles
virus RNA synthesis. While many aspects of the transcription and replication of
the measles virus genome appear to be similar to other nonsegmented negative
strand RNA viruses, detailed studies of this virus are not as advanced. RNA
synthesis of two other viruses, vesicular stomatitis virus (VSV), a rhabdovirus, and
Sendai virus, a paramyxovirus, has been extensively studied (for reviews, see
BANERJEE 1987; BANERJEE and Barixk 1992; KingsBury 1991) and these will serve as
models for the present discussion when specific data on measles virus are not
available. The initial studies of measles virus focused on the characterization of
the various RNA products from infected cells, as summarized above, from which
models for RNA synthesis were derived. Major advancements came with the
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establishment and characterization of a variety of cell-free systems that would
support RNA synthesis in vitro. We will first discuss the various systems that
have been employed and then describe the mechanisms of both transcription and
RNA replication in detail.

SeiFriED et al. (1978) first described in vitro measles transcription using
detergent disrupted virus and an assay measuring the incorporation of radiola-
beled GTP into TCA precipitable material. They showed that the polymerase
activity copurified with virus in sucrose gradients. More recently we have also
utilized purified measles virus to study various parameters of transcription in vitro
(Horikami and Moyer 1991). Other in vitro transcription systems utilizing cytoplas-
mic extracts of, or nucleocapsids from, virus-infected cells were developed and
permitted the synthesis of individual virus-specific mRNAs and some genome
RNA (Ray and Fuuinami 1987; Mover et al. 1990).

A powerful mammalian expression system utilizing cloned viral genes was
developed to study VSV and Sendai virus RNA replication in vivo (PATTNAIK and
WEeRrTz 1990; CurraN et al. 1991). Following this methodology, we extended this
system to study in vitro RNA synthesis of Sendai virus (Horikami et al. 1992) and
more recently of measles virus (unpublished data). In this procedure cells are
infected with a recombinant vaccinia virus containing the T7 RNA polymerase
gene. Newly formed T7 RNA polymerase drives expression of the subsequently
transfected plasmids containing the essential Sendai virus genes NP, P, and L,
which were cloned downstream of the T7 promoter. The viral proteins in extracts
of these cells are used for in vitro RNA synthesis reactions. This system is very
versatile, since the individual genes can be modified and then expressed in
various combinations to monitor different steps in either transcription or RNA
replication.

4 RNA Polymerase

The measles RNA polymerase is thought to consist of a complex formed from
two different components, the L and P proteins. For VSV and Newcastle disease
virus (NDV), each subunit of the RNA polymerase was purified and reconstitution
experiments showed that both P and L are required for viral transcription
(HamaGucH! et al. 1983; EmErsoN and Yu 1975). A similar, direct biochemical
analysis of the measles virus RNA polymerase has not yet been performed.
Although there is no direct experimental evidence as yet for any negative strand
virus, itis believed that the L protein contains the majority, if not all, of the catalytic
activities. Consistent with this hypothesis is the large size of the L protein
(measles virus, 2183 amino acids). In addition, complementation studies with
VSV temperature-sensitive mutants defined several intragenic complementation
groups in the L gene which are also consistent with multiple functional domains
in this protein (PRINGLE 1987).
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Fig. 3. Conserved regions in the measles virus L protein. The amino acid sequence of the measles L
protein is depicted by the horizontal line with the positions of the conserved domains, I-VI, indicated
above the line. The data were adapted from PocH et al. (1990)

The measles virus L amino acid sequence has been compared with that of
other negative strand RNA viruses. Six conserved regions, I-VI (Fig. 3), have been
described (BLUMBERG et al. 1988; PocH et al. 1990), although their functions have
not yet been identified. The only transcription-associated activities assigned so far
to the L protein have been described in VSV. The mRNA methyltransferase
activities (HammvonD and Lesnaw 1987; Hercyk et al. 1988) and an aberrant poly-
adenylation activity (HunT and HutcHinson 1993) map to the L protein. In the latter
case, sequence analysis of mutants and revertants suggests that the polyadeny-
lation mutation maps between conserved boxes V and VI in the COOH-terminus
of the protein. Mutation of the GDN site in conserved region Il abolished
transcription of the VSV L protein (SLEAT and BanerJee 1993), suggesting that this
motif is important for catalytic activity. In other experiments CANTER et al. (1993)
showed that deletion of a possible nucleotide binding motif in box VI in the VSV L
protein also abrogated transcription. Future site-directed mutagenesis of the L
gene in these systems will be an invaluable approach in mapping the functional
domains of the protein.

Among the paramyxoviruses, the P gene is unique because it alone codes for
multiple proteins, P, C and V. In measles virus the largest open reading frame in
the P mRNA starts at the first AUG at nucleotide 60 and encodes the P protein
(507 amino acids) in the O reading frame (BeLLiNi et al. 1985). In the overlapping +1
reading frame starting at nucleotide 82 is a second AUG used for the translation
of the C protein (186 amino acids). The V protein will be discussed later. Both the
P and C proteins are expressed from the same mRNA in measles virus-infected
cells and during translation in vitro. The measles P protein is phosphorylated at
multiple sites, but the C protein is unphosphorylated (BeLLini et al. 1984; ALKHATIB
et al. 1988). Phosphorylation of P protein does not depend on other measles
proteins, since this modification occurs when the P gene alone is expressed in an
adenovirus virus vector (ALkHATIB et al. 1988). The functional role, if any, of
phosphorylation is unknown, although in VSV, specific P phosphorylation sites are
essential for transcription (BANERJEE and BArik 1992).

Immunofluorescence microscopy shows that the measles C protein is
present in the cytoplasm of infected cells in both diffuse and punctate staining,
and it was found in the nucleus as well in one study (BeLLINI et al. 1985; ALKHATIB
et al. 1988). The C protein is apparently not present in purified measles virions.
In Sendai virus, data from in vitro RNA synthesis reactions suggest that the C
protein plays a role specifically in the regulation (inhibition) of mRNA synthesis
(Curran et al. 1992). For measles virus we found that the addition of a rabbit anti-
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measles C peptide antibody to in vitro reactions had no effect on RNA synthesis
{(unpublished data); however, future studies using proteins expressed from
cloned genes will be required to more directly address a possible role of C protein
in measles virus transcription.

Although not done directly with measles virus, the P protein of the paramyx-
oviruses NDV and Sendai virus was shown to be required for RNA synthesis
by biochemical fractionation as mentioned above and by the inhibition of tran-
scription with monoclonal antibodies to P, respectively (HamagucH! et al. 1983;
DesHranDE and PorTNER 1985). P protein appears to have multiple roles in RNA
synthesis, since Sendai virus P protein forms separate complexes with the L and
N proteins (Horikami et al. 1992). Ryan and coworkers showed that the Sendai P
protein will bind to the N protein of Sendai nucleocapsids in the absence of L
protein (RvaN and PorTNER 1990; Ryan et al. 1991). Specifically, they have identi-
fied two separate regions of the P protein, one at the COOH-terminal and one at
an upstream region, that are both required for binding to viral nucleocapsids.
These regions are separated by a 66 amino acid domain that is not required for N
binding. The individual measles virus N and P proteins also form a complex, since
both full length P and a polypeptide encompassing the COOH-terminal amino
acids 322-507 of P protein bound N protein in an assay in which monoclonal
antibodies to either P or N coimmunoprecipitate the other protein (HuBer et al.
1991). While the N binding domain of measles P clearly resides in its COOH-
terminal half, further mapping of the essential domain(s) is needed to determine
if it also has the bipartite organization found in the Sendai P protein. The function
of the N-P complex in RNA replication will be discussed later.

We showed for Sendai virus that RNA polymerase activity requires a com-
plex of P and L proteins that forms only when the proteins are coexpressed
in mammalian cells (Horikami et al. 1992). This was demonstrated both by
coimmunoprecipitation of both proteins by a monoclonal antibody to P protein
and by cosedimentation of the proteins on glycerol gradients. Similar analyses of
overlapping deletion mutants of the Sendai P protein expressed in mammalian
cells have mapped the region between the two nucleocapsid binding regions as
the L binding site on the P protein (SmaLLwoob, et al. 1994). We have recently
shown for measles virus as well that the P and L proteins expressed from
plasmids also form a complex (unpublished data), but it remains to be determined
if the L binding site on the measles virus P protein maps to a region similar to that
in Sendai virus.

5 Transcription

The measles RNA polymerase initiates transcription on the nucleocapsid RNA at
the 3' terminal nucleotide, synthesizing a 55 nucleotide (+) strand leader RNA
from purified virus in vitro (Horikami and Mover 1991). Free leader RNA has also
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been detected in measles-infected A549 cells but not in infected Vero cells
(CrowLEY et al. 1988; CasteNaDA and WonGg 1989; Horikami and Mover 1991),
suggesting that the stability of the leader RNA in vivo is cell line-dependent. The
synthesis of leader RNA demonstrates that the measles RNA polymerase
initiates transcription in a manner similar to that of other non-segmented negative
strand RNA viruses. Ray et al. (1991a) reported that leader RNA accumulates in
the nucleus of measles virus-infected cells; however, since their assay was not
specific for free leader RNA this observation requires confirmation.

Transcription then occurs sequentially following the gene order with the
synthesis of the individual N, P/C/V, M, F, H, and L mRNAs. The polymerase
apparently detaches from the nucleocapsid at the intergenic regions with increas-
ing frequency as a function of the distance of the boundary from the promoter,
leading to the polar accumulation of the mRNAs. mRNA abundance, therefore, is
thought to be the main determinant of protein abundance. The transcription
frequencies of the mRNAs in infected cells relative to N mRNA as 100%, are P
(81%), M (67%), F (49%), and H (39%) (CATTANEO et al. 1987b; ScHNEIDER-
ScHauues et al. 1989). A polar gradient of mRNAs was also synthesized from
purified virus in vitro, except with an even steeper slope and little synthesis of the
more distal MRNAs (Horikami and Mover 1991). These results suggest that the in
vitro reaction is either intrinsically inefficient or perhaps requires a cellular factor
for the continued elongation or processing ability of the enzyme. At the end of
each gene boundary, except for the leader RNA which is not processed, the
polymerase presumably terminates synthesis following polyadenylation and then
reinitiates at the consensus sequence of the next gene without transcription of
the inter-genic trinucleotide (BANERJEE 1987; BANERJEE and Barik 1992).

As in eukaryotic mRNAs, the viral mBNAs are processed at their 5' and 3'
ends. The measles virus mMRNAs are capped and methylated at the 5' end with
the structure 7mGpppAm (YosHikawa et al. 1986). The mechanisms of these
reactions are not known, although the conserved consensus sequence at the
beginning of each gene, 3' UCC{U/C)N(G/A/CHG/U)U(U/C)C &' (Fig. 2A), may
specify the initiation of MRNA synthesis and capping and methylation of the 5'
end (BANERJEE 1987). At the stop region of each gene (Fig. 2B), there is an A/U-rich
seqguence followed by four to seven Us, which is thought to be the signal for
polyadenylation of the mRNAs (Upem and Cook 1984, YosHikawa et al. 1986). The
poly A tail varies from 70 to 140 bases (HALL and TER MeuLeN 1977) and appears to
be synthesized by a slippage or stuttering mechanism in which the polymerase
slips or backs up and copies the multiple Us reiteratively (KoLakorsky et al. 1991).
It has not been determined if all these mRNA processing events occur during in
vitro transcription employing purified virus, although this has been demonstrated
with other negative strand viruses. Since an infectious genomic cDNA is not yet
available, testing the function of the putative genomic cis sequences in mRNA
processing has not been possible.

"Measles virus transcription is not precise. Both monocistronic and various
polycistronic mMRNAs are synthesized in vivo and in vitro (DowLiNG et al. 1986;
Mover et al. 1990). CaTTaNEO et al. (1987a) as well as WoneG and Hirano (1987)
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have shown for measles variant SSPE viruses that only a P-M bicistronic mRNA,
and not the individual P and M mRNAs, are synthesized. Sequencing showed that
the junction between the P and M regions is the exact copy of the intergenic
region and polyadenylation occurs only at the end of the RNA. The synthesis of
these mRNAs, therefore, is not due to mutations of the junction sequence, but
seems to be a function of altered polymerases. Only the first cistron of this RNA
was functional in the infected cell or in in vitro translation yielding synthesis of the
P, but not the M, protein.

Transcription of the P gene of most paramyxoviruses has another unique
feature, designated mRNA editing (THomas et al. 1988; Cattaneo et al. 1989;
KoLakorsky et al. 1991). Cattaneo et al. (1989) showed in measles virus-infected
cells that half of the P mRNA is complementary to genomic RNA and half is
altered by the insertion of a single nontemplated G nucleotide at position 751
giving a second mRNA (V) to access a third open reading frame. The putative
measles virus editing sequence derived from the conserved regions in other
paramyxoviruses is 5' UUAAAAAGGG*CACAGA 3' ((+) sense), in which the G
insertion takes place within the three Gs indicated by the asterisk. In Sendai virus
a 24 nucleotide sequence spanning the G insertion site and the three G residues
were necessary and sufficient for editing in a model system (Park and KRysTAL
1992). We showed that P mRNA editing also occurs during in vitro transcription
from purified measles virus, although the insertion of the nontemplated G
occurred at a somewhat lower frequency (20%-30%) than in the infected
cell (Horikami and Mover 1991). These data suggest that RNA editing is an
additional function of the RNA polymerase, presumably of the L protein, as was
also proposed for Sendai virus (VIDAL et al. 1990b). P mRNA editing is thought to
occur by a stuttering or slippage mechanism, similar to that proposed for poly-
adenylation (VIDAL et al. 1990a).

The translation product of the edited mRNA, V protein shares with the P pro-
tein a common NH,-terminal 230 amino acids but has a unique, cysteine-rich
COOH-terminal polypeptide segment encompassing 68 amino acids from the
third open reading frame. The V protein is phosphorylated and by immunofluores-
cence microscopy of measles virus-infected cells, V can be seen to have a diffuse
cytoplasmic distribution distinct from that of viral nucleocapsids (Warbrop and
BRriepis 1991; GomBART et al. 1992). Studies on Sendai virus show that V protein is
not present in virions, but is in infected cells and appears to interfere specifically
with viral RNA replication. Thus, it may fulfill a regulatory role in virus reproduction
(CurraN et al. 1991); however, this remains to be determined for measles virus.

In vitro transcription of measles nucleocapsids from infected cells or of
purified virus was markedly stimulated by a cytoplasmic extract of uninfected
cells, suggesting the involvement of a cellular protein in viral RNA synthesis
(Mover et al. 1990; Horikami and Mover 1991; BrLumsera et al. 1991). Tubulin
appears to be at least one of the required proteins, since transcription is inhibited
by an anti-tubulin monoclonal antibody and stimulated by the addition of purified
tubulin. Similar results were reported for the effect of tubulin on VSV and Sendai
virus RNA synthesis (MoYER et al. 1986; CHATTOPADHYAY and BANERJEE 1988; MoYER
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and Horikami 1991). The anti-tubulin antibody coimmunoprecipitated the measles
L protein with tubulin, suggesting one model in which tubulin might act as a
subunit of the viral RNA polymerase (Mover et al. 1986). Other models propose
that tubulin or microtubules may act instead as an acidic activator of the RNA
polymerase (CHaTTOPADHYAY and BANERJEE 1988) or as an anchoring site for the
transcription/replication apparatus (HamagucHi et al. 1985).

6 RNA Replication

The most unusual feature of RNA replication of negative strand viruses, which
distinguishes it from transcription, is that the synthesis of both the (+) and (-)
genome length RNAs is coupled to their concomitant encapsidation by the
nucleocapsid protein, while mRNAs remain unencapsidated. The viral poly-
merase responsible for genome RNA replication is thought to be the same protein
complex, P-L, which catalyzes transcription and it is the availability of the N
protein which is thought to regulate the transition from transcription to replication
(Baneryee 1987; BLumBERG et al. 1981). The overall model is based on extensive
data with VSV (summarized in BANERJEE 1987): The N protein, normally an insolu-
ble protein, is complexed with P protein to form the soluble substrate used for
encapsidation. To initiate encapsidation the RNA polymerase catalyzes the bind-
ing of the N protein from the complex (releasing P) to nascent leader RNA in a
seguence-specific manner. The cooperative encapsidation with N coupled with
further RNA synthesis masks the putative consensus signals at each gene
boundary, preventing termination and mRNA processing, to yield the full-length,
assembled nucleocapsid. Based on this model for RNA replication, one would
predict at least three functional domains for the N protein: (1) a P binding site for
the formation of the N-P complex used as the substrate for encapsidation; (2) an
RNA binding site for initiation and elongation during encapsidation; and (3) an N
binding (assembly) site. In addition, the RNA polymerase must recognize the
N-P encapsidation substrate. None of these sites have been mapped, but some
details of replication are beginning to emerge.

The measles N protein (625 amino acids) is a phosphoprotein, although the
phosphorylation sites are not known. In Sendai NP, however, the nonconserved
COOH-terminal region contains most of the phosphorylation sites (Hsu and
KingsBury 1982). Studies in Sendai and measles viruses suggest that the NH,-
terminal two-thirds of the N protein contain the domain that interacts with the
RNA and the adjacent N polypeptides, while the nonconserved COOH-terminus
(~ 100 amino acids) protrudes from, or lies on the surface of, the nucleocapsid.
Trypsin treatment of the nucleocapsid, for instance, yields a large NH,-terminal
fragment still associated with the RNA and releases a COOH-terminal fragment
(12K) (HeGGENEss et al. 1981; Giraupon et al. 1988). Deletion constructs of measles
virus N have been used to map three antigenic, antibody binding sites on N
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protein (amino acids 122-150, 457-476, and 519-525), suggesting that there are
surface epitopes at each end of the protein (BuckLanD et al. 1989). GomBART et al.
(1993) described a different NH,-terminal antibody binding site (amino acids 23—
239) in measles N, which is conformation-dependent and recognizes N protein
after it is folded and then incorporated into nucleocapsids. This is confirmation
that an NH,-terminal domain is also exposed on the surface of the nucleocapsid.

The N protein expressed from a recombinant vaccinia virus containing just
the measles N gene appears to self-assemble into nucleocapsid-like structures,
although it is not clear if these assembled structures contain RNA (SPEHNER et al.
1991). Huser et al. (1991) have shown by immunofluorescence microscopy that,
when measles N protein is expressed from a plasmid in transfected cells, the
protein migrates predominantly to the nucleus, while the coexpression of P with
N protein retains the N protein in the cytoplasm as an N-P complex. Thus, as in
VSV, the P protein appears to solubilize N protein via the complex to provide a
suitable substrate for replication in the proper cellular location.

It is the folded form of N protein which binds P, and the NH,-terminus of N
protein may contain the P binding site, since a monoclonal antibody to amino
acids 23-239 prevents P binding (GomearT et al. 1993). For comparison, studies
in Sendai virus show that deletion of amino acids 189-293 in N protein abol-
ished binding to the Sendai P protein, although deletions elsewhere also affected
binding (Homann et al. 1991). Additional studies are needed to fine map the
P binding site on measles N. For the other component of the complex, the COOH-
terminal 322-507 amino acids of the measles P protein are sufficient to bind N
protein; however, amino acids 205-507 of P are required to prevent N from
migrating to the nucleus (Huger et al. 1991). Since the V and C proteins are not
synthesized from these P mutants, they appear not to be involved in N-P complex
formation or its cytoplasmic retention.

The precise location of the other putative functional domains of N protein (N
protein and RNA binding) have also not been determined. Sequence comparisons
of the N proteins of many paramyxoviruses show a conserved amino acid
sequence, spanning amino acids 261-359 (MivaHARA et al. 1992), which may be
important for these latter functions; however, no replication data are available for
measles virus N protein deletions. Analyses of in vitro Sendai virus replication
assays demonstrate that N deletions anywhere from amino acids 1 to 399 abolish
replication, while proteins with deletions in the COOH-terminal 400-525 amino
acids still give significant replication (CurraN et al. 1993). These data support the
importance of the NH,-terminal domain in RNA binding and N-N protein interac-
tion. The nonconserved COOH-terminus appears malleable and, in fact, can be
substituted entirely by the COOH-terminus of the N protein of a bovine parainflu-
enza virus in vitro.

Upbem and Cook (1984) reported a ratio of two to three (-) to (+) strand
nucleocapsid RNAs in measles-infected cells, suggesting that the abundance of
each strand is regulated. The disproportionate synthesis of (+) and (-) nucleo-
capsids may simply be due to the relative level of initiation at the (+) and
(-) leader templates. Although the 3' sequences of (+) and () RNAs are conserved
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for 18 nucleotides (with three changes, at positions 5,12 and 17), they diverge
thereafter in the leader template (BLumBERG et al. 1991; CrRowLEY et al. 1988). The
enhanced synthesis of (-) leader RNA, and thus (-) strand nucleocapsids, may
occur as a result of these sequence differences.

A role for host cell proteins in RNA replication has recently been postulated.
Leoprarpi et al. (1993) have shown two proteins, 22 and 30 kDa, to UV cross-link to
(+) strand leader RNA, while BLumsera et al. (1991) found leader RNA bound to a
90 kDa cellular protein in a northwestern blot. It has been suggested that host
proteins may somehow facilitate the initial binding of N protein to leader RNA to
initiate replication; however, additional work is needed to establish which pro-
teins are involved and their significance for this process.

Just as measles virus transcription seems to be inexact, since there is
synthesis of polycistronic RNAs, virus infection also yields unusual replication
products. In virus-infected cells, Castenapa and WonG (1989, 1990) found novel
encapsidated, but polyadenylated RNAs which contained the leader RNA fused to
N RNA or to a N-P bicistronic RNA. They had a density identical to nucleocapsids,
were not found on ribosomes and were apparently not translated. These RNAs
seem to start as replication products but may be formed by an uncoupling of
encapsidation and RNA synthesis specifically at the ends of these genes, so that
the RNAs are terminated by polyadenylation.

7 Future Studies

The mammalian expression system utilizing viral genes expressed from plasmids
in conjuction with biochemical assays of the parameters of RNA synthesis is a
versatile, powerful approach for studying protein interactions and function. Viral
genes with various mutations, deletions, truncations, or site-directed changes
can be expressed and tested in vitro for transcription and replication and for
binding to other proteins. The construction of an infectious measles virus cDNA
is the next major research goal. This cDNA would allow the analysis of both
genomic cis signals and the study of various gene mutations in the context of their
effect on the full virus reproductive cycle. This goal should be feasible in the near
future, based on the recent successes in preparing infectious subgenomic
defective interfering cDNAs in several paramyxoviruses. With these reagents
detailed mechanistic questions about measles virus RNA synthesis could be
addressed.
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1 Introduction

Measles virus (MV) exhibits a very limited host range. Humans are the only
known reservoir, although the virus can infect some monkey species. In the
laboratory, the virus produces characteristic multinucleated giant cells and intra-
cellular inclusion bodies when grown in a variety of human and simian cell
cultures, thereby confirming this host specificity. The cytopathic affects are the
result of a chain of events. Attachment of the virus is followed by a replicative
cycle and the release of virus particles at the cell membrane. These steps all
involve specific interaction of virus proteins, either between themselves or with
cellular proteins. In this review we shall emphasize the importance of these
protein—protein interactions for the function of the envelope-associated MV
proteins. The inability of certain virus isolates, such as strains from subacute
sclerosing panencephalitis (SSPE) patients, to sustain one or more of these
interactions leads to incomplete or defective persistent infections in which virus
particles are not formed.

MV is a member of the morbillivirus subgroup of the paramyxovirus family,
distinguished from the major group by a lack of neuraminidase activity. Other
members include rinderpest (RPV), canine distemper virus (CDV), peste des
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petits ruminants and the recently isolated phocine distemper virus (PDV) and the
dolphin morbillivirus (DMV). They constitute a family of immunologically related
viruses, with the antigenic differences between members used to determine
their evolution. Thus it has been proposed that RPV is the archevirus of the
morbilliviruses from which CDV was the first to adapt to a new host, to be
followed later by MV (Norrsy et al. 1985). Passage into a new host would be
dependent on changes in certain viral proteins especially those responsible for
direct virus-host cell interaction.

It is useful, when examining the biological function of MV proteins, to
compare not only the divergence between the closely related morbilliviruses but
also the more distantly related paramyxoviruses. Comparison of the primary
sequences for a given protein with those of other members of the virus family
can aid in the identification of elements such as glycosylation sites, hydrophobic
seguences and certain amino acids (cysteine, proline and glycine) which
are important structural determinants. The actual demonstration of functional
domains on proteins and the precise identification of the amino acids involved
have been greatly aided by the mapping of epitopes for neutralizing monoclonal
antibodies (MAbs) and the sequencing of mutants defective for specific
functions.

2 The Hemagglutinin Protein

Although the primary function of the MV hemagglutinin (H) protein is attachment
to the MV receptor on the host cell, in terms of viral replication its interaction with
the MV fusion protein is of equal functional importance.

The MV H glycoprotein is a type 2 membrane protein of 617 amino acids in
which the five potential glycosylation sites are grouped between amino acids
168 and 238; the last is not actually used. After synthesis and glycosylation in the
endoplasmic reticulum disulphide-linked dimers are formed and are transported
to the Golgi for oligosaccharide modification. The H protein is then transported to
the cell membrane, where it can be isolated as tetramer (OGura et al. 1991).

Studies on wild-type strains isolated in 1983 and 1984 in Africa failed to show
any antigenic variation of the H protein compared with the vaccine strain,
confirming the antigenic stability of this glycoprotein (Giraupon et al. 1988).
However, when the rate of nucleotide change was measured for measles viruses
circulating in the USA, it was found that the rate had doubled over the last 40 years
(RoTa et al. 1992). The observed mutation rate of 0.13% is within an order of
magnitude of the rates calculated for the H protein of influenza A virus, which is
known to respond to immunological pressure (Witson and Cox 1990). The
majority of amino acid changes were clustered near the region encoding the
potential glycosylation sites. The nonrandom distribution of these conserved
coding changes may be indicative of selective pressure.
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Although only minor changes in the H protein are observed between different
MV isolates, amongst the different members of the morbillivirus group the H
protein displays the greatest diversity. The majority of MAbs against the H
proteins of MV, RPV or CDV do not cross-react with other members of the group
(SHESHBERADARAN et al. 1985). Sequence studies have shown that the MV H protein
has 60% homology with RPV and 37% with CDV (GERALD et al. 1986; TSUKIYAMA
etal. 1987; Kévamees et al. 1991 a,b). This variability in the protein responsible for
cell attachment probably reflects the specificity of the virus for different hosts and
thus for different receptors. Normally, when different proteins possess the same
function, there is a corresponding conservation of functional domains between
them. In the H protein the lack of immunological cross-reactivity is mirrored by a
dearth of conserved elements, making the assignment of functional domains
problematic. However, a single hydrophobic domain close to the NH,-terminal
representing the transmembrane region is present in the MV H protein and is
conserved in all paramyxovirus attachment proteins. There is no signal peptide at
the NH,-terminal, but presumably the transmembrane region fulfils this function
as in other type 2 membrane proteins (ZErIAL et al. 1987). Also the conservation of
12 cysteines and approximately half of the glycine and proline residues between
the morbillivirus H proteins suggests that at least the proteins have a similar
tertiary structure. The glycosylation sites in the MV H protein are all within a
region of 70 amino acids, a short distance COOH-terminal from the trans-
membrane region. Bunching of the glycosylation sites to a small region in the
extracellular domain of the H protein is typical of the morbillivirus H protein. This
is in contrast to the other paramyxovirus attachment proteins, in which the sites
are more randomly distributed, at least as far as the primary sequence is
concerned. Presumably this relates to a structure and function particular to the
morbillivirus H protein, but whether this involves the lack of neuraminidase
activity is unknown.

Information on the location of functional domains in the MV H protein can be
obtained by epitope mapping with anti-H protein MAbs. Until recently, it was
assumed that neutralizing anti-H protein MAbs block attachment to the cellular
receptor. It has now been established that the interaction of H protein with fusion
(F) protein is necessary for fusion to take place (WiLp et al. 1991). The abrogation
of this supposed interaction should also be considered as a target for these
MAbs. The MV H protein is capable of agglutinating red blood cells (RBCs) from
a variety of monkeys (e.g., vervet, patas) but not human or other species. This is
because the MV receptor (see below) is present on monkey RBCs but absent on
human RBCs. MAbs which block hemagglutination or hemadsorption and which
also neutralize virus infectivity either in vitro or in vivo are directed against
conformational epitopes (GirauboN and WiLp 1985).

To study the regions implicated in the interaction between the H protein and
its receptor, a number of epitopes have been determined on the H protein
(GirauDON and WiLp 1985 ; SHesHBERADARAN and Norrsy 1986). However, it is not
yet clear if the different epitopes identified represent distinct separate entities or
are all part of the same conformational site. Sequential removal of eight epitopes
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did not affect hemagglutination properties or virus growth in culture, indicating
that changes in these epitopes do not affect the binding site. As polyclonal serum
recognized even the most mutated H protein, it was concluded that the mono-
typic status of MV is not disturbed by the existence of variants with rather
extensive epitope changes in their H protein (SHesHBERADARAN and NORRBY 1986).
Despite these observations, hemagglutination activity can be distinguished from
certain immunological reactivity. Incubation of the H at pH 4.5 at 37°C causes
irreversible antigenic changes and the loss of hemagglutination activity. The
induction of the antigenic changes lags behind the loss of hemagglutination
activity and does not affect a number of the epitopes (SHESHBERADARAN 1991).
Similarly, Sualvama et al. (1991) have shown that after treatment of RPV H protein
with mercaptoethanol, some epitopes are destroyed but not others. These
observations indicate that certain epitopes on the HA are more resistant to
alteration that others.

Attempts to localize epitopes on the MV H protein have met with little
success due to the conformational nature of the antigen. However, MAKELA et al.
(1989) mapped the reactivity of three MAbs using synthetic peptides to regions
126-135, 309-318 and 587-596. Hu et al. (1993), sequencing escape mutants,
also found mutations within the 309-318 epitope at 313-314 and others at
189 and 491-552. It is not yet known if any of these sites relate to functional
domains.

2.1 Characterization of the Measles Virus Receptor

Early studies to identify the MV receptor used an antiidiotype approach. Two
polypeptides of 20 and 30.5 kDa were immunoprecipitated by this technique, but
not identified (KrRaH and CHoprin 1988). More recently, MAbs were prepared
against Jurkat cells (human lymphoblasts) and screened for their ability to block
fusion induced in Hel a cells infected with a vaccinia recombinant expressing MV
H and F proteins (NanicHE et al. 1992). MAbs which inhibited this activity were
shown to recognize the human membrane cofactor protein CD46 (NanicHe et al.
1993b). CD46, which has a molecular mass of 57/67 kDa is a widely distributed
regulatory glycoprotein of the human complement system. The biological role of
CD46 (Fig. 1) is to prevent complement-mediated lysis by acting as a cofactor for
plasma serine protease factor | (for a review see Liszewski et al. 1991). CD46 is a
type 1 membrane glycoprotein in which the NH,-terminal two-thirds are com-
posed of four short consensus repeats (SCRs). Each SCR is a cysteine-rich
repeating domain of approximately 60 amino acids. The four SCRs precede a
serine/threonine/proline-rich domain, a region of potential heavy O-glycosylation.
Variability in this domain and the cytoplasmic tail is generated by alternative
splicing, which gives rise to multiple protein isoforms. Peripheral blood cells
regularly express variable quantities of four primary isoforms. The significance, if
any, of the different isoforms in terms of the MV receptor has not yet been
investigated.
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Fig. 1. The action of CD46 in its abrogation of
complement-mediated lysis. The C3b protein, a
w\m component of the complement cascade, forms a
complex with CD46 after attaching to the cell
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becomes susceptible to cleavage by factor 1 and
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is thus inactivated (C3bi)

The specificity of CD46 as a receptor for MV was confirmed by establishing
murine cell lines constitutively expressing CD46 protein. MV attaches specifically
to these cells but not to control nontransfected cells. With the exception of L cells,
murine CD46* cells are permissive for MV replication. As infection of murine
CD46* (P815, M12, 3T3, L) cells with a vaccinia recombinant encoding both H and
F proteins leads to syncytia formation (NanicHE et al. 1993b), the block of MV
infection in L cells is probably not at the entry level but at a later stage in the
virus cycle.

2.2 Functional Consequences of H Protein and Measles Virus
Receptor Interaction

The continuing presence of a virus receptor at the cell surface may determine the
fate of the viral infection. Thus, it has been suggested that removal of the human
parainfluenza virus 3 receptor during infection can prevent cell-cell fusion and lead
to a persistent state (Moscona and PeLuso 1991). This phenomenon, whereby
limitation of the receptor at the cell surface results in the establishment of
persistence, has also been observed with HIV infections: the CD4 receptor for
HIV is down-regulated from the cell surface by several mechanisms (Hoxie et al.
1986; Crist et al. 1990; Garcia and MiLLER 1991). In cell lines persistently infected
with MV, cell-cell fusion did not occur unless fresh cells were added to the culture
(Hirano 1992) and recently it was shown that infection of HelLa or Jurkat cells with
MV leads to the down-regulation of CD46 molecules expressed at the cell surface
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(NanicHE et al. 1993a). This effect was specific for MV as it was not seen with cells
infected with CDV. The decrease in cell surface CD46 correlated with the
expression of MV glycoproteins: expression of H protein from a vaccinia virus
recombinant was sufficient to induce the down-regulation. Cell surface expres-
sion kinetics of H protein and CD46 showed that the degree of down-regulation
was correlated with the amount of H protein expressed in the infected cells.
During infection the down-regulation occurred by rapid internalization of CD46
from the cell surface (NanicHE et al. 1993a). The removal of the MV receptor
(CD46) from the cell surface may have two opposing effects: although infected
cells with decreased CD46 will be more susceptible to complement-mediated
cell lysis, such cells will also have reduced fusability, which could favor establish-
ment of viral persistence.

3 The Fusion Protein

The F glycoprotein is a type 1 membrane protein responsible for fusion of the
virion and host cell membranes. This process occurs at neutral pH and results in
the liberation of the viral capsid into the cytoplasm of the host cell.

After synthesis and glycosylation in the endoplasmic reticulum as inactive F,
precursor, the protein is transported to the Golgi where cellular subtilisin-related
proteases cleave F; into two disulphide-linked subunits, F, and F,. All of the
potential N-glycosylation sites are contained in the F, subunit. The fully processed
F,, protein arrives at the cell membrane as an oligomer, a tetramer possibly a
trimer (SecHoy et al. 1987; BuckLanD et al. 1992). A number of the F proteins of the
cell surface are uncleaved, but despite this, virions do not normally contain
uncleaved F, (Graves et al. 1978). This would seem to suggest a positive selection
of cleaved F proteins for incorporation into the virion. In contrast, MV infection of
lymphoblast cell lines which lack the appropriate cellular protease to cleave F,
leads to an infection with the absence of syncytia, but with the release of virus
particles containing F, (Fusinami and ObsTone 1981). Thus, lack of cleavage does
not inhibit the incorporation of F into virus particles. The virus particles from such
cells are noninfectious but can become so if incubated with trypsin, which
correctly cleaves the virion F protein.

The functional activity of the F protein imposes certain structural restraints
on the protein. Such is the restriction that within the morbillivirus group there
is at least 70% conservation of the amino acids (BARRETT et al. 1987; BuckLanD
et al. 1987; Tsukivama et al. 1988; KovaMees et al. 1991a). Comparison of F pro-
tein primary sequences from different paramyxoviruses reveals a number of
conserved structurally important elements which aid in the assignment of do-
mains (MoRrisoN and PorTNER 1991). Presumably each domain in the MV F protein
(Fig. 2) reflects a biological function and whereas the function of some are known,
the function of others is open to speculation. There are three hydrophobic regions:
(1) a signal peptide at the NH,-terminal of the F, subunit, which directs membrane
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Fig. 2. Linear representation of the MV F, showing structural elements which may be functionally
important. Note that all the potential N-glycosylation sites are in the F, subunit

insertion; (2) the “fusion peptide” at the NH,-terminal of the F, subunit, which is
implicated in the fusion process; and (3) a transmembrane region at the COOH-
terminal of F,, responsible for anchoring the protein in the viral and plasma
membranes. There are other domains for which the function is not so clear,
including the last 14 amino acids in the cytoplasmic tail. These are conserved in
all morbillivirus F proteins and are possibly responsible for interaction with the
matrix protein, although as yet no such association has been demonstrated. In
addition, there is a cysteine-rich region of eight cysteines between positions 337
and 423. Preliminary results from a study on the interaction of F protein with
H protein (BuckLAnD et al., unpublished data) suggest that the cysteine-rich region
plays a role in this association. If true, this could explain why escape mutants to
fusion-inhibiting MAbs directed against the Sendai virus F protein (PORTNER et al.
1987) and the NDV F protein (Tovopa et al. 1988; NevT et al. 1989) map in this
region. It can also be speculated that such closely situated cysteines could
provide a degree of local flexibility in the protein, perhaps useful when traversing
membranes, by a rapid making and breaking of disulfide bonds between the
different cysteines, as in the proposed “molten globule” state of protein structure
(Ewsank and CreigHTON 1991). There are also two amphipathic a-helices present in
the MV F protein, one of which (AAH) is COOH-terminal to the fusion peptide and
the other NH,-terminal to the transmembrane region. Due to the presence of
heptadic leucines, the latter is known as the “leucine zipper” (Buckland and WiLp
1989). This structure was originally suggested to play a role in the oligomerization
of the F protein (BuckLanp and WiLp 1989) but has now been shown to be essential
for the process of fusion (Buckianp et al. 1992). As AAH is COOH-terminal to the
fusion peptide, this could also play a role in the mechanism of fusion.

Another region which is well conserved is that around the cleavage site. The
sequence preceding the cleavage site, i.e., the COOH-terminal of the F, subunit,
is important for the specificity of the cleavage. In the MV F protein, the sequence
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is RRHKR. GotoH et al. (1992) have shown that such oligobasic cleavage motifs”
are best cleaved by the subtilisin-related protease Furin/PACE. The 25 hydropho-
bic amino acids that follow the cleavage site and which become the NH,-terminal
of the F, subunit following cleavage represent the fusion peptide, presumed to be
primarily responsible for the subsequent fusion activity. Hsu et al. (1981) showed
that when the Sendai F is cleaved to F, , there is a concomitant conformational
change and increase in a-helical content which is due to the liberation of the
fusion peptide. It is thought that the fusion peptide can then interact directly with
the target membrane inducing fusion (GETHING et al. 1978).

4 Measles Virus Fusion

Viral fusion is not the function of a sole MV protein, as expression of the MV F
protein alone from a vaccinia recombinant does not lead to cell fusion. Fusion can
only be produced by recombinants expressing both H and F proteins (TaviLor et al.
1991; WiLp et al. 1991). Furthermore, as fusion does not occur if the cells used do
not express the MV cellular receptor, it can be assumed that a ternary complex
consisting of H, F and receptor is a prerequisite for the process. That is not to say
that the presence of all three proteins is strictly essential, as it has been reported
that expression of the F protein alone in certain circumstances can lead to fusion.
High expression of the MV F protein via an adenovirus vector induced fusion
(ALkHaTIB et al. 1990). Furthermore, although infection of insect cells {which
presumably lack the MV receptor), with a baculovirus expressing MV F protein did
not trigger fusion, if the pH of the infected cultures was lowered to 5.8, fusion was
observed (ViaLARD et al. 1990). This may indicate that the H protein and receptor
fulfil a positioning role to optimize the conditions for fusion, but they can be
dispensed with if the F protein is present in high enough numbers or is suitably
orientated in the membrane.

Thus, the function of H protein in the fusion process may be simply to anchor
the infected cell to the receptor of the target cell and then associate with the F
protein in such a way that the latter is placed in a position where it can interact
with the cell membrane. Studies with human parainfluenza 2 and 3 viruses have
shown that fusion results when the HN and F proteins of each virus are expressed
in the homologous system, but not when the F protein is expressed with the HN
protein of the other serotype (Hu et al. 1992). Our own experiments with MV and
CDV have shown that the coexpression of MV H and CDV F proteins does not lead
to fusion. However, when regions of the CDV F gene are exchanged with their
homologues in MV and subsequently coexpressed with MV H protein, fusion
takes place (Buckianp et al., unpublished results). In addition, when H and F
variants derived from cases of subacute sclerosing panencephalitis (SSPE) were
coexpressed, only certain combinations of H and F variants gave rise to fusion
whereas others did not (CATTANEO and Rose 1993). All these studies suggest that
the two MV glycoproteins interact specifically with each other at the cell mem-
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brane. Citovsky et al. (1986) used circular dichroism to demonstrate that when
Sendai HN and F proteins associate in the same membrane, conformational
changes are induced in both glycoproteins. Studies with both measles and Sendai
viruses have shown that the H and F proteins processed in the cell at different
rates, the F protein arriving at the surface faster that the H protein (MoTTeT et al.
1986; SaTo et al. 1988).

This would suggest that if the H and F proteins interact, it must be a late event
and does not occur during transport. “Fusion from without”, i.e., virus-cell fusion,
appears to differ from “fusion from within,” or cell-cell fusion (Moscona and
PeLuso 1991). Lectins are effective against cell-to-cell fusion but not against virus-
cell fusion. If there is a need for the H protein to associate with the F protein in the
membrane, this could be blocked by lectins which prevent the lateral movement
required for the two glycoproteins to associate. In the virion, however, the two
glycoproteins are already associated and therefore can function immediately in
attachment and fusion.

Once in a favorable context for fusion, how does the F protein interact with
the cell membrane? Since the hydrophobic region at the NH,-terminal region of F,
exposed after cleavage is highly conserved amongst paramyxovirus F proteins, it
was suggested that this region (the fusion peptide) could promote fusion with
target membranes (GETHING et al. 1978). Subsequently, RicHarDsoN et al. (1980)
showed that synthetic peptide analogues of the fusion peptide sequence inhibit
both cell fusion and virus penetration but not virus attachment. Furthermore,
Novick and HoeksTra (1988), using photoactive lipid probes, showed that the
fusion peptide interacted with target lipid bilayers. In an effort to understand the
mechanism of fusion, HuLL et al. (1987) isolated a MV mutant which was resistant
to inhibition by the oligopeptide analogue. However, sequencing of the F gene
from this mutant revealed the presence of three amino acid changes, none of
which were in the fusion peptide. This suggests that regions of the F protein other
than the fusion peptide can influence fusion activity.

These observations underline that much more information is needed on the
physical interaction between the F protein and the cell membrane at the moment
of fusion. Although it is probable that the fusion peptide makes the initial contact
with the target membrane, it is difficult to imagine how it participates in the fusion
mechanism, which necessitates the formation of a fusion pore. Viral fusion
peptides have been suggested to be “sided” insertional helices, in which bulky
hydrophobic amino acids are found on one face of the helix (WHiTe 1990).
However, GaLLaHeR et al. (1992) have pointed out that, in several cases, hydropho-
bic amino acids are not exclusively on one face of the helix and helix-breaking
amino acids are also often present. They suggest that, rather than existing as a
sided structure, the entire fusion peptide sequence is in contact with lipid. Thus,
the fusion peptide would appear to be ideal for the initial disruption of the target
membrane, but less than ideal for participation in the process of aggregation,
which can be assumed to be the basis of fusion pore formation.

Using mutagenesis studies to search for regions in the F protein that
contribute to its oligomeric state, we found that the leucine zipper motif (Fig. 2) is
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not required for tetramerization but is essential for fusion (BuckLanp et al. 1992). In
our model for MV fusion, the leucine zipper serves to pack together the a-helices
in which it appears, thus forming a water-tight fusion pore which expands as more
tetrameric F proteins are recruited. Leucine not only has a propensity to occur in
o-helices, but, as it possesses a long branched hydrophobic side chain, it is ideal
for packing them together (Crick 1953). Isoleucine has a very similar side chain
and can replace leucine in leucine zipper motifs. Support for this model has come
from studies on the leucine zipper present in the envelope protein of HIV. Dusay
et al. (1992) mutagenized the isoleucine which occurs at the center of the zipper
found in gp41: none of the substitutions of this single amino acid affected the
oligomeric state of gp41, but certain changes abrogated fusion. When the
isoleucine was replaced by leucine or valine, fusion was not affected, but changes
to glycine or serine or charged amino acids inhibited fusion. Interestingly, mu-
tagenesis to alanine gave an intermediate phenotype in which fusion was
reduced. In the context of the model we have proposed, these data are very
supportive. The packing of the a-helices should not be greatly affected by the
conservative substitutions of leucine, isoleucine and valine, as all possess long
branched hydrophobic side chains. Alanine, however, although hydrophobic, has
avery short side chain; thus, it is unlikely to pack so efficiently and this could give
rise to a “leaky” pore. If the model is correct, the substitution of isoleucine by
charged amino acids or serine or particularly glycine would severely disrupt this
packing. If the fusion proteins of these two viruses function via a common
mechanism, any information derived from MV fusion could well be useful in the
development of antivirals against HIV.

5 The Matrix Protein

The MV genomic and antigenomic RNAs are always encapsidated by the nucle-
oprotein (N) to form the helical nucleocapsids (NCs); more loosely associated
are the phosphoprotein (P) and the large polymerase (L), yielding altogether the
active NCs which are also packaged into virions (see S.A. Horikami and S.A.
Mover, this volume). The NCs accumulate in the cytoplasm, whereas the viral
envelope proteins migrate to the plasma membrane. The function of the matrix
(M) protein is to bring about the unification of these two viral entities. This event
could occur in one of two possible ways: (1) attachment of the M protein to the
NC could lead to a change in its conformation, resulting in exposure of regions
which could then interact with the cytoplasmic tails of the envelope glycopro-
teins, or (2) conversely, the interaction of the M protein with the envelope glyco-
proteins at the membrane could expose sites on the M protein, making an
interaction with the NC possible. As well as being very hydrophobic, which
probably reflects its interaction with the plasma membrane, the M protein is
highly basic, suggesting that interaction with the NC could be via salt bridges with
the acidic nucleoprotein.
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Chemical cross-linking studies on purified Sendai virus have shown that the
M protein can be bound to the N but not to glycoproteins (MARKwELL and Fox
1980). In vitro, the MV M protein binds to the NC (Hirano et al. 1993). Comparison
of the M protein from functional and defective SSPE MV strains showed that the
latter does not bind to NCs. Analysis of chimeric M proteins indicates that
mutations in the NH,-terminal, COOH-proximal or COOH-terminal region of the M
protein all abrogate NC binding, suggesting that the conformation of M is
important for interaction with the NC (Hirano et al. 1993). In a study of three SSPE
MV strains the M proteins did not react with antibodies against the native M but
only against the denatured antigen (Wong et al. 1991). Given the strict structural
reguirement for M function, conformational changes in the M protein could
contribute to a nonproductive infection.

The M protein, either in MV-infected or cDNA-transfected cells, is distributed
throughout the cell (GiIrauboN et al. 1984; HuBer et al. 1991; BeAuverGer et al.
1993). Although no direct evidence has been obtained for interaction of the M
protein with the viral glycoproteins, SANDERsON et al. (1993) have shown that the M
protein of Sendai virus is associated with the viral glycoproteins prior to their
expression at the cell surface. Furthermore, 40% of the M protein cofractionated
with membranes containing the viral glycoprotein. Thus, they suggest that the M
protein becomes associated with the viral glycoprotein during transport to the
membrane. Further studies are needed to confirm this hypothesis.

A comparison of the M proteins of MV and CDV shows that the COOH-
terminal thirds have extensive homology (BEeLLINI et al. 1986). Within this region
are conserved segments which from their nonpolar hydrophobic and B-sheet
nature probably interact with the lipid of the cell membrane. As the M protein
cannot be chemically linked to the glycoproteins (MarkweLL and Fox 1980), it is
unknown if it attaches to one or both viral envelope proteins. Comparison of the
amino acid sequences of morbillivirus F cytoplasmic tails shows that the last 14
amino acids are highly conserved suggesting an essential function (BArreTT et al.
1987; BuckLanD et al. 1987; Tsukivama et al. 1988). Interestingly, analysis of F
proteins from a number of defective SSPE MV strains showed extensive muta-
tions in this region, half of which resulted in deletions. Such deleted F proteins are
quite efficiently transported and undergo fusion (ScHmID et al. 1992; CATTANEO and
Rose 1993). Thus, truncation of part of the F protein intracellular domain may
reduce functional interactions with the M protein and/or NC and thus impede
efficient viral assembly and budding.

As a working hypothesis for the interaction of the M protein with the MV
glycoproteins, it could thus be proposed that M interacts with the cytoplasmic tail
of the F protein. As the F and H proteins appear to have a specific interaction, it
would not be necessary that M and H interact directly, although this cannot be
ruled out. In favor of this hypothesis, the predicted amino acid sequences of the
cytoplasmic regions of the morbillivirus H protein, in contrast to those of the F
protein, are not conserved (Kévamees et al. 1991a).
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6 Conclusions

In this review, seeking to identify the different functional activities of the enve-
lope-associated MV proteins we have emphasised the importance of the interac-
tions of these individual proteins, either with themselves or with other proteins.
The recent identification of the MV receptor, together with the advances being
made on the molecular basis of viral fusion, should provide the basis of further
interest in defining the biological functions of envelope-associated MV proteins.
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1 Introduction

Measles virus is monotypic in nature, i.e. only a single serotype of the virus has
been described. Thus, until recently, little emphasis has been placed on variation
between MV strains, except for those associated with a rare neurological compli-
cation, subacute sclerosing panencephalitis (SSPE), associated with a persistent
MV infection. In this chapter, we review variations between MV strains. Biological
differences as well as biochemical and nucleotide sequence differences have
been documented, but so far the latter have not been correlated with any specific
phenotype of the virus. The structure and gene expression strategy of the virus
are reviewed elsewhere in this volume (see chapter by Horikami and Moyer, this
volume).
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2 Biological Variation Between Strains

It has long been known that MV like many other RNA viruses, can be adapted to
growth in a particular host cell type. Virus stocks grown in one cell type are often
unable to grow efficiently in other cells types. The molecular biological changes
underlying this process are not clear. The block in the growth of the virus appears
not to be related to attachment and penetration, as a wide variety of cell types can
be infected with the virus. The adaptation to specific host cells probably relates to
nucleotide changes or changes in the “quasi” species of RNA molecules in the
population (HoLLAND et al. 1982). Adaptation of the virus by rodent brain passage,
for example, has given rise to virus stocks that can grow successfully in the CNS
of mice and rats after intracerebral injection, even though other virus strains are
unable to do so. The nucleotide changes associated with this adaptation have not
yet been elucidated. The process of adaptation to other non-human host cell
types has been used successfully for the development of live attenuated vaccine
strains, but again the molecular basis of this process is unknown.

In the 1970s a large number of reports were published in which the ability to
grow in various cell lines was compared between MV strains derived from cases
of SSPE and the laboratory adapted Edmonston B strain or its derivatives. No clear
picture emerged from these studies and in retrospect their value can be ques-
tioned. Some of the so-called SSPE viruses may be simply laboratory contami-
nants (see below). In relation to the rapid evolution of RNA viruses, it is also
possible that defective interfering (DI) particles may have played a role in partly
determining these differences (Rima et al. 1977; CaraiNn and Roux 1988). Qualita-
tive and quantitative differences in DI particles may affect the growth of MV in
different cell types, with some cells (e.g. Vero cells) being more readily able to
replicate them than others, for example, Hel a cells (Rima, unpublished observa-
tions). The ability to induce interferon may have been another factor that partially
explained the differences between various virus stocks. McKimm and Rarp (1977)
demonstrated that the ability to induce interferon is lost rapidly when virus stocks
usually propagated on Vero cells and able to induce interferon in BSC1 cells, are
propagated on BSC1 cells. Readaptation to Vero cells restored the ability to
induce interferon quickly. Whether this was related to the presence of DI
particles, which in other systems have been shown to have a role in interferon
induction, has never been determined.

Some 33 temperature sensitive (ts) mutants of MV have been described
(BerGHoiz et al. 1975; HaspPEL et al. 1975), but unfortunately these have not been
analysed extensively as they had very high frequencies of reversion. None were
characterised in molecular terms, even though at least one showed an interesting
phenotype in its ability to increase the frequency of hydrocephalus in hamsters
(BrescHkIN et al. 1976). Cold sensitive mutants of MV have also been described
but these have not been characterised further (RAGeEr-ZismaN et al. 1984). Howev-
er, stable cold-adapted vaccine strains have been established which fail to
produce viral progeny or plaques at 40°C (Suzuki et al. 1990). Another apparently
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very stable ts replication-negative mutant (VypeLingum et al. 1989) has been
obtained by b-fluoruracil mutagenesis (CHui et al. 1986).

In all morbilliviruses, strains with differing types of cytopathic effect have
been recognized. Small and large plague forming variants have been isolated
as well as strains that form no plagues at all but lead to the formation of clumps
(foci) of infected cells (Rapp 1964; GouLp et al. 1976). The fusiogenic variants have
been shown to be more neurovirulent for hamsters (CArriGan 1986). The molec-
ular basis of these differences has not been elucidated, but it is likely that the
plague types differ in their ability to fuse infected cells from within. Fusion from
without has never been demonstrated for MV and thus, unlike for other paramyx-
oviruses, such as Newcastle disease virus, variation in this property cannot be
assessed for MV. Strains with different abilities to fuse cells from within have
been described. The mechanisms involved in fusion, shown to require concerted
action by the hemagglutinin and fusion proteins (WiLp et al. 1991), are being
studied actively at present, as several groups are attempting to determine the
nature of viral receptor(s). In the F protein of all paramyxoviruses, a hydrophobic
peptide sequence present at the NH,-terminal of the F1 part of the protein has
been proposed to be responsible for the fusion of the viral membrane with that of
the cell. Oligopeptides with the same sequence are able to inhibit fusion by MV
(RicHarDsON et al. 1980). Mutants that are resistant to these inhibitors have been
isolated and sequenced but the resistance is not associated with mutations in the
region encoding this peptide sequence but with mutations elsewhere in the
molecule (HuLL et al. 1987). It is possible that these mutations exert their effect
through alterations in the conformation of the F protein.

Recent studies have identified human membrane cofactor protein (CD46)
(Lisewski and ATkINSON 1992) as a receptor for measles virus (NANICHE et al. 1993;
confirmed by DoRriG et al. 1993). Studies are still at an early stage and whether
different strains of measles vary in their ability to bind CD 46 is not known. Some
morbilliviruses such as MV have the ability to agglutinate red blood cells from
humans or selected species of animals like many but not all members of the
paramyxovirus family. MV only hemagglutinates monkey and some human red
blood cells. Variant viruses have been described that only agglutinate red blood
cells in the presence of high salt concentrations (0.8 M ammonium sulphate).
These so-called salt-dependent hemagglutinin variants have been found to be
present in a number of different MV isolates (GouLp et al. 1976; SHIRODARIA et al.
1976). The molecular basis of the phenomenon is not known, but our recent
results (S. Fuanacan and B.K. Rima, unpublished) suggest that this may be
associated with a mutation in the H protein, 117F—L. The hemagglutinins from
some recent wild-type strains have very low hemagglutination activity {Saito et al.
1992) which might be caused by the presence of an additional N-linked gly-
cosylation site at amino acid 416 of the H-protein probably correlating with its
retarded SDS-PAGE migration (SakaTa et al. 1993).

Although MV is monotypic, differences in the presence of specific epitopes,
defined by the binding of monoclonal antibodies to the virus, have been
described. In 1983, ShesHBERADARAN and coworkers (1983) demonstrated that a
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number of strains differed in their patterns of monoclonal antibody binding. It was
found in this study that the M and H protein had the widest degree of variation
between strains whilst the P, N and F proteins were antigenically more stable.
This study has been followed up with others analysing specific MV antigens in
more detail. A study on the N protein confirmed the presence of epitopic variation
in the virus (GIRAUDON et al. 1988).

3 Analytical Differences of Measles Virus Proteins

Variations in the mobility of the various viral proteins in SDS-PAGE were studied
extensively in the 1970s. Differences were reported in the (apparent) sizes of the
H, P and M proteins. Variations in the SDS-PAGE migration of the H protein have
also been found in recently described wild-type viruses (Rota et al. 1992; SaTo
etal. 1992; SakaTa 1993). These H molecules have an additional potential N-linked
glycosylation site, but it has not yet been uneguivocally determined that this new
site is utilized. Some of the variation in the mobility of the P proteins of various MV
strains is related to an as yet unidentified form of post translational modification
and to amino acid sequence differences. The molecular mass of the P protein
derived form the primary sequence is approximately 51 kDa (BeLLint et al. 1985);
however, the protein migrates with an apparent mass of approximately 70 kDa.
Undoubtedly, phosphorylation plays a major role in the reduced migration through
the gel, but the slow and fast migrating forms in doublet bands in SDS-PAGE have
not been associated with differences in phosphorylation levels. There seem to be
differences between strains in the different levels of these two bands. The
doublet is not sequence-specific because by plague purification it has not been
possible to resolve strains bearing either the slow or fast forms of the
P protein. Sequence differences, occasionally reflecting a single amino acid
change, can have substantial effects on the migration of proteins in SDS-PAGE.
Nucleotide sequence differences found in the genes encoding the P, C and
V proteins might explain some of the observed variation in migration (CATTANEO
et al. 1989).

The mobility of the matrix protein of MV has been studied extensively in
relation to its potential significance as a marker for SSPE (WEecHsLER and FIELDS,
1978). However, the differences found turned out not to be characteristic for
SSPE (Rima et al. 1979). A number of wild-type viruses appear to have an M
protein with a slower mobility (39 kDa instead of 37 kDa) and this is a stable
characteristic of these strains.

In summary, a number of strain differences have been described for MV but
none of these have as yet been found to be associated with a specific phenotype
or have been explained in terms of nuclecotide sequence differences.
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4 Genetic Variation and Evolution of the Virus

The observation that MV strains varied in their ability to bind to monoclonal
antibodies indicates the existence of genetic variation in this monotypic virus. In
1989, it became clear that there were strain-specific changes in nucleotide
sequence besides those that were associated with prolonged brain infections by
the virus (CATTANEO et al. 1989). This study indicated for the first time that changes
in the COOH-terminal 126 amino acid residues of the N gene and areas in the P
and H genes did not affect the functionality of the proteins but reflected strain
variation. The original descriptions of the comparison of canine distemper virus
(CDV) with MV had already indicated that certain areas of the genome of
morbilliviruses have greater plasticity than others (RozensLATT et al. 1985; BeLLINi
et al. 1986). Comparisons of the sequences published before 1989 indicated that
the region of the genome between the open reading frames (ORFs) encoding the
M and F proteins is GC rich and varies substantially in related strains (BELuni et al.
1986; RicHarDsSON et al. 1986; BuckLanp et al. 1987). However, as this region is
presumed to be non coding, it is less interesting to study, and the difficulties
encountered in sequencing this region, which has strong secondary structure
determinants, led us to concentrate on other parts of the genome. From compar-
isons and alignments of the major structural proteins of paramyxo- and mor-
billiviruses it has become clear (Rima 1989) that the regions encoding the
COOH-terminal part of the N protein and the NH,-terminal 100 amino acids of the
P and C proteins (Baczko et al. 1992) are variable parts of the genomes of this
group of viruses. A somewhat lower degree of variation was found in the H
proteins. The H and N protein coding sequences have been analysed in great
detail, primarily because these two proteins elicit strong humoral immune re-
sponses and the N protein may be involved in the generation of T cell-mediated
immunity.

The sequence of the COOH-terminal 151 amino acids of the N protein has
now been analysed in 46 strains of MV. It shows that there is up to 7.2%
divergence in the coding nucleotide sequence and 10.6% divergence in the
amino acid sequence between the most unrelated strains in this region (TAYLOR
et al. 1991). MV strains fall into six or seven different genotypes some of which
are extinct (i.e., have not been isolated recently) and others which are still
cocirculating in the human population (TAvLor et al. 1991). In this respect, MV
does not differ from other paramyxoviruses such as human respiratory syncytial
virus (Cane and PrINGLE 1991), human parainfluenza virus type 3 (van WykE
CoEeLingH et al. 1988) and mumps virus (Yeo et al. 1993). The grouping of strains in
genotypes is shown in Table 1 and displayed as an unrooted tree in Fig. 1.

The first group contains all of the vaccine strain used so far. The type strain is
the Edmonston strain of MV and the relationships within the group are described
below in greater detail. It also contains early American isolates such as the
Philadelphia strain and a wild-type isolate from Turku (Finland) in 1962 (P. A. RoTa
et al. 1994). The group also contains the Hallé strain, a supposedly SSPE-derived
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Fig. 1. Unrooted tree constructed from part of the N gene sequences of various measles virus strains.
Alignments of 4566 nucleotides of the 3' proximal region of the N gene were analysed by the Clustal
programme. Strain abbreviations are given in Table 1. The horizontal bar represents five nucleotide
changes; vertical distances have no meaning

strain that grows very well in tissue culture, and the Mantooth and Horta-Barbosa
strains isolated from brain tissue from an SSPE patient and form the lymph node
of an SSPE patient (HorTa-BARBOSA et al. 1971), respectively. The latter strain is
the only one isolated from a peripheral organ of an SSPE patient. Although it
cannot be ruled out formally that these strains are derived form the SSPE tissues,
it is more likely that they represent laboratory contaminants, because all other
viruses derived from SSPE cases are defective in their growth in tissue culture
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Strain Year of Country of Abbreviation  Description
first isolation isolation

Group 1

Edmonston 1954 USA Edm-wt Wild type

Edm Vacs Various Aik-C, Sch (warz), Hu2,
P9, Mor (aten), Zag (reb)

Changchun 47 1957 China C-47 Wild type

Leningrad 1960 Russia L-16 Wild type St Petersburg

Shanghai 1960 China S-191 Wild type

CAM 1968 Japan CAM Wild type strain Tanabe

Mantooth Early 1970s USA Man SSPE case

Horta-Barbosa 1971 USA HBSP SSPE case lymph node

Hallé 1971 USA HAL SSPE

Group 2

IP3Ca Early 1970s USA SIP SSPE

MF Early 1970s Europe MF SSPE

Biken 1975 Japan Bik SSPE

Case A Mid-1980s Germany SA SSPE

Case K Mid-1980s Germany SK SSPE

Yamagata Late-1980s Japan SYA SSPE

Group 3

Woodfolk Early 1970s USA WF Wild type

Braxator 1972 Germany BRX Measles encephalitis

CM 1976 USA CM wild type

Case C 1979 USA SC MIBE

Group 4

JM Late 1970s USA JM Wild type

Case B Mid-1980s Austria SB SSPE

WTF 1990 Germany WTF Wild type

BIL 1991 Holland BIL Wild type

DL 1992 Germany DL Wild type

LB 1993 Germany LB Wild type

Group 5 ‘

MVO/MVP 1974 UK MVO/MVP Wild type

S33 1983 UK S33 SSPE

Boston/BW83 1985 USA BO/BW83 Wild type

MCI 1984 USA MCI Wild type

S81 1986 UK S81 SSPE

SE/CL 1988 UK SE/CL Wild type

T 1990 UK T Kawasaki case

Chicago-1 1989 USA CHi1 Wild type

SND 1989 USA SND Wild type

Chicago-2 1989 USA CH-2 Wild type

Group 6

Y22/Y24 1983 Cameroon Y22 Wild type

R118 1984 Gabon R18 Wild type

SSPE, subacute sclerosing panencephalitis.

and have been found to have other genotypes. No new wild-type isolates of this

genotype has been made since the late 1960s.

The second group is typed by Ip3Ca (SIP) a defective SSPE virus isolated in

the USA in the early 1970s propagated as a persistent infection in Vero cells. The

group comprises four more defective strains and two cDNA sequences derived
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directly from SSPE brain RNA from patients in whom it was not possible to isolate
virus. This group also appears to represent an extinct lineage group, as the last
representatives were identified in the mid-1980s. The fact that this group only
contains SSPE viruses is probably a reflection of the poor isolation record of
MV strains rather than a specific propensity of this genotype to cause this
disease.

The third group, with the Woodfolk strain as the earliest representative, was
isolated in the USA and in Germany in the 1970s. It appears to not be circulating
at present in either of these countries and may be extinct.

The fourth group, typified by strain JM, was isolated from the USA in 1970. It
was reported in the 1980s in Germany and Austria. Since 1990 it has been
reported every year in Germany and was detected in Holland in 1991. This group
circulates currently in Europe in populations in which a high vaccine coverage has
been achieved, such as in Holland.

The fifth group is very diverse and has as type strain the MVO isolate from
Bristol (U.K.) made in 1974. This group appeared to still be circulating in the UK as
it was isolated in Birmingham in 1988 and in 1990 in London from a patient with
Kawasaki's disease. This group also shares mutations in the N gene with the wild-
type isolates from the early 1980s (Boston and BW83) and the isolates of the US
outbreak of 1988/89 (Fig. 1). The group is considered further below.

The sixth and final group is comprised of two clusters of African isolates, from
Gabon and Cameroon, that are widely divergent between themselves and appear
to have little or no relationship to any of the other groups (TavLor et al. 1991; P.A.
Rota et al. 1994). It will be of great interest to isolate more viruses from the
African continent and from the Far East where measles is still rampant. The effect
of vaccination programmes on the circulation of specific virus lineages is currently
under study and may be of importance in monitoring the success of a virus
eradication programme. In principle, it will be possible to determine (as with
polioviruses) where imported cases have originated.

The gene encoding the H protein of MV has also been found to be variable
and has been analysed in detail. Variation may be an expression of the immuno-
logical pressure on this protein as it is the main immunogen for the generation of
neutralising antibodies. However, it is also expected that the necessity to bind to
CD46 places greater structural constraints on the H protein than if the receptor
were less specific, as is the case with influenza viruses which bind to sialic acid
containing surface glycoproteins. The analysis shown in Fig. 2 confirms the
division of the strains over the various lineage groups determined on the basis of
the analysis of the COOH-terminal of the N protein. The analysis (Baczko et al., in
preparation) also indicated that in at least two cases of virus strains isolated in
Germany (WTF and DL adaptation of the virus from growth in BJAB cells (WTFB
and DLB) to Vero cells (WTFV and DLV) led to a small number of nucleotide
changes. These are expressed as only a single amino acid change in both cases
but the change was not the same in both series. Thus, itis at present impossible
to point to specific changes associated with this adaptation, which requires
usually several weeks in culture and blind passages.
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A second fact emerging from this analysis, and the one shownin Fig. 1, is that
not in a single case was an isolate found which was a direct precursor for any of
the later viruses. The overall data in the diagram indicate that mutations accumu-
late, and later isolates in the same group are placed further to the right (increasing
distances from the root) but none of the isolates is on a node. This indicates the
fragmentary nature of the record that we have of MV evolution due to infrequent
isolation and highlights the differences with studies on the evolution of influenza
A virus.

Analysis of both the H protein and the N gene indicates that the fifth lineage
group is very diverse and can be considered to be split into two subgroups.
Although some of the UK isolates from the early 1970s and the Northern Ireland
isolates from the early 1980s form a specific subgroup, they share a large number
of mutations with the sequences from the later UK and the recent USA isolates as
well as 1988 isolates from Japan (Sakata et al. 1992). Members of the fifth very
diverse genotype were thus isolated in the early 1970s in the UK, the early 1980s
in the USA (Bo and BE83) and later in Japan and in the 1989-1991 outbreak in the
USA. It is a diverse group, particularly since the more recent isolates have a new
H protein glycosylation site (416D—N) (RoTa et al. 1992). This site is close to the
variable site identified in monoclonal antibody (Mab) escape mutants by Hu et al.
(1993) and LieBeRT et al. (1994). Whether these changes in glycosylation alter the
accessibility of the surface to antibodies or whether conformational changes
occur is not known, as the Mabs used for the escape mutant generation
recognize conformational rather than linear epitopes. This is not the only example
of the change of glycosylation sites as the one at position 200 is changed in the rat
adapted CAM strain of virus (200N—R) and a corresponding mutation occurred in
one of the SSPE cases (CaTTanEO et al. 1989). Generally the additional glycosy-
lation sites are defined only by the amino acid sequence; the actual presence of
oligosaccharides at the suggested sites remains open.

Whether these lineage groups are tabulated as shared mutations (TavLor et
al. 1991) or whether their relationships are shown as unrooted trees (Figs. 1,2) it
is clear that the groupings are consistent and independent of the area of the
genome that is compared. The relationships between strains derived from
comparisons of the H, P, M and N genes are essentially the same (TAvLoR et al.
1991; Baczko et al. 1991, 1992; Rota et al. 1992). This indicates the absence of
recombination between these lineage groups over the time period studied. Since
MV is hightly infectious and since vigorous immune responses are associated
with infection, the window of opportunity for coinfection with two virus strains
from different linage groups and thus the opportunity to recombine is probably
very small. There is no evidence for recombination in any of the mononegavirales.

The analysis has also indicated that the sequence of the SBI isolate from
Germany in 1992 is outside the other groups and may represent a new lineage
group. The sequence of the N gene also supports this (Rima et al., in preparation).
It will be interesting to see whether this strain is related to lineage groups
circulating elsewhere which have not yet been identified.
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5 Mutations Associated with Attenuation and
Comparisons of Vaccine Strains

A comparison of the nucleotide sequences of all the currently available vaccines
indicates that they all belong to the same genotype as the Edmonston strain.
Figure 3 shows an unrooted tree of the relationships of the vaccine strains (group
1) analysed in contrast to the recent wild-type isolate Chi (group 5) on the basis of
the N, F and H genes (J.S. RoTa et al. 1994). All the strains isolated before 1971
appear to belong to this single group 1 genotype, including strains isolated over a
very wide geographical area, i.e. the Edmonston and Philadelphia strains from the
USA in 1954 and 1957, respectively, the Chanchung strain in 1957 in China, the
Leningrad strain in 1960 in Russia, the Halonen strain from Finland in 1962 and the
CAM (Tanabe) strain in 1968 in Japan. However, after 1971 only wild types with
other genotypes have been isolated and, although variations occur between the
strains, these are not significantly greater than those found in other groups.
Vaccination with the Edmonston-derived vaccines was initiated in many countries
much later than 1971. This makes it unlikely that this immunization programme
has led to the rapid disappearance of the world-wide Edmonston genotype and its
replacement by five or more different genotypes. Some of the new genotypes
have been in circulation for at least 15 years already and the rate of accumulation
of mutations indicates that these represent long established genotypes of MV.
The situation for MV is also in stark contrast to that for another human childhood
paramyxovirus infection, mumps, in which a number of very distinct geographi-
cally restricted genotypes have been described (Yeo et al. 1993). As to the
guestion of the biological importance of the fact that all vaccines have a genotype
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Fig. 3. Unrooted tree of the vaccine strains derived from the H, F and N gene sequences fo several
viruses. Chi1 strain belongs to another genotype. Horizontal bar represents four nucleotide changes.
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substantially different from the currently circulating wild-type viruses, there is no
indication that the currently used vaccines are not able to control MV infection
with viruses of differing genotypes. However, this could have an effect on the
length of the window of opportunity of infection of children with waning maternal
antibody responses generated either by vaccination with the Edmonston strain or
by infection with wild-type viruses with a different genotype.

At present, attempts are being made to analyse the mutations that are
associated with the attenuated phenotype of MV vaccines. However, due to the
fact that only one direct vaccine and progenitor pair is available for the Edmonston
strain and that the original, low passage number, Edmonston wild-type strain is no
longer available, it is difficult to arrive at conclusions about the significance of
mutations on the basis of comparative nucleotide sequence analysis of vaccine
and wild-type strains. Mori et al (1993) sequenced the entire genome of the
AlK-c strain of measles, an Edmonston-derived vaccine. The sequence of the
Edmonston strain has been compiled (GaLinski 1991). The AlK-c strain had 56
nucleotide and 31 amino acid changes compared to the Edmonston strain. We
are currently sequencing the wild-type virus to get a list of mutations that differ
from the vaccine strains. So far, very few mutations have been observed in the
genes encoding some of the structural proteins of MV (Rota et al. 1994; Rima
and EARLE, in preparation) and one is struck by the remarkable stability of the
nucleotide sequence of MV strains. However, it cannot be excluded that a small
number of mutations in control regions, as in the case of poliovirus, may be
responsible for the attenuated phenotype. It is also clear that at least in the
intracerebral infection of Lewis rats Mab escape mutations of the H protein
can affect the neurovirulence of the rat brain adapted CAM strain of virus (LIEBERT
et al. 1994).

6 Mutations in Subacute Sclerosing Panencephalitis
and Measles Inclusion Body Encephalitis

The study of MV strains associated with SSPE and measles inclusion body
encephalitis (MIBE) so far has involved analysis of virus isolates from the CNS and
lymph nodes of the patients; of persistently infected cells established by coculti-
vation of CNS tissue with susceptible (monkey kindney) cells or of cDNAs cloned
directly form RNA extracted from autopsy material. The analyses have shown
that there are mutations in transcription patterns and mutations that disrupt the
coding potential of viruses and that the phenomenon of biased hypermutation
occurs in many nucleotide sequences (mainly of the matrix gene) obtained
directly from brain material. As indicated above, there are reasons to question the
significance of the two replication competent strains that have been isolated from
SSPE cases and have been found to belong to the Edmonston lineage group. All
the other studies have shown a fairly consistent pattern of variation in SSPE and
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MIBE viruses, with an overall emphasis on reduction of the expression of the
envelope-associated antigens M, F and H.

Concerning mutations affecting transcription patterns, in a number of SSPE
cell lines and brains readthrough RNA transcripts have been identified in which
the P-M intergenic junction has been ignored. This leads to the formation of large
transcripts from which it is impossible to obtain translation of the M ORF in vitro
(CatTaNEO €t al. 1986; WonG and Hirano 1987). In one case, the readthrough may
be related to changes in the intergenic nucleotide sequences, since the GAA
intergenic sequence of the template has been mutated to GGA (YosHikawa et al.
1990) but in another persistently infected cell line and in one SSPE brain there is
no variation in the sequence associated with this altered pattern of recognition of
the P-M intergenic region (Cattaneo et al. 1986). It is presumed that as yet
unidentified changes in the L or other viral genes are responsible for the altered
transcription pattern in the latter two examples.

A second simple way of reducing the expression of, for example, the M
protein is by the introduction of mutations in the M ORF. In one publication
(CatTanEO et al. 1989) the significance of the changes in the M gene, as compared
to those in the N, P, F and H genes, was underestimated since the SSPE- and
MIBE- derived MV strains were compared with a lytic consensus sequence that
only contained the first lineage group. In later studies comparing SSPE-derived by
Wild and Buckland, (this volume) viruses with the wild-type strains of the same
lineage group (Baczko et al. 1991) the significance of changes specifically in the
M gene became more pronounced. In some cases (CATTANEO et al. 1986)
introduction of an early stop codon has obliterated the potential of the virus to
express the M protein which is imporant in the budding process (see chapter IX).
In others, mutations in the coding sequences have been identified that lead to a
greatly enhanced turnover of the protein (SHEPPARD et al. 1986; CATTaNEO et al.
1988b). In these cases, revertants with increased stability of the M protein have
been identified. Thus, either by stop codons or by mutations that induce
instability, the effective concentration of the M protein can be obliterated or
reduced in cases of SSPE.

A second class of mutation, affecting the F protein, has recently been shown
to be associated with all SSPE cases analysed so far and entails the small COOH-
terminal cytoplasmic region, whereas the bulk of the F protein is well conserved
(ScHmip et al. 1992). Premature stop codons are the most frequent mutations, but
elongation of the reading frame, frame shifts and nonconservative amino acid
replacements occur. These mutations appear particularly significant since they
affect the COOH-terminal 15 amino acids that are perfectly conserved in all
morbilliviruses. In some cases, mutant and wild-type virus sequences have been
found to co-exist. Whether both types of viruses are present in the same cells is
not known.

Another form of mutation that has been observed predominantly in the M
gene of many of the SSPE and MIBE cases analysed is a specific form of biased
hypermutation associated probably with the presence of double-stranded RNA
“unwindase” enzyme in the cell (Bass et al. 1989). The activity is present in large
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Fig. 4A, B. Clonal expansion of hypermutated measles virus in a SSPE brain

A The postulated virus lineage is shown. Characterized virus sequence groups are boxed, the
hypothetical virus BX is shown in a circle. The postulated root of the linage is wildtype JM virus, although
ithas not been found in this SSPE brain material. The base changes between viruses are indicated above
the arrows. B Distribution and frequency of the individual M sequences in different brain areas. The
numbers of the different M gene sequence groups (B1-B5) in various brain regions are shown on the
ordinate.

guantities in the nuclei, but also in the cytoplasm of cells of neural origin (RaTauL
et al. 1992; Ecker et al. 1994). Since the enzyme has been shown to convert
adenosine to inosine ribonucleotide, it is now referred to as duplex RNA-depen-
dent adenosine deaminase activity (DRADA). This activity may explain the
simultaneous change of many U residues to C residues in the (+) strands of the
M genes of MV viruses isolated from CNS. To explain why primarily U to C
mutations and not A (to |) to G mutations are observed it has been proposed that
double-stranded RNA molecules are generated from the collapse of a recently
transcribed mRNA onto the genomic (-) template. The collapse of replicating
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genome on to the (+) antigenome template should occur much less frequently
and during replication both RNA molecules are likely to be encapsidated. The first
observation of biased hypermutation was made in the M gene of a MIBE case
(CaTTANEO €t al. 1988a), in which of the total 235 U residues in the coding region
of the M gene 126 were changed to C. Biased hypermutation in the form of U to
C changes has now been found in many SSPE cases analysed. Viruses and
persistent infections from SSPE such as the Biken infection, Yamagata, MF, ZH
and case K have all been found to have a number of these mutations. Some of
these also induce stop codons (CATTANEO et al. 1986; Baczko et al. 1993). One case
of hypermutation leading to A to G changes has been identified in the H gene of
the IP3Ca SSPE-derived persistent infection (CatTaneo et al. 1989). This virus is
unable to hemabsorb red blood cells probably as consequence of the 21 Ato G
mutations induced. In this persistent infection, only the N and P proteins of the
virus have been shown to be expressed at high levels (CatTaNEO et al. 1988b).

Recently we have analysed the significance of biased hypermutation in a
case of SSPE. Both sequences akin to the wild-type virus M gene from the same
lineage (Baczko et al. 1993) and hypermutated virus sequences are present in the
brain tissue of this SSPE patient. The distribution of these sequences in various
brain regions was analysed by sequencing a number of clones from different brain
areas. Four different types of virus mutants were found to be present apart from
the wild-type sequence (Fig. 4). The data indicate that the hypermutated viruses
expanded clonally over the entire brain of the patient and that at least five
hypermutation events occurred during the disease process. A recent report
(CaraBANA et al. 1993) indicated that hypermutation was associated with viral
expansion in two more SSPE cases. The significance regarding the pathogenesis
of these infections is as yet unknown.

7 Conclusions

The extent of the biological, biochemical, physicochemical and genotypic varia-
tion of MV has been reviewed. None of the biological and biochemical variations
have been explained on the basis of nucleotide sequence changes as yet. A
number of outstanding questions can be formulated.

In SSPE a variety of mutations affecting especially the M and F protein and
less so the H proteins have been demonstrated. Most SSPE patients appear to
harbour viruses in the brain with extensive alterations in the M protein, in many
cases as a result of biased hypermutation events. Also, there is often a mutation
in the F gene which leads to a truncated form of the F protein with a shortened
approximately 20 amino acids) cytoplasmic tail. Whether this alters the function,
maturation or secretory pathway of the F protein or whether it affects some signal
transduction pathway is not yet known. It is also not clear what advantage, if any,
these mutations confer to viral spread in the brain despite the massive immune
response. The role of mutations in the pathogenesis of SSPE has not yet been
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established and the site of persistence of the virus and the explanation of the
male predominance in affected children remain to be elucidated (Rima 1994). The
pathogenesis of this disease will thus remain of great interest as a prime example
of the interaction of the human host with a persisting virus, which due to its RNA
genome requires constant replication, albeit probably at very low levels.

The monotypic nature of MV in serological terms has masked the existence
of a set of defined genotypes, which accumulate mutations continuously. Two
matters are of potential significance. First of all, it is immediately striking that
there are very few silent changes found in comparisons of similar strains and the
number of expressed mutations between genotypes is larger than expected. This
indicates that selective forces are operating on the virus, which are not expected
to favour silent mutations. Second, the main question raised by the recent data
concerns the biological significance of the genotypes. To what extent this
variation is driven by the immune system remains to be determined. Antigenic
differences are detectable between vaccine and wild-type viruses using mono-
clonal and postinfection human serum (unpublished). These differences need
further study as it is not clear how much this affects the ability of new wild-type
viruses to replicate and be transmitted from persons with waning titres of
immunity generated by vaccination with a different genotype. The significance of
cell-mediated immune responses in the clearance of MV points to a potential
importance of the variation in the N and to a lesser extent the H proteins of MV.
This variation might be a crucial pathogenic determinant of different viral geno-
types in specific individuals or in populations in which specific HLA types
predominate. It is difficult to assess this at present, but it is clear that the virus is
still capable of inflicting significant morbidity and mortality in developing coun-
tries. Though to a large part this may be attributed to malnourishment and
hygienic conditions favouring secondary infections, there may also be virological
factors that determine the significant differences in MV infection between
developing and developed countries.
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were depressed for 3-4 weeks following vaccination with a live attenuated but
not a killed measles virus vaccine (FIREMAN et al. 1969).

The immune suppression caused by measles virus is of considerable clinical
importance, as measles kills more than 1 million children worldwide per year, and
most of the deaths are due to secondary infections which occur as a conse-
guence of immune suppression (MILLER 1964; BEckForD et al. 1985). Because of
its clinical importance, much research effort has been directed at elucidating how
measles virus causes immune suppression; but in spite of this, the mechanisms
involved are still not fully understood. Some examples of the different types of
mechanism by which viruses can produce a generalized suppression of the host
immune response are shown in Table 1. Viruses may exert their suppressive
effects either through an action on the effector cells of the immune response
(T and B lymphocytes), and/or by affecting the functioning of accessory cells
(monocyte/macrophages, dendritic cells etc.) essential for development of effec-
tor cell responses. Frequently more than one of the mechanisms listed in Table 1
may contribute to achieving the immune suppression observed following a
particular virus infection in vivo as illustrated by human immunodeficiency virus
type (HIV-1) infection of man, where a plethora of different mechanisms have
been proposed to contribute to the development of acquired immunodeficiency
syndrome (AIDS) (reviewed by Weiss 1993). Measles virus-induced immune
suppression may also be multifactorial. In this chapter we will review what is
known of measles virus interaction with immune system cells in vitro and in vivo,
describe in vitro studies which have investigated mechanisms by which the virus
may suppress immune responses and discuss how these in vitro findings may
relate to the mechanics of the immune suppression seen following acute mea-
sles virus infection in vivo.

2 Measles Virus Infects Cells of the Imnmune System

All viruses studied to date which cause immune suppression in their hosts,
indeed all viruses known to be capable of establishing persistent infections in
vivo, infect cells of the immune system (reviewed by McCHesney and OLDSTONE
1987). Measles virus is no exception: as long ago as 1937, Papp demonstrated
that peripheral blood mononuclear cells (PBMCS) are infected during acute
measles by transferring disease to naive individuals. During acute measles
infection, the virus undergoes primary replication in the respiratory tract, then
disseminates throughout the body and undergoes a round of secondary replica-
tion in lymphoid tissues (YamanoucHi et al. 1973; White and Boyd 1973). Close to
the onset of the rash, there is a viremia during which infectious virus can be
recovered from PBMCS but not plasma (Gresser and CHaNY 1963; PeesLes 1967).
Infectious virus/viral antigens can be demonstrated for 1 week or even more after
the rash in mitogen-stimulated PBMCS (Osunkova et al. 1974; WHITTLE et al. 1978;
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1 Introduction

The immune system has evolved to defend the body from pathogens; and
concurrently pathogens, including viruses, have developed a variety of ingenious
strategies to interfere with the immune defense mechanisms and hence pro-
mote their persistence at the individual or population level. The outcome of an
infection is thus dependent on a two-way interaction between the pathogen and
cells of the immune system.

Measles was the infection with which the phenomenon of virus-induced
immunosuppression was first demonstrated: von PiraueT (1908) observed that
the tuberculin skin test response of immune individuals was transiently de-
pressed during the course of acute measles virus infection, from just prior to the
rash until 7-20 or more days following its appearance. This finding was exploited
therapeutically for the treatment of nephrotic syndrome (BLumBerG and CAssaby
1947). SmiTHwick and BerkovicH (1969) extended von PiraueT’s initial observations
in an in vitro system, demonstrating that the proliferative response to tuberculin
of immune lymphocytes isolated during the course of acute measles infection is
depressed. It was further shown that this suppression was actually due to the
virus, as culture of lymphocytes with measles virus in vitro suppressed their
proliferative response to tuberculin antigen or a mitogen (Smithwick and BerkovicH
1969; ZweimaN 1971). Likewise skin test responses and in vitro T cell proliferation

Viral-immunobiology Laboratory, Division of Virology, Department of Neuropharmacology, The Scripps
Research Institute, 10666 North Torrey Pines Road, La Jolla, CA 92037, USA
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ForTHAL et al. 1992), and viral RNA has been detected for longer (at least 11 days,
or in some studies more than 3 weeks after the onset of the rash (Hvypia et al.
1985; SCHNEIDER-SCHAULIES et al. 1991).

In vitro, CD4 and CD8- positive T lymphocytes, B lymphocytes and mono-
cytes can all be infected by measles virus, but polymorphonuclear cells cannot
(JosepH et al. 1975; SuLLivan et al. 1975b; HubpLESTONE et al. 1980). Viral replication
is restricted in unstimulated PBMCs, and monocytes seem to represent a major
infected population in such unstimulated cultures (SALONEN et al. 1980). Measles
virus infection of monocytes is not productive even if the cells are activated
(VaiNnIONPAA et al. 1991), although cord blood monocytes from neonates support
infection better than monocytes from adult peripheral blood (SuLLivan et al.
1975b). By contrast, lymphocytes stimulated by a mitogen before or after
infection replicate virus, and nearly all cells contain viral antigens (JoserH et al.
1975; Lucas et al. 1978b; HupbLESTONE et al. 1980). Infected and stimulated CD4*
T lymphocytes were found to support higher titers of viral replication than did
CD8" cells, which correlated inversely with the level of interferon (IFN)-a they
produced (JacoesoN and McFaRrLAND 1982). The nature of the block to measles
virus replication in unstimulated cells and basis of the enhanced permissiveness
in activated lymphocytes is not well understood. Cellular proteins have been
identified which bind specifically to the 3' noncoding region of the positive strand
leader sequence of measles virus RNA and are found only in cells permissive to
measles virus infection (LeorarDi et al. 1993a). Mitogen activation of lymphocytes
is associated with an increase in this RNA binding activity, although whether this
is the cause of the enhanced permissiveness is not clear (LEorarDI 1993).

Addressing the question of which PBMC type(s) are infected with measles
virus in vivo, an early report found that T and B lymphocytes were among the
infected cell populations (WHITTLE et al. 1978). However recent work by ESoLEN
etal. (1993) suggests that the majority of infected PBMCs are in fact monocytes.
These authors used a measles virus-specific reverse transcriptase-polymerase
chain reaction to localize the infected cells to the plastic adherent fraction of
PBMCs and combined in situ hybridization for the measles virus fusion protein (F)
gene and esterase staining to identify infected PBMCs as monocytes. Esterase-
positive cells in the spleen were also found to be infected during acute measles
virus infection in vivo (EsoLeN et al. 1993). In the light of what is known of measles
virus—PBMC interactions in vitro, whilst the observed infection of monocyte/
macrophages would be predicted, it seems surprising that no infection of
lymphocytes was found, especially considering that there is a period of pro-
nounced spontaneous proliferation of PBMCs during the first week of the
measles rash (GriFFIN et al. 1986, 1989), at the peak of which 5%-10% of
peripheral blood T lymphocytes and more than one third of B lymphocytes are
preparing to divide (WarD et al. 1990) and thus should be able to support
productive measles virus replication. One possible explanation might be that
productively infected PBMCs i.e., lymphocytes but not monocytes, are rapidly
removed from the circulation (perhaps via trapping by cells of the reticuloendothe-
lial system or in lymph nodes) and were thus not scored in the patient samples
analyzed.
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3 Suppression of In Vitro Imnmune Responses
by Measles Virus

A variety of in vitro immune responses are inhibited following infection of PBMCs
with measles virus (reviewed by McCHesNey and OLbsToNE 1987; 1989; CasaLl
et al. 1989). What is suppressed is the generation of effector functions; already
differentiated effector functions are not affected (GaLama et al. 1980; CasaLl et al.
1984). For example, proliferation and generation of cytotoxic T lymphocyte (CTL)
activity in allogeneic mixed lymphocyte reaction (MLR) cultures are decreased if
virus is added near the start of the culture period, but infection of 5-day-old MLR
cultures does not affect the lytic activity of allogeneic CTLs (GaLamA et al. 1980).
Similarly if measles virus is added to pokeweed mitogen (PWM)-stimulated
PBMC cultures during the first three days, B cell immunoglobulin (Ig) secretion is
inhibited, but if the virus is added after day 3, less suppression of g secretion is
observed (GaLama et al. 1980; CasaLl et al. 1984). As the generation of immune
responses, the step which is sensitive to measles virus suppression, requires
lymphocyte proliferation, and measles virus has long been known to be able to
suppress the proliferation of PBMCs (SmitHwick and BerkovicH 1969; ZWEIMAN
1971), McCHesney and OLbsonE (1989) have suggested that the multiple effects of
measles virus on in vitro lymphocyte functions may all be mediated through a
common pathway—the suppression of lymphocyte proliferation.

The mechanism(s) by which measles virus suppresses lymphocyte prolifer-
ation have been the subject of much research. Infectious virus is required to
produce suppression: inactivation of measles virus by heat, UV light or antibody
neutralization (Lucas et al. 1977; Casau et al. 1984) or culture at a temperature
nonpermissive for viral replication abrogates the suppression. Virus killing of
infected lymphocytes has thus been suggested as one possible mechanism for
immune suppression. Its importance in the production of immune suppression is
measles virus strain-dependent. Whilst productive infection of lymphocytes is
not lytic (Lucas et al. 1977; 1978b; Casaul et al. 1984; McCHesney et al. 1986),
measles virus infection may lead to syncytia formation and hence cell death
(ENnpers and PeesLEs 1954; BaRRY et al. 1976). Certain measles virus isolates, e.g.,
the Halle measles strain, originally isolated from an SSPE patient, cause exten-
sive syncytium formation in PHA-stimulated lymphocytes, leading to cell death
within 3 days (ILoNeN et al. 1988). Cell death thus may play an important role in the
rapid, strong inhibition of PHA-stimulated lymphocyte proliferation produced by
these virus strains (ILONEN et al. 1988). By contrast, the Edmonston and certain
other strains of measles virus do not produce rapid widespread syncytia forma-
tion in infected lymphocyte suspension cultures, and although cell death be-
comes apparent in extended cultures, inhibition of T cell proliferation following
PHA stimulation is observed well before cell viability ‘'becomes compromised
(ILONEN et al. 1988; SALONEN et al. 1989; YaNaal et al. 1992). A further piece of
evidence which demonstrates that measles virus is able to suppress lymphocyte
proliferation by a mechanism other than affecting cell viability is the report that a
temperature sensitive measles virus mutant, MV ts38, was able to inhibit T cell
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mitogenesis at 37°C, a temperature at which it did not undergo a full cycle of
replication or induce any cytopathic effect (VypeLnGum et al. 1989).

Whether measles virus-induced suppression of lymphocyte proliferation is
caused by a direct effect of the virus on lymphocytes or by an effect on monocyte/
macrophages or other antigen presenting cells has also been a subject of much
controversy. A role for monocytes in the mechanism by which measles virus
suppresses T lymphocyte proliferation in vitro was suggested by studies of
SALONEN et al. (1989) who found that PHA-induced proliferation of lymphocyte-
enriched PBMC populations (with <1% contaminating macrophages) was not
suppressed at 48 h postinfection, whereas the proliferation of cultures enriched
for monocytes (less than 10% of the cells in which were T cells) was more
strongly suppressed than that of unfractionated PBMCs. This might be explained
by the fact that measles virus infection triggers the production of IFN-o (a cytokine
known to have an inhibitory effect on T and B cell proliferation) from monocytes,
as the addition of anti-IFN-oc antiserum partly reversed the virus-induced inhibition
(SaLoneN et al. 1989). However other investigators have excluded both IFN-o and
prostaglandin E as mediators of the suppression of lymphocyte proliferation by
measles virus (Lucas et al. 1978a: SaNCHEZ-LANIER et al. 1988). Recent studies have
also shown that measles virus infection of peripheral blood monocytes in vitro
causes abnormalities in their functioning: interleukin (IL)-1B expression is en-
hanced and tumor necrosis factor-a. (TNF-a) expression reduced (LEorARDI et al.
1992), and the infected cells have a reduced capacity to present antigens other
than measles virus antigens, despite increases in their level of surface MHC class
[l expression (LeoraARDI et al. 1993b). The role these changes play in measles virus
suppression of lymphocyte proliferation in vitro is currently unclear.

However there is also strong evidence that measles virus can affect lympho-
cyte functioning directly (SuLLivan et al. 1975a; Lucas et al. 1978a; McCHesNEY et al.
1986). For example, studying measles virus-induced suppression of B cell immu-
noglobulin production in PWM-stimulated PBMC cultures, McCHesney et al.
(1986) showed that whereas purified B cells cultured with PWM in conditioned
medium from either measles virus-infected or uninfected PWM-stimulated T
cells plus monocyte cultures (cleared of infectious virus by ultracentrifugation)
secreted IgG and IgM, infected B cells secreted little immunoglobulin in any
conditioned medium, i.e. the virus was directly affecting B cells. In order to
determine at which stage in the cell cycle virus-induced suppression was occur-
ring, these authors (McCHesNey et al. 1987, 1988) went on to examine events of
B celland T cell activation in measles virus-infected lymphocytes. They found that
mitogenic stimulation of infected lymphocytes resulted in cell volume increases,
induction of rapid early RNA synthesis and expression of cell surface activation
antigens including 4F2, MHC class I, transferrin receptors and (on T cells) IL-2
receptors, as in uninfected cells. The capacity of infected T cells to secrete -2
and IFN-y after stimulation was not reduced, explaining why addition of exoge-
nous |L-2 to measles virus-infected PBMCs does not restore the proliferative
response (Borysiewicz et al. 1985). However total RNA synthesis was decreased
relative to uninfected cells at 48 and 72 h, and this was correlated with a reduction
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in the steady-state level of mRNA for histone 2B, one of a group of genes
normally upregulated during the S phase of the cell cycle, at 72 h after stimulation.
These data suggest that measles virus infection of lymphocytes results in a
growth factor-independent arrest in the late G, phase of the cell cycle. Further
experiments showed that the arrest of progression to the S phase in measles
virus-infected T cells is not complete: a low frequency of infected cells do start
DNA synthesis, indicating that measles virus infection per se does not completely
block DNA synthesis in infected cells (YanaG! et al. 1992).

Thus measles virus infection does not significantly affect the lymphocyte
activation process, nor does it cause the complete arrest of DNA synthesis in
infected lymphocytes. One hypothesis to explain these observations is the idea
of viral interference with the “luxury functions” of differentiated cells (Fig. 1). This
hypothesis proposes that although virus infection does not result in host cell lysis
or disturbance of housekeeping functions, it interferes with the cell’s ability to
make product(s) necessary for its differentiated functions—in the case of lympho-
cytes, product(s) necessary for their immune function. An alternative interpreta-
tion of these results, proposed by Yanaal et al. (1992), is that measles virus does

Lymphocyte
or
Antigen presenting cell

Protein  Membrane Other  Differentiated

Synthesis  Integrity Function
@
[ 3
L]
® O add
®  measles

virus

Fig. 1. Virus-induced interference with the differen-
Infected tiated functions of cells: one mechanism which may
cell be involved in measles virus-induced suppression
of immune responses. According to this scenario,
measles virus replication within lymphocytes and/or
antigen presenting cells does not result in cell lysis
or interference with housekeeping functions, e.g.
protein synthesis is not shut off, but the infection
selectively interferes with the cells’ ability to make
product(s) necessary for their differentiated function
i.e. role in the immune response. This concept, and
— examples of the role it plays inthe pathogenesis of
Protein  Membrane Other  Differentiated a number of different virus infections, is reviewed
Synthesis  Integrity Function by OLDSTONE (1984); DE LA TORRE et al. (1991).
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not affect T cell activation and proliferation intracellularly, but exerts its effects
through some mechanism related to the expression of its gene products on the
cell membrane. The majority of infected lymphocytes express measles virus
hemagglutinin (H) and fusion (F) proteins on their surface by 48 h after PHA
stimulation: cell-cell interactions mediated through these proteins may initiate
intracellular signals that affect cell proliferation (Fig.2). Just as virus binding to
cells has been shown to influence specific gene or cell activation events (Gazzolo
and Dobon 1987; BowbocH et al. 1990; Peston 1990), the binding of viral gene
products to cells may also have a similar effect. Experimental evidence in support
of this hypothesis includes the findings: (a) that anti-measles antibodies can
prevent the inhibitory effect of measles virus on T cell proliferation even when
added 24 h after the initiation of infection (Lucas et al. 1977; Yanaai etal. 1992), (b)
that a synthetic oligopeptide Z-D-Phe-L-Phe-Gly which suppresses measles virus-
induced fusion, probably by preventing the interaction of measles virus H or F
protein with the cell membrane, also reversed the inhibition of T cell proliferation
by measles virus (Yanaci et al. 1992), and (c) that measles virus-infected, irradiated
PBMCs, when added to fresh autologous PBMCs, caused significant inhibition of
T cell proliferation even though the level of virus recovered from the irradiated
infected cells was 100-fold lower than the virus titer needed to cause the
equivalent inhibition. Furthermore, this inhibition was reversed by anti-measles
antibody (SancHEZ-LANIER et al. 1988).

This is an attractive hypothesis, because if, as suggested in Fig. 2, the
interaction of measles virus proteins on the surface of an infected cell with
uninfected lymphocytes is sufficient to inhibit the proliferation of the uninfected

Fig. 2. A second hypothetical mechanism by
which measles virus-induced suppression of
lymphocyte proliferation may occur: via cell-
cell interactions mediated by measles virus
glycoproteins. The interaction of a lymphocyte
(LY) with measles virus hemagglutinin (H) and/
or fusion (F) proteins expressed on the surface
of an infected cell delivers a transmembrane
signal (zig-zag arrows) to the responding cell
which arrests its proliferation (minus sign).
Adhesion proteins (striped bars) may facilitate
suppression by enhancing cell-cell interac-
tions. A Whether such a suppressive cell-cell
interaction can occur only between infected
lymphocytes, or B, whether e.g., the response
of an uninfected lymphocyte could be affected
following interaction with measles proteins
expressed on the surface of an infected antigen
presenting cell (APC) is currently unknown
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cells (supported by the work of SancHEZ-LANIER et al. 1988), it would allow measles
virus infection of a relatively small number of cells to have a far-reaching effect on
the immune response mounted by a large population of uninfected cells. The
recent finding that leukocyte function-associated molecule-1 (LFA-1) expression
is up-regulated on measles virus-infected leukocytes, promoting cellular aggrega-
tion (AtTiBELE et al. 1993) is of interest here, as it might explain why measles virus
infected cells may engage in a large number of cell-cell interactions.

4 Mechanisms That May Contribute to the Immune
Suppression Associated with Measles Virus
Infection In Vivo

Theories as to the mechanism of measles virus-induced immune suppression in
vivo must both explain the duration of the immune suppression [cellular immune
responses including delayed-type hypersensitivity skin test responses (VON PIRQUET
1908; WEsLey et al. 1978), NK cell activity (GriFFiN et al. 1990), and in vitro
lymphoproliferative responses to mitogens (SmitHwick and BerkovicH 1969; WESELY
et al. 1978; HirscH et al. 1984) are depressed from the onset of the rash for more
than 6 weeks], and take into account the findings that measles virus can be isolated
from peripheral blood leukocytes only during the early phase of infection and that
the proportion of PBMCs which have been shown to be infected is low (Osunkova
etal. 1974; WHITTLE et al. 1978; Hyvria et al. 1985; SCHNEIDER-SCHAULIES et al. 1991,
EsoLen et al. 1993). As with the suppression of immune responses seen following
infection of PBMCs with measles virus in vitro, a number of different hypotheses
as to the mechanisms involved in the immune suppression associated with
natural measles infection have been put forward. It seems likely that a succession
of different abnormalities may contribute to the prolonged period of reduced
immune responsiveness, rather than a single defect being responsible.
Lymphopenia resulting from destruction of measles virus-infected cells is
one of the factors which has been proposed to contribute to immune suppres-
sion in vivo. That lymphopenia, which seems to affect B cells and T cells of the
CD4* and CD8* subsets to a similar extent as there is no change in the ratio of
cells of these subsets, occurs during the acute phase of measles has been
documented by a number of investigators (WesLey et al. 1978; WHITTLE et al. 1978;
ARNEBORN and BIBERFELD 1983; GRIFFIN et al, 1986). Whether or not this lympho-
penia results from destruction of cells infected with measles virus is unclear. A
period of spontaneous proliferation of mononuclear cells begins just before the
rash appears and continues for several weeks (GRIFFIN et al. 1986; 1989)—during
this time a high proportion of PBMCs of all subtypes are activated, and would thus
be targets for productive infection by measles virus (Warp et al. 1990). Whilst
investigations of the extent of infection of PBMC by measles virus in vivo
revealed a low proportion of infected cells, and one report has suggested that the



94 P. Borrow and M.B.A. Oldstone

infection may be restricted primarily to monocytes (EsoLeEN et al. 1993), it is
possible (as discussed earlier) that measles infection of PBMCs is in fact much
more extensive, but that infected cells are rapidly removed from the circulation
(altered trafficking patterns have been reported for lymphocytes infected with
other viruses by Woobrurr and WoobRrurr 1974); or that, as has been found to be
the case in HIV-1 infection in humans (PanTALEO et al. 1993; EmBRETSON et al. 1993),
there is a much higher level of infection of mononuclear cells in lymph nodes and
other lymphoid organs than is reflected in circulating PBMCs. Whatever the
cause of the observed lymphopenia, however, it alone cannot entirely account for
the clinical immune suppression associated with measles virus infection, as
depression of immune function persists beyond the lymphopenic phase of the
disease, suggesting that abnormalities in cellular functioning also occur.

The role of abnormalities in monocyte functioning in the depression of
cellular immune responses during natural measles infection was addressed by
GriFrIN et al. (1987) and WaRD et al. (1991). They found a variety of abnormalities
in monocyte function in measles patients: in particular monocyte production of
TNF-a, a cytokine which synergizes with other cytokines early during immune
responses to support T and B cell proliferation, was frequently reduced during the
first week after onset of the measles virus rash. However, overall these data
suggested that abnormal monocyte function was probably not the primary cause
of measles virus-associated immunosuppression.

This implies that, as in vitro, the in vivo immune suppression associated with
measles virus infection may be mediated at the level of lymphocyte responsive-
ness. Whether or not the mechanisms proposed to explain measles virus-
induced suppression of lymphocyte proliferation in vitro, namely that either
infection internally disturbs the differentiated functions of lymphocytes, or alter-
natively that interaction of the responding lymphocytes with measles virus H and/
or F proteins on the surface of infected cells delivers a transmembrane signal to
the responding cells which arrests their proliferation, also operate in vivo is
unknown. However the latter type of mechanism would provide an explanation
for why profound suppression of lymphocyte responses occurs despite the fact
that virus infection is detected only in a small proportion of monocytes (EsoLEN
et al. 1993): each infected monocyte may interact with a succession of lympho-
cytes and thus render a large number of the latter cells anergic.

Considering immune suppression in vivo, other mechanisms involving evolu-
tion of the immune response which are less likely to play an important role in the
suppression of lymphocyte functioning occurring 48 h after in vitro infection with
measles virus are also possible. Evidence for one such mechanism in the
immune suppression accompanying natural measles virus infection comes from
studies of the type of immune response mounted following measles infection
(reviewed in greater detail elsewhere in this volume). Briefly, examination of T
cell cytokine production, both by measurement of plasma levels of different
cytokines during natural measles infection and by assessing in vitro cytokine
production in response to stimulation with mitogens or an anti-CD3 antibody,
from T cells of measles patients (Warp et al. 1991; GriFFin and WaRD 1993),
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revealed that during and shortly after the rash, in vitro T cell proliferation could be
improved by supplementation with IL-2, although in vivo plasma IL-2 levels were
high. After resolution of the rash, plasma IL-4 became elevated, and remained
high in some patients for more than 7 weeks. In vitro, mononuclear cells
proliferated poorly in response to stimulation with anti-CD3 and produced low
levels of IL-2 and IFN-yand high levels of IL-4 and IL-8, a lymphokine profile typical
of aresponse mounted predominantly by type 2 CD4* T cells (SaLcamE et al. 1991;
KapseNBERG et al. 1991). IL-4 inhibits |L-2-dependent T cell proliferation, and IL-4
production likely contributed to the depressed in vitro lymphoproliferative re-
sponses to mitogens as addition of antibody to IL-4 partially corrected the
proliferative defect. However, other factors undoubtedly affect in vitro lympho-
proliferation during measles since responses were also low during the rash,
when plasma IL-4 levels were normal and anti-IL-4 antibody did not have any
effect (GriFrin and WaRD 1993). In vivo, many of the other long-term immunologic
abnormalities associated with measles infection, including decreased macroph-
age activation, suppression of delayed-type hypersensitivity and low NK cell
activity, may be related to preferential activation of type 2 CD4* T cells.

Thus it is possible that an evolution of immunologic abnormalities affecting
both lymphocytes and monocytes occurs over the course of measles-associated
immunosuppression. Early in the infection, direct viral effects on lymphocytes
and monocyte abnormalities may contribute to immunosuppression, whereas
the long-term immune dysfunction occurring after viral clearance likely results
from the lymphocyte response becoming programmed into a particular immune
profile during which the majority of cellular responses are strongly down-
regulated, allowing secondary infections to occur.

5 Conclusions

Natural infection with measles virus is associated with a clinically relevant
immune suppression. In an attempt to understand the mechanism(s) by which
this is produced, measles virus- mononuclear cell interactions following both in
vitro and in vivo contact of cells with virus have been studied.

In vitro, measles virus can infect T and B lymphocytes and monocytes,
although the infection is productive only in activated lymphocytes. The generation
of effector functions by diverse lymphocyte subpopulations is inhibited following
infection, but already differentiated functions are not affected. Inhibition appears
to result from the suppression of lymphocyte proliferation; and a number of
different mechanisms have been proposed to explain how this is achieved.
These include: (a) virus killing of infected lymphocytes, which whilst it may play an
important role in the suppression produced by certain highly cytopathic measles
virus isolates, cannot fully explain the inhibition of lymphocyte proliferation
produced by many other less cytopathic measles virus strains; (b) virus effects on
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monocytes— again, although measles virus infection of peripheral blood mono-
cytes does cause abnormalities in their functioning, their role in the observed
suppression of lymphocyte proliferation is currently unclear; and (c) a direct viral
effect on lymphocyte functioning, which may either occur as a consequence of
virus internally altering the function of infected cells, or may involve delivery of a
negative transmembrane signal to responding lymphocytes following interaction
with measles virus H and/or F proteins on the surface of an infected cell. It is
possible that several or all of these mechanisms may contribute to the observed
immune suppression, their relative importance depending on the virus isolate
used, PBMCs subtypes present, and immune function studied.

Measles virus-mononuclear cell interactions in vivo and the mechanism(s)
which contribute to the immune suppression in man are even less clearly
understood. Infection of a small number of PBMCs, the majority of which appear
to be monocytes, can be detected transiently following the onset of the measles
virus rash; although whether circulating PBMCs reflect the extent and duration of
mononuclear cell infection in the entire immune system is unknown. Here again,
a plethora of mechanisms have been suggested to play a role in the production of
the observed immune suppression; what seems most likely is that a series of
immunologic abnormalities contribute sequentially to immunosuppression. The
suppression observed shortly after the onset of the rash may be due to similar
mechanisms to those discussed above for the acute suppression of responses
following infection of PBMCs with measles virus in vitro, i.e., direct viral effects
on lymphocytes and monocyte abnormalities may be the most important contrib-
utors. By contrast, the long-term immune dysfunction occurring after viral clear-
ance may result from the induction of a strong type 2 CD4* T cell immune
response during which the majority of cellular responses are down-regulated to a
clinically important extent.

Recent observations suggest that approaches to solve the riddle of how
measles virus causes immunosuppression in vivo are almost on hand. The CD46
molecule has been identified as a cellular receptor for measles virus (NANICHE et al.
1993). This observation has been confirmed and it has been documented that
transfection of various isoforms of CD46 into nonpermissive hamster or murine
cells renders them permissive for measles virus infection (MANCHESTER et al.
1994). Transgenic mice bearing the CD46 gene have thus been constructed
(Manchester, Atkinson and Oldstone, unpublished data) to serve as a small animal
model for the study of measles virus infection and the associated immunosup-
pression. Similarly measles virus has been shown to induce immunosuppression
in vivo in a severe combined immunodeficiency (SCID)-human PBMC mouse
model (Manchester, Tishon and Oldstone, unpublished data). The ability to
manipulate the immune response by depletion and reconstitution in such animal
models offers the possibility of solving the puzzle of measles virus-induced
immunosuppression first reported by Clement von Pirquet nearly 100 years ago.
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1 Introduction

The interaction of measles virus (MV) with the human central nervous system
(CNS) can lead to acute or chronic disease processes which are of clinical
importance. In a fraction of patients, an acute measles encephalitis (APME)
appears during or after acute measles probably as a result of virus-induced
autoimmune reactions. As rare late complications of measies, subacute scleros-
ing panencephalitis (SSPE) and measles inclusion body encephalitis (MIBE)
develop on the basis of a persistent infection in neural cells (for details see Katz,
this volume). These disorders have stimulated numerous studies which have
contributed to the understanding of alterations of viral gene expression and
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cellular gene functions in brain tissue (for review see BiLLETER and CATTaNEO 1991;
SCHNEIDER-SCHAULIES and TER MEULEN 1992). Based on these investigations, it is
obvious that primary interaction of MV with brain tissue is‘followed by a nonlytic
persistent infection instituted by attenuation of viral gene functions. As convinc-
ing evidence has not been mounted for the existence of particular defective
viruses initially infecting the CNS (Catraneo et al. 1989; Baczko et al. 1993), factors
intrinsic or induced in neural cells have been proposed to attenuate primary viral
gene expression (Kraus et al. 1992; ScHNEIDER-SCHAULIES et al. 1993 a,b). In this
review we will give a brief overview on how defective and quantitatively altered
viral gene functions encountered in persistent MV infections of brain cells may
relate to cellular factors and regulatory mechanisms and how cellular gene
expression in neural cells is impaired upon the interaction with MV.

2 Alterations of Measles Virus Genomes
and Gene Functions in Presistent Brain Infections

Alterations of MV gene expression have mainly been characterized by directly
using autopsy brain material of patients with SSPE or cell lines infected with MV
isolates from brain tissue. As summarized in Fig. 1, expression of the viral
envelope proteins M, F and H has been found to be generally low or even absent
in persistent brain infections whereas the integrity of the replicative complex, as
indicated by the expression of N and P proteins, is apparently maintained. The
altered expression of the envelope proteins has been ascribed to a variety of
independent mechanisms. A low abundancy of the corresponding mRNA tran-
scripts (Cattaneo et al. 198743, b), as reflected in the formation of particularly steep
transcription gradients, is accompanied by the alterations of the coding sequenc-
es that lead, in extreme cases, to the truncation or complete abolishment of the
corresponding reading frames (BiLLETER and Cattaneo 1991). The natural error
frequency of the viral polymerase and the activity of a cellular double-stranded
(ds) RNA-dependent unwinding/modifying enzyme have been proposed to cause
the introduction of single point or hypermutations, respectively (Fig. 1) Detailed
informations on mutationally affected viral gene functions in persistent brain
infections are reviewed by Rima et al. (this volume).
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Fig. 1. Alterations of Measles virus (MV) genomes and gene functions in persistent brain infections.
Characteristic restrictions of MV gene expression, their basis and functional consequences are
summarized. The genome is indicated in the center of the diagram in 3' to 5' direction containing all MV
structural genes except the L protein since not enough data are available for the particular reading frame.
On top of the genome, the gradients for the relative frequencies for the monocistronic polyadenylated
mRNAs compared to the N gene (N is set to 100%) are indicated. The shallow gradient for the mRNAs
expressed in nonneural cells is represented by the stippled, the steep gradient for the transcripts present
in persistent brain infections by the hatched boxes. It should be stressed that the values are chosen
arbitrarily as a representative example and do not refer to particular original data. As no pronounced
defects for the core proteins N and P have been found, alterations of protein expression are indicated for
the envelope proteins M, F and H. In addition to the low frequencies of the corresponding mRNAs the
gene products are more or less affected or truncated due to single or clustered nucleotide exchanges
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3 Host Cell-Dependent Restrictions of Viral Replication
in Brain Cells

3.1 The Experimental Systems

The observation of an impairment of MV gene expression in brain tissue of SSPE
patients at the time of death raises the question about the events at primary
infection of the CNS. Obviously, as a prerequisite for the establishment of a
persistent rather than a lytic infection in brain cells, viral gene functions have to be
attenuated in order to avoid the immediate destruction of the host cells. This
particular virus-host interaction may be governed by the action of host cell factors
imposing certain constraints on viral gene expression, thus favouring viral persis-
tence. Since these questions cannot be analyzed directly in the human brain,
experimental systems including animal models have been established (LiEBERT
and TER MeuLEN 1987; RaMMOHAN et al. 1981; SwovelAND and JOHNSON 1989).

In an animal model using inbred Lewis and BN rats (see chapter by Liebert
and Finke, this volume) intracerebral inoculation of a neurotropic, rat brain-
adapted CAM strain of MV induces age- and strain-dependent acute and subacute
CNS diseases (LIEBerT and TER MEULEN 1987). These experimentally induced CNS
diseases share some of the characteristic neuropathological and virological
findings with human persistent brain infections. In contrast to the acute enceph-
alitis, the persistent infection is characterized by (a) a significant humoral immune
reaction against the virus, (b) absence of free infectious virus as well as giant cell
formation and (c) accumulation of intracellular nucleocapsids (LIEBERT and TER
MEeuLen 1987; DoORRies et al. 1988). In addition to animal models, tissue culture
systems with primary and permanent cells of neural origin have been used for
descriptive studies to verify the findings in brain tissue (SCHNEIDER-SCHAULIES et al.
1990, 1992). They allowed the investigation of MV gene expression in different
brain cell populations dependent on intrinsic factors or in response to external
stimuli (SCHNEIDER-ScHAULIES et al. 1990, 1993a; YosHikawa and YAMANOUCHI 1984).
Moreover, cell-free extracts have been used to analyze MV transcription and
replication in vitro (Mover et al. 1990; Horikami and Movyer 1991), as well as direct
binding studies of cellular transactivating proteins to the regulatory sequences of
MV RNA (LeorarDl et al. 1993). The biological relevance of these findings has still
to be confirmed, since in vivo the viral RNA has to be encapsidated by the N
protein to serve as a template for the viral polymerase complex (BANERJEE 1987).
Although the latter approaches provide some evidence for the requirement of
cellular proteins for efficient viral transcription, they have to be evaluated also in
view of the fact that cellular structures and compartmentalization are not retained.
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3.2 Regulation of Viral Transcription

3.2.1 Intrinsic Factors

A restriction of transcription is common to all persistent MV infections in brain
cells (Fig. 1). In analyzing potential host factors it became obvious that MV
transcription in cells of neural origin is generally reduced compared to cell
systems of nonneural origin, as indicated by the copy numbers of N-specific
transcripts per infected cell (SCHNEIDER-ScHAULIES et al. 1989, 1990, 1993a) (Fig. 2).
This spontaneous reduction was shown to be up to tenfold in human neural tissue
culture cells compared to nonneural controls (SCHNEIDER-ScHAULIES et al. 1993a). In
addition, the differentiation state of the cells may interfere with active transcrip-
tion of MV, as seen in brain material of experimentally infected animals (LIEBERT et
al. 1990) and in tissue culture upon in vitro differentiation of neuronal cells
(YosHikawa and YamanoucH! 1984). As to the overall reduction observed, the
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Fig. 2. Host factors influencing Measles Virus (MV) gene expression in neural cells. Host factors and
their mode of action contributing to the establishment of persistent CNS infections by modulating viral
and cellular gene functions are summarized here. For the infecting virus, total and relative transcriptional
efficiencies of its individual mMRNAs are downregulated by cellular components present in the cell or
induced by cytokines (as MxA) or antiviral antibodies. Although rarely occurring, MV-specific RNAs may
be occasionally modified by the action of the cellular unwindase present in the cytoplasm of brain cells.
ViralmRNAs, either modified or unmodified, are barely translated into structural proteins, in particular in
differentiated brain cells, ending up in a prolonged, inefficient replication of the viral genome and a low
expression of the envelope proteins. As a consequence, budding of infectious virus is delayed or may
even be absent. As a second event, cellular gene expression is altered upon MV infection, as indicated
by the induction of surface molecule expression and the release of a characteristic set of cytokines. To
close the circle, these cytokines may enhance not only the antiviral immune response but also directly
the intracellular control of viral gene expression as shown for the type | interferon-induced MxA protein
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formation of particularly steep transcription gradients, as documented in SSPE
brain material (see above), proved o depend to a major extent on cellular control”
mechanisms. The progressive decrease of transcriptional efficiency along the
viral genome leading to a high underrepresentation of the mRNAs for the
envelope proteins and, in particular, for the L protein, could be observed in brain
tissue of experimentally infected rats and in tissue culture systems with primary
and permanent neural cells (SCHNEIDER-ScHAULIES et al. 1989, 1990, 1993a) (Fig. 2.)

Due to the lack of adequate experimental systems, regulation of MV
transcription has not been studied intensely yet. At least in vitro, cellular cytosk-
eletal components are required for activating viral transcription for related viral
systems such as human parainfluenza virus type 3 (HPIV3), Sendai and respirato-
ry syncytial virus (RSV) (Mover et al. 1986; BanerJEe 1987; Barik 1992,
De etal. 1993). In contrast to the latter viruses, MV transcription seems to require
tubulin rather than actin (Mover et al. 1990). Since these proteins are ubiquitous,
they may not contribute to the particular regulation of MV expression in brain
cells. More recently, the direct binding of host-encoded proteins to the leader
RNA of MV has been suggested to be mandatory for the activation of viral
transcription and replication. These host factors have been proposed to be lacking
in cells of lower permissivity for MV (LeopARDI et al. 1993).

As a consequence of the low abundance of the corresponding transcripts, the
levels of L protein are most probably rather low in infected brain cells and may
account for a limited extent of virus-specific transcription. A certain stoichiometry
of N, P and L proteins for the formation of functional complexes has been shown
to be required for the related Sendai virus system (Horikami et al. 1992). In
addition, an inhibitory capacity of the Sendai virus V protein on viral RNA
replication was found in vitro when the L protein was limiting. Thus, V protein may
exert a particularly strong negative effect on replication in infections in which the
concentration of L is relatively low, such as in brain cells (Curran et al. 1991).

As an alternative regulatory mechanism, host cell-specific modifications of
viral proteins essential for transcription and replication could be envisaged.
Differentially phosphorylated forms of P and V proteins during persistence have
been proposed (see above). As shown for vesicular stomatitis virus (VSV), at least
one of the functionally required phosphorylations of the P protein is due to the
action of a cellular kinase and an inhibition of that kinase activity directly
correlates with transcriptional inhibition at least in vitro (Barik and BanerJee 1992;
SLeaT et al. 1993). Since MV contains two additional phosphorylated proteins, N
and V (Rima 1983; GomsaRT et al. 1992), it will be highly interesting to identify the
sites of phosphorylation, their usage in different cell types and their functional
properties.

3.2.2 Interferon-Dependent Antiviral Activities

As will be pointed out later in this chapter, a characteristic set of cytokines is
induced in brain cells infected with MV. Besides the important role of these
compounds in intercellular cross-talk, in particular with cells of the immune
system, host factors can be induced that may contribute to the regulation of MV
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gene expression. Since the antiviral actions of type | interferons (IFNS) and IFN
inducible proteins have been well documented, these compounds have been
discussed to be associated with the establishment of the persistent infection of
brain cells. According to one hypothesis, IFN escape variants may spread prefer-
entially in the brain (CARriGAN and Kasakorr 1987). However, amongst the [FN
inducible proteins, the Mx proteins have been directly related to an antiviral action
against influenza virus and VSV, interfering with transcription and/or translation of
viral genes (STAEHELI 1990; Paviovic et al. 1990; StaeHeLl and Paviovic 1992).
Interestingly, expression of Mx proteins has recently been detected in MV-
infected brain cell cultures and brain material revealing pronounced restrictions of
viral gene expression (Kraus et al. 1992; ScHNEIDER-ScHAULIES et al. 1993a). A
marked down-regulation of MV-specific mRNA synthesis in brain cell cultures
constitutively expressing human MxA suggests indeed an important role of that
particular protein in contributing to the establishment of a persistent infection
(ScHNEIDER-ScHAULIES et al. 1994). The mode of antiviral action of Mx proteins
has not been defined yet. Their association with cytoskeletal components
(HorisBeRGER 1992) and their capacity to bind and hydrolyze GTP, which has been
directly linked to their antiviral activity (Pitossi et al. 1993), led to the proposal that
Mx proteins are related to cellular stress proteins (HorisBercer 1992). In this
context it is interesting that cellular stress proteins have been shown to up-
regulate canine distemper virus (CDV) gene expression using cell-free assays
from mouse neuroblastoma cells (OcLESBEE et al. 1993).

3.2.3 Antibody-Induced Antigenic Modulation

A role of extracellular virus-neutralizing antibodies for regulation of intracellular
MV gene expression has been shown in tisue culture experiments using both
nonneural and neural cells. In the presence of polyclonal anti-MV antibodies, a
selective reduction of MV P and M proteins was observed in infected Hela cells
(Fusinami and Oupstone 1980). A complete down-regulation of intracellular viral
protein expression exclusively following treatment with neutralizing anti-H mono-
clonal antibodies was observed in persistently MV-infected rat glioma and mouse
neuroblastoma cells, but not in persistently infected Vero and lung fibroblast cells
(Racer-ZismaN et al. 1984; BARRETT et al. 1985; ScHNEIDER-ScHAULIES et al. 1992).
Apparently, besides their role in neutralizing free virus particles, antibodies
directed against the viral H protein are capable of acting as ligands for their antigen
expressed at the surface of neural cells. Subsequently, a so far uncharacterized
signal is triggered that ultimately results in a down-regulation of intracellular viral
gene expression. In persistently infected rat glioma cells treatment with mono-
clonal anti-H antibodies led to an immediate, temporary activation of protein
kinase C following the induction of a G-protein mediated by inositol triphosphate
production (WeiNnmAN-DorscH and KoscHeL 1989). Although the relationship be-
tween this activation and the control of MV gene expression has not been
established, alterations of cellular kinase activities may well be significant for viral
gene expression. In particular, phosphorylation of viral proteins present in the
transcription complex might modulate the activity of the latter, as suggested for
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the P protein of VSV (SLeaT et al. 1993). In fact, the overall efficiency of virus-
specific transcription was down-regulated within 24 h following treatment with
neutralizing anti-H antibodies in MV persistently infected neural cells. This finding
indicates that the activity of the transcription complex may indeed be the target
for antibody-induced antigenic modulation (AIAM) in neural cells (SCHNEIDER-
ScHAULIES et al. 1992).

Consistent with these findings is the observation that transfer of neutralizing
anti-H antibodies to MV-infected newborn rats leads to a subacute CNS disease,
whereas the untreated control group succumb to an invariably fatal enceph-
alopathy within a few days (LiEerT et al. 1990). On the molecular level, expression
of the MV envelope proteins was shown to be reduced as a consequence of a
significantly restricted expression of viral transcripts. Data obtained by in situ
hybridization indicated that the reduced efficiency of viral transcription was due to
a restriction at the single cell level rather than reflecting an inhibition of virus
spread in the brain. Interestingly, very similar findings were obtained in the
presence of high titers of virus-neutralizing antibodies naturally produced in
response to the experimental infection in weanling BN rats (LieBerT et al. 1990;
Dorries et al. 1988).

In general, AIAM seems to represent a hightly efficient and important control
mechanism for viral gene expression in the brain since observations very similar
to the MV system have recently been reported for alphavirus (LevINE et al. 1991).

3.3. Functional Alterations of Measles Virus-Specific
Transcripts

Being transcribed and replicated by an RNA-dependent RNA polymerase, the
presence of a considerable amount of sequence variations between MV ge-
nomes has to be anticipated, even during lytic infections which are independent
of host factors (Domingo and HoLianp 1988). In a lytic infection, natural selection
eliminates virus variants loaded with mutations leading to functional impair-
ments. Upon restriction of viral transcription and replication, such as in brain cells,
however, compensation of defective gene functions may be inefficient. Single
point mutations introduced by the viral polymerase occur apparently independent
of the host cell. Also, the editing function seems to be intrinsic to the viral
polymerase complex and independent of cellular components, as revealed by the
finding that the P mRNA is correctly edited in the absence of cellular proteins in
vitro (Horikamiand Mover 1991). Thus, RNA editing is apparently not influenced by
the host cell background.

3.3.1 Hypermutation as a Consequnece of a Cellular Duplex
RNA-Dependent Adenosine Deaminase

The surprising finding of a hypermutated M gene in a case of MIBE in which 50%
of the uridine (U) residues were replaced by cytidine (C) was not attributed to the
action of the viral polymerase but rather to that of a cellular enzyme first called
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RNA unwindase and now referred to as duplex RNA-dependent adenosine
deaminase (DRADA) (CaTTANEO et al. 1988; Bass et al. 1989). This assumption was
further supported by the fact that all M gene-specific sequences isolated from this
particular brain area revealed a high degree of homology, indicating a single step
event rather than independently occurring point mutations introduced by the
polymerase (CaTTaNEo et al. 1989).

DRADA has been detected in vitro as an enzyme activity intrinsic to a variety
of cell types including brain cells. Within a dsRNA template, adenosine (A)
residues are converted to inosine () with a frequency up to 50% thereby both
destabilizing the dsRNA and altering the informational content of the RNA
(WagNer and NisHikura 1988; NisHikura et al. 1991). The activity of the dsRNA
unwindase, its intracellular location, or both, vary during the cell cycle of mouse
fibroblast 3T3 cells (WaeNer and NisHikura 1988; WaGNER et al. 1989). In vitro,
nuclear extracts of a human neuroblastoma cell line are exceedingly active in
modifying a synthetic MV M-specific dsRNA (RatauL et al. 1992). More recently,
the presence of the activity could be demonstrated in cytoplasmic extracts of
several neural cell lines (Ecker et al. 1994). Due to its specificity for dsRNA
templates and its obvious independence of particular sequence requirements,
the activity may contribute substantially to the intracellular antiviral response. In
support of this hypothesis, several different hypermutated MV M gene sequen-
ces have been encountered in one single SSPE brain (Baczko et al. 1993).

3.3.2 Translational Control

Besides changing the frequency for the corresponding mRNA, an important site
of controlling viral gene expression is undoubtedly translation. Translation may
depend on elements intrinsic to the RNA, such as 5' and 3' noncoding sequences
and sequence alterations leading to premature termination of the corresponding
protein that are independent of the host cell and thus are not considered her.
For the M mRNA transcript isolated from the brain of experimentally infected
Lewis rats with subacute measles encaphalitis (SAME), translation was restricted
in vivo and in vitro, independent of sequence alterations (SCHNEIDER-SCHAULIES
et al. 1989).

In contrast, a temperature shift of persistently infected rat glioma cells leads
to a selective and reversible translation inhibition of MV M- and F-specific
mRNAs, arguing strongly for the involvement of cellular determinants in control-
ling viral gene functions (Ocura et al. 1987, 1988). Similar observations of a
translational inhibition affecting MV protein synthesis either partially or complete-
ly have been described as a consequence of in vitro differentiation of tissue
culture cells of neural origin (MiLLEr and CARRIGAN 1982; YosHIKawA and Y AMANOUCHI
1984; ScHNEIDER-ScHAULIES et al. 1993a). In one of these studies, in vitro differenti-
ation of human glial cell lines prior MV infection led to an almost complete block
of viral protein synthesis in vivo, whereas the synthesis of the corresponding
mRNAs and their ability to direct the synthesis of translation products in vitro
were apparently unaffected (ScHNEIDER-ScHAULIES et al. 1993a). In addition, overall
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protein synthesis of the infected cells was not inhibited. The obviously specific
inhibition of viral rather than cellular gene expression is reminiscent of that
described for the antiviral activity of certain IFN-induced proteins (for review see
StaeHEL 1990). Although the induction of IFN could be shown by induction of
human MxA as a consequence of MV infection in these cell lines, in vitro
differentiation did not lead to a detectable stimulation of IFN synthesis, arguing
against a pronounced inhibitory effect brought about by phosphatidylinositol (PI)
kinase (SCHNEIDER-SCHAULIES et al. 1993a).

4 Alterations of Host Gene Functions of Neural Cells
as a Consequence of Measles Virus Infections

Subacute sclerosing panencephalitis begins with subtle mental and behavioral
changes and progresses to a massive impact on cellular functions in the brain. In
contrast to uninfected brains, numerous MHC class Il positive cells can be
detected immunohistochemically particularly around blood vessels (HorFman et al.
1991). These HLA-DR positive cells have been identified by morphological criteria
to be mainly macrophages/microglial cells and reactive astrocytes. Analysis of
cytokines revealed the presence of tumor necrosis factor (TNF)-a and IFN-yand a
few interleukin (IL)-1B and IL-2 positive brain cells. The TNF-a positive cells had
the morphological appearance of astrocytes, while the IFN-y positive cells ap-
peared to be macrophages (Horman et al. 1991). These data indicate that
microglial cells and astrocytes appear to be activated in SSPE brains and are
induced to express MHC class Il molecules and certain cytokines. Furthermore,
in the CSF of SSPE patients, elevated levels of type | IFNs have been detected
(Joncas et al. 1976). It is not well known how these activated glial cells and their
secreted products and the presence of infiltrating lymphocytes influence neu-
ronal cell functions in the brain.

4.1 Effects on Neurotransmitter Signaling

To measure the effect of a MV infection on neural cell functions, in vitro studies
were carried out. The level of CAMP, the activity of adenylate cyclase, and the -
adrenergic receptor system were investigated in the persistently MV-infected rat
astrocytoma cell line C6/SSPE. It was found that the cAMP response after
addition of catecholamines is strongly reduced, that the density of B-adrenergic
receptors is decreased by 50%, and that coupling of the receptor to G-proteins is
affected (HALBACH and KoscHeL 1979; KoscHEL and MUNzeL 1980). Anti-MV antibod-
ies influence the inositol-phosphate signal transduction pathway in these cells
(WEeINMANN-DorscH and KoscHeL 1989). Furthermore, the Ca®* signal induced by the
neurotransmitter endothelin-1 was not detectable in MV persistently infected C6/
SSPE cells, since 95% of the binding sites for endothelin-1 were lost (Tas and
KoscHEL 1991). Interestingly, treatment with neutralizing antibodies to MV-H
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causing antigenic modulation and complete disappearance of viral proteins from
these cultures did not lead to reexpression of endothelin-1 binding sites or
induction of the Ca?* signal (Tas and KoscHeL 1991), whereas B-adrenergic recep-
tor-stimulated cAMP synthesis was restored after antibody treatment (BARRETT
and KoscHeL 1983).

Studies with a different family of neurotransmitter receptors, the N-methyl-
D-aspartate (NMDA) receptors, revealed an association with  MV-induced neur-
opathology in BALB/c mice. Systemic treatment of mice with the non-
competitive NMDA receptor antagonist 5 methyl-10,11-dihydro-5H-dibenzo (a,d)
cyclohepten-5, 10, 11-dihydro-5H-dibenzo (a, d) cyclohepten-5, 10-imine maleate
(MK801) prevented cellular necrosis and neuronal loss induced by MV infection
(ANDERssON et al. 1990). Thus, MV may have indirect neurodegenerative effects in
the brain due to activation of NMDA receptors regulating neuronal survival via
Ca?* influx.

4.2 Effects on Cell Surface Molecule Expression

In primary cultures of astrocytes from newborn Lewis rats, MV infection leads to
the induction of MHC class Il and an increase of MHC class | expression (MAssa
et al. 1987). The induction of la in these experiments was considerably enhanced
after addition of external TNF-ae and not mediated by IFN-yinduction, as shown by
using antibodies to IFN-y. The involvement of other cytokines was not investigat-
ed in this study and therefore could not be excluded. Recently, the increase of the
expression of MHC class | and intercellular adhesion molecule (ICAM-1) on
primary rat astrocytes was found to be mediated by type | interferons, the
expression of which is induced upon MV-infection as indicated by the presence of
Mx proteins in these cultures (Kraus et al. 1992). However, addition of antibodies
to rat type | interferons to virus infected cultures reduced the magnitude of
MHC class | and ICAM-1 augmentation only to some extent, suggesting the
presence of additional factors. The expression of MHC class | molecules on
murine neuroblastoma cells after persistent MV infection was also investigated.
In these cells MHC expression was augmented together with the IFN inducible
proteins 2-5 oligo A-synthase and dsRNA-activated protein kinase (Gopas et al.
1992). All these studies indicate that the induction of several cytokines by MV
infection may influence both MV replication and host cell functions in a cell type-
specific manner.

4.3 Induction of Cytokines in Brain Cells

To investigate the actual set of cytokines induced by MV infection, in vitro studies
with different brain cell types were performed. Infection of human astrocytoma
cells with MV resulted in a transient expression of a characteristic set of
cytokines, namely, IL-1, IFN-B, IL-6 and TNF-q, at the level of mRNA and protein
in cell supernatants (SCHNEIDER-ScHAULIES et al. 1993b). Similar cytokines were



112 S. Schneider-Schaulies et al.

found after infection of primary rat astrocytes with the neurotropic Newcastle
disease virus (NDV; LIEBERMAN et al. 1989) and in rat brain tissue infected by Borna
disease virus (BDV) (SHANKAR et al. 1992). In contrast to newly infected cells, MV
persistently infected human astrocytoma cells continually produced IL-6 and IFN-
B, whereas "NF-o” and IL-1B in most clones were hardly detectable (SCHNEIDER-
ScHauLiEs et al. 1993b). A similar phenomenon was observed in MV-infected
human monocytes (LeorARrDI et al. 1992). However, the pathways for induction of
TNF-a and L-1p expression in astrocytoma cells were not suppressed by the
MV infection, since TNF-o. and IL-1B could still be induced by external stimuli,
e.g. diacylglyceroly analog plus calcium ionophore. Under these conditions,
persistently infected astrocytoma cells synthesized considerably higher levels
of TNF-o and IL-1Bp than uninfected cells after additional external induction
(ScHNEIDER-ScHAULIES et al. 1993b). These results suggest that in MV infections of
the CNS a percentage of persistently infected astrocytes may continually synthe-
size IL-6 and IFN-B, and in the presence of additional external stimuli, as possibly
provided by activated lymphocytes, might overexpress the inflammatory cytok-
ines TNF-aeand IL-1B . Expression of these cytokines in the brain might decisively
influence the disease process of SSPE, since both cytokines have pleiotropic
effects in brain tissue (for review see PLATA-SaLaMAN 1991).

5 Conclusions and Future Perspectives

The molecular biological studies of MV interaction with brain cells have contribut-
ed greatly to elucidate virological aspects of MV infection in SSPE and MIBE. It is
now possible to explain why the persistent infection in brain cells is not produc-
tive, why membrane changes of infected cells do not occur and why the immune
response fails to control the infection or destroy infected brain cells. However,
major questions concerning epidemiology and pathogenetic mechanisms are still
unanswered. There is no explanation why CNS diseases are so rare in contrast to
acute measles, why more boys than girls develop SSPE and why SSPE is more
prevalent in rural areas than in large cities. Moreover, the factors determining the
long incubation periods of months to years after onset of acute measles and the
factors which trigger the disease process are unknown. It would be important to
determine how and when measles virus enters the CNS in the course of acute
measles. Does measles virus reach the CNS during viremia or by infected
lymphocytes or monocytes as observed in CDV infection in dogs (Ter MEeULEN and
StepHENSON 1983)? Therefore, the characterization of MV infection in lymphocytes
and monocytes will be important not only in view of MV-induced immune
regulatory changes and lifelong immunity, but also to find out whether latently
infected lymphocytes exist in vivo which could, after antigenic stimulation, reach
the CNS and carry the virus to brain tissue. Moreover, future studies have to
define features underlying MV neurovirulence as suggested by animal studies. In
this context, the identification of the MV receptor provides a new and exciting
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approach to study this aspect. Recently, two prime candidates acting as MV
receptors have been identified on nonneural cells, CD46 (NanicHe et al. 1993;
DokeriG et al. 1993) and moesin (DunsTer et al. 1994). CD46 (membrane cofactor
protein, MCP) is a member of the "regulators of complement activation” (RCA)
protein family that serves critical functions in protecting cells from unspecific
complement-mediated lysis by inactivating complement factors (Liszwesk et al.
1991). Moesin (membrane organizing extension spike protein) belongs to a family
of cytoskeletal proteins. It is associated with the inner and outer side of the cell
membrane, although it lacks a typical transmembrane domain (FURTHMAYER et al.
1992). So far, the role of these molecules for the process of MV binding and
entrance into the target cells is unknown. It will be of interest to characterize the
expression of these molecules on subpopulations of brain cells in vivo and to
address the consequence of their interactions with MV on brain cell functions. It
is obvious that these studies have the potential to provide us with important
insights into the pathogenicity of these CNS disorders.
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1 Introduction

The immune responses elicited by measles virus (MV) in many ways define the
epidemiology and the illnesses produced by infection. During a study of the 1886
epidemic of measles in the Faroe Islands, the young Danish physician Peter
Panum identified not only the highly infectious nature of the virus, but also the 14
day incubation period before the onset of the rash, the severity of the disease in
infants and the presence of lifelong immunity in the absence of reexposure in
elderly residents (Panum 1938). In 1908 another observant physician, von Pirquet,
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reported the loss of skin test reactivity and the reactivation of tuberculosis after
measles that occurred in the residents of a Viennese tuberculosis sanitarium (von
Pirauet 1908). In 1790 James Lucas, a surgeon from Leeds, described the first
case of post-measles encephalomyelitis (Lucas 1790). Thus, by early in the
twentieth century most of the features of the disease that we now seek to
understand, using the knowledge and tools of modern immunology, had been
established.

2 Overview of the Immune Response to Natural Measles

Measles virus is spread from one person to another by the respiratory route.
During the incubation period the virus spreads from the respiratory mucosa and
lungs to local lymphoid tissue, where virus replication occurs primarily in mac-
rophages (EsoLeN et al. 1993; MoENcH et al. 1988). A viremia is established that
allows systemic spread of the virus to other lymphoid tissues and to endothelial
and epithelial cells in multiple organs including the conjunctivae, skin and liver. It
is probable that the prodromal symptoms of fever, cough and conjunctivitis that
occur approximately 14 days after infection are the earliest indicators of the
induction of MV-specific immunity. The rash marks the clear onset of the immune
response to infection as determined by the appearance of antiviral antibody. The
immune response is also marked by infiltration of mononuclear cells into local
areas of virus replication and the appearance of virus-specific T cells in the blood
(Fig. 1). Virus is rapidly cleared from blood and tissue after the appearance of the
rash. Individuals with severe defects in cellular immunity may develop progres-
sive MV infection in the absence of a rash) (EnpEers et al. 1959). Paradoxically, the
development of this immune response, which is highly effective in clearing virus
and in establishing long-term immunity, is associated with numerous abnormali-
ties of immune function, which contribute to the morbidity and mortality of
measles. Delayed type hypersensitivity (DTH) skin test responses to recall
antigens disappear (voN PIRQUET 1908; TamasHIRO et al. 1987), there is an increased

Fig. 1. Overview of the time course of the immune
responses during natural MV infection
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susceptibility to secondary infections (Beckrorp et al. 1985; MoRreLy 1969) and
autoimmune encephalomyelitis may occur (MiLLER 1964; Litvak et al. 1943). The
lack of a practical animal model that mimics human disease means that knowl-
edge of the immunologic contributions to measles and its complications have
come almost exclusively from the human studies that will be described in this
review.

3 Antibody Responses

3.1 Time course and Isotypes

Measles Virus antibody is first detectable at the onset of the rash and titers rise
rapidly thereafter (BecH 1959). Initial immunoglobulin isotypes produced are IgM
and IgA followed later by 1gG (Schluederberg 1965). The IgG response is primarily
of the IgG1 and IgG4 isotypes (MATHIESEN et al. 1990; EHRnsST 1978). 1gG1 is
efficiently transported across the placenta so that titers of measles antibody in
cord blood are often higher than in the maternal circulation (BLack 1989). Plasma
IgE levels also rise, but there is no indication that the IgE contains MV-specific
antibody (GRIFFIN et al. 1985).

3.2 Specificity

Antibody is induced to most viral proteins (NoRrrey et al. 1981; STEPHENSON and TER
MEeuLeEN 1979; Graves et al. 1984 (Fig. 2). Antiviral antibodies can be measured by
their biological effects (e.g., neutralization, complement fixation, inhibition of
hemagglutination, etc.) or by their reactions with proteins in immunoprecipation,
enzyme immunoassays or western blot assays. The most abundant and rapidly
produced antibody is to the nucleocapsid (N) protein, and this is the major
antibody detected in the complement fixation test (NorrBY and GoLLmAR 1972).
The COOH-terminal portion of the N protein is variable (TAvLor et al. 1991) and two
antigenic sites (residues 457-476 and 518-525) have been mapped to this region
using monoclonal antibodies. A conserved epitope (residues 122-150) is present
in the NH,-terminal region of the protein (BuckLanp et al. 1989).

Antibody to the hemagglutinin (H) protein is measured biologically by inhibi-
tion of MV-induced agglutination of monkey erythrocytes (HI test) (NorrBY and
GoLLmar 1972). Antibodies to the H protein are also the primary antibodies
measured by serum neutralization of virus infectivity in tissue culture. In general,
neutralization and Hl titers correlate well (BLack 1989). Antigenic differences in H
exist between MV strains (TRUDGETT et al. 1981; TErR MEULEN et al. 1981). Four
overlapping epitopes have been identified by monoclonal antibody reactivity
but the specific location of these antigenic regions has not yet been mapped on
the H protein (SHESHBERADARAN and NorrBY 1986; CaRTER et al. 1982). Neutralizing
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Fig. 2. The time courses of the appearance of antibody to individual MV proteins H, hemagglutinin; N,
nucleocapsid; F, fusion; M, matrix) at various times after appearance of the rash (Adapted, with
permission, from GRAVES et al. 1984)

antibody is thought to play a prominent role in preventing reinfection. Therefore,
HI or neutralization tests are most often used to evaluate vaccine responses and
to assess susceptibility to measles.

Antibody to the fusion (F) protein is measured biologically by inhibition of MV-
induced hemolysis of monkey erythrocytes (HLI). The F protein is well conserved
between MV strains (Rota et al. 1992). Monoclonal antibodies define at least two
conformational epitopes (MaLvoisin and WiLp 1990). Mapping of linear epitopes
using peptides has shown that epitopes on F are diverse and scattered along the
protein (WiESMULLER et al. 1992). Antibody to the F protein probably contributes to
virus neutralization by preventing fusion of the virus membrane with the cell
membrane (MaLvoisin and WiLb 1990) and may therefore limit spread of infection
to new cells (Merz et al. 1980). Antibodies to both F and H can direct complement-
mediated lysis of infected cells (EHRNST 1975).

The M protein appears to be less immunogenic than N, H and F with only a
portion of individuals making an antibody response, even during chronic infection
(Graves et al. 1984; Norrsy et al. 1981; MacHAMER et al. 1980) (Fig 2). The potential
contribution of this antibody to measles pathogenesis is unknown although
increased antibody to M is associated with atypical measles (MACHAMER et al.
1980; Norray et al. 1981).

3.3 Role in Infection

The best evidence for the importance of antibody in preventing infection is
the protection from infection of infants with maternal antibody (Brack 1989;
HALSEY et al. 1985; AtBrecHT et al. 1977). In general, there is a strong correlation
between levels of neutralizing antibody and protection (SiBer et al. 1993; ALBRECHT
et al. 1977).
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Antibody is also capable of preventing virus-induced membrane fusion (WiLp
et al. 1991), of lysing infected cells (EHRNST 1975), of modulating viral antigens
from the cell surface (BARRETT et al. 1985; JoserH and OLbsToNE 1975) and of
suppressing intracellular synthesis of virus protein and RNA in vitro (FuJsinami and
OLbsTONE 1979; SCHNEIDER-SCHAULIES et al. 1992). Therefore, antibody may also play
a role in controlling viral replication and also in establishing persistent infection
(RammoHAN et al. 1983).

3.4 Longevity

The reason for the longevity of the antibody response to MV is not known.
Although reexposure may boost this response it is not required (Panum 1938).
There is no evidence to date for persistence of latent virus, however, it is possible
that viral antigens may persist in the absence of continued virus replication.
Follicular dendritic cells trap immune complexes and are able to retain antigen in
lymphoid tissue for prolonged periods. These highly convoluted, antigen-retaining
cells are found in germinal centers of spleen and lymph nodes where they
stimulate memory B cells and appear essential for long-term maintenance of
antibody responses (DonALDSON et al. 1986; Tew et al. 1990; Gray and SkaRVALL
1988). The extensive replication of MV in lymphoid tissue may maximize the
interaction of viral antigen with follicular dendritic cells leading to retention of viral
antigen in multiple lymphoid organs and long-term stimulation of MV-specific IgG
(DonaLDSON et al. 1986).

4 Cellular Immune Responses

4.1 Nonspecific

Both nonspecific and specific cellularimmune responses may be activated during
systemic virus infections. Although induction of the synthesis of a- and -
interferon (IFN) and subsequent activation of natural killer cells are early respons-
es to many viral infections there is little evidence that these are important
components of the nonspecific response to measles. IFN levels in plasma are not
elevated (SHiozawa et al. 1988) and natural killer cell activity is lower than it is in
control individuals without infection (GrIFFIN et al. 1990b).

4.2 Specific

There is abundant evidence for activation of T cell-driven cellular immune re-
sponses during measles. Plasma levels of the soluble forms of the T cell surface
molecules CD4, CD8, IL-2 receptor and B, microglobulin are elevated (GrirriN and
WaRrDp 1993; GRIFFIN et al. 1989, 1992) as are the T cell products interleukin (IL)-2,
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Fig. 3. The levels of soluble (s) cell surface molecules and lymphokines in the plasma at various times
during measles, B2m, B2 microglobulin, /L-2R, interleukin-2 receptor; /FN, interferon

IL-4 and IFN-y (GRriFFIN et al. 1990b; GriFrin and Warp 1993). The time courses of
these plasma elevations are distinctive and provide some insights into the relative
contributions of different components of the cellular immune response at various
times during disease and recovery from disease (Fig. 3).

Evidence for activation of T cells becomes apparent during the prodromal
phase of the illness when plasma levels of IFN-y and soluble IL-2 receptor are
increased (GRIFFIN et al 1989, 1990b). Therefore, it is likely that the prodromal
symptoms of measles are associated with the earliest phases of the immune
response to infection, but full expression of this response occurs with the onset
of the rash. Fever peaks during the first 24-48 hours of the rash, antibody
becomes detectable and mononuclear cells infiltrate sites of virus replication,
including the skin.

4.3 CD8

Measles virus specific CD8* cytotoxic T lymphocytes (CTLs) (vAN BINNENDIUK et al.
1990; KreTH et al. 1979) and proliferating CD8 T cells (WarD et al. 1990) are present
in the blood. Soluble CD8, a byproduct of the interaction of activated CD8* T cells
with target cells, is increased in plasma (GRrIFFIN et al. 1989) (Fig. 3). CD8 T
cells recognize viral antigens after the virus proteins have been synthesized,
processed to peptides and presented on the surface of infected cells in the
context of (complexed with) major histocompatibility complex (MHC) class |
molecules. B, microglobulin, the class | molecule constant chain, is also increased
in plasma for a prolonged period (GriFFIN et al. 1992) (Fig 3). Lymphocytes and
monocytes are found within the rash. Although the types of cells have not been
identified, it is presumed that CD8 T cells are an important component of the
lymphocytic infiltrates found at the sites of virus replication and eliminate infected
cells by class I|-restricted cytotoxic mechanisms. IFN-y, an important product of
cytotoxic CD8 T cells, is also elevated in plasma during this time (GRIFFIN et al.
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1990a) (Fig. 3). Long after recovery from measles memory CD8 CTLs can be
demon-strated in peripheral blood mononuclear cells (PBMCs) (Lucas et al. 1982,
VAN BINNENDIK et al. 1989).

There is some suggestion that severity of disease may be linked to certain
class | haplotypes (Coovapia et al. 1981). A HLA B27-restricted CD8 T cell epitope
has been identified on the F protein, near the transmembrane segment (residues
438-446) of the protein (van BiINNENDIK et al. 1993). Class |-restricted epitopes are
no doubt present on other MV proteins but have not yet been identified.

4.4 CD4 and Cytokines

CD4 T cells are also activated in response to MV infection. CD4 T cells are
proliferating during the rash (Warbp et al. 1990) and soluble CD4 becomes elevated
and remains elevated for several weeks (GriFFiN and Warp 1993) (Fig. 3). How-
ever, the two parameters most often used to assess CD4-dependent T cell
immunity, DTH skin test responses and in vitro proliferation to viral antigens, are
often not demonstrable or are only minimally reactive in measles (GREENSTEIN and
McFarLanD 1983; FuLainm and ARTHUR 1969). MV-specific MHC class |l-restricted
cytolytic CD4 cells are generated during measles (van BINNENDIK et al. 1990;
Jacosson et al. 1984) and may contribute to virus clearance from tissue. However
CD4 T cells probably exert most of their influence through local secretion of
cytokines resulting in attraction, activation and deactivation of macrophages and
in proliferation and differentiation of B cells and T cells.

Functional types of CD4 T cells can be distinguished by the types of
lymphokines they produce. After initial stimulation by antigen, CD4 cells (ThOQ)
produce abundant IL-2 and are capable of producing many other lymphokines.
After restimulation, memory CD4 T cells that produce IL-2, IFN-y and tumor
necrosis factor (TNF)- (type 1) can be distinguished from those producing IL-4, IL-
5and IL-10 (type 2). These definitions are based on study of T cell clones and, for
many T cells, these profiles are overlapping. Nevertheless, CD4 T cell function is
largely determined by the cytokines the cells produce. Thus, type 1 CD4 T cells
(Th1) are important for macrophage activation leading to DTH responses (IFN-y),
lymphocyte proliferation (IL-2) and MHC class !l-restricted cytotoxicity (TNF-p)
while type 2 cells (Th2) are important for macrophage deactivation (IL-4 and |L-10)
and B cell help (IL-4, IL-5, IL-10) (MosmanN and CorFFmaNn 1987).

Measurement of cytokines released into the plasma during measles shows
anincrease in IFN-y (a product of CD8 cytotoxic cells and Th1 CD4 cells) during the
rash (GRIFFIN et al. 1990a) (Fig. 3). As the rash subsides plasma levels of [L-4
(product of Th2 cells) rise and remain elevated for several weeks (Fig. 3) (GRIFFIN
and Warp 1993). This pattern of cytokine production suggests activation of CD8
cells (soluble CD8 and IFN-y) and of Th0 CD4 cells (soluble CD4 and IL-2) during
the rash followed by a more prolonged activation of CD4 cells producing type 2
cytokines (soluble CD4 and IL-4) after resolution of the rash.
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Studies of cultured PBMCs from patients with measles have shown sponta-
neous production of soluble IL-2 receptor indicating in vivo activation of T cells.
Stimulation of PBMCs with T cell mitogens such as phytohemagglutinin or
antibody to CD3 elicits little IFN-y or IL-2, but large amounts of IL-4 (WARD et al.
1991; GriFFIN and WarD 1993).

The lack of long-term activation of cells producing type 1 cytokines (IL-2 and
IFN-y) may in part explain the observation that MV-specific DTH skin test
responses do not develop (NELsoN et al. 1966; FuLainm and ArTHUR 1969) and that
MV-specific lymphoproliferative responses are low (GREeNsTEIN and MCcFARLAND
1983; HirscH et al. 1984). Long-term activation of cells producing IL-4 may
contribute to the polyclonal B cell activation and increased IgE production during
the acute phases of measles (GriFFN et al. 1985) and to the predominance of MV-
specific IgG1 and IgG4 antibody (MATHIESEN et al. 1990).

The MV proteins that can stimulate proliferation of MHC class lI-restricted CD4
T cellsinclude H, N, P, F and M (Roske et al. 1984; van BINNENDIJK et al. 1992; BELLINI
etal. 1981; lLonen etal. 1990; Jacosson etal. 1989). Cytotoxic CD4 T cells have been
reported that recognize F (van BINNENDUK et al. 1993). Specific epitopes have
been mapped on F where three different class Il-restricted CTL clones recognize
sequences clustered between amino acids 379 and 466 (van BINNENDIK et al. 1993).
Class ll-restricted epitopes on other proteins have not yet been identified.

5 Immunologic Abnormalities

5.1 Immune Suppression

The immune suppression that accompanies measles is thought to contribute to
the susceptibility to secondary infections that accounts for most of the morbidity
and mortality associated with measles (MILLER 1964; MoRLEY 1969; Beckrorp et al.
1985). There is both in vivo and in vitro evidence of this immune suppression. In
vivo, DTH skin test responses to recall antigens, such as tuberculin, are sup-
pressed for several weeks after apparent recovery from infection (von PIrRQUET
1908; TamasHiro et al. 1987). In vitro, lymphoproliferative responses to mitogens
are suppressed (HirscH et al. 1984; ArRNEBORN and BiBERFELD 1983) and lymphokine
production is abnormal (Crespi et al. 1988; Warp et al. 1991; JorFe and RABSON
1981). This immune suppression is occurring in the context of substantial
immune activation (Fig. 3) (ARNEBORN and BiBeRFELD 1983; WaRD et al. 1990; GRIFFIN
et al. 1989; 1990a, 1992; GrirriN and WarDp 1993; Aicarpi et al. 1977; FURUKkawa
et al. 1992) and the induction of a MV-specific immune response that is effective
both in clearance of virus and in induction of long-term immunity. Analysis of the
in vitro abnormalities has suggested defects in the responses of both monocytes
(the antigen-presenting cells and producers of accessory molecules such as |L-1
and TNF-o) and lymphocytes (the cells actually proliferating and responsible for
production of IL-2).
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Monocytes are infected during measles (EsoLen et al. 1993). Infection may
lead to cell lysis and/or functional alteration. IL-1 production in vitro is generally
normal to elevated in PBMCs from measles patients (WarD et al. 1991) and the
addition of supplemental IL-1 to lymphoproliferation assays rarely helpful (GRIFFIN
et al. 1987; Warp et al. 1991). However, in vitro TNF-a production by PBMCs is
low boh during acute and convalescent phases of the disease (WarD et al. 1991)
and plasma levels of TNF-a never rise (Furukawa et al. 1992). Deficiency of this
proinflammatory cytokine may contribute to decreased lymphoproliferation in
vitro and may blunt responses to new infectious challenges in vivo. Both in-
creased IL-1 and decreased TNF-o are observed when macrophage lineage cells
are infected with MV in vitro (LEoPaARDI et al. 1992) suggesting that these abnor-
malities result directly from infection. These in vitro-infected macrophages have
increased expression of MHC class Il and can present MV antigens efficiently but
are defective in presentation of other antigens (LeoprarDI et al. 1993). The effect of
age of infection on duration and severity of monocyte dysfunction in vivo is not
known, but monocytes from cord blood are more susceptible to MV infection
than monocytes from adults (SuLLivan et al. 1975).

T cell numbers are decreased during measles but normal proportions of CD4
and CD8 cells are maintained (ARNEBORN and BiBERFELD 1983; WaRD et al. 1990). T
cells can be infected with MV in vitro if stimulated to proliferate (SuLLivaN et al.
1975; JoserH and OLpsTONE 1975; SaLoNeN et al. 1988) but T cells have not been
directly demonstrated to be infected in vivo. Therefore, abnormalities in T cell
responses may be secondary to other changes occurring during infection. One of
the reasons for low in vitro T cell proliferation to mitogens, especially during
convalescence, is inadequate production of IL-2.

Addition of recombinant IL-2 to cultures supports spontaneous proliferation
and improves mitogen responses (Warp and Grirrin 1993; GriFFIN et al. 1986).
When in vitro production of other cytokines is assessed, IFN-y is low to normal
and IL-4 is high compared to controls (GriFFiN and WaRD 1993; Crespi et al. 1988;
WarD et al. 1991) suggesting that type 2 T cells are preferentially activated.
Neutralization of IL-4 in vitro improves proliferation (GriFFiN and Warp 1993). 1L-4
serves as a general suppressant of macrophage activation and DTH responses
(MaRTINEZ et al. 1990; LARNER et al. 1993) and may be one of the mechanisms by
which in vivo tuberculin responses and in vitro lymphoproliferative responses are
suppressed during measles. These abnormalities of macrophage and T cell
function may increase susceptibility to other infections.

5.2 Autoimmune Encephalomyelitis

Post-measles encephalomyelitis complicates 1 in 1000 cases of measles, mostly
in older individuals (MiLLER 1964) and usually occurs within 2 weeks after the
onset of the rash (Litvak et al. 1943). Pathologic studies show that this is a
perivenular demyelinating disease rather than an inclusion body encephalitis
(Litvak et al. 1943). There is little evidence for virus in the brain either as assessed
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directly by virus isolation, antigen detection or viral RNA detection or indirectly by
appearance of MV-specific antibody in the cerebrospinal fluid (RuckLe and RoGers
1957; JoHNSON et al. 1984: GENDELMAN et al. 1984). There is, however, an induction
of an immune response to myelin basic protein suggesting an autoimmune
disease (JoHNsoN et al. 1984) similar to experimental autoimmune encephalo-
myelitis. Patients with encephalomyelitis differ from uncomplicated patients by
having more marked and prolonged immunologic abnormalities than patients
with uncomplicated disease. In particular, IgE is more persistently elevated and
soluble IL-2 receptor is lower in those patients with encephalitis (GriFFIN et al.
1985, 1989). The timing of this complication suggests that immune activation
and dysregulation due to MV infection may play a role in the induction of this
disease. A similar disease has been reported as a complication of IL-2 infusion
(GoRreTsky 1990).

6 Vaccine-Induced Immunity

6.1 Live Attenuated Vaccine

The measles vaccine in current use around the world is an attenuated live virus
vaccine administered subcutaneously usually between the ages of 9 and 20
months. Antibody responses, as measured by HI, virus neutralization and ELISA,
are good and protect against measles as long as the vaccine is given after
maternal antibody has declined (ALBrecHT et al. 1977). As with natural infection,
the isotype of MV-specific antibodies in plasma is primarily IgG1 (MATHIESEN et al.
1990). The level of antibody induced is generally lower than after natural infection
and may decay somewhat more rapidly but is still measurable in most individuals
10-15 years after immunization in the absence of boosting infections (BLack 1989;
KinG et al. 1993; MarkowTz et al. 1990).

Cellular immune responses to vaccine have received limited study, but are
assumed to be elicited in a manner similar to natural infection since antigen
presenting cells will be infected and able to present processed MV proteins in the
context of MHC class | (generally requires intracellular protein synthesis) as well
as class |l and therefore should stimulate both MV-specific CD8 and CD4 T cells.
As with natural infection, MV-specific DTH responses are not stimulated and
proliferative responses are less than robust (FuLcinm and ArTHur 1969). CTL
responses elicited after restimulation with MV-infected cells in vitro are consider-
ably lower than after natural infection (Wu et al. 1993). This observation is of
potential importance for secondary vaccine failure.

Recently, an increased mortality extending over several years has been
reported in infants receiving a high-titered (=10*’ pfu/dose) measles vaccine
between 4 and 8 months of age (GARENNE et al. 1991). Since deaths were due to
a variety of causes, primarily other infections, the capacity of live attenuated
measles vaccine to induce immunologic abnormalities analogous to natural
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infection has been an area of interest. Studies of older children and adults have
shown that administration of measles vaccine is associated with decreased
numbers of circulating lymphocytes (MANDALENAKIFASFI et al. 1976), loss of DTH
skin test responses to recall antigens, decreases in vitro proliferative responses
to mitogens (HirscH et al. 1981; FIReEmaN et al. 1969; ZweiMAN et al. 1971) and
abnormalities of cytokine production, including increased synthesis of IL-4 (HirscH
etal. 1981; Warp and GriFFiN 1993). It is possible, but has not been demonstrated,
that these abnormalities are more pronounced or prolonged with a higher dose of
vaccine virus.

6.2 Inactivated Vaccine

Simultaneously with the development of the live virus vaccine in the early 1960s
Tween/ether-inactivated and formalin-inactivated, alum-precipitated measles
vaccines were also introduced. Three doses of killed virus vaccine elicited
adequate MV-specific neutralizing and HI antibody, but little antibody to N and no
antibody to F (CaARTER et al. 1962; NorrBY and GoLLMAR 1975; ENDERS-RuckLE 1967).
Lack of antibody to F was apparently due to inactivation of the F protein during
preparation of the vaccine (Norrsy and GoLLmaR 1975). Antibody responses were
relatively short-lived, as was protection from infection (FuLcinm and ARTHUR 1969;
RaAuH and ScHmIDT 1965).

Cellular immune responses were also distinct from those induced by live
attenuated virus since MV-specific DTH skin test responses and strong prolifera-
tive responses were observed (FuLcinim et al. 1968; NELsoN et al. 1966; KRAUSE
et al. 1978). This pattern suggests a preferential type 1 CD4 T cell response and
suggests that the two types of vaccine (live and inactivated) stimulate T cell
immunity in different ways. This could occur through differences in antigen
presentation inherent in the processing of replicating and nonreplicating antigens
or from the use of alum as an adjuvant.

The inactivated vaccine was in use for only a short period because of the
appearance of an atypical form of measles in recipients of this vaccine exposed to
wild-type virus in community outbreaks (CHERRY et al. 1972; Bropsky 1972; RauH
and ScHmipT 1965; NADER et al. 1968; MaRTIN et al. 1979). Atypical measles was
characterized by a high and prolonged fever, a more severe rash that began on the
extremities and tended to become hemorrhagic or vesicular and a severe, often
life threatening, pneumonitis. Serum contained high levels of antibody to the M
protein (MAcHAMER et al. 1980; NorRrsy et al. 1981). Biopsies of the rash showed
a combination of a DTH and Arthus-type reaction (ANNUNZIATO et al. 1982).
Occasionally, severe local reactions were also seen in response to subsequent
immunization with the live attenuated vaccine (FuLcin et al. 1968; Buser 1967,
Scott and Bonanno 1967).

The pathogenesis of atypical measles remains unclear but may be due to
lack of antibody to F allowing spread of virus, to lack of antibody in respiratory
secretions (BeLLanTi et al. 1969), to lack of a primed CD8 T cell response or to
preferential stimulation of a type 1 rather than a type 2 CD4 T cell response
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(Krause et al. 1978). None of these mechanisms are mutually exclusive and it is
possible that all contributed to the immunopathology observed as a part of
atypical measles.

7 Immune Responses During Persistent Infection

Although there is no evidence that MV routinely causes persistent infection, it is
the cause of two rare chronic progressive infections of the central nervous
system (CNS), measles inclusion body encephalitis (MIBE) and subacute scleros-
ing panencephalitis (SSPE). MIBE is one manifestation of the progressive MV
infection that occurs in immunosuppressed individuals (MusTara et al. 1993).
Progressive giant cell pneumonia is the most common manifestation (Mitus et al.
1959). Cellular immune responses are deficient and virus clearance is not
effective. Often, these patients present without a rash (ENDERs et al. 1959; KapLaN
et al. 1992; MarkowiTz et al. 1988), since generation of the rash requires an
immune response to the virus. MIBE and giant cell pneumonia occur within
weeks to months after infection.

In contrast, SSPE is a late complication of measles most common in
individuals with apparently normal immune function and primary measles infec-
tion at a young age. SSPE occurs many years after infection. Although SSPE
viruses have a variety of alterations in sequence compared to wild-type viruses
there is no epidemiologic evidence to suggest that SSPE is caused by infection
with a unique strain of MV. Instead, mutations probably accumulate during the
extensive period of subclinical virus replication.

The determinants of host susceptibility to SSPE are unclear, but probably
involve rare primary infection of the CNS and inadequate initial clearance of virus,
perhaps associated with young age or the modulating influence of maternal
antibody (RammoHaN et al. 1983). Shortly after the disease was recognized to be
caused by MV a variety of subtle abnormalities of immune function were
reported. However, there is no evidence that a particular inherited or acquired
immune deficiency predisposes to SSPE. Chronic disease, associated with
persistent infection may lead to these immunologic abnormalities.

Studies of the immune responses to MV in SSPE have shown very high titers
of antiviral antibody. The protein specificities of the antibodies are similar to those
seen in uncomplicated measles, including relatively low levels of antibody to the
M protein (HaLL et al. 1979). Isotypes produced are also similar to uncomplicated
disease but the tendency to produce IgG4 is exaggerated (MATHIESEN et al. 1990).
Elevated levels of antibody to MV in cerebrospinal fluid (CSF) are the result
of intrathecal synthesis of immunoglobulin and are diagnostic of the disease
(HADDAD et al. 1977; ConnoLLY et al. 1967; TourTELLOTTE et al. 1981). The isotypes
of MV-specific antibodies found in CSF include IgG, IgA and IgD (Esiri et al. 1982;
Patrick et al. 1990). Restricted populations of antibody-secreting B cells become
resident in the CNS leading to the appearance of oligoclonal bands in the CSF
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(Vanpvik and Norrey 1973). Much of the locally produced antibody is complexed to
MV antigens in the brain (SoTreL et al. 1983; WEIL et al. 1975).

Cellular immune responses are indicated by the infiltration of mononuclear
cells into areas of CNS virus infection. Most of these infiltrating cells are B cells
and CD4 T cells and local production of TNF-oe and IFN-y is detectable (Nagano
etal. 1991; Horman et al. 1991). The CSF has increased levels of 2 microglobulin,
soluble IL-2 receptor and soluble CD8 indicative of a local cellular immune
reaction (MeHTA et al. 1992). Studies of the responses of PBMCs to MV have
shown MV-specific proliferative responses that are similar to those in individuals
who recovered from infection (Brasczewska-FiscHER et al. 1989). Large amounts of
IL-1 are released spontaneously in culture. However, generation of MV-specific
cytotoxic T cells is lower than in normal seropositive individuals suggesting
that cytotoxic responses may be suppressed in chronic infection (DHiB-JALBUT
et al. 1989).

8 Summary

The characteristic disease features of measles—fever and rash—are associated
with the immune response to infection and are coincident with virus clearance.
MV-specific antibody and CD4 and CD8 T cell responses are generated and
contribute to virus clearance and protection from reinfection. During this same
phase of immune activation immunologic abnormalities are also apparent. There
is a generalized suppression of cellular immune responses that may contribute to
increased susceptibility to other infections. Autoimmune disease may appear in
the form of acute disseminated encephalomyelitis. If virus-specific immune
responses are inadequate infection may progress with pulmonary or CNS mani-
festations, but without a rash. The pathogenesis of the rare disease SSPE, that
occurs many years after primary infection is not clear, but immune responses
show increased antibody to measles and cellular immune responses similar to
those seen after uncomplicated infection.
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1 Introduction

The identification of measles virus (MV) as the causative agent of measles was
first described in 1911, when filtered respiratory tract secretions of measles
patients were inoculated into macague monkeys causing measles-like symp-
toms in these animals (GoLDBERGER and ANDERSON 1911). It was not until 1954 that
the virus could be isolated and adapted to growth in vitro in several cell lines of
primate and nonprimate origin (ENDeERs and PeeBLES 1954; RuckLE and RoGers 1957;
Katz et al. 1958; Enpers 1962). This provided the basis for extensive biological
research on the pathogenicity of MV and led to diagnostic methods for measles
and eventually to the development of measles vaccines (Katz and ENpers 1959;
EnDERs et al. 1960; Katz 1965). Apart from humans, nonhuman primates proved
susceptible animal species for MV infection, either by contracting the infection
from humans during captivity or by experimental infection with different clinical
specimens. Although marmosets, macaques and several other monkey species
have been used in studies concerning the host range and the virulence of different
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strains of MV, macague species have been studied most extensively. It has been
shown that the pathogenesis of MV infection in macaques is similar to that of
measles in humans.

Besides different primate species, also rodents (hamster, rat, mice) can be
infected experimentally with MV. However, replication of MV in rodents is largely
restricted to neuroadapted strains of the virus and to the central nervous system
(CNS) of the animals (INnagawa and Abams 1958; WaksmaN et al. 1962; BURNSTEIN
et al. 1964; MatumoTo et al. 1964; Janpa et al. 1971; GRIFFIN et al. 1974; HERNDON
et al. 1975, NeicHBoUR et al. 1978; CHan 1985: CarricaN 1986; CARRIGAN and
Kapakorr 1987; OHucHI et al. 1984,1986; LieBerT and TER MEULEN 1987; LIEBERT et al.
1988). Therefore, the rodent model may be of special interest to study the
pathogenesis of infections with different MV strains, the regulation of viral gene
expression, and the contribution of B and T cell mediated immune responses to
protection from CNS infection (DRILLIEN et al. 1988; pe VRIES et al. 1988; MALvOISIN
and WiLD 1990; Bankawmp et al. 1991; BrINckMANN et al. 1991; Niewiesk et al. 1993).
The selective replication of MV in the CNS also implicates the limitations of the
rodent models, since the CNS is rarely involved in clinical manifestations of MV
infection of humans.

One of the priorities in MV research is the development of a suitable animal
model which may provide more insight into the pathogenesis of measles, the
induction of humoral and cellular immune responses and molecular correlates of
virus attenuation. Moreover, a suitable animal model will offer the opportunity to
evaluate the efficacy and safety of novel generations of measles vaccines and
novel vaccination strategies. In this chapter, we review the present knowledge
concerning the pathogenesis of MV infection and immune defense mechanisms
underlying the disease in monkeys.

2 Pathogenicity of Measles Virus in Monkeys

2.1 Introduction

Following the most early transfer experiments of measles from humans to
monkeys (Josias 1898; GoLbBERGER and ANDERSON 191 1), blood or throat washings
obtained from measles patients were repeatedly transferred to macague mon-
keys to confirm the etiology of the disease and to establish a model for measles.
Though the response was extremely variable and only observed in part of the
inoculated animals, the most frequently occurring clinical signs reported were
exanthema and fever (Lucas and Prizer 1912; BLake and Trask 1921; Deewitz 1927;
Krart 1932; PLoTz 1938; HursT and Cooke 1941; ScHAFFER et al. 1941).

After the successful isolation and propagation of MV in vitro (Enpers and
PeesLes 1954), inoculation experiments were continued in rhesus (Macaca
mulatta), cynomolgus (Macaca fascicularis) and in baboon (Papio hamadryas and
P. hybridus) monkeys. In these studies not only clinical specimens were used,
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but also defined strains of MV (PeeBLEs et al. 1957; ENDERs et al. 1960; Seraiev et al.
1960; YamanoucH! et al. 1970, 1973: ALBRecHT et al. 1972, 1977a; SAKAGUCHI
et al. 1986; KoUNE et al. 1990; Van BINNENDIK et al. 1994). In most of these
experiments, clinical manifestations of measles were not observed or the ob-
served symptoms were restricted to mild fever, sight leukopenia and mild
respiratory symptoms, although symptoms more characteristic for measles such
as conjunc-tivitis and maculopapular rashes have been reported occasionally
(PeesLEs et al. 1957; Serciev et al. 1960; Kosune et al. 1990). However, the
susceptibility of many monkey species to a variety of MV strains and the close
similarity between measles pathogenesis in humans and macaque monkeys
were unequivocally demonstrated by a variety of other observations. These
included; (1) the presence of viral antigen and multinucleated giant cells of the
reticular type in lymphoid organs and in epithelial tissues including the trachea and
skin of killed animals (TanigucH! et al. 1954; Serciev et al. 1960; Ni et al. 1964; Ono
et al. 1970; YamaNoucH et al. 1970, 1973; HaLL et al. 1971; SAakAGUCHI et al. 1986;
KosuNE et al. 1990); (2) the development of a disseminated MV infection in lung
macrophages, epithelial cells of the pharynx and in peripheral blood mononuclear
cells (PBMCs) during the first 2 weeks of infection (Peebles et al. 1957; Hicks
et al. 1977; VaN BINNENDIK et al. 1994); and (3) the appearance and persistence if
virus-specific serum antibodies shortly after the peak of viremia (Enpers et al.
1960; VAN BINNENDIK et al. 1994).

2.2 Outbreaks of Measles in Monkey Colonies

Neither cynomolgus nor rhesus monkeys are infected with MV in their natural
environment but they are often exposed to this infection when captured (PeeBLES
et al. 1957; HaBerMANN and WiLLiams 1957; MEYER et al. 1962; PoTkay et al. 1966;
SHISHIDO 1966; HaLL et al. 1971; RemFry 1976; WELsHMAN 1989). Previously it has
been described that measles can spread rapidly through a captive population
(MEYER et al. 1962; SHisHIDO 1966; WELsHMAN 1989). Only in part of the population
could clinical signs be observed, in some cases associated with the development
of a maculopapular rash and conjunctivitis (PeesLEs et al. 1957; Potkay et al. 1966;
HaLL et al. 1971; Remrry 1976; WELsSHMAN 1989). However, in all animals studied,
the presence of multinucleated giant cells in skin lesions and in lymphoid organs
and the appearance of MV-specific hemagglutination-inhibiting serum antibodies
confirmed the etiology of the disease and the spread of virus through the whole
population within 3 weeks of captivity (Mever et al. 1962; SHisHIDO 1966; PoTkay
et al. 1966; YAmMANOUCHI et al. 1969; HaLL et al. 1971; WELSHMAN 1989). Substantial
evidence for the contagiousness of measles among monkeys came from exper-
imentally infected marmosets (Saguinus mystax and Saguinus labiatus). Animals
infected with two wild-type strains of MV (JM and Edmonston) were capable of
rapidly spreading the virus to separately housed MV-seronegative control animals
by aerosol, which is also the main mechanism of transmission in humans (LoRenz
and ALBRECHT 1980).
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Epizootics of measles in monkeys during captivity are not restricted to
marmosets and macagues, Outbreaks of measles have been reported in colobus’
monkeys (Colobus guereza), in which the majority of pathological and clinical
symptoms were similar to the disease in macaques, except for the absence of
rashes and Koplik spots (Hime and Keymer 1975). From these colobus monkeys
virus could also be isolated and neutralized by MV-specific human and macaque
antisera (ScotT and Keymer 1975). Other examples of nonhuman primate species
susceptible to measles during captivity are spider monkeys (Ateles Spp), talapoins
(Cercopithecus talapoin) and chimpanzees (Pan troglodytes). Although these
latter species often lack the more typical clinical signs of the disease, the
occurrence of MV infections have been recognized by the appearance of specific
serum antibodies and the presence of multinucleated giant cells in the lungs of
fatal cases (MACARTHUR et al. 1979).

2.3 Experimental Measles Virus Infections in Monkeys

PeesLEs et al. (1957) and ENDERs et al. (1960) were the first to study experimentally
infected monkeys in detail. They infected nine MV-seronegative cynomolgus
monkeys by the intranasal and intravenous route with the virulent MV Edmonston
strain that had been passaged in human kidney cells. While only four animals
developed maculopapular rashes, viremia could be detected in blood specimens
of eight animals between days 7 and 11 postinoculation. Adaptation of the
virulent MV Edmonston strain by passaging of the virus through chicken embryos
in vivo and through chicken embryo cell cultures in vitro resulted in the first
preparation of attenuated measles vaccines (MiLovaNovic et al. 1957; Katz et al.
1958). Infection of monkeys with these attenuated MV strains by either a
combined intravenous-intranasal, a combined intracerebral-intracisternal or a
subcutaneous route of inoculation appeared to be clinically silent and did not
cause a detectable viremia. However, virus could be recovered from the nasal
secretions of a number of animals that were infected by the subcutaneous route.
Challenge experiments demonstrated that all immunized animals were protected
against a subsequent combined intranasal-intravenous infection with the virulent
MV Edmonston strain. Though local virus replication still occurred in the upper
respiratory tract of these animals after challenge, clinical symptoms were absent
and a systemic viremia was not observed (ENDERs et al. 1960). The initial infection
experiments in a primate model provided a basis for attenuated MV strains to be
used as safe and effective measles vaccines. Also, it was reassuring that the
intracerebral inoculation of monkeys with attenuated strains of MV never elicited
neuronal complications commonly associated with acute measles in humans
(ENDERS et al. 1960; ALBRECHT et al. 1981).

Recently, we and others have infected cynomolgus monkeys with wild-type
MVs isolated and propagated in Epstein-Barr virus (EBV)-transformed marmoset
and human B lymphoblastoid cell lines (B-LCLs). These cell lines proved to be
very sensitive indicator cells for the detection of MVs in clinical specimens of both
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humans and monkeys and in this way virulence for cynomolgus monkeys proved
to be preserved (Kosune et al. 1990; van BiINNENDIK et al. 1994). Though the results
of these experiments were in principal comparable to those published earlier by
PeesLes et al. (1957) and by Enpers et al. (1960), monkeys showed a higher
susceptibility to these wild-type MV isolates. A more extensive replication of the
virus in PBMCs and lung macrophages and a more widely distributed giant cell
formation in the lymphoid tissues were observed when compared to infections
with other laboratory and attenuated strains of MV (YamanoucH et al. 1970; KosuNE
et al. 1990; Van BINNENDIUK et al. 1994). In contrast to the findings of PeesLes et al.
(1957), we were also able to detect a measles viremia in monkeys immunized
with standard doses of an attenuated (Schwartz) measles vaccine. This may be
related to the use of a more sensitive detection based on human B-LCLs rather
than other continuous cell lines for virus isolation (vAn BINNENDIUK et al. 1994).
Therefore it may be speculated that the virulence of wild-type MVs and their
pathogenesis in monkeys may parallel the human situation, but may be strongly
dependent on the strain and in vitro passage history of the MV strain used.

2.4 Encephalitogenicity of Measles Virus in Marmosets
and Macaques

Whereas measles in macaques can be depicted as a rather mild disease with a
normal measles-like pathogenesis, aberrant and fatal measles has been reported
in a colony of marmosets, causing hundreds of animals to die within a period of
several months. The disease was caused by a MV strain which could be isolated
from moribund animals. Many of the animals showed drooping, puffy upper
eyelids and mucous nasal discharge prior to a progressive lethargy. Typical
measles skin reactions were almost never part of the symptoms. The most
characteristic histopathological finding was an interstitial pneumonitis with giant
cell formation (Levy and Mirkovic 1971). Lorenz and ALBRecHT (1980) and ALBRECHT
et al. (1980, 1981) corroborated these findings, showing widespread MV infec-
tions in the respiratory, gastrointestinal and other visceral tissues of marmosets
of the Saguinus mystax subspecies when these animals were experimentally
infected with a wild-type strain of MV (JM) by the respiratory route. Clinical signs
and gross pathological findings lacked the characteristic features of measles and
most of the infected animals died within 2 weeks due to a widespread gastro-
enterocolitis (ALBRECHT et al. 1980). As animals previously vaccinated with inacti-
vated measles vaccines not only survived these infections but developed high
titers of MV-specific antibody as well (Lorenz and ALBRECHT 1980; ALBRECHT et al.
1980), a primary deficiency in lymphocyte function has been implicated in what
are probably the most virulent MV infections reported in monkeys.

The CNS of monkeys is rarely involved after parenterally administered MVs
(EnDEeRs et al. 1960; ALBrecHT et al. 1980). However, marmosets infected intra-
cerebrally with either of two wild-type strains of MV (JM and Edmonston), but not
with attenuated measles vaccine, developed encephalitis in the absence of other
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clinical symptoms (ALBRecHT et al. 1981). The Edmonston strain was found to be
considerably more neurotropic in these animals than the JM strain, causing
perivascular cuffs, proliferation of glial cells, multinucleated giant cells and
inflammatory response in brain tissues. Most of the animals inoculated with the
JM strain showed a milder brain disease but died of the visceral form of measles
infection (ALBRECHT et al. 1980) as was also reported after the parenteral adminis-
tration of the JM strain (ALBRECHT et al. 1981). Marmosets thus seem to be a very
sensitive indicator of the viscerotropic and neurotropic properties of wild-type and
attenuated MVs. However, due to the lack of characteristic features of measles
and the postulated immune dysfunction, the use of these animals seems less
satisfactory for studies concerning MV pathogenesis and immune responses
involved in recovery and protection from the natural disease.

Similar infection experiments carried out with the same wild-type strains and
attenuated strains of MV in macaque monkeys did not result in measles enceph-
alitis (ENDERs et al. 1960; ALBrecHT et al. 1972). However, intracerebral inoculation
of rhesus monkeys with a hamster brain-adapted subacute sclerosing panence-
phalitis (SSPE) strain resulted in a chronic, progressive encephalitis, resembling
characteristic features of SSPE in humans (ALBReCHT et al. 1972, 1977a). Interest-
ingly, the disease ran a subacute or chronic course only in animals with preexist-
ing immunity and was most vigorously induced with the virus passaged through
monkey brain. Clinical disease was characterized by ataxia, lethargy and weak-
ness prior to coma, and accompanied by extremely high antibody titers in serum
and cerebrospinal fluid which were comparable to those found in SSPE. The
striking similarities of the brain disease in monkeys with SSPE may make
primates suitable model for studies concerning the mechanisms of SSPE and
possible therapeutic approaches for this disease (ALBRECHT et al. 1977a).

3 Measles Virus-Specific Immunity in Monkeys

3.1 Introduction

Recovery of humans from measles and the subsequent protection against
reinfection in humans may depend on virus-neutralizing antibody and virus-
specific cell mediated immune responses. Shortly after the onset of the maculo-
papular rash, which is a hallmark for the development of cell-mediated immune
response, MV-neutralizing antibody can be detected in the circulation. The
appearance of neutralizing serum antibodies and the protective effect of passively
transferred MV-specific antibody preparations to children for measles prophyl-
axis, demonstrates the importance of antibody-mediated immune response in
the protection from MV infection (reviewed by Norray and OxmaN 1990). Passive
transfer of polyclonal or monoclonal MV-neutralizing antibodies directed against
either of the two MV glycoproteins, the hemagglutinin {(H)and fusion (F) proteins
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proved to be effective in protecting naive mice and Lewis rats against MV-
induced encephalitis (GiraupoN and WiLD 1985; SaTo et al. 1989; MaLvoisin and
WiLp 1990). However, most agammaglobulinemic children seem to develop the
normal clinical symptoms after MV infection and to develop protective immunity
to reinfection. In contrast, children with functional T cell deficiencies often
develop a fatal giant cell pneumonia after infection with MV (Goop and Zak 1956;
MiTus et al. 1959; BurneT 1968). These observations suggest that cell-mediated
immunity, probably in combination with neutralizing antibody, plays a major role
in the control of MV infections rather than a unique role for antibody-mediated
immune response. Although the transient immunosuppression associated with
measles (reviewed by McCrHesney and OLpbsToNe 1989) has initially hampered the
investigation of MV-specific cell mediated immunity, recent studies have evaluat-
ed the kinetics and role of MV-specific cellular cytotoxic T lymphocytes (CTLs)
(reviewed by UytpEHaAG et al. 1993). From these studies, it was concluded that
CTLs of the CD8 rather than of the CD4 phenotype are involved in the clearance
of virus infected cells and in recovery from measles, T cells of both phenotypes
may function as memory cells in maintaining life-long protection against measles
in immune individuals (KReTH et al. 1979; Lucas et al. 1982; Jacosson et al.
1984,1987; vaN BINNENDIK et al. 1989, 1990). It has been shown that passive
transfer of MV-specific CD4* and CD8* T cell lines to naive mice and Lewis rats
protect them from MV-induced encephalitis (Bankamp et al. 1991; BRINCKMANN
et al. 1991). It is not clear, whether the transferred T cell directly functioned as
CTLs in these models. Niewiesk et al. (1993) have clearly demonstrated that the
occurrence of an MV-induced encephalitis correlated with an inefficient induction
of MV-specific CD8* T Cells.

3.2 The Immunosuppressive Effects of Measles in Monkeys

MV infection in human is known to exert a transient immunosuppression. It has
been suggested that the suppression of T cell mediated lymphoproliferation and
antibody production by B lymphocytes to a number of stimulating mitogens and
antigens are a direct result of virus replication in these cells during the acute stage
of the disease (reviewed by McCHesney and OLpsTone 1989). An as yet unknown
autocrine mechanism may be responsible for the observed inhibition, as the
effector functions of these cells are dramatically impaired only when they are
infected prior to their differentiation. During an outbreak of measles at a primate
research center MV was detected in the PBMCs of infected rhesus monkeys. In
these monkeys, pokeweed mitogen (PWM)-driven IgM and IgG synthesis was
markedly reduced when compared to uninfected control animals. Immuno-
globulin secretion was still reduced several months after infection but returned to
normal levels within 1 year (McCHesney et al. 1989). An enhanced mitogenic
response was actually seen shortly after infection, when measles viremia and a
marked leukopenia were also reported. Thus MV infection may not disseminate
as rapidly through lymphocytes in vivo as it does under in vitro conditions and may
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rather activate certain populations of lymphocytes or even alter the circulatory
pattern of lymphocytes shortly after infection (Hicks et al. 1977).

Recently, Contreras and Furesz (1992) described the immunosuppressive
effects of MV infections on the outcome of the neurovirulence test for oral
poliovirus vaccines in a colony of macaques in Canada. Although the origin and
history of the MV infections were unknown, the prevalence and increase of high
titers of specific serum antibody in these monkeys, which also paralleled the
increase in the prevalence of measles in the population of Ontario, highly
correlated with a more pronounced severity of poliomyelitis. Taken together,
these observations indicate that the mechanisms of MV-induced immunosup-
pression in humans and macaque monkeys are similar.

3.3 Measles Virus Specific Annses in Macaques

As stated above, it is most likely that both virus-neutralizing antibody and virus-
specific CTLs contribute to virus clearance after MV infection and to protective
immunity in monkeys. Moreover, successful protection against MV infection
induced by immunization with live attenuated measles vaccines may depend on
the same immune mechanisms. However, further studies are necessary to
define the specific contribution of individual components of the immune system.
Since macaques develop clinical signs and a pathogenesis of MV infections
similar to measles in humans, they may provide a suitable animal model to study
protective immune responses elicited by either vaccination or MV infection and to
evaluate the efficacy and safety of measles vaccines.

Epizootics of measles in captive populations of macaque monkeys were
always accompanied by the appearance of MV-specific serum antibodies, closely
resembling the kinetics of antibody responses after acute measles in humans.
The persistence of specific serum antibodies in monkeys after infection may also
be part of the protective immune response as no subsequent reinfections have
been reported in the infected populations (PeeBLEs et al. 1957; MEYER et al. 1962;
PoTkay et al. 1966; SHISHIDO 1966; HALL et al. 1971; Remrry 1976; WELSHMAN 1989).

Other investigators have reported similar types of MV-specific antibody
responses in macaques after the administration of different strains of virulent MV,
attenuated measles vaccines and inactivated MV preparations. Strong virus-
neutralizing, complement-fixing and hemagglutination-inhibiting antibody res-
ponses were detected in the sera of monkeys 1-5 weeks after immunization,
which declined to persistent levels over a period of 3 years (PeesLEs et al. 1957;
ENDERS et al. 1960; YamanoucH! et al. 1969; Hicks and ALBRECHT 1976; MACARTHUR
et al. 1982; be VRIEs et al. 1988; WELsHMAN 1989; VaN BinneENDIK et al. 1994). In
contrast to inactivated MV preparations, infectious MVs, especially when admin-
istered intranasally or intratracheally, often produced higher levels of virus-
neutralizing serum antibodies in monkeys, which may be due to extensive virus
replication and dissemination in the cells of the respiratory tract (Hicks et al. 1977;
DE VRIES et al. 1988; van BINNENDIK et al. 1994). MV-infected monkeys also
developed antibodies mediating a complement-dependent lysis of MV-infected
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target cells (cytolytic antibodies) (PeeBLES et al. 1957; Hicks and ALBRECHT 1976).
Immunization of monkeys with heat-inactivated MV resulted in very low concen-
trations or even the absence of cytolytic antibodies, which may be related to the
general failure of such preparations to induce functional antibodies against the F
glycoprotein of MV (Hicks and ALBRecHT 1976, reviewed by Norray 1985). How-
ever, the induction of functional and long-lived F protein-specific antibody
responses has been reported in cynomolgus monkeys immunized with the F
protein incorporated in an immune stimulating complex (ISCOM) (pe VRIEs et al.
1988). These observations are of major importance as a severe atypical measles
syndrome (AMS) has been reported in MV-infected children who had been
vaccinated with inactivated measles vaccines 2-4 years before exposure to the
virus. These vaccine failures were initially attributed to the inability of inactivated
measles vaccines to induce the proper antibody response against the F protein of
MV (reviewed by Norray 198b), although other mechanisms may be involved.
These include an altered immunoglobulin subclass distribution of the antibody
response (MatHieseN et al. 1990) and the general failure of inactivated MV to
induce a properly balanced T cell response (van BINNENDIJK et al. 1990, 1992).

3.4 Cell-Mediated Immune Responses in Macaques

Today, substantial knowledge is available concerning the role of antibody re-
sponse induced by MV infection in humans and in monkeys; however parameters
of T cell-mediated immune responses have only been studied extensively in
humans and rodents (reviewed by UvtpeHaac et al. 1993). From initial experi-
ments performed in macaques and marmosets (Hicks et al. 1977; ALBRECHT et al.
1972,1980), cell-mediated immunity may be considered important in the control
of MV infection in monkeys. In these experiments, treatment of rhesus monkeys
with the immunosuppressive agent cyclophosphamide or with T lymphocyte
depleting drugs resulted in enhanced and prolonged viremia of infected animals.

Recently, we have undertaken a series of experiments in cynomolgus
monkeys to study the immune response parameters induced by different mea-
sles vaccines and vaccine candidates (van BINNENDIK et al. 1994). In preliminary
experiments, MV-seronegative cynomolgus monkeys were inoculated intra-
tracheally with the wild-type strain BIL of MV, which was recently isolated and
biologically cloned from a patient with acute measles in The Netherlands. All
infected monkeys developed strong virus-specific IgM and long-lasting (virus-
neutralizing) IgG serum antibodies (van BINNENDIJK et al. 1994). Furthermore, the
long-term presence of MV-specific CD4* and CD8" T cells were detected in the
PBMCs of most infected monkeys using techniques similar to those previously
described for MV infections in humans (van BINNENDIK et al. 1990) and for simian
immunodeficiency virus (SIV) infections in rhesus monkeys (MILLER et al. 1990;
Yamamorto et al. 1990). Cynomolgus monkey PBMCs stimulated in vitro with MV-
infected B-LCLs resulted in the predominant expansion of primarily MV-specific
CD8* T cells which were capable of destroying virus-infected target cells in vitro
(van BINNENDIK et al. 1994). Thus, these studies support the hypothesis that the
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induction of a class | MHC-restricted CTL response and memory by CD8* T cells,
as a direct result of virus infection in vivo, may control MV infections by
eliminating virus-infected cells in both humans and monkeys ( van BINNENDIK et al.
1990, 1992, 1994).

3.5 Measles Vaccination in the Presence of Maternal Antibody

Almost immediately after monkeys have been captured they are usually vaccinat-
ed with live attenuated measles vaccines in order to prevent the high incidence
of measles during captivity due to human contacts. Usually good levels of
protection will be achieved by vaccination and in most cases without the
development of any clinical signs (WeLsHman 1989). However, it may occur that
some animals are already naturally infected with measles prior to vaccination
(HaLL et al. 1971). Previous studies on the efficacy of measles vaccination in a
breeding colony of rhesus monkeys showed that captive-born offspring from
wild-born MV-seropostive mothers were unable to respond to vaccination up to 6
months of age. Revaccination of this group from the age of 8-10 months onward
resulted in significant MV-specific serum antibody titer rises (MACARTHUR et al.
1982). As in humans, MV-specific serum antibodies, representing maternal
antibodies, were detected in the prevaccination sera of these animals and were
detectable up to 9-12 months of age (MacARTHUR et al. 1979). In unvaccinated,
newborn cynomolgus monkeys, maternal MV-specific serum antibody titers
decreased linearly with a half-life time of approximately three and a half weeks.
Furthermore it has been shown that these titers never exceeded the MV-specific
antibody titers of the mothers (FusmoTo et al. 1983b). It is most likely that, as in
human babies, the placental transfer of IgG is responsible for the MV-specific
antibody titers in the newborns rather than the transfer of Immunoglobulin by
breast-feeding (ALrecHT et al. 1977b; FusmoTo et al. 1983a,b).

In developing countries measles is still responsible for high mortality rates
among children during their first year of life. Indeed, it is this group of young
children who in most cases cannot be vaccinated with live attenuated vaccines
due to the interference of maternal antibodies with the attenuated virus replica-
tion. Therefore, a suitable monkey model in, e.g., cynomolgus or rhesus macaques
would provide the opportunity to study the efficacy and safety of novel genera-
tions of measles vaccines able to induce a protective immune response in the
presence of maternal antibodies.

4 Concluding Remarks

Several primate species can be infected experimentally with MV. Also spontane-
ous infections may occur after contacts with humans, after which MV may spread
from monkey to monkey and cause serious losses in affected colonies or during
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the shipment of animals. In certain species, e.g., cynomolgus and rhesus macag-
ues, infection with wild-type MV causes a disease of varying severity, quite
similar to measles in humans. The development of antibody and cell-mediated
immunity to MV largely parallels the development of MV-specific immunity in
humans. Attenuated MV strains used in human vaccines also proved to be
attenuated for primates and upon infection rendered the animals immune to
subsequent wild-type MV infection. As in humans, MV-specific passively ac-
quired maternal antibodies interfere with wild-type and attenuated MV infection
in macagues. Unlike macaques, marmosets develop a usually fatal infection with
wild-type MV upon experimental or contact infection. The infection is not
characterized by the signs and symptoms of measles that are typical for the
disease in humans. In contrast, experimental infection with attenuated MV
vaccine strains does not lead to disease symptoms in marmosets.

Taken together, cynomolgus and rhesus macaques may be considered
suitable animals for studying the pathogenesis of and immune-mediated protec-
tion from MV infection, induced by natural infection or vaccination. Especially
in the light of the eradication strategy of measles, as recently adopted by the
WHO, the present availability of a suitable macague model to study the potential
of novel generations of vaccines that may overcome the specific problems
related to maternally derived antibodies and atypical measles syndrome is of
major importance.
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1 Introduction

Despite the availability of a safe and efficient live attenuated measles vaccine,
which eliminated the fear of the highly contagious disease in industrialized
countries, measles remains a severe disease in developing countries (see chap-
ter by Clements and Cutts, this volume)

Moreover, our understanding of several important aspects of this infection
have remained incomplete, particularly the pathogenesis of measles complica-
tions involving the CNS, the basis of measles virus-induced immunosuppression
and the parameters of protective immune mechanisms.

As humans are the only natural host for measles virus, one of the major
difficulties in studying measles has been the lack of a model for infection and
disease. Monkeys, calves, lambs, dogs, ferrets, hamsters, mice and rats have
been experimentally infected to study various pathogenetic aspects (FrRazer and
MarTiIN 1978; ApPEL et al. 1981). Primates can be successfully infected with
measles and have been used for many decades in infection experiments with
clinical material (see chapter by van Binnendijk et al., this volume). However, the
infection generally has a subclinical character and only marmosets and macaques
develop severe disease and clinical symptoms similar to those in humans
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(ALBRECHT et al. 1980). For these reasons macaques have primarily been used for
immunological studies relevant to the development of novel measles vaccines.
For pathogenetic studies, however, small laboratory animals, i.e., mice and rats,
provide several advantages over the use of monkeys. Besides their easy and
relatively inexpensive maintenance, their availability in sufficient quantities and in
different inbred strains make rodents particularly suitable to study in detail the
virus-host relationship, the parameters of antiviral immune response during
experimental infection, the mechanism of immune protection, and the character-
istics of immunopathologic events in measles complications. In this short review,
virological and immunological findings of measles virus infections in rats and
mice will be presented and their contribution to our understanding of pathoge-
netic aspects of measles CNS infections will be discussed.

2 Experimental Infection of Rodents

Different species and strains of rodents including mice, rats, hamsters and ferrets
can be experimentally infected with measles virus. The replication of measles
virus (MV), however, is largely restricted to neuroadapted strains and to the CNS
of the animals (Imagawa and Abams 1958; BURNSTEIN et al. 1964; MaTumoTO et al.
1964; Ka1z et al. 1968; ALBRECHT and ScHUMACHER 1971; JanDaA et al. 1971; GRIFFIN
et al. 1974; THorMAR et al. 1977; CHaN 1985; CARRIGAN 1986; OHucH et al. 1984,
LieBerT and Ter MEeuLeN 1987). Neuroadaptation has been achieved by repeated
intracerebral passage in newborn animals. Acute encephalitis is readily repro-
duced, but establishment of persistent infection in brain requires specific condi-
tions (Katz et al. 1970). In ferrets and monkeys, these conditions include the use
of cell-associated subacute sclerosing panencephalitis (SSPE) virus for intracere-
bral injection of animals with preinoculation passive immunity (ALBERCHT et al.
1977; THorMAR et al. 1977; Ueba et al. 1975). Infection of newborn hamsters with
virus from persistently infected cell cultures also produced a persistent infection
in vivo (NorrBY and KRISTENSSON 1978), and in some cases persistent infection of
hamsters led to the development of hydrocephalus, most likely due to infection of
the ependymal cell layer (HaspeL and Rapp 1975; NorrBy et al. 1980).

Both infectious and defective cell-associated virus have been used success-
fully. Most commonly used MV strains for induction of acute encephalitis of
mice and rats are either derived from isolates of SSPE patients (ByingToN et al.
1970; WiLD et al. 1979), isolates from acute measles neuroadapted to hamster
(BurnsTEIN et al. 1964) or vaccine-derived virus neuroadapted to rat brain (KoBuNe
et al. 1983). Intracerebral infection of susceptible inbred weanling rats and mice
with the neurotropic CAM/RB measles virus leads to the development of acute
and subacute (persistent) CNS disease processes (LIEBERT and TER MEULEN 1987).
Symptoms develop within 6-10 days after infection and consist of ruffled fur,
hunched position, unsteady gait and ataxia, hindlimb paresis, convulsions which
finally end in a lethargic state with inadequate feeding (inanition), severe weight
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loss and a moribund state. The acute MV-induced encephalitis is always fatal.
Infectious virus can easily be recovered from brain but not from other organs
including lungs, spleen, thymus, lymph nodes. In these organs it is also impossi-
ble to detect MV mRNA by northern analysis or in situ hybridization. Histopath-
ologically, severe generalized encephalitis with destructive and infiltrative lesions
in the entire brain parenchyma is found. For the characterization of viral determi-
nants related to neurovirulence, measles virus variants were used. These were
generated in vitro and in vivo under the selecting pressure of monoclonal
antibodies. A region on the hemagglutinin (H) protein has been defined that may
be important for the neurovirulence properties of CAM/RB (LIEBERT et al. 1994).

The outcome of the infection depends not only on the properties of the virus
inoculated (Janpa et al. 1971; ThorMAR et al. 1978; CarriGaN 1986) but also on the
route of infection. Intracerebral inoculation of Lewis rats or C57BI/6 mice results
in the most consistent reproduction of CNS disease, but intraperitoneal or
intranasal infection may also lead to encephalitis in a minority of inoculated
newborn to 2 day-old animals. Furthermore, susceptibility depends on the age at
time of infection (GRIFFIN et al. 1974; HERNDON et al. 1975; LieBerT and TER MEULEN
1987) and the strain of animals used (NeiGHBOUR et al. 1978; LIEBeRT et al.,
unpublished). Generally, while newborn mice and rats uniformly succumb to
acute encephalopathy® within a few days, older animals become increasingly less
susceptible and develop either acute (AE) or subacute measles encephalitis
(SAME). Among the parameters determining the susceptibility of rats and mice to
experimental MV encephalitis are, in particular, the MHC genes. Lewis rats which
carry the RT1' MHC haplotype are highly susceptible, and more than 75% of
infected 3-4 week-old rats die from AE within 2 weeks following intracerebral
inoculation. BN rats (RT1") are resistant with less than 15% developing acute
disease. In the mouse model, strains carrying H2¢ or H2* (Balb/c, DBA2) are
resistant while H2* or H2° (C3H, CBA or C57BI/6 and C57BI/10) are highly or
moderately susceptible to infection with CAM/RB, respectively. The use of MHC
congenic animals and F1 and F2 generations of susceptible and resistant animals
confirmed that resistance to measles encephalitis in rats and mice is immunoge-
netically controlled.

In addition to AE, rats carrying RT1 haplotypes | or Ixn may develop SAME
with incubation periods of several weeks to months (LIEBERT and TER MEULEN 1987;
LiEBERT et al. 1988). This disease occurs in up to 25% of 4-week-old CAM/RB-
infected rats. Its course is monophasic and leads to death in about 40% of
affected rats. The remainder undergo an apparent complete recovery from
paresis, ataxia and occasional convulsions within 5-15 days. In these
rats prominent inflammatory infiltrates composed of T and B lymphocytes and

' The term encephalopathy used to describe noninflammatory correlates of acute CNS disease with
extensive destruction of the brain parenchyma and necrosis of all components of cortex and white
matter as a consequence of the lytic virus-cell interaction seen in the absence of a functioning immune
system. In acute or subacute measles encephalitis (SAME) inflammatory lesions prevail, and in SAME
perivascular cuffing is the hallmark of the disease.
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macrophages can be found, particularly around draining veins in subcortical and
periventricular white matter. Primary demyelination does not occur, and destruc-
tion of brain parenchyma with neural cell loss is rather subtle. In resistant mouse
or rat strains, instead of SAME a clinically silent encephalitis (CSE) may develop
which can be diagnosed only by detection of characteristic histopathological
lesions. Other factors that correlate with resistance are strength and specificity of
the postinfection cell-mediated immunity to measles virus and the ability to
synthesize and release interferon (IFN) following the experimental infection.

Other MV strains, particularly SSPE-derived or fresh wild-type isolates,
display a very limited neurovirulence in Lewis rats. When, however, an SSPE-
derived neurotropic strain of measles virus is used, Balb/c mice appear to be
highly susceptible and die from intracerebral infection (WiLp et al. 1990). Infection
with the HNT virus induces in C57BI/6 mice persistent infection and subacute
disease in the majority of animals (CHan 1985).

3 Virus-Host Relationship in the Brain of Mice and Rats

As described in detail elsewhere in this volume, the pathogenesis of MV infec-
tions of the human CNS is not fully understood. In SSPE and measles inclusion
body encephalitis (MIBE) (see chapter by Schneider-Schaulies et al., this volume),
a defective replication cycle is encountered in autopsy material, characterized by
defective viral genomes that are unable to undergo a productive replication cycle
even when transferred to permissive cells. However, the events which lead to the
establishment of persistent infection, when and how the virus enters the brain,
which receptor structures or intracellular factors determine brain cell tropism and
susceptibility, and how the virus spreads in the brain in the absence of cell fusion
and formation of virus particles are not known.

That both, host and viral factors are important for MV infection of the CNS has
been shown by using the neurotropic HNT virus for infection of 3-week-old
hamsters or of hamsters with a certain degree of passive immune protection by
maternal antibodies (ByingTon and JoHNsoN 1972). In addition to AE, a persistent
infection developed. Using monoclonal antibodies against different MV structural
proteins, N and P proteins were always detected in brain cells during both acute
and persistent infection, but M and H protein were expressed only during AE
(JoHnson et al. 1981). These findings were thought to reflect the ability of the host
to restrict the infection while the immune system was unable to eliminate the
virus from CNS tissue. Furthermore, the observations suggested the possibility of
cell to cell spread in the infected CNS as a common mode of MV distribution to
various regions of the brain.

In the rat model of intracerebral infection with CAM/RB, infectious virus could
be recovered readily only during the initial 12-15 days postinfection, and no virus
was reisolated after day 35 postinfection (LieBerT and TER MEULEN 1987; LIEBERT
et al., submitted). Usually, successful isolation required cocultivation of brain cells



Measles Virus Infections in Rodents 153

with noninfected permissive Vero cells. The titer of virus remained moderate and
reached a maximum of 5 x 10° to 20 x 10° PFU/g brain weight. From animals with
CSE to SAME no infectious virus could be recovered. Furthermore, already during
the acute phase of infection and disease the expression of the envelope proteins
M, F and H, in infected brain cells was reduced. Less than 20% of the infected
cells expressed all major structural proteins (H, F, N, P, M) simultaneously, and in
SAME this reduction was more pronounced. The virological data correlate with
histopathological findings. In the brain of mice and rats giant cell formation is not
detectable and no extracellular virus particles are found (van POTTELSBERGHE et al.
1979). In contrast, multinucleated giant cell formation is a hallmark of experimen-
tal measles infection in hamsters (RAINE et al. 1975). These findings suggest that
the factors interfering with viral replication in the rat brain are similar in SSPE and
in experimental rodent MV infection.

The molecular biological analysis of MV transcription in brain material from
Lewis rats with AE and SAME revealed restricted expression of viral envelope
proteins which was linked to an attenuated expression of the corresponding
mRNAs (LieBerT and TER MEULEN 1987; ScHNEIDER-ScHAULIES et al. 1989). In SAME,
a specific translational defect was found for the M specific mRNA that was not
related to sequence mutations (Baczko et al. 1993). These transcriptional alter-
ations were also observed in primary rat astroglial cells within hours following
infection but not in other cell types, suggesting host cell-dependent control
mechanisms of viral transcription (SCHNEIDER-ScHAULIES et al. 1990). In addition,
the differentiation state of brain cells influences MV transcription, as seen in
brain material of experimentally infected animals (LiEBERT et al. 1990b) and
in tissue culture (YosHikawa and YamanoucH! 1984). Attenuated MV transcription
has also been found in the presence of virus-neutralizing antibodies in tissue
culture experiments and in the animal model (Fuinami and OvrpsTtone 1980;
BARRETT et al. 1985; RAGER-ZIsMAN et al. 1984; LieBerT et al. 1990b; ScCHNEIDER-
ScHAULIES et al. 1992).

The in vitro observations largely explain the modifying effect on the disease
course of passively transferred MV-neutralizing anti-H antibodies into infected
newborn rats and mice (LIEBERT et al. 1990b; RammonaN et al. 1983). Subacute
diseases with prolonged incubation periods develop in these animals instead of
the acute necrotizing encephalopathy. The molecular biological correlate is highly
attenuated viral transcription in individual infected cells accompanied by a very
low frequency of envelope-specific mMBNAs and envelope protein expression. A
remarkably similar pattern was detected in brain material from infected BN rats
which naturally mount high titers of virus-neutralizing antibodies. However, in a
hamster model it was shown that the presence of antibodies is not an absolute
requirement for the establishment of persistent infection, since in the animals a
spontaneous conversion from a lytic to a persistent infection was observed
(CaRRIGAN 1986; CaRrricaN and Kasacorr 1987). Furthermore, mutations in the
nucleotide sequence or cap modifications of MV RNA, particularly the M gene-
specific mMRNA, have not been detected in rat CNS and hence are not required for
MV persistence in brain tissue (Baczko et al., unpublished) despite the similarity
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of the defective viral replication cycle in the murine brain and in SSPE. This
observation suggests that mutations of MV genes are apparently not essential for
the initial establishment of persistent infection and rather develop thereafter.
Therefore, cellular control mechanisms are likely to play an important role, as was
indicated by inefficient MV protein synthesis in human glial cells after in vitro
differentiation (ScHNEIDER-ScHAULIES et al. 1993a).

The infection of brain cells with MV also has important consequences for the
expression of surface molecules on these cells, including adhesion molecules
and MHC antigens (Massa et al. 1987; OLsson et al. 1987; GoGaTe et al. 1991,
Kraus et al. 1992). MV infection was shown to lead to an increased expression of
both class | and class Il antigens and adhesion molecules such as ICAM-1 on
cultivated glial cells. This process was IFN-y-dependent and could be amplified by
tumor necrosis factor-a (TNF-o)). In vivo, where under normal conditions MHC
antigens occur only in a low concentration in the CNS, a focal measles infection
in rat brains resulted in up-regulation of these antigens throughout the entire brain
(OLssoN et al. 1987). Expression of class | and Il antigens not only occurred at the
site of virus replication but also elsewhere in distant areas. Since antibodies
against IFN-y could not block class Il induction, other as yet undefined cytokines
or mechanisms of activation may play a role in vivo.

4 Parameters of the Antiviral Immune Response

In the rodent model, special consideration was given to immune parameters
during experimental measles infection. In the absence of a complete immune
system, a slowly developing brain infection was demonstrated in nude mice
(OHucHi et al. 1984). Reconstitution of T cells, but not of IFN or antiviral antibodies,
completely prevented development of the disease (OHucH et al. 1986).

In acute MV-induced encephalitis in young rats and mice, which is always
fatal, the effects of humoral and cellular immune responses have been analyzed in
detail. Passive immunization of animals was shown to convert an acute infection
into one of a persistent nature (GirauboN and WiLp 1985; RammoHaN et al. 1983,
LiEBERT et al. 1990b). The active induction (e.g., immunization with Iscom prepara-
tions containing the H and F proteins) or passive transfer of sufficient quantities of
neutralizing antibodies completely suppressed the development of disease in
newborn and weanling animals (Varsany et al. 1987; pe VRIES et al. 1988; MALvoIsIN
and WiLb 1990; BrinckmanN et al. 1991). Furthermore, the presence of maternal
antibodies was shown to protect newborn animals from disease. These findings
match the resistance to encephalitis observed in BN rats that mount an early high
level of MV-specific humoral immune response (LieBerT and TER MEeuLEN 1987).
However, the presence of disease modifying antibody was shown to be generally
insufficient to eliminate MV from the infected brain. The apparent explanation is
that in the course of the experimental infection in rodents, viral envelope gene
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expression is restricted and virus particles are not released from infected brain
cells. On the basis of these molecular biological characteristics it was anticipated
that antibodies are not the prime factor in overcoming the CNS infection. Hence it
was not surprising to find that even under conditions which virus-neutralizing
antibodies are not induced, animals can be protected. This was demonstrated by
immunization with recombinant vaccinia viruses expressing the internal nucleo-
capsid (N) protein, which prevented the disease that results from subsequent
challenge with MV in nonimmunized rats (BANkaMP et al. 1991).

The role of the cellF-mediated immune response, its effector components and
its specificity were defined using recombinant vaccinia virus technology to
express individual MV structural proteins. Following immunization of rats and
mice with such recombinant vaccinia viruses, MV-specific antibodies and T cells
were demonstrated. Challenge experiments with CAM/RB revealed a protective
effect for all investigated susceptible strains of mice and rats of those recombi-
nants that express either the MV H and F glycoproteins or the N protein (DRILLEEN
et al. 1988; Bankamp et al. 1991; BrinckmANN et al. 1991; Finke et al., unpublished).
MV was only isolatable for 5-7 days following infection with CAM/RB and
histopathological changes were scarce. The kinetics of the humoral immune
response supported the concept that antibodies are probably not involved in the
elimination of MV from the brain because they either are unable to neutralize MV,
as in the case of anti-N antibodies, or they become demonstrable only after the
elimination of MV from the brain. Similar results were obtained in nude mice
(OHucHr et al. 1986) and in protection experiments using Iscom preparations
containing H or F protein (Varsanyi et al. 1987).

The cellular antiviral immune response was analyzed further by two ap-
proaches. First, lymphocyte subpopulations were depleted by in vivo administra-
tion of monoclonal antibodies directed against the CD4 or CD8 surface molecules
of lymphocytes (Bankamp et al. 1991; Finke and LIEBerRT 1994). Second, MV-specific
T cell lines were transferred adoptively into MV-infected rats. Both approaches
rendered concordant results. Following intracerebral infection with CAM/RB
those animals that had disposable CD4 T cells specific for N, H or F proteins were
protected from the development of encephalitis. Moreover, when CD8 T cells
were depleted, rats were still completely protected by adoptive transfer of CD4 T
cells recognizing both internal N and surface envelope H and F viral proteins (ReicH
et al. 1992; LieserT et al. 1993). This treatment did not result in the timely local
production of neutralizing antibody in the CNS. From the results it was concluded
that both CD8 T cells and antibodies were not required for immune protection.
These results were surprising because the susceptibility of mice to measles
encephalitis was shown to correlate with their ability to generate a MHC class |
restricted CD8 T cell-mediated cytotoxic immune response in vitro (NiEwiesk et al.
1993). However, in vivo this cell type is apparently dispensible for efficient
elimination of MV and protection from disease in the murine encephalitis
model. In rodent models a number of T and B cell epitopes have been defined
(GIrauboN et al. 1992; Parmipos and Stewarp 1990). It is, however, at present
unknown where on the MV genome protective epitopes are located.
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5 Mechanism of Immune Protection

The mechanism of the antiviral activity of CD4 T cells in vivo is still unknown. By
using a genetic marker, it was shown in adoptive transfer experiments into MV
infected rats that MV-specific CD4 T cells from a donor animal enter the brain of
the host. These cells accumulated in infected areas where, however, in an
immunocompetent animal they comprised only about 5% of all infiltrating T cells
(KoLokyTHAs and LIeBerT, unpublished). One mode of action of the virus-specific
CD4 T cells would be a direct cytolysis of infected target cells, as has been
demonstrated for human MV-specific peripheral blood lymphocytes in vitro
(JAacoBsoN et al. 1986, 1989; van BINNENDIJK et al. 1989; Lucas et al. 1982). Under
special conditions MV-specific CD4 T cells from mice, and to a much lesser degree
from rats, can also exhibit in vitro cytotoxic activity. However, it seems unlikely
that MHC class |l-restricted cytolysis plays a major role in eliminating MV from the
brain, because the major cell population in the infected rodent brain consists of
neurones which under normal conditions and during MV infection do not express
MHC class Il molecules. Furthermore, in the lymphocytic choriomeningitis virus
(LCMV) infection model it was shown that virus-specific MHC class Il-restricted
cytolytic lymphocytes induce an immunopathological focus in the brain (MULLER
et al. 1992). Another possibility of antiviral activity of CD4 T cells would be via
local cytokine release and probably the activation of mononuclear phagocytes.
Based on the observed paucity of virus-specific CD4 T cells in the recipient
infected animal, it was concluded that recruitment of additional cells that exert
antiviral effector functions are likely to constitute the essential factor in the
combat of virus in an infected brain. Experiments using irradiated rats or treat-
ment with immunosuppressive drugs, e.g. cyclosporine A, imply an important
role for mononuclear phagocytes (Liebert et al. unpublished). The mechanism of
recruitment might be explained by the ability of activated CD4 T cells to secrete
cytokines. For example, IFN-y and TNF enhance the expression of VCAM-1 on
brain endothelium cells, to which stimulated T cells bind before they enter the
brain and encounter viral antigen; this leads to further activation and subsequent
secretion of cytokines (Baron et al. 1993). Cytokines delivered locally by CD4 T
cells can contribute to selective virus elimination by either interacting directly with
infected brain cells or by activating nonspecific effector cells including phago-
cytes (KarupiaH et al. 1991; LuccHiArI et al. 1993).

IFN-y increases the expression of MHC class |l molecules on astrocytes
which can act as antigen presenting cells in the neighborhood of infected neurons
(FONTANA et al. 1984; WonG et al. 1985; Massa et al. 1987). In addition, IFN-yis an
important factor for the activation of macrophages and NK cells which can
become potent IFN-y producers on their own (TRINCHIERI and Perussia 1985;
Perussia 1991). Activated NK cells can function as antiviral effector cells at an
early time point of infection, when a virus specific T lymphocyte response still is
absent. Furthermore, in the presence of IFN-y preferential expansion of Th1 cells
was observed in vitro (Gasewski et al. 1989). It is conceivable, that the source of
IFN-y and TNF-a in MV infection of the murine CNS is CD4 T cells—at least
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under protective conditions. A detailed characterization in vitro revealed that all
protective T cells lines produce high amounts of interleukin-2 (IL-2), IFN-y and
TNF-o but not IL-4 of IL-6 (Finke and Liebert, unpublished). This cytokine pattern
is characteristic for CD4 T cells belonging to the Th1 helper subtype. In this
context it is interesting that the predominant generation of Th2 cells, which is
seen after both natural MV infection and vaccination against measles in humans,
has led to the hypothesis that the lack of virus specific Th1 cells may contribute
to the immunosuppression seen after infection or vaccination (GriFrin and WarD
1993; WarD and GriFriN 1993). Data obtained in the mouse model are consistent
with this concept, as from the highly susceptible C3H mouse strain preferentially
Th2 CD4 T cells, but not Th1 cells, can be isolated.

The importance of IFN-y in the combat of MV CNS infection was also
demonstrated in vivo. Ablation of IFN by treatment of infected mice with anti-IFN
antibodies completely suppressed the protective effect of a functioning cell-
mediated immune system and converted the resistent state of Balb/c mice into
that of high susceptibility (Finke and Liebert, unpublished). Other cytokines are
also involved, as was shown by the profound effect on the disease course and on
mortality of treatment of animals which were resistant to MV infection, with anti-
TNF-a antibodies.

Furthermore, it could be shown that the infection of brain cells leads to a
differential induction of cytokines in primary and persistent MV infection in
human glial cell cultures (ScHNEIDER-ScHAULIES et al. 1993b). In conclusion, cyto-
kines secreted by Th1 cells may constitute an important parameter in elimination
of MV from murine brain, while cytokines secreted by Th2 cells seem to suppress
the cell-mediated immune response in clearance of infected tissue.

6 Autoimmunity and Immunopathology
in the Infected Brain

Of particular pathogenetic interest is postinfectious encephalomyelitis {acute
measles encephalomyelitis), a well known complication of many cases of acute
measles (see chapter by Katz, this volume). In patients with this disease a
significant proliferative response of isolated peripheral lymphocytes against mye-
lin basic protein (MBP) was found during the clinical symptoms and for several
weeks thereafter (JoHnson et al. 1984). MV RNA and protein are absent from
CNS and neuropathological abnormalities consist of perivenular demyelination.
These observations suggest an immunopathological (autoimmune) basis for the
development of measles encephalitis (JoHnson and GRIFFIN 1986).

The most widely used model for autoimmune diseases of the CNS is
experimental allergic encephalomyelitis (EAE) which can be induced in laboratory
animals by injection of MBP or proteolipid (PLP) apoprotein in combination with
adjuvants (RAINE 1984; Yamamura et al. 1986). EAE in rats is characterized by
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transient clinical signs including weight loss and weakness or paralysis of hind
limbs and neuropathological changes consisting of inflammatory perivascular
lymphomonocytic cuffing found predominantly in the white matter of the spinal
cord. Susceptibility depends on the age of animals and the inoculum used
(Itovama and WEeBsTER 1982; VANDENBARK et al. 1985; LeviNe and Sowinski 1973,
1975). EAE can be passively transferred from a diseased to a naive recipient
animal by intravenous injection of CD4 lymphocytes specific for MBP. This
treatment results in a CNS disorder of the host animal which is clinically and
neuropathologically very similar to EAE (Rane 1984). In analogy to EAE, the
finding of a MBP-specific lymphoproliferative response was considered to be of
pathogenetic importance in measles encephalitis. Below, the MV infection in a rat
model with respect to autoimmune reactions and the mechanisms by which MV
may alter host reactivity against self-antigens are discussed.

Arole for MV as a cofactor in the development of EAE was suggested by early
observations which showed that the course of EAE and its severity were
potentiated in MV-infected hamsters (Massanari et al. 1979). In view of this
observation itis interesting that two forms of SAME can be distinguished in Lewis
rats. Type 1 SAME is characterized by persistent viral infection with focal gliosis
and lymphomonocytic infiltrates restricted largely to infected brain areas. Here,
viral antigen, MV mRNA and nucleocapsids were found but complete virion
particles were absent, which is the reason for the failure to isolate infectious virus.
In type 2 SAME the inflammatory process persists in the absence of MV antigen
or viral nucleic acid. The lesions are very similar to those of naive rats receiving
MBP-specific CD4* lymphocytes, and the infiltrates reveal a similar composition
of lymphocyte subpopulations in SAME type 2 and EAE with a dominance of
CD4* T cells over CD8* cells and a high proportion of macrophages (LIEBERT et al.
1988, 1990a; LieserT and TErR MEULEN 1993). A humoral immune response to MBP
was detected only in limited numbers of rats with SAME. In cerebrospinal fluid of
the animals, in addition to measles-specific antibodies, oligoclonal bands of
restricted heterogeneity were detected that probably react to brain antigens
(DORRIES €t al. 1988).

Based on these observations, the immune response to brain antigens was
characterized in these animals. Splenic lymphocytes and superficial cervical
lymph node cells were found to proliferate in vitro in the presence of MBP or PLP
(LiEBerT et al. 1988). The intravenous transfer of MBP-reactive MHC class II-
restricted CD4* T cell lines isolated from bulk cell populations induces a disease
in naive syngeneic recipients with clinical and histopathological signs identical to
T cell-mediated EAE. Analysis of the antigenic fine specificity revealed that MBP-
specific T cell lines from both measles-infected and MBP challenged rats display
an identical pattern of reactivity to a panel of synthetic peptides. These cells also
responded to in vitro stimulation with peptide 69-84, which comprises the major
encephalitogenic MBP sequence for Lewis rats (LIEBERT et al. 1990a). The high
degree of antigenic specificity is further supported by the failure of the T cell lines
to proliferate in the presence of disrupted measles virions, isolated MV proteins
or other control antigens or peptide sequences. MV-specific T cell lines did not
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proliferate when MBP or synthetic MBP peptides were added to the cultures.
Additionally, in some rats a positive reaction to the nonencephalitogenic peptide
69-81 was found in polyclonal spleen cell cultures from MV-infected rats. The role
of this peptide in the induction of EAE-like disease was analyzed in experiments
using a low dose of MV infection that failed to induce CNS diseases in animals.
Histologically, there were no changes indicative of an active encephalitic disease
process and viral antigen or RNA was not demonstrable in brain cells 4-8 weeks
postinfection. When such animals were immunized with peptide 69-81, clinical
and histological changes in the lumbar spinal cord developed which closely
resembled EAE (LieerT et al. 1990a). Peptide 69-81 immunization of noninfected
rats failed to induce disease or pathology. The distribution of the pathological
changes was different from the MV-induced CNS lesions, which are mainly
located in the gray and white matter of the cerebral hemispheres, midbrain and
upper spinal cord. The disease induced by peptide 69-81 is not due to activation
of MV in the brain of immunized Lewis rats, because virus could not be isolated
from brain material and measles antigen was not detectable. The same result
was obtained when peptide 69-81 specific T cells were transferred into MV-
infected rats (LiIEBERT and TER MEULEN 1993). The interaction between MBP peptide
and MV infection was not observed when rats were infected intraperitoneally or
when inactivated MV was used. The presence of MV-specific antibodies or T cells
in peptide-immunized or peptide-T cell-transferred animals was not sufficient to
result in the development of EAE, supporting the hypothesis that only after at
least some initial active viral replication is the vulnerability of the brain to
autoimmune aggression enhanced in the rat model.

If autoimmune mechanisms participate in the pathogenesis of virally induced
encephalomyelitis, susceptibility to measles encephalitis and EAE should parallel
in different rat strains depending on the genetic background. This is indeed
the case, as BN rats, which are resistant to EAE and to measles encephalitis,
did not develop a subacute clinical disease, although they were generally able
to replicate MV (LieBertT and TeER MEeuLen 1987). While the lymphoproliferative
response to MBP is variable but represents a significant and reproducible phe-
nomenon in Lewis rats, lymphocytes from BN rats were unable to proliferate in
the presence of MBP (LieerT et al. 1990a). Obviously, susceptibility of rats
to the development of MV-induced CNS changes and disease is multifactorial,
with the development of a MBP-specific cell-mediated immune response repre-
senting a major factor.

There are several ways by which immune tolerance of self antigens during a
viral infection can be inhibited:

1 Target cell change: During replication of viruses in living cells, host antigens are
incorporated into the viral lipoprotein envelope. When progeny virus particles
infect further cells these host antigens could be inserted into the cell membrane
and exposed on the cell surface. Such antigens would be recognized as foreign
by the host and would elicit an immune reaction in the same manner as any other
previously unencountered protein (NoTtkins et al. 1984; ScHATTNER and RAGER-
ZismaN 1990). Furthermore, metabolic functions of host cells including enzymatic
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activities are altered during viral infections. Changes in peptidase activity in brain
cells have been reported in experimental measles infection (Bever and SWOVELAND
1990). This is particularly intriguing for the development of autoimmune reactions
in view of the hypothesis, that a hierarchy exists in the immunogenicity of various
presented self-peptides: namely, dominant, sub-dominant, or cryptic, depending
on their ability to prime for strong, weak, or no lymphoproliferation, as shown for
hen egg lysozyme (Gammon et al. 1987; CigotTi et al. 1992). It is conceivable that
changes in proteinase activity in virus-infected cells could result in processing of
cryptic epitopes on autoantigens towards which the host would not be tolerant.

2 Interaction with lymphoid tissue: The interaction between lymphotropic virus-
es and components of the immune system in vivo could lead to imbalanced
immune regulation and expansion of autoreactive lymphocyte clones. Epstein
Barr-virus-transformed and immortalized human B lymphocytes may secrete,
under certain conditions, autoantibodies that react to cellular constituents
(ScHATTNER and RAaGer-ZismaN 1990). Infection of lymphocytes could form the basis
of the cell-mediated autoimmune response in the rat model, since suppression of
helper cell activity was observed in infected mouse T lymphocytes (McFaRLAND
1974). In humans, it is well known that measles infection alters host immune
functions including T cell responses of delayed-type hypersensitivity (DTH) and
antibody production, and measles is sometimes followed by serious complica-
tions such as exacerbations of tuberculosis (CHerrY 1987).

3 Molecular mimicry: Immunological cross-reaction between viral and normal
host cell antigens may be another mechanism of autoimmunity (OLbstone and
Nortkins 1986). Computer analysis revealed that several viruses contain sequenc-
es identical or similar to MBP (JaHNke et al. 1985; WEeise and CARNEGIE 1988).
Moreover, the immunization of rabbits with a synthetic peptide from such a
sequence of hepatitis B virus polymerase led to the induction of EAE lesions
(Fusinami and OLpsTone 1985). So far, encephalitogenic rat MBP sequences have
not been found in the viral genome of MV, and measles-specific T cell lines
isolated from infected rats do not proliferate in the presence of MBP (LiEBERT et al.
1988). However, one cannot exclude that this mechanism could play an important
role in the development of autoimmune reactions if similar peptides of an
infectious agent and a host cell protein share antigenic sites or interact with
identical T cell receptors (LiegerT and TER MEULEN 1993).

4 Regulation of MHC antigens and autoimmunity: MHC antigens are usually
expressed on most CNS parenchymal cell only at low levels or not at all (WEKERLE
et al. 1986; Sepewick and DoRrries 1991; HarT and FaBre 1981). Recent experi-
ments, however, suggest that the CNS is effectively controlled by the immune
system (Hickey and Kimura 1988; Hickey et al. 1991; KoLokyTHAS and LIEBERT,
submitted). Although the precise conditions are still unknown, the IFN dependent
induction of MHC class Il on brain cells in vivo (TRaugoTT et al. 1985) and in vitro
(WonG et al. 1985) and the subseqguent pathological response such as a DTH
reaction in genetically susceptible hosts is of particular interest. Astrocytes are
effective antigen-presenting cells in vitro (FonTana et al. 1984), particularly for
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secondary CD4* T cell response (SEbcwick et al. 1991; MatsumoTo et al. 1986) and
in inflammatory conditions in vivo microglial cells are the most abundant MHC
class Il expressing population (HAYEs et al. 1987). With respect to MV, it has been
shown that exposure of astrocytes in culture may lead to the expression of MHC
class Il antigen which can be further enhanced by the addition of TNF (Massa et al.
1986, 1987). It is tempting to extrapolate these data to the in vivo situation. The
problem, however, remains as to which factor(s) initiate(s) such a reaction in the
CNS, since without the presence of MHC antigens, it is undoubtedly very difficult
for T cells to recognize antigen, to become activated and to release lymphokines.
Additionally, it is still unknown which role glial cells may play in the development
of immune responses and there is no unequivocal evidence to suggest that
antigen presentation to T cells in the brain actually occurs in vivo. Furthermore,
the recent observation that in BN rats microglia are constitutively MHC class |l
positive suggests that mere MHC expression is not indicative of an increased
susceptibility to inflammatory T cell responses in the CNS, as documented by the
resistance to EAE and MV-associated encephalomyelitis (SEbGwick et al. 1993). It
is conceivable that glial MHC expression imparts on the cells the ability to interact
with T cells and may down-regulate T cell responses rather than amplify them.
This could be a determining factor for protection or development of an autoim-
mune disease process.

7 Concluding Remarks

The rodent models of experimental measles encephalitis add insight into and
allow characterization of several aspects of the disease processes in the CNS
associated with viral infections. The combined virological, molecular biological
and immunological approach has revealed the nature of the interactions between
virus and host tissue and between virus-specific and autoreactive immune
reactions and the induction of immunopathology. The occurrence of cell-mediat-
ed autoimmune reactions to brain antigen as a result of MV infection is probably
of pathogenetic importance. At present, no single factor can be pointed out which
leads to this adverse response. Indeed, it is more conceivable that the autoim-
mune reaction is the sequelae of a number of different virus-induced changes,
each one a relatively common event.
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1 Introduction

Measles is an eradicable disease. As in the case of smallpox, humans are the only
natural host and the epidemic spread of both these diseases can only be
maintained as a chain of serial direct transmissions of virus, involving acutely
infected individuals. Furthermore the viruses causing the two diseases are
monotypic and effective immunity can be induced by use of live vaccine viruses
in each case. Whereas smallpox has been effectively eradicated for more than 15
years, measles continues to be a scourge in developing countries in spite of
extensive vaccination campaigns. It is estimated that yearly one and a half million
children die of the disease. This situation is unacceptable in the perspective of the
availability of an effective vaccine, as has been highlighted by the World Health
Organization (WHO) and other international organizations. More vigorous efforts
towards regional and eventual global eradication of the disease and its causative
agent are required. As a first goal a reduction of the number of measles cases by
95% and a reduction of disease-associated mortality from 1%-25% to 0,01 %-
0,1% has been targeted for 1995 by WHO. The guestion is if this can be reached
by use of existing vaccines and by application of the current strategies. Available
vaccines are highly efficacious and safe but since they represent replicating
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immunogens they cannot be used at an early age, due to the presence of
transplacentally acquired maternal antibodies. This fact has influenced the logis-
tics of use of available vaccines. It has also prompted the question whether there
is any approach that would allow the barrier of maternal antibodies, at least when
being of a moderate level, to be overcome.

In industrialized countries the vaccine is not used before the age of 15
months. Under these conditions a categorical replication of vaccine virus is
permitted. The take rate of vaccination under these conditions generally is about
90% and should optimally reach 95%. The immunity is durable but may wane in
individuals with a low initial post-vaccination immunity. The immunity established
after successful vaccination is not absolute in that subclinical replication of wild
virus may occur after exposure. In some instances, secondary vaccine failures
have also been identified. However, there is no evidence that virus replicating in
a partially immune individual in a way to give no or mild symptoms can spread to
cause disease in another unprotected individual (Epmonpson et al.1990). Immuni-
zation schemes including two separate vaccinations are a means of safe-guarding
an efficient herd immunity. The extreme contagiousness of the virus necessi-
tates minimizing of pockets of nonimmunized groups of individuals in a popula-
tion in order to prevent spread of virus.

In developing countries the situation is different from that in industrialized
countries. The natural endemic occurrence of the infection causes an early exposure
in life. In the context of other circumstantial influences a severe, occasionally
fatal, disease may ensue. Thus, this situation calls for an early vaccination, ideally
already at the age of 6 months or earlier. The window of susceptibility to measles
in developing countries needs to be closed.

Since the take rate of existing live vaccines is progressively reduced in
younger age groups, there is a limit to the earliest age at which vaccination can be
given. Early vaccination prompts a follow up vaccination some 6-9 months later,
since a fraction of the vaccines will represent primary vaccine failures. Such two-
dose programs may not be readily pursued in developing countries. Regrettably
the efficacy of vaccination may be further reduced in such countries due to
problems with, e.g., stability of vaccines.

As one means of attempting immunization early in life, high-titer vaccine
products, including certain strains of virus, were evaluated. It was found that
increasing the dose of virus did in fact improve the take rate of vaccination.
However, it was also discovered, unexpectedly, that immunized children had an
increased mortality 6-12 months after vaccination. This mortality was due to
intercurrent diseases and primarily afflicted girls. The cause of this tragic compli-
cation has not been defined but it is tempting to speculate that some kind of
extended immune suppression caused by the replicating vaccine virus might
have played a role. (see chapter by CLEMENTS and CuTTs).

The logistics of vaccine distribution obviously influence the eventual efficacy
with reference to herd immunity. Potentially mass campaigns as employed, e.g.,
in Brazil may turn out to be highly efficacious in eliminating circulation of virus.
Aspects within the realms of logistics of vaccinations, however, will not be
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considered in this chapter. Instead the possibilities for improvement upon avail-
able vaccines and for generation of qualitatively new kinds of products will be
discussed. Some key, partly mythical and partly factual, problems in measles
vaccinology will be intertwined in the discourse. The following questions reflect
some aspects of these problems:

1. How categorical are the monotypic properties of the virus or, expressed
differently, does strain variations (see chapter by Rima et al.) have any significance
in enhancing epidemic spread of virus in an immune population?

2. What qualitative and quantitative aspects of long-term immunity can be
considered in evaluating epidemiologically significant potential contagiousness
in individuals with varying degrees of immunity?

3. Which quantitative and qualitative phenomena guide the possibilities for an
attenuated virus to overcome the barrier of maternal antibodies and is there a
difference in the capacity of wild virus and of currently available vaccine virus to
overcome this barrier?

2 The Marvel of the Life-Long Immunity After a Measles
Virus Infection and the Enigma of Virus Monotypicity

Under normal conditions measles is a once in a life-time experience in unimmun-
ized individuals. The solid long-time production of immunity is dependent on
humoral and/or cell-mediated immune responses. Both arms of the immune
defense can mediate long-term protection but cell-mediated phenomena have a
dominating role in clearence of infections. There are three observations which
highlight a major role for antibody in the prevention of infection. Firstly, maternally
derived IgG1 and IgG4 protect newborn children against infection with measles
virus. This immunity lasts until about 15 months of age but it is probably at an
average shorter if the maternal immunoglobulin derives from vaccination-based
immunity. Secondly, immunoglobulin-compromised children can be protected
against measles when treated with a regular regime of immunoglobulin. Finally a
child given immunoglobulin within 4-5 days after exposure to wild virus is capable
of aborting the infection.

The targets for protective antibody responses to measles have been defined.
Antibodies to the hemagglutinin (H) protein play a major role (VArsanyi et al. 1984,
1987). Hemagglutinating inhibiting (HI) monoclonal antibodies provide passive
protection against encephalitis in rodents (Giraubon and WiLD 1985). They may act
by preventing virus attachment or by formation of complexes with virus particles,
which when processed intercellularly do not lead to expression of virus infectivity.
The H protein functionally interacts intimately with the second envelope glycopro-
tein, the fusion (F) component, during early stages of virus replication (WiLp et al.
1991). In fact there are H-specific monoclonal antibodies that do not block
hemagglutination, but still inhibit viral hemolysis and implicitly cell fusion (be VRrIEs
et al. 1987; Norrby et al. unpublished data). Antibodies against the F protein
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induced by hyperimmunization show no or only very weak in vitro neutralizing
activity (Varsanyi et al. 1987). However if all HI antibodies in human convalescent
sera are removed by absorption with H antigen a considerable fraction of the
neutralizing activity remains (NorrBY and GoLLmAR 1975). It has been inferred that
F-specific antibodies have a significant protective role in vivo. Protection against
a lethal infection in rodents was established by use of the F component associ-
ated with immunostimulating complexes (pe Vries et al. 1988; VArsaANYi et al. 1987)
and of vaccinia virus vectors encoding the measles F gene (DRILLIEN et al. 1988;
BriNnckMANN et al. 1991). In dogs it was demonstrated that immunization with
canine distemper virus F protein (NorreY et al. 1986) or nonreplicating whole
measles virus (ApreL et al. 1984) gave an immunity of infection-permissive
character. Similar effects were seen in dogs immunized with vaccinia virus
recombinants expressing the measles virus F protein (TAvLor et al. 1991b, 1992).
Thus it would seem that F-specific antibodies acting on their own generally
appear to mediate infection-permissive immunity, but when they act together
with the anti-H antibodies, they contribute significantly to a state of robust
protection. High titers of H-specific antibodies have been interpreted to give
complete protection on their own, but when they occur in lower concentrations
they only give partial protection. In the latter situation they may, in the absence of
functional anti-F antibodies, even be instrumental in development of atypical
measles, an immune pathological complication seen after the use of formalin-
inactivated measles vaccine. In order to guarantee the absence of such compli-
cations antibody responses to both surface glycoproteins are required (NORRBY
et al. 1975).

There is no evidence that antibody response to internal virion components
play a critical role in antibody-mediated immunity. However, the importance of
the various components is, expectedly, different when it comes to cell-mediated
immune phenomena. Children with Bruton’s sex-linked agammaglobulinemia
can effectively manage a measles virus infection and acquire life-long immunity.
The target for cell-mediated immunity has been dissected by use of vaccinia
vectors carrying one or more different measles virus genes and by use of short
peptides representing various sites in the viral proteins. The nucleocapsid (N)
protein appears to play a prime role, but also the surface glycoproteins may have
some involvement (Bankamp et al. 1991; Beauvercer et al. 1993 and personal
communication; NiEwiesk et al. 1993; van BINNENDIK et al. 1992). There seems to
be alesser involvement of other internal components such as the phosphoprotein
(P) and the matrix (M) protein in cell-mediated reactions.

The term protection needs to be further defined. Clearly, a complete barrier
immunity allowing no replication of an infecting virus might be established, e.g.
during the immediate period after a wild virus infection. However, after some
time the level of immunity has waned to allow a limited, probably mucosal, virus
replication. This replication does not cause any symptoms and the infected
individual does not appear to be a vehicle for transmission of virus. Similarly, there
is no evidence for transmission of viruses from the rare cases of secondary
vaccine failures associated with symptoms of varying intensity in immunized
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individuals. It can be speculated that the long-term contribution to immunity of
specific cell-mediated functions, as compared to antibody-mediated protection,
may be relatively weaker after vaccination than after a wild virus infection.

Measles virus, like any other single-stranded RNA virus, shows a high
propensity for mutagenic changes. As already mentioned the virus categorically
behaves as a monotypic agent. Minor antigenic differences have been observed
in neutralization tests comparing laboratory strains and fresh isolates from cases
of acute measles (ALBRecHT et al. 1981). Variations in occurrence of single
epitopes in different proteins have been identified by use of monoclonal anti-
bodies (CARTER et al. 1982; SHESHBERADARAN et al. 1983). Such variations have
not only been encountered in the surface glycoprotein H but also in the M
(SHESHBERADARAN et al. 1982) and in the N proteins (GIRAUDON et al. 1988; Sato et al.
1985). Using available reagents so far no epitope variations have been detected in
the F component of various strains (SHESHBERADARAN et al. 1983). Propagation of
virus in the presence of a neutralizing monoclonal antibody causes a rapid
emergence of virus variants replicating in the presence of such an antibody
(BIRRER et al. 1981). In fact, it is possible to select variants lacking many different
epitopes with a potential to mediate neutralization (SHESHBERADARAN and NORRBY
1986). Such a variant remains neutralizable with polyclonal antiserum. Recently
molecular epidemiological studies were performed in which nucleotide se-
quences of homologous regions of genes were compared. It was documented
that strains with distinctive characteristics could circulate simultaneously during
an epidemic (TavLor et al. 1991a) and that the viral genome shows a time
correlated evolvement (RoTa et al. 1992). It should be emphasized that in spite of
these observations measles virus strains, independent of their global geographic
origin, react in a similar way with polyclonal antisera. Thus, apparently the
massive selective pressure represented by postdisease immunity has not man-
aged over many centuries to spurn a new type of measles virus. This fact must
reflect some inherent functional constringency in properties of measles virus
proteins and in this characteristic a truly monotypic virus like measles distin-
guishes itself from, e.g., orthomyxoviruses and lentiviruses.

3 The Three Avenues Towards New Measles Vaccines

Advances in the fields of molecular genetics, immunobiology, and immuno-
chemistry regarding morbilliviruses have provided possibilities for development
of new kinds of measles vaccines. In the process of development of such a new
vaccine, several issues may be considered. However, it seems that among these
issues there is a major emphasis on possibilities to generate a product for use in
the young infant in the presence of maternal antibodies. Additional issues may
also be raised. One such issue is stability, but this problem should be possible to
solve by technical modifications not demanding alterations of the conceptual
characteristics of the product. Another issue is the duration and efficacy of
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the vaccine-induced immunity. Admittedly, secondary vaccine failures have
occurred, but these are rare events and they do not detract from the potential
effective establishment of herd immunity. Claims of yielding herd immunity in
generalized terms reflect deficient logistics in the use of vaccine. Flare-ups
of epidemics in an immune population can be derived to reflect either the
occurrence of specific pockets of interacting, nonimmunized individuals or of a
general insufficient coverage of vaccination. Again, it should be emphasized that
there is no evidence of spread of measles in the form of contageous subclinical
infections in an extensively vaccinated population. This is reflected in the empiric
observations that measles virus lacks capacity to "hibernate” in populations
encompassing less than 300 000 people after a regular measles epidemic has
burnt out.

Three principle approaches can be taken to tackle the problem of allowing
immunization in the presence of maternal antibodies. Candidate products belong
in the categories of replicating attenuated measles virus, replicating vectors
containing one or more measles virus genes and nonreplicating immunogens
including one or more selected components. Each of these categories will be
discussed separately.

3.1 Replicating Attenuated Measles Virus

Measles vaccines containing further attenuated strains have been successfully
employed for almost 30 years. Their performance is excellent, not the least with
regard to induction of long-term immunity preventing the emergence of overt
measles upon exposure of vaccinated individuals to wild virus. Situations of
discreditation of this kind of vaccine do not reflect inherent deficiencies of these
products. Problems in establishing effective herd immunity generally reflect
either ineffective vaccination coverage or unacceptable take rates due, for exam-
ple, in developing countries to the use of inadvertantly thermally inactivated
products or to restriction of vaccine virus replication in young individuals with
maternal antibodies.

Amplification of attenuation of the vaccine virus may be achieved in two
different ways. One possible future approach is to use site directed mutagenesis,
but it still remains necessary to develop tools for application of reverse genetics
to morbilliviruses. Even if this would be possible, problems would remain in
selecting the appropriate targets for genomic alterations, since sufficient knowl-
edge of the molecular pathogenic properties of measles virus is not available. In
fact, such knowledge may be long in waiting considering the complexity of the
large measles virus genome and the assumed intricate orchestration of genes
with individual qualitative uniqueness. A second way to potentially alter the virus
might take into consideration the collective influence of linear and discontinuous
immunogenic sites in virus neutralization. This approach can be targeted but it is
dependent on the availability of appropriate reagents, with respect to neutralizing
monoclonal reagents. A critical conceptual issue is the definition of monotypic
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properties. Is this property dependent on certain critical sites among a larger
family of sites interacting with neutralizing antibodies or is it dependent on the
aggregated effect of reactions involving a certain fraction of all sites potentially
engaged in neutralization?

Only limited studies of neutralization escape mutants have been performed
so far, but they may now be expanded by use of recently introduced technology.
In the early 1980s several laboratories generated a number of H-specific murine
monoclonal antibodies. By use of competition ELISA a number of overlapping
antigenic sites were defined. Consecutive passaging in this laboratory of virus
in the presence of monoclonal antibodies representing each the of four different
sites identified allowed the selection of a measles virus strain which could not be
neutralized by any of the available clonal H-specific antibodies (SHESHBERADARAN
and NorrBy 1986). These markedly modified escape mutants still were effectively
neutralized by a polyclonal hyperimmune serum or by convalescent human sera.
In a later study the linear and discontinuous nature of individual sites and their
specific amino acid dependence was defined in these mutants (Hu et al. 1993)
Interestingly some sites mapped to a small region of the H polypeptide which is
expected to be exposed since it harbors the four glycosylation sites that are used.

[tis not known at this stage how representative the different antigenic sites,
defined by use of fortuitously isolated monoclonal antibodies, are for the normal
overall neutralizing immune interactions involving the virus. Potentially this can
now be examined. It would seem possible to use the randomized library tech-
nique for production of human Fab antibody fragments in E. Coli bacteria to
generate a wide array of neutralizing measles antibodies (BaAreas et al. 1991;
WiLLiamson et al. 1993). Hopefully this range of activities would be representative
of the complex polyclonal immune response after infection. In the process of
selection of these antibodies targeting of H- and F-specific antibodies might be
made, since critical immune reactions of postinfection antibodies can be inferred
to involve predominantly these two virus components. Once a wider range of
neutralizing reagents has been produced it remains to derive virus variants that
can no longer be neutralized by a collection of the immune reagents by consecu-
tive passaging in the presence of individual clonal antibodies. Eventually the
capacity of these variants to be neutralized by polyclonal sera should be deter-
mined. Possibly some of these variants are only partially neutralized by such
reagents due either to an overall quantitative reduction of the number of neutral-
izing sites available or to the absence of certain qualitatively unique sites of this
kind. The search for immune selection modified viruses could be restricted by
two circumstances. One potential limitation could be if it turns out that nonneu-
tralizable variants cannot be generated when particularly unique and critical sites
are involved. Another possibly hampering circumstance would be if effects
identified by in vitro neutralization assays would turn out to be only a partial
representation of in vivo protective, antibody-dependent effects. Be this as it
may, the approach is still worth the effort and it is rational with regard to the
specific goal set. Since the intention is to use the modified virus as a live vaccine
it is obvious that the selection experiments should depart from a vaccine strain of
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virus. The aim is not to generédte a new type of measles virus by sidestepping the
multitargeted immune response elicited by infection or by immunization!

From a more speculative vantage point, still another approach using live virus
could be conjectured. Morbilliviruses have a remarkably conserved F component,
whereas the attachment protein H is highly divergent, possibly reflecting the use
of different cellular receptors for various members of the genus (SHESHBERADARAN
et al. 1986). It has been experienced that in some cases a heterologous morbilli-
virus can be used for immunization, as, for example, the effective use of live
measles virus as a vaccine for puppies needing protection against canine distem-
per virus. Implicitly, the protection provided depends predominantly on F
component-specific immunity (ApreL et al. 1984). In the evolutionary tree of
morbilliviruses the closest relative of measles virus is bovine rinderpest virus. In
fact measles virus evolved from the latter virus after it had split from peste de
petit ruminant virus (DiaLLo et al. 1994). Measles and bovine rinderpest viruses
not only have very similar F proteins, but they also display an H component cross-
reactivity (SHESHBERADARAN et al. 1986) One therefore wonders what immunizing
capacity live rinderpest virus would have in humans. Could this be an attractive
candidate for a virus to replicate in the presence of measles-specific maternal
antibodies, with the aim of inducing a state of protection against measles
infections in young infants? Obviously, if such a virus was to be used in nature, it
needs to be disarmed so that it no longer can cause bovine rinderpest.

3.2 Replicating Vectors Containing One or More Measles
Virus Genes

Identification of individual measles virus genes by molecular cloning techniques
has provided opportunities for expression of one or more of these genes by
use of viral or bacterial vectors. This approach has a number of attractive features.
Intracellular processing of antigens would allow for generation of both anti-
body-dependent and cell-mediated immune reactions. If the vector is chosen not
to represent a ubiquitous microbe in the human habitat, efficient initial replication
of the vector should be possible. Depending upon the vector chosen it may
also be possible to use this more than one time. Finally, replication of the selected
vector at mucosal membranes may preferentially convey an immunity that
restricts replication of measles virus at its portal of entry. However, in the latter
situation it is of particular importance to evaluate the durability of immunity
established.

Genes to be included in vectors may be selected for two different purposes.
One purpose would be to induce a broad immunity including both humoral and
cell-mediated effects by expressing one or both genes for the surface glycopro-
teins H and F. Alternatively, the approach would be to aim exclusively for cell-
mediated immune phenomena and hence preferentially only include genes for
internal components, in the first place the N gene. The interference by maternal
antibodies would be expected to be minimized in the latter case. Both approaches
have been taken as mentioned above.
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Different vectors have been tested for expression of measles virus genes. All
measles virus genes except the L gene have been expressed alone or in
combinations by vaccinia virus recombinants and the protective efficacy of these
vectors was evaluated in different experimental rodent models (BRINCKMANN et al,
1991; WiLb et al. 1992). Originally, it was shown that immunity induced by the
surface glycoproteins H and F in BALB/c mice could protect these animals against
a fatal infection after intracerebral injection of neurotropic measles virus (DRILLEN
et al. 1988; WiLp et al. 1992). In later studies it was demonstrated that a vaccinia
virus recombinant carrying only the gene for one of the internal components of
measles virus, the N protein, sufficed to provide protection (Bankamp et al. 1991).
This effect was interpreted to reflect establishment of T cell cytotoxic immune
reactions. Thus, it appears that when vaccinia virus recombinants carrying differ-
ent measles virus genes are used there is variable recruitement of humoral and
cell-mediated immune functions depending on the nature of the immunogen
(BRINKMANN et al. 1991; BEAUVERGER et al. 1993, personal communications; NIEWIESK
et al.1993; WiLp et al. 1992). It has also been analyzed to what extent measles
virus gene-specific recombinants can provide protection against canine distem-
per virus in mice (WiLp et al. 1993) or in dogs (TavLor et al.1991b). Heterologous
protection was seen after immunization with the F and the N protein and partial
protection was found when a vector carrying the M gene was used. Unexpectedly
it was found in one of the studies that also the H protein gave some heterologous
protection (TAYLOR et al. 1991b). The basis for this protection needs to be further
examined.

Heterologous protection of measles immunization against canine distemper
was also explored by use of avipox virus instead of vaccinia virus as a vector
(TavLor et al. 1992). The unique feature of this poxvirus system is its self-
containing nature (Baxby and Paoletti 1992). Replication of avipoxvirus is restrict-
ed in human cells and only a single incomplete replication of virus occurs after
infection. Thus, the efficacy of immunization would be expected to be dependent
on the number of cells initially infected and on the amount of measles antigen
produced in individual cells. It was demonstrated that the efficacy of immuniza-
tion did not differ when avipox virus was used instead of vaccinia virus. This
unexpected relative efficacy of the former vector could mean either that it causes
production of enhancing immunomodulating factors or that it lacks the capacity to
induce production of immunization suppressing factors, potentially associated
with vaccinia virus replication. The usefulness of avipox vectors carrying measles
virus genes for immunization in humans is currently being evaluated.

Another potentially useful viral vector besides poxviruses is adenoviruses
which have the capacity to replicate in the respiratory epithelium. Finally, at-
tempts are also being made to exploit bacterial vectors. In this case bacille
Calmette Guerin (BCG) has been proposed as one means to enhance early T cell
priming for a selected gene product (STover et al. 1991), which in the case of
measles has been chosen to be the N protein.

There is still one other technigue which may be feasible for intracellular
production of selected (viral) immunogens; this is DNA immunization (Tang et al.
1992). Available technology would allow evaluation of the immunizing effect of
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intracellularly produced, e.g., measles virus H and F proteins by appropriate
deposition of cDNA representing these products. Such a deposition may be made
in muscle or epithelial tissues, with potentially variable effects on the durability of
the immunity produced.

3.3 Nonreplicating Immunogens

Already in the early 1960s attempts were made to develop inactivated measles
vaccines. This approach appeared promising since it was known that antibodies
provided in the form of pooled immunoglobulin and given parenterally, even in
low concentrations, effectively could prevent measles. Thus it was reasoned that
induction of stable titers of circulating antibodies by use of inactivated products,
which at the time were either treated with formaldehyde or Tween 80 and ether,
in an optimized schedule should give efficient protection. These early studies had
two problems. One was the difficulty in obtaining stable antibody titers. Alumi-
num hydroxide seemed to be an inefficient vehicle and multiple repeated injec-
tions had to be used. The second problem encountered was more unexpected.
As eventually determined in studies performed over many years, it turned out that
both the inactivating procedures used had a selective detractive effect on the
immunogenicity of the F protein. The protein was not rendered non-immunogenic
but the specific antibodies produced did not interfere with the critical fusion
activity of the component. Thus from the functional perspective the humoral
immune response was unbalanced and preferentially geared towards an anti-H
response (NorrBy et al. 1975). Hereby the stage was set for immune pathological
reactions. It should be emphasized that the problems encountered related to the
particular crude products and inactivating procedures used during the early
1960s. Since then, advanced technology has been developed that allows produc-
tion of native H and F proteins in large quantities in different systems. There is no
reason to anticipate the emergence of any immune pathological complication
provided a balanced humoral response towards both surface glycoproteins,
mimicking their presence in pooled immunoglobulins, can be generated.
Different approaches can be selected to produce measles virus glycoproteins
since the genes directing the synthesis of various products have been isolated
and immune reagents specific for each component are available. In essence, the
challenge of effectively producing pure measles components is similar to that of
preparating other kinds of glycoproteins by modern biotechnological procedures.
In its simplest form, highly purified glycoproteins can be isolated from crude
tissue culture material by use of immunoaffinity chromatography employing
monoclonal antibodies (VARsanyl et al. 1984, 1987; pe VRiEs et al. 1988). As an
example, the H and F components of the homologous morbillivirus, canine
distemper virus, were purified by immunoaffinity chromatography and used to
induce component specific immune responses in dogs. Under the conditions of
immunization the F component induced a protection that was infection-permis-
sive whereas immunity relying on antibodies to the H-component was complete
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(Norray et al. 1986). The potential of exploiting primarily the cross-reactive nature
of F-specific immunity in using one morbillivirus to protect against the other was
already alluded to above.

By use of different vectors, e.g., in the baculovirus system or in the form of
the above-mentioned vaccinia virus vectors, a particular enrichment of a selected
morbillivirus component in cells can be obtained. Hereby effective procedures for
production of large quantities of purified components should be at hand. The
measles virus nucleocapsid has been produced in E. Coli and used for mapping of
T cell helper epitopes (Giraupon et al. 1991). The baculovirus system was used for
synthesis of measles virus H and F glycoproteins in SF9 insect cells (ViaLarD et al.
1990). The yield was 50-150 mg per 10® cells. The glycosylation of the proteins
was somewhat impaired and the FO precursor was not completely cleaved into F1
and F2 proteins. Nonetheless, the viral components showed activity in hemagglu-
tination, hemolysis and fusion assays.

A particular kind of nonreplicating measles vaccine would be a synthetic
immunogen including selected peptides representing both B and T cell antigenic
sites. Attempts have been made to define critical sites in the envelope glyco-
proteins (ParTipos et al. 1991; ParTipos and Stewarp 1992; Ogeip et al. 1993;
BeauverGeR et al., personal communication) and in the internal N protein (GIRAUDON
et al. 1991; Beauveraer et al. 1993). Certain B cell-dependent sites were defined
in the F and the H proteins and peptides representing these sites induced
antibodies reacting with the peptide and the whole virus protein. However, as yet
no antibody activity of biological relevance was demonstrated. Single T cell helper
and class |-restricted T cytotoxic sites were also defined in the H protein. It
remains to be shown if any combination of peptides representing defined B and
T cell sites in measles virus proteins can induce protective immunity in experi-
mental animals.

An as yet unsolved problem is to identify suitable vehicles for presentation of
the purified viral antigens. Many different vehicles have been proposed, but it
seems that each of them have their shortcomings. Thus there is a need for further
work on various delivery systems. Obviously advances in this field will have
repercussions not only in the field of measles vaccinology.

If an effective non-replicating measles virus immunogen can be generated,
and the problem of delivery can be solved, the appropriate use of such a product
in young children remains to be decided. Repeated injections probably have to be
given unless some slow release vehicle is employed that allows for generation of
both a primary immune response and maturation into a response conventionally
obtained by boostering. Conditions of prolonged immunization might be estab-
lished by use of the abovementioned DNA immunization technique. Multiple
contacts with children before the age of 6 months would be needed in an
"expanded program of immunization” (EPI), exploiting a new kind of non-
replicating measles vaccine that can be given at an early age. Furthermore, an
additional immunization most likely needs to be given at the age of 12-18
months, perhaps then preferably with a conventional live measles vaccine. In this
case an appropriate balance of levels of immunity produced needs to be adjusted
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to allow replication of vaccine virus. This may be a difficult task, but the alterna-.
tive, to base life-long immunity exclusively on the use of nonreplicating immuno-
gens, may also have its shortcomings.

4 Epilogue

The measles vaccines that are in use today were developed during the late 1950s
and early 1960s. Effective live vaccines evolved from these endeavours and
these vaccines have been successfully adminstered in industrialized and in
developing countries. However certain problems in preventing epidemic measles
have been encountered. These problems, which mostly are of a practical-logistic
nature, need to be solved before global eradication of disease and the ensuing
elimination of infection can be achieved. A problem of particular urgency is the
yearly death toll due to measles that still occurs in developing countries. The
availability of a vaccine that can be used for effective immunization in the
presence of moderate amounts of maternal antibodies would markedly facilitate
resolution of this problem. Several different kinds of new vaccines may be
considered.

As discussed in this chapter, new knowledge about the molecular genetics
and immunobiological properties of measles virus and the availability of many
new technologies provide excellent opportunities for new advances in the field of
measles vaccinology. The selection of preferred approaches need to be-anchored
in precise definitions of the expected quality of new vaccine product and in
classifications of tools available to develop the appropriate product. In the present
exploratory phase, both live and inactivated vaccines need to be considered.
Among live products the choice will be between further modified whole attenu-
ated virus, recombinant vector constructs or cDNA representing selected genes
forintracellular administration. Nonreplicating vaccine products range from whole
viral proteins to synthetic immunogens encompassing peptides representing
dominant linear B and T cell sites. The use of a nonreplicating immunogen will
demand the use of repeated injections. This fact, together with the expected
relatively higher cost for a product of this kind, may restrict its application.
However, live vaccine products, in particular as represented by whole virus, may
have an inherent limitation when given in the presence of maternal antibodies.

Since it is as yet unclear which of the different options for development of
new measles vaccines should be given priority, invigorating efforts should be
made in furthering the use of already existing live vaccines. It is not impossible
that the appropriate use of these products, especially in the form of mass
campaigns canvassing large populations, will lead to an elimination of measles
prior to the launching of a new kind of measles vaccine.
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Appendix: Measles Virus Antigenome
and Protein Consensus Sequences

F. Rapecke and M.A. BILLETER

During the last few years, many new sequence analyses have been reported,
primarily for circulating measles virus (MV) strains. Majority consensus sequenc-
es of the antigenome and of the proteins were established using all wild-type
and vaccine strain sequences available from GenEMBL on June 1, 1994, with
additional wild-type sequences for the H gene and the L gene (kindly provided by
K. Baczko) and wild-type and vaccine strain sequences of the 5'- and 3'-terminal
100 nucleotides (kindly provided by S. Udem). Note that no sequences derived
from subacute sclerosing panencephalitis (SSPE) or measles inclusion body
encephalitis (MIBE) have been considered.

The alignments were made in the following groupings using the DNASTAR
MegAlign-program: leader and N 5'UTR (nt 1-107; 15 sequences), N ORF (nt 108-
1685; 39 sequences of which 11 are carboxyl-terminal, starting at nt 1230), N
3'UTR (nt 1686-1744; 6 sequences), P gene (nt 1748-3402; 7 sequences), M
5'UTR (nt 3406-3437; 7 sequences), M ORF (nt 3438-4445; 18 sequences), M
3'UTR (nt4446-4871; 7 sequences), F 5'UTR (nt 4875-5448; 5 sequences), F ORF
(nt 5449-7110; 16 sequences), F 3'UTR (nt 7111-7247; 7 sequences), H gene (nt
7251-9208; 33 sequences), L 5'UTR and ORF (nt 9212-15785; 7 sequences), and
L 3'UTR and trailer (nt 156786-15894; 18 sequences). These majority consensus
sequences replace the appropriate regions in the sequence of the MV strain
Edmonston (GenEMBL accession number KO1711). Figure A1 shows a schemat-
ic representation of the MV antigenome and its ORFs. The proposed total length
is 15894 nt. It might be relevant that this number conforms to the “Rule of Six”
(CaLain and Roux 1993). Figure A2 gives the majority consensus sequences for
the antigenome (as cDNA) and for the proteins.

Upper case letters represent residues which are 100% conserved in all
reported sequences. Lower case letters indicate positions where deviations have
been found (percentage of conservation ranging from 50% to < 100%). Note that
some of these deviations possibly constitute sequencing errors.

Nucleotides underlined in boxes A and B in the 5'-terminal region of the
antigenome are complementary to those in boxes A’ and B’ near the 3' terminus.

A below a small letter marks residues which are deleted in at least one
reported sequence. (A) denotes residues found to be either deleted or replaced.
Arrow heads indicate the positions where given nucleotides were reported to be
inserted.
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leader .

. . B . . . . o
ACCAAACAAAGTTGGGTAAGGATAGtTCAATCAATGATCATCTTCTAGTGCACTTAGGATTCAAGA CCTATTaTCAGGGACAAGAGCAGGAtTAQGGAT 100
A box B box

N protein

. . . . . . . . .
ATCCGAdZ:EhCCACACTttTuAGGAGCTTAGCAtTGTTCAAAAGuAuCAAGGACAAACCACCCATtACATCAGGATCCGGTGGAGCCATCAGAGGAATC 200
M ATLLRSULALTF K RDRNMNMKDI K®PPI!ITSGSGE&ATRGI

. - . . . . . . .
AAACACATTATTATAGTACCAATCCCtGGAGATTCCTCAATTACCACTCGATCcAGACTtCTGGACCGGTTGGTcAGGTtAATTGGAGACCCGGATgTgA 300
K H1 1 1VveP1PGDSSI1TTTRSRLLDRLVYRI I Gn?PDyv

. . . . . . . . . .
GCGGGCCCAAACTAACAGGGGCACTAATAGGTATAtTaTCCLTATTTGTGGAGTCTCCAGGTCAATTGATTCAGAGGATCACCGATGACCCTGACGTTAG 400
§$ G P KL T@AL11GTIULSULFVESPGOQLT!1OQORTITDUDZPHDVS

. . . . . . .
CATaAGGCTGTTaGAGGTTGTcCAGAGtGACCAGTCACAATCTGGCCTtACCTTcGCATCAAGAGGTACCAACATGGAGGATGAGGCGGAccAQTACTTT 500
Il R L LEV Y QsDOSOQQSGLTFASRTGTNMET DTEA ADSGQYF

. . . . . . . . . .
TcaCATGATGATcCAAttAGTaGTGATCAATCCAGGTtcGGaTGGTTcGaGAaCAAGGAAATCTCAGATATTGAAGTGCAAGACCCTGAGGGATTCAaCA 600
s HDDp 1l S s DOQsSRTf GWF enKETI S$DTIEVYOQDZPETGTFn

. . . . . . . . . .
TGATTCTGGGtACCATcCTaGCcCAaATtTGGGRTCTTGe TCGCAAAGGCGGTtACGGCCCCAGACACGGCAGCtGAtTCGGAGCTAAGAAGGTGGATAAA 700
M 1 LG T 1 LAQTI wVY L | AKAVYTAPDTAADSTETLTRR RWIK

. . . . o . . . . .
gTACACCCAACAAAGAAGGGTAGTTGGTGAATTTAGaTTGGAGAGAACATGGTTGGATGTGGTGAGGAACAggATTGCCGAGGACCTCTCcTTACGCCGa 800
Yy Ta aRRVY VY GEFRLERYEKWLDVY VRNTIFPFIAEWDILSTLTZRR

. - . . . . . .
TTCATGGTcGCtCTAATCCTGGATATCAAGAGAACACCCGGaAACAAACCCAGGATTGCTGAAATGATATGTgACATTGATACATATATCGTAGAGGCAG 900
F MV ALITLDI KRT®PGNIKZ®PRTIAEMITCEdTI!IDTTY 1 VEA

. . . . . . . . . .
GAtTAGCCAGTTTTATCCTGACTATTAAGTTtGGgATAGAAACtATGTAtCCTGCTCTTGGACTGCATGAATTTGCtGGTGAGTTATCCACACTTGAGTC 1000
G L ASF I LTI KF G111 ETMYPALGLHETFaa6GETLSTLES

. . . . . . . . . .
CTTGATGAACCTTTACCAGCAAATGGGggAAQCTGCACCcTACATGGTAAtcCTgGAGAACTCAATTCAGAACAAGTTCAGGCAGGALCATACCCTCTG 1100
LM NLYQQMGet AP Y MV I LENSTITaQNIKTFSAGSsYPL

. . . . . . . . . .
CTCTGGAGCTATGCCATGGGAGTAGGAGTGGAACTTGAAAACTCCATGGGAGGTTTGAACTTtGGcCGaTCTTACTTtGATCCAGCATALTTtAgAtTAG 1200
L WS Y AMGY GVY ELENSMGSGLNTFGRSYTFDPAYTFTr.?LuL

. . . . . . . . . .
GGCAAGAGATGGTaAGGAGGTCAGCTGGAAAGGTCAGtTCCACATTGGCATCtGaACTcGGtATCACtGCCGAgGAtGCaAGGCTTGTtTCAGAGALLGC 1300
G O EMVRRSAGI K VY S S TLAS eLOGI!] TAEHDARIULVYSE'I A

AATGCAtACtaCtGAGGACAQGATCAGtAGAGCGGTtGGaCCcAGaCAagCCCAAGTATCATTtcTACACGGTGATCAAAGTGAGAALGAGCTaCCgaGA 1400
M HTtEDTFr 1! SRAVYGPRU GQaQQV s F | hGGDOQQs ENELFPT

. . . . .

. . . . .
ttGGGEEgcAAGGAQGAtAggAGgGtCAAACAQAGtCGaGGAGAAGCcaGgGAGAGC TACAGAGAaaCcgGgcCCAGCAGAGCAQGTGALGCgAGAgetg 1500
Il G g KEDr r R v KQSRGEarEs YR et gp SR as dARaa

. . . . . . . .
CCCAtCtTCCaACCggCAcaCcCcTAGaCATTGACACTGcAtcgGAGTccaGCCaAGAtCcgCAGGACAGTCgAAGGTCaGCTGAcgCccTgCTtAGGeT 1600
a H I P T gt plLdT1TDTas E s s qDbDp DS r RSAdddallLRIL

. . . . . . . . - .
GCAQGCCATGGCAGGAATCTCGGAAGAACAAGGCTCAGAcAcGGACA:CC:TngGTgTACAATGACAgAgATCTtCTAGATGCgAGAGGCCGAG 1700
Q AMAGI!I s EEQGSDTDtpr VY NDTIFF4dLLDH®*

. . . . . . . . . .
GaCCAGAACAACATCCGCCTACCCTCCATCATTGITATAAAAAANCT TAGGAACCAGGTICCACACAGCCGCCAGCCCATCAACCATCCACTCCCACGATTG 1800

Fig. A2. The majority consensus sequences for the measles virus antigenome {as cDNA) and for the
proteins (Continued on pp 184-191)



P /V protein C protein

GucccQ{@GCAGAAGAGCAGGCACccc-rCAAAAACGGAcTGGAAchATccGGGCTCTCAAGG&GAGCCCATCGGCTCActGGCCAchAGGAAc

M A EEQARMHYKNE GLT CTIRALIKAETPTIUGS I AI1lTETE
M § K T DWNASGLSRPSP S AHUW¥YPSRK

. . . . . . . . . .
CTATGGCAGCATGGTCAGAAATATCAGACAACCCcAGGACAGGAGCGAGCCaCCTGCAGGGAAGAGAAGGCAGGCAGTtCGGGTCTCAGCAAACCATGCCT
A M A AW S E1 §SDNOpPpGQERATTLTCTIrHrETEZ KA AGgGS s GL S KZPTCL
L WaHGQKYaTTOaQaDbDRSEZPPAGgGI KR RRIOQAVYRY S ANIHA
. . . . . . . . - .
CTCAGCAATTGGATCAACTGAAGGCGGTGCACCTCGCATCCGCGGTCAGGGACCTGGAGAGAGCGATGACGACGCTGAAACtTTGGGAATCCCCcCAQGA

S Al & s TEGGAPRTIRGQGDPSGESDTDTUDATET L G I P pr
§$ aaL Db QL KAVY HLASAVYRDLERAMNTTLK.I E S P Q E

aATCTCCAGGCATCAAGCACTGGGtTACAGTGTATTATGTTTATGATCACAGCGGTGAAGCGGTTAAGGGAaTCCAAGATGCTGACTCTATCATGGTTC

nlL QA S ST GLOQCy Y VY DHSGEA AVYKUGI QDADSTI1IMYV
1 S RHQALGY SV I MNFMITAYIKRLRESI KWMLTTLSWEF

AATCAGGCCTTGATGGTGATAGCACCCTcTCAGGAGGAGACAATGAATCTGAAAACAGCGATGTGGATATTGGCGAACCTGATACCGAGGGATATGCTAT

a s G LD G D S T LS GGDNESENSTDVYDI G@EPDTETGTY A
N a AL MYV I P s @ E ETMNLIKTAMUWILANTLTIPRIDML

. . . . . . . . o .
CACTGACCGGGGATCTGCTCCCATCTCTATGGGGTTCAGGGCTTCTGATGTTGAAACTGCAGAAGGAGGGGAGATCCACGAGCTCd::ZhACTCCAATCC

T DRGS AP 1 S MGFRASUDVYETA AETGS GETIHETLTLRTLA OGS
§ L T GDLLP S L WGS GLLMLIKTLA QKTETGHRSTS s *

AGAGGCAACAACTTTCCAAGCTTgREAAAACTCTCAATGTTCCtCCGCCCCCGGACCCCGETAGRGCCAGCACTTCCRGGACACCCATTAAAAAGEGCA
R GNNFPKTLSGGXKTLNVYPPPPDPGRASTSagTPI1lKTZKS®
V protein C-terminal region “H

CAGACgCcgAGATTAGCCTCATTTGRAACGGQGATCGCATCTTATTGACAGGTGGTGCAACCCAATGTGCTCGAAAGTCACCCTCGGAACCATCAGREET
T d aRLASTFOGT el AS I 1 LTGGATO GCARTEKTSTEPSTETPSEGFP
RrelsSLIWNNGDRVYFIDRWONPHESKYTLETIRA

AGGTGCACCTGCGGGGAAtGTCCCCGAGTgTGtGAGCAATGCCG:ACTGATACAGGAGTGGACACCCGAATCTGGtACCACAATCTCCCCGAGATCCCAG
G AP A G N c v §$ NA alL I 0 EWTPESGTTTI S PR S.Q

RO T @cE@PRv@Eo@RTDTsvnTRlwaNLPEIP

A.TGAAGAAGGGGGAGActATTATGATGATGAGCTGTTCTCTGATGTCCAAGATAT{AAAACAGCCTTGGCCAAAATACACGAGGATAATCAGAAGA
N NE EGGDy Y DDETLTFSDVY abDIKTALAIKTIHETDNA @K
E *

. . . . . . . . . .
TAATCtCCAAGCTAGAQTCACTGCTGTTATTGAAGGGaGAAGTTGAGTCAATtAAGAAGCAGATCAACAGGCAAAATATCAGCATATCCACCCTGGAAGG
1 1 s KL E S L LLLKGEVYESTIKI KA® QI NRI QQNTISTSTLTES®

ACACCTcTCAAGCATCATGATCGCCATTCCTGGACTTGGGAAGGATCCCAACGACCCCACTGCAGATGTCGAAATCAATCCCGACTTGAAACCCATCATA
H LS S 1 M1 A1 PGLGKODPND®PTADVYETILINPTDTLTZKTPI

. . . . . . . . . .
GGCAGaGATTCAGGCCGAGCACTGGCcGAAGTTCTCAAGAAACCCGETGCCAGCCGACAACTCCAAGGAATGACAAATGGACGGACCAGTTCCAGAGGAC
G RDSGRALAEVYLIKIKPVYASRIOQI QGMTNGRTSSRG

. . . . . . . . - .
AGCTGCTGAQGGAATTTCAGCtAAAGCCgATCGGGAAAAAGATGAGCTCAGCCGTCGGGTTTGTTCCtGACACCGGCCCTGCATCACGCAGTGTAALCCG
QL L ke FOQ I KP1GKJKWMSSAVY GFVYPDTGPASRSVY I R

CTCCATtﬂTAAAATCCAGCCGGCTAGAGGAGGATCGGAAQCGTTACCTGATGACTCTCCTTGATGAtATCAAAGGAGCCRA{GATCTTGECAAGTTCCAé
§ 1 1 K s s RLEEHDRIKRYTLMTLULDT DTIIKTGANTDTLATZKTFH

. . . . . . . . .
CAGATGCTGATGAAGATAATAATGAATACAGCTCAACTtACCTGCCAACCCCATGCCAGTCGAC:CAGCTAgTACAACCTAAATCCA TATAAAA
QML MK T 1T MK * (A)

M protein

AACTTIAGGAGCAAAGT] ATTGCCTCCCAAGTTCCACCAGAGATCTACGACTTCGACAAGTCgGCATGGGACATCAAQGGG{CGA'.[CGCTCCGATI;
M T ET YDFDIKSAWDTI K G s I AP I

. . . . . . . .
CAACCCACCACCTACAGTGATGGCAGGCTGGTGCCCCAGGT:AGAGTCATAGATCCTGGTCTAGGCGACAGgAAgGATGAATG:TttAtETACATGTtTé
apPTTYSDGRLVYVPOQVRVY I DPG GLTGHDTRTI KT DTETT fmYMTfF

G insertion

1900

2000

2100

2200

2300

2400

2500

2600

2700

2800

2900

3000

3100

3200

3300

3400

3600

Fig. A2. (Contd.)



TGcTGGGGGTTGTtGaGGACAGCGATccCCTAGGGCCTCCAATCGGGCGAGCATTtGGGTccCTgCeCt TAGGTGTTGGCAGATCCACAGCAAAGCCCGA
LLGVY Y eDsDpULGPPIGRATFSZGS sLOPLSGYGGRSTAHEKPE

. . . . . . . . . .
agAACTCCTCAAAGAGGCCACTGAGCTtGACAtAGTTGTtAGACGTACAGCAGGGCTCAATGAAAAACTGGTGTTCTACAACAACACCCCACTAACECTe
e L LK EATETLWD I VY Y RRTAGLNEZKULVYFYNNT®PLTL

. . . . . . . . . .
CTCACACCTTGGAGAAAGGTCCTAACAACAGGGAGTGTCTTCAACGCAAACCAGGTGTGCAQTGCGGTTAATCTGATACCGCTcGALACCCCGCAGAGGT
Lt P WRKYLTTGSVY FNANIQYCnAVYNLTIPLUDTQPOQR

TCCGTGTTGTETATATGAGCATCACCCGtCTTTCGATAACGGGTATTACACCGTTCCtaGAAGAATGCTGGAATTCAGATCGGTCAATGCAGTGGCCTT
FRY Y YMNS T TRLSDNGYYTVPTrRMLETFHRTSVYNAVYATF

. . . . . . . . - .
CAACcTGCTgGTGaCcCTtagGATTGACAAGGCGATagGCCcTGGGAAGATCATCGACAATACAGAGCAACTTCCTGAGGCAACATTTATGGTCCACATC
N LLVY tLTr1DKAIgp©®GGIKT1T1TODNZLTETU QLPeATTFWHMNVHI

. . . . . . . . - .
GGGAACTTCAGGAGAAAGAAGAGTGAAGTCTACTCTGCcGATTATTGCAAAATGAAAATCGAAAAGATGGGCCTGGTTETTgCACTTGGTGGGATAGGGG
G NF RRIKIKSEVYY S ADYTCKMIKTIETIKMSGLY falL GG I G

. . . . . . . . . .
GcACCAGTCTtCACATTAGAAGCACAGGCAAQATGAGCAAGACTCTCCATGCACAACTCGGGTTCAAGAAGACCTTATGTTACCCGCTGATggatATCAA
G T SLHI RS TGKMS K TLHAROQLGTF KT KTLT CY®?PLM®TMdTIN

. . . . . . . . . .
TGAQGACCTTAATCGaTTACTCTGGAGGAGCAGATGCAAGATAGTAAGAATCCAGGCAGTTTTGCAGCCATCAGTTCCTCAAGAATTCCGCATTTACGAC
EDLNRLLWRSRTCIKTITVYRIQAY LOQPSVY PQETFRTIYTD

. . . . . . . . . .
GACGTgATCATAAATGATGACCAAGGACTATTCAAQGTTCTCCGTaGTGCCCAGCAATGCCCGAAAACGAcccccctcACAATGACAGCCAGAAG
D V11 NDDO QGLFK V L * A

. . . . . . . . . .
GCCCGGACAAAAAAGCCCCCtCCGAAAgACtCCACGGACCAQGCGaGAGGCCAGCCAGCAGCCGACGGCAAGCGCGAACACCAGGCGGCCCCAGCACAGA

. . . . . . . . . .
ACAGCCCtGACACAAGGCCACCACCAGCCACCCCAATCTGCATCCTCCTCGTGGGACCCCCGAGGACCAACCCCCAAGGETGCCCCCGATCCAAQCCACC

. . . . . . . . . .
AACCGCAtCCCCACCACCCCCGGGAAQGAAQCCCCCAGCAALTGGAAGGCCCCTccCCCTeTtCCTCAACACAAGAACTCCACAACCGAACCGCACAAGE

-t

GCAtCCgACTCCCTAGACAGATCCtCTctCCCCGGeAAACTIAAACAAAACT AGGGCCAAGGA ACATACACACCCAA&

. .
GAcCGAGGTGACCCAACCGCa

%]

. . . . . . . . . .
AGAACCCAGACCCCGGCCCACGGCGCCGCGCCCCCAACCCCCGACAACCAGAGGGAGCCCCCAACCAATCCCGCCGGCTCCCCCGGTGCCCACAGGCAGR
A

a

. . . . . . . . - .

GACACCAACCCCCGAACAGACCCAGCACCCAACCATCGACAATCCAAGACGGGGGGGCCCCCCCAAAAAAAGGCCCCCAGGGGCCGACAGCCAGCACCGE

. . . . . . . . . .

GAGGAAGCCCACCCACCCCACACACGACCACGGCAACCAAACCAGAACCCAGACCACCCTGGgCCACCAGCTCCcagaCTCGGcCATCACCCCGCAGAAA
A

. . . . . . . . . .
GGAAAGGCcACAACCCGCGCACCCCAGCCCCGATCCGGCGGGGAGCCACCCAACCCGAACCAGCACCCAAGAGCGATCCCCGAAGGACCCCCGAACCGCA
A A

cacac

AAGGACATCAGTATCCCACAGCCTCTCCAAGTCCCCCGGTCTCCTCCTCTTCTCGAAGGGACCAAAAGATCAATCCACCACACCCGACGACACTCAACTC
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F protein

CCCACCCCTAAAGGAGACACCGGGAATCCCAGAATCAAGACTCATCC

. . . .
CCATGTCTCAAGGTGAACGTCTCTGCCATATTCATGGCAGTAC 5500

. . . . . . . . . .
TGTTAACTCTCCAGACACCCACCGGTCAAATCCATTGGGGCAATCTCTCTAAGATAGGGGTGGTAGGAATAGGAAGTGCAAGCTACAAAGTTATGACTCG 5600
Lt tTerarTtpepTeailltHwe(NLSKTIGYVGIGSASTYT KV VHMTR

Fo

. . . . . . .
TTCCAGCCATCAQTCATTaGTCATAAAATTAATGCCCAATATAACTCTCCTCAATAACTGCACGAGGGTAGAGATTGCAGAATACAGGAGACTACTGAGA 5700

s s HqstLVvIKLHPON T DLL NONCTDRYETITAETYRR RLTLR

'

ACaGTTTTGGAACCAATTAGAGATGCACTTAATGCAATGACCCAGAATATAAGACCGGTTCAGAGTGTAGCTTCAGGTAGGAGACACAAGAGATTTGCGG 5800

TVYLEPTIRDALNAMTOQNTIRPVYOQSV ASSsRRHEKT R
~Fy * Fy
. . . . . . . . . .
GAGTAGTCCTGGCAGGTGCGGCCCTAGGCGTTGCCACAGCTGCTCAGATAACAGCCGGCATTGCACTTCACCAGTCCATGCTGAACTCTCAAGCCATCGA 5900
G YV LAGAALGVYATAADQI TAGIAL{HQSMLNSO GATID

. . . . . . . . . .
CAATCTGAGAGCGAGCCTGGAAACTACTAATCAGGCAATTGAGGCAATCaGACAAGCAGGGCAGGAGATGATATTGGCTGTTCAGGGTGTCCAAGACTAC 6000
N LRASLETTNOQATILIEa al raAGOQEMTILAVYOQGVY QDY

ATCAATAATGAGCTGATACCGTCTATGAACCAACTATCTTGTGATTTAATCGGCCAGAAGCTCGGGCTCAAATTGCTCAGATACTATACAGAAATCCTGT 6100
I NNE L I PSS M NOQLSCDULTIG QKTILGLIKULLRYYTETIHL

. . . . . . . . . .
CaTTATTTGGCCCCAGCTTACGGGACCCCATATCTGCGGAGATATCtATCCAGGCTTTGAGCTATGCGCTTGGaGGAGACATCAATAAGGTGTTAGAAAA 6200
§ LFGPSLRD®PI11 S AETISITOQALSsYALGS GDTINTKUVLEK

. . . . . . . . . .
GCTCGGATACAGTGGAGGTGATTTACTGGGCATCTTAGAGAGCaGAGGAATAAAGGCCCGGATAACTCACGTCGACACAGAGTCCTACTTCATTGTCCTC 6300
L GYSGGDHLLGTILEST rGIKARTITHYDTESYf 1 VL

AGTATAGCCTATCCGACGCTGTCCGAGATTAAGGGGGTGATTGTCCACCGGCTAGAGGGGGTCTCGTACAACATAGGCTCTCAAGAGTGGTATACCACTG 6400
§ 1 a Y P T L S E 1T KGVY I YVHRLEGVY SYNTIGSD QQEWYTT

TGCCCAAGTATGTtGCAACCCAAGGGTACCTTATCTCGAATTTTGATGAGTCATCGTGTACTTTCATGCCAGAGGGGACTGTGTGCAGCCAAAATGCCTT 6500
vVPKYVY ATOQGY LI SNFUDESSTCTTFMPESGGTUVYCS OQONAL

. . . . . . . . . .
GTACCCGATGAGTCCTCTGCTCCAAGAATGCCTCCGGGGGTCCACCAAGTCCTGTGCTCGTACACTCGTATCCGGGTCTTTTGGGAACCGGTTCATTTTA 6600
Yy PMSPLLOQETCLARTGS STI KSTCARTLVY SGSFGNR RTFIL

TCACAAGGGAACCTAATAGCCAATTGTGCATCAATCCTtTGCAAGTGTtACACAACAGGAACGATCATTAATCAAGACCCTGACAAGATCCTAACATACA 6700
§$ a6 NL I ANCASTIULTCKTCyTTGTTI1 1T NOQ@QDZPHDIKTILTY

TTGCTGcCGATCACTGCCCGGTAGTCGAGGTGAACGGCGTGACCATCCAAGTCGGGAGCAGGAGGTATCCaGACGCtGTGTACtTGCACAGAATTGACCT 6800
Il A\aDHCPVY VYV EVYNGVYTIOQV GSRRYPD AV Y LHRTIDHL

. . . . . . . . - .
CGGTCCTCCCATATCATTGGAGAGGTTGGACGTAGGGACAAATCTGGGGAATGCAATTGCTAAGtTGGAGGATGCCAAGGAATTGtTGGAGTCATCGGAC 6300
G PP 1 s L ErLDVYGTNLGNAIAKILTETDA AEIKTETLTLTESSTD

. . . . . . . . . - .
CAGATATTGAGGAGTATGAAAGGTTTATCGAGCACTaGCATAGTcTACATCCTGATTGCAGTGTGTCTTGGAGGGTTGATAGGGATCCCCGCTTTAATAT 7000
QI L R S HM K[ G L § s T s I Vv Y 1L I1I AV CLGGLTIGTIPALI

GTTGCTGCAGGGGGCGtTGTAACAAAAAGGGAGAACAAGTTGGTATGTCAAGACCAGGCCTAAAGCCTGATCTTACGGGAACATCAAAATCCTATGTAAG 7100
C CCIfR G R CNZKJIKGEWOQVY GMSRPGLIKX®PDLTSGTSK S Y VR

ccagctaa

et +

GTCGCTCE:EHCCtCTACAACTCTTGAAACACAAATGT CCACAAGTCTCCTCTTCGTCATCAAGCAACCACCGCACCCAGCATCAAGCCCACCTGAAAT 7200

s L *

o

Fig. A2. (Contd.)



H protein

TATCTCCGGCTTCCCTCTRGCCGAACAATATCGGTAGTTAATTAAAACTTAGGGTGCAAGA cATCCACAE::hCACCACAaCGAGACCGgATAAATGCC
M S P q R DR T NA

. . . . . . . . . .
TTCTACAAAGAtAACCCCCATCCcAagGGAAGTAGGATAGT tAT tAACAGAGAACAtCTTATGATTGATaGACCTTATGttTTGCTGGCTGTTCTGTTcG
F Y KDNPHPLKGSR 1T VY I NREWHLMIDRIPY v L L AV LF

. . . . . . . . . .
TCATGTtTCTGAGCTTGATCGGGTTGCTAGCCATTGCAGGCATtAGACTtCATCGGGCAGCCATCTACACCGCAGAGATCCATAAQAGCCTCAGCACCAA
v M fL S LI &L LATAGTIIRLHRAAIYTAETIHTZ KT STLSTN

. . . . . . . . . .
TCTAGATGTaACTAACTCAATCcGAGCATCAGGTCAAGGACGTGCTGACACCACTCTTCAAGATCATCGGTGATGAAGTGGGCCTGAGGACaCCTCAGAGa
L DY TNJ ST EHOQY XDV LTPLTFIKTI1IIGGDEUVYSGLRTUPAO QR

TTCACtGAccTAGTGAAATTcATCTCTGACAAGATtAAATTCCTTAALCCgGAtAGGGAGTACGACTTcAGAGAtCTCACTTGGTGtATCAACCCGCCAG
F TDLV X f I S$DIKXK1XKFULNPDRETYHDTFfRDULZTWCTINTPTGP

AgAGAGTCAAATTGGATTATGATCAATACTGTGCAGALGGGCTGCTGAAGAGCTCATGAATGCATTGGTGAACTCAACTCTaCTGGAGACCAgaacAAC
ER I KLDVYDOGQYCADVYVAA®eELHMNALVAS DLLETtTF tT

cAATCAGTTCCTAGCTGtcTCAAAGGGAAACTGCTCAGGGCCCACTACAATCAGAGGTCAATTcTCaAACATGTCGCTGTCCCTGTTGGACTTGTATTTA

NQeoFLAvsSkae@®cs)erptT1RrRGaFS(HSLSLLDLYL

. . . . . . . . . .
agTCGAGGTTACAATGTGTCATCTATAGTcACtATGACATCCCAGGGAATGTACGGGRGAACTTACCtAGTGGaAAAGCCTAATCTGAGCAGCAAAGGGRT
s R Y(NV S)s 1 v T M TSQGMYGGTY | Ve KP S K g

CAGAGTTGTCACAACTGAGCATGtACCGaGTGTTTGAAGTAGGtGTTATCAGAAATCCGGGTTTgGGEGCTCCGRTGTTCCATATGACAAACTAL L TTGA
S ELsqlL SMyRVYFEVGQGQVYTIRNPGLTG GAPVYFHMTNTYT FE

. . . . . . . . - .
GCAACCAGTCAGTAATGATCTCAGCAACTGtATGGTGGCTTTGGGGGAGCTCAaacTCGCAGCCCTETGTCACGGGRaAGATTcTaTCACaaTTCCCTAT
Q PVY S NDI SNTCMVYALGETLZEKT T AALTCHGgGE®EDSs I T 1 P Y

CAGGGaTCAGGGAAAGGTGTCAGCTTcCaGCTCGTCAAgCTaGGTGTCTGGAAATCCcCCAACCGACATGCAATCCTGGGTCcCetTaTCAACGGATGALC
QG S G k &Y S F qgqlLyv KLGY WK SPTd4dMAOQSWVY p 1l S TODOD

. - . . . . . . - .
CAGTGATAGACAGGCTtTACCTCTCATCTCACAGaGGtGTTATCGCTGacAATCAAGCAAGATGGGCTgTCCCGACAACACGAACAGATGACAAGTTGCG
PY I Dr L YL S S HRGY ] AdNU GQAELKWAVSYVYPTTHRTWDUDIKLR

. . . . . . . . - .
AATGGAGACATGCTTCCAQCAGGCGTGtAAGGGtAaAAtCCAAGCACTCTGCGAGQATCCCGaGTGgGCACCATTGAAGGAtaaCAGGATTCCtTCATAC
M E T CF QQATCKGUK I QALTENDSBTP ewaPLKDMDNDRTIPSY

. . . . . . . . - .
GGgGTCTTGTCTGTTGATCTGAGtCtgACAGTTGAGCt TAAAATCAAAATTGCTTCGGGaTTCGGGCCaTTGATCACACACGGTTCAGGGATGGACCTaT
G Y LS VY dLSsS I TV el KI1I K1 ASGFGPLTITHZE GSGHMDIL

. . . . . . . . . -
ACAAqtCCaACcACAACAATGEGTATTGGCTGACTATCCCGCCAATGAAGAACCTAGCCtTAGGTGTAATCAACACATTGGAGTGGATACCGAGALTCAA
Y K s n h NN v Y WL ZtIPPMIKNLALGVYTINTLEUWTIUPR R fK

. - . . . . . . . .
GGTTAgtCCcaACCtCTTcAcTgTcCCAATtAAGGAAGCAGGCGaaGACTGCCATGCCCCAACATACCtacCTGCGGAGGTGGatGgTGATGTCAAACTC
VsPnl F tv? P11l KEA AGEeDT CHAPTYIl pAEVLdgHDVKHL

. - . . . . . . - .
AGTTCCAAtCTGGTQATtCTACCtGGtCAaGAtCTCCAATATGTtTTGGCAACCTACGATACtTCCAGGGTTGAACATGCTGTGGTTTATTACGTTTACA
§ §$n L VY I LPGOQDLOGY VYV LATYDTS SR RVYTEHAYVYYVY

gcCCAaGCCGCTCATTTECTTACTTTTATCCTTTTAGGTTGCCTaTAAQGGGGGTCCCcATCGAATTACAAGTGGAATGCTTCACATGGGACCAAAAACT
s P s RS F s YFYPFRLZ®PI1I kKGV P ] ELWSGQVETCTFTWDSaqXK/L
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. . . . . . . . - .
CTGGTGCCGtCACTTCTGtGTQCTTGCGGACTCAGaaTCTGGTGgACATATCACtCACTCTGGGATGGtgGGCATGGgaGTCAGCTGCACAGTCACCCGE
W CRHF CVYL abD S eSS &GghlTHSGEMVYGEGMgV s CTVTR

. . . . . . . . . .
GAaGAtGGaACCAAtchAGgCTGCtAGTGAAccAATCtCAtGATGTCACCCQGACATCAgGCATAcCCACTAgTGTGAAATAGACATCAGAATﬁ
E DG TN T Fr R *

L protein
AAGAAAAACGTAGGGTCCAAGT] gTTCCCCGTACTCGCTATCTGTCAACCAGATCTTQTACCCtGAAGTTCACCTAGATAGCCCGATAGTTACCA
M DSLSVY NOQTI LYPEVYHULDS®PIVT

. . . . . . . . . .
AtAAGATAGTAGCCATCCTGGAGTATGCTCGAGTcCCTCACGCTTACAGCCTGGAGGACCCTACACTGTGTCAGAACATCAAGCACCGCCTAAAAAACGG
N K 1 vV A1 LEYARVY®PHAYSLEDTPTLTCOQQNTIZKUHRTLIKNSE

. . . . . . . . - .
ATTTTCCAACCAAATGATTATAAACAATGTGGAAQTTGGGAATGTCATCAAGTCCAAGCTTAGGAGTTATCCGGCCCACTCTCATATTCCATATCCAAAL
F S NQMTIT I NNVESVGEGNVYTIXKSKLRSY®PAHSHTI®PYPN

. . . . . . . . . .
TGTAATCAGGATTTATTTAACATAGAAGACAAAGAGTCAACGAGGAAGATCCGTGAACTCCTcAAQAAGGGGAATTCGCTGTACTCCAAAGTCAGTQATA
C NQDULTFNTIEHDTIKTESTRIKTIRETLLIKTEKTEGNSTLYSKV S

. . . . . . . . - .
AGGTTTTCCAATGCTTaAGGGACACtAACTCACGGCTTGGCCTAGGCTCCGAATTGAGGGAGGACAtCAAGGAGAAAGTTATTAACTTGGGAGTTTACAT
K vy FacLRDTNZSRILSGLTGSEILRETDI KEKVY I NLGVY YHN

. . . . . . . . - .
GCACAGCTCCCAQTGGTT+GAGCCCTTTCTGTTTTGGTTtACAGTCAAGACTGAGATGAGGTCAGTGATtAAATCACAAACCCATACTTGCCATAGGAGG
H S s awWFE®PFLF WFTYXTEMRSY I K S§QaTHTT CHRR

. . . . . . . . . .
AGACACACACCTGTATTCTTCACTGGTAGTTCAGTTGAGTTGCTAATCTCTCGTGACCTTGTTGCTATAATCAGTAAAGAGTCTCAACATGTATATTACC

R HTPVFFTGSSYELLTISRDLVYATILITILISTZKE(QHUV Y

I

. . . . . . . . . .
TgACATTTGAQCTGGTTTTGATGTATTGTGATGTCATAGAGGGGAGGTTAATGACAGAGACCGCTATGACtATTGATGCTAGGTATACAGAGCTTCTAGY

L TFELVYLMYTCDVY I EGRTLMTETAMTI1IDaRYTeLLgyg

. . . . . . . . . .
AAGAGTCAGATACATGTGGAAACTGATAGATGGTTTCTTCCCTGCACTCGGGAATCCAACTTATCAAATTGTAGCCATGCTGGAGCCtCTTTCACTTGCT

R YR YMWI KL IDGFFPALGNPTYOQOI v AMLEZPLSL A

. . . . . . . . - .
TACCTGCAGCTGAGGGATATAACAGTAGAACTCAGAGGTGCTTTCCTTAACCACTGCTTTACTGAAATACATGATGTTCTTGACCAAAACGGGTTTTCTG

Yy LavRDITVYELRSGAFLNHCFTETLIHDYULUdOQQNSGTF S

. . - . . . . . - .
ATGAAGGTACTTATCAtGAGTTAaTTGAAGCtCTAGATTACATTTTCATAACTGATGACATACAtCTGACAGGGGAGATTTTCTCATTTTTCAGAAGTTT

DEGTYHETL 11 EALDYFI1TDDTIHLTGETLITFSFTFRSF

. . . . . . . . . .
CGGCCACCCCAGACTTGAAGCAGTAACGGCTGCTGAAAATGTTAGGAAATACATGAATCAGCCTAAAGTCATTGtGTATGAGACTCTGATGAAAGGTCAT

G HPRLEA AYTAAENVYRIKTYMNOGQPTIXKVY Il v Y ETLMIKTGH

. . . . . . . . - .
GCCATATTTTGTGGAATCATAATCAACGGCTATCGTGACAGGCACGGAGGCAGTTGGCCACCGCTGACCCTCCCCCTGCATGCTGCAGACACAATCCGGA
Al FCGI1 I I NGYRDU RUHGTG G S @) PP LTULPLHAADTIR

. . . . . . . . . .
ATGCTCAAGCtTCAGGTGAGGGgTTAACACATGAGCAGTGCGTTGATAACTGGAAATCTTTTGCTGGAGTGAAATTTGGCTGCTTtATGCCTCTTAGCCT
N AQ A SG e GLTHEH® QT CVYDNWIKTS ST FAGYIKTFGECFMNPLSL

. . . . . . . . . .
GGATAGTGATCTGACAATGTACCTAAAGGACAAGGCACTTGCTGCTCTCCAAAGGGAATGGGATTCAGTTACCCGAAAGAGTTCCTGCGTTACGACCCY
DS DLTMYLKUDI KA ALAALTU QREWSDSYYPKETFTULRYDTFP

. . . . . . . . . .
CCCAAGGGAACCGGGTCACGGAGGCTTGTAGAtGTTTTCCTTAATGATTCGAGCTTTGACCCATATGATGTGATAATGTATGTTGTQAGTGGAGCTTACC
P K G T G (ﬁ R RLVYDVYFLNDSSTFDPYDVIMNY VY VY S G AY
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. .- . . . . . . . .
TCCATGACCCTGAGTTCAACCTGTCTTACAGCCTGAAAGAGAAGGAGATCAAGGAAACAGGTAGACTTTTTGCTAAAATGACTTACAAAATGAGGGCATG
L HDPEFNLSYSL KkKEJ&KEIKETG GRILFAKMTYIKMHMRATC

. . . . . . . . . .
CCAAGTGATTGCtGAAAATCTAATCTCAAACGGGATTGGCAAATATTTTAAGGACAATGGGATGGCCAAGGATGAGCACGATTTGACTAAGGCACTCCAC
Q v I A ENLI S NGI GKYF KDNGMAKUDEHhhTDTLTIKALH

. . . . . . . . . .
ACTCTaGCTGTCTCAGGAGTCCCcAAAGATCTCAAAGAAAGTCACAGGGGGGGGCCAGTCtTaAAAACCTACTCCCGAAGCCCAGtCCACACAAQTACCA
T L AV S G VP K Q) L KESHRGSGPVYLIKTYSRSP v HT s T

. - . . . . . . . .
GGAACGTGAGaGCAGCAAAAGGGTTTATAGGGTTCCCTCAagTAATTCGGCAGGACCAAGACACTGATCATCCGGAGAQTATGGAAGCTTACGAGACAGT
R NY RAAKSGEF 11 gFPQvI1ROQ@QDOQDTSdHPERNNMEA(YETV

I

. - . . . . . . . .
CAGTGCATTTATCACGACTGATCTCAAGAAGTACTGCCTTAATTGGAGATATGAGACCATCAGCTTGTTTGCACAGAGGCTAAATGAGATTTACGGATTg

S AF I T T DL KK Y CLNWRYETTISLFAQRTLNETITYGHL

A

. . . . . . . . . .
CCCTCATTtTTcCAGTGGCTGCATAAGAGGCTTGAGACCTCTGTCCTGTATGTAAGTGACCCTCATTGCCCCCCCGACCTTGACGCCCATATCCCGTTAT

P S F F QW LHIKRLETSVY LY VY SDPHTCPPUDTLUDAHTIPL

. . . . . . . . . .

atAAAGTCCCCAATGAtCAAATCTTCATtAAGTACCCTATGGGAGGTATAGAAGGGTATTGTCAGAAGCTGTGGACCATCAGCACCATTCCCTATCTATA

y K vV P NDOQIF 1 KYP MGG I EGYCOQOKTLWT I ST 1P Y LY
B

. . . . . . . . - .
CCTGGCTGCTTATGAGAGCGGAGTAAGGATTGCTTCGTTAGTGCAAGGGGACAATCAGACCATAGCcGTAACAAAGAGGGTACCCAGCACATGGCCeTAC
L AAY E S GV R 1T ASLV QGDNUOQTTTAVYTKRVYPSTWEPY

C
. . . . . . . . . .
AAcCTTAAGAAACGGGAAGCTGCTAGAGTAACTAGAGATTACTTTGTAATTCTTAGGCAAAGGCTACATGAtATTGGCCATCACCTCAAGGCAAATGAGA
N L KK r EAARVY TRDYTFV I LROQRULUHDTIGHHTLTIKANTE

CAATTGTTTCATCACATTTTTTTGTcTATTCAAAAGGAATATATTATGATGGGCTACTTGTGTCCCAATCACTCAAGAGCATCGCAAGATGTGTATTCTG
T I Vs S$HFFVY Y S KGI Y Y DGL L VS 0SS L K& ST ARTE CVYF W
D
GTCAGAGACTATAGTTGATGAAACAAGGGCAGCATGCAGTAATATTGCTACAACAATGGCTAAAAGCATCGAGAGAGGTTATGACCGTTACCTTGCATAT
S ET 1 VDETRAACSNIATTM é) K § I ERGY DR RY LAY

. . . . . . . . - .
TCCCTGAACGTCCTAAAAGTGATaCAGCAGATTCTgATCTCTCTTGGCTTCACAATCAATTCAACCATGACCCGGGATGTAGTCATACCCCTCCTCACAA
S LNv LKVY Il 001 U4L1I!I s$LEGFTINSTMT rDVY I PLLT

. - . . . . . . . .
ACAACGACCTCTTAATAAGGATGGCACTGTTGCCCGCTCCTATTGGGGGGATGAATTATCTGAATATGAGCAGGCTGTTTGTCAGAAACATCGGTGATCC

N N D L(’L I R M AL L P AP 1 GGMNYLNMSR RLTFVYRNTIGUDTFP

v
. . . . . . . . . .
AGTQACATCATCAATTGCTGATCTCAAGAGAATGATTCTCGCCTCACTQATGCCTGAAGAGACCCTCCATCAGGTAATGACACAQCAACCGGGGGACTCT
vV T § § 1 A DL KRM I L A S L MPEETTLHO QV MTOQQPGTD S

. . . . . . . . . .
TCATTCCTAGACTGGGCTAGCGACCCTTACTCAGCAAATCTTGTATGTGTCCAGAGCATCACtAGACTCCTCAAGAACATAACTGCAAGGTTTGTCCTgA
S F L DW ASD®PZY S ANLVYCVOSTTRTLILIKNTITARTEFUVL

. . . . . . . . . .
TCCAtAGTCCAAACCCAATGTTAAAQGGATTATTCCATGATGACAGTAAAGAAGAGGACGAGGGACTGGCGGCATTCCTCATGGACAGGCATATTATAGT
I HS P NP ML K GLF HDDSKETEDESGgGLAAFULMDRHITILIY

. . . . . . . . . .
ACCTAGGGCAGCTCATGAAATCCTGGATCATAGTGTCACAGGGGCAAGAGAGTCTATTGCAGGCATGCTGGATACCACAAAAGGCtTGATTCGAGCCAGC
P R AAHE I LDHSVY T GARETSTAGMLUDTTIKTGTLTIRAS

. . . . . . . . . .
ATGAGGAAGGGGGGtTTAACCTCTCGAGTGATAACCAGATTGTCCAATTATGACTATGAACAATTCAGAGCAGGGATGGTGCTATTGACAGGAAGAAAGA

M R K)G GLT SRV I TRLSNYHDTYTET GFRAGMVLLTGERK
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. . . . . . . . . .
GAAATGTCCTCATTGACAAAGAGTCATGTTCAGTGCAGCTGGCGAGAGCtCTAAGAAGCCATATGTGGGCGAGGCTAGCTCGAGGACGGCCTATTTACGG

R N V L I D(TK E S CS VY aL ARALRSHMUWARILARTGRTPTIVYSG G

v
. . . . . . . . - .
CCTTGAGGTCCCTGATGTACTAGAATCTATGCGAGGCCACCTTATTCGGCGTCATGAGACATGTGTCATCTGCGAGTGTGGATCAGTCAACTACGGATGG
L EV PDVLESMRGHTLTIRRHETT CVY I CET CGSVYNYOG W

TTTTTTGTCCCCTCGGGTTGCCAACTGGATGATATTGACAAGGAAACATCATCCHTGAGAGTCCCATATATTGGTTCTACCACTGATGAGAGAACAGACA

F F Yy P S GCOQLODODTIODTIKTETSSLRVYPY I 688 TTDERTTHD

. . . . . . . . . .
TGAAGCTTGCCTTCGTAAGAGCCCCAAGTCGATCCTTGCGATCtGCTGTTAGAATAGCAACAGTGTACTCATGGGCTTACGGTGATGATGATAGCTCTTG

M K L AF VY RAPSRSLRSAVYRTIATVY Y S WAYGDUDOD S S W

. . . . . . . . . .
GAACGAAGCCTGGTTGTTGGCtAGGCAAAGGGCCAATGTGAGCCTGGAGGAGCTAAGGGTGATCACTCCCATCTCAACTTCGACTAATTTAGCGCATAGG

N E AW LLARGRANYSLETETLRVYTTTP 1 S§TSTNLAHTR R

. . . . . . . . . .
TTGAGGGATCGTAGCACTCAAGTGAAATACTCaGGTACATCCCTTGTCCGaGTGGCGAGGTATACCACAATCTCCAACGACAATCTCTCATTTGTCATAT

L RDRSTO OV K Y S GT S L VRY ARYTTT1 S NUDNLSTF VI

. . . . . . . . . .
CAGATAAGAAGGTTGATACtAACTTTATATACCAACAAGGAATGCTtCTAGGGTTGGGtGTTTTAGAAACATTGTTTCGACTCGAGAAAGATACCGGATC

S D K K YV DTNF 1 Y QOGMLLGLGY LETLFRLETKTDTGS

ATCTAACACGGTATTACATCTTCACGTCGAAACAGATTGTTGCGTGATcCCQATGATAGATCATCCCAGGATACCCAGCTCcCGCAAGCTAGAGCTGAGG
S NT Y LHULUHVYETHDT CTCVY I P M I d) H PR 1T PSS RKLETLR

. . . . . . . . . .
GCAGAGCTaQTGTACCAACCCATTGATATATGATAATGCACCETTAATTGACAGAGATGCAACAAGGCTATACACCCAGAGCCATAGGAGGCACCTTGTGG
A ELCTNPLTIYDNAPLIDRDSU GGQGTRLYTOQOSHRTR RIUHLYV

. . . . . . . . . .
AATTTGTTACATGGTCCACACCCCAACTATATCACATTtTAGCTAAGTCCACaGCACTATCTATGATTGACCTGGTAACAAAATTTGAGAAGGACCATAT
EF VY TWSTPOQLYHTIULAKT STALSMIDLVYTTIKTFETKTDTHM

. . . . . . . . . .
GAATGAAATtTCAGCTCTCATAGGGGATGACGATATCAATAGTTTCATAACTGAGTTTCTgcTcATAGAGCCAAGATTATTCACTATCTACTTGGGCCAG
NET S ALI GDODODTINSTFITITTETFTULI 1 EPRILFTTIYULGa

. . . . . . . . . .
TGTGCGGCCATCAATTGGGCATTTGATGTACATTATCATAGACCATCAGGGAAATATCAGATGGGTGAGCTGTTGTCATCGTTCCTTTCTAGAATGAGCA
CAA I NWAFDVHYHRPSGKYOQOMGETLLSSFTULSRMS

AAGGAGTGTTTAAGGTGCTTGTCAATGCTCTAAGCCACCCAAAGATCTACAAGAAATTCTGGCAtTGTGGTATTATAGAGCCTATCCATGGTCCTTCACT
K G Y F K VY L VY NALSMHPIKTIYIKIKFWHCGTI!1 I EPTIHTEGTPSL

. . . . . . . . . .
TGATGCTCAAAACTTGCACACAACTGTGTGCAACATGGTTTACACATGCTATATGACCTACCTCGACCTGTTGTTGAATGAAGAGTTAGAAGAGTTCACA
DAQNULMHTTVYCNMSVYTCYMTYLODULLLNETETLTETETFT

. . . . . . . . . .
TTTCTcTTGTGTGAAAGCGACGAGGATGTAGTACCGGACAGATTCGACAACATCCAGGCAAAACACTTATGTGTTCTGGCAGATTTGTACTGTCAACCAG
FLLCETSDEDVYVYPDRFDNIOQAKUHLTCVYLADTLYTCO QTP

GGaCCTGCCCACCAATtCgaGGTCTAAGACCGGTAGAGAAATGTGCAGTTCTAACCGACCATATCAAGGCaGAGGCTAtGTTATCTCCAGCAGGATCTTC
G tcPp°P 1 r6GLRPVYEKTCAYLTODHTIZIKAEADLSZPATG GS S S

GTGGAACATAAATCCAATTATTGTAGACCATTACTCATGCTCtCTGACTTATCTCCGGCGAGGATCGATCAAACAGATAAGATTGAGAGTTGATCCAGGA
W NI NPT 1 VDHYSCSLTYULRRSGSTI1T KO atlRTLZRVYDFPSGE

. . . . . . . . . .
TTCATTTTCGACGCCCTCGCTGAGGTAAATGTCAGTCAGCCAAAGATCGGCAGCAACAACATCTCAAATATGAGCATCAAGGCTTTCAGACCCCCACACG
F I FDALAEVYNYSQPIKTIgsSNINTISNMSIIKaFRPPH
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. . . . . . . . . .
ATGATGTTGCAAAATTGCTCAAAGATATCAACACAAGCAAGCACAATCTTCCCATTTCABGEGECAATCTCGCCAATTATGAAATCCATECTTTCCGCAG 14500
DD VAKLLEKDTINT S SEKHNLP IscaNLANYETLHAFRR
VI
. . . . . . . . . .
AATCGGGTTGAACTCATCTGCTTGCTACAAAGCTGTTGAGATATCAACATTAATTAGEAGATGCCT TGAGCCAGGRRAQRACGECTTGTTCTTGGGTGAG 14600
1 6 L NSsSACLYKAVETLSTLTIRRLCLETPTEEQDTE ELTFLG GE
. . . . . . . . . .
GGATCGERTTCTATGTTGATCACTTATAAGGAGATACTTAAACTAAGCAAGTGCTTCTATAATAGTGGEGTTTCCGCCAATTCTAGATCTGGTCAAAGGE 14700
G s e s MLITYKETILTCKLSZKCFQYNSGVSANSTR RSTG LR
. . . . . . . . . .
AATTAGCACCCTATCCCTCCGAAGTTGGCCTTGTCGAGCACAGAATGGRAGTAGGTAATATTGTCAAGGTGCTCTTTAACGGGAGGCCCGAAGTCACGTE 14800
EL AP VYPSEUV)Ee LVYEHRHMGSGYGNTIVEKYLFNGREPEVTHW
GGTAGGCAGTGTAGATTGCTTCAATTCATAGTTAGTAATATCCCTACCTCTAGTGTGRRRTTTATCCATTCAGATATAGAGACCTTGCCTGACAAAGAT 14900
V&esVDCFNTFTIVSNTIPTSSVYGFTIHSDTIETTLTPG KD
. . . . . . . . . .
ACTATAGAGAAGCTAGAGGAATTGGCAGCCATCTTATCGATGRCCTGCTCCTGGECAAAATAGGATCAATACTGGTGATTAAGCTTATGCCTTTCAGCE 15000
T1EKLETETLAATILILSHALLLGEGEKTIGSTILVYIKLTHTEPEFS
. . . . . . . . . .
GGGATTTTGTTCAGGGATTTATAAGTTATGTAGRGTCTATTATAGAGAAGTGAACCTTGTATACCCtAGATACAGCAACTTCATATCTACTGAATCTTA 15100
€D FVYQGFTISYVYGShTYREVYNLYYPRYSNEFTISTES.]Y
. . . . . . . . - ) .
TTTGGTTATGACAGATCTCAAGGCTAACCGGCTAATGAATCC TGAAAAGAT TAAGCAGCAGAT AATTGAATCATCTGTGAGGACTTCACCTGGACTTATA 15200
LYMMTDLKANRLHMNEPESKTISKO aQQTITTESSVRTSPG GLI
. . . . . . . . . .
GGTCACATCCTATCCATTAAGCAACTAAGCTGCATACAAGCAAT TGTGGGAGACGCAGTTAGTAGAGETRATATCAAtCCTACTCTGAAAAAACTTACAC 15300
@ H 1 LSTIKOaQLSCTI1aAIVYGDaVs§RGDINPTLEKTE KTLT
CTATAGAGCAGGTGCTGATCAATTGCGGGTTGGCAAT TAACGRACCTAAGCTGTGCAAAGAATTGATCCACCATGATGTTGCCTCAGGGCAAGATGGATT 15400
P1EQVY LINGC GLATINTG EPIKLT CEKETLTITHHDVYASGEGE aDEL
GCTTAATTCTATGCTCATCCTCTACAGGGAGTTGGCAAGATTcAAGGACAACCAAAGAAG TCAACAAGGEATGT TeCACGCTTACCCCATATTGGTAAGT 15500
LNSILILYRELARTFGEKDING GRS QQGMNFTHATYPVLVS
. . . . . . . . . .
AGCAGGCAACGAGAACTATATCTAGGATCACCCGCAAATTTTGGGEECACATTCTTCTTTACTCCGEEAACAGAAAGTTGATAGATAAGTTHATCCAGA 15600
S RAaRELTISRITREKTFWEGHTILLTYSGNREKTLTIODMNEKTEFTIDaQ
. . . . . . . . . .
ATCTCAAGTCCGGETATCTGATACTAGACTTACACCAGAATATCT TCGTTAAGAATCTaTCCAAGTCAGAGAAACAGATTATTATGACGGGGEGTTTGAA 15700
NLKSGYLTILDLTHOGNTIFVYEKNLSEKSEG« K® aIlTIH®NTGEESE&L K
ACGTGAGTGGETTTTTAAGETAACAQTCAAGGAGACCAAQGAATGRTATAAGTTAGTCERATACAGTGCCCTGATTAAGGACTARTTERTTRAACTCCER 15800
REWYF KV TvEKETEKEMWYKLVYGYSALTITEKTD®*
. . . . . trailer . . .
AACCCTAATCCtgCCCAGRTQRTtAGGCATTATTTRCAATALAT TRAAGAAARCTTTGAAAATACGAAGT TTCTAT TCCCAGCTTTGTCTGRT 15894
B’ box A’ box
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192 F. Radecke and M.A. Billeter: Appendix

Squared boxes in the nucleotide sequence mark start and stop codons, the
nontranscribed gene boundary trinucleotides, and the transcription initiation and
termination regions of the genes. Squared boxes in the amino acid sequences
denote transmembrane regions, the presumed leader peptide (fine stipples) and
the fusogenic region of the F, protein (coarse stipples). The arrows in the amino
acid sequence of the F protein show proteolytic cleavage sites (removal of the
leader peptide, generation of the mature F, and F, proteins). Ovals around a group
of amino acids mark the N-glycosylation sites; sites known not to be actually
glycosylated are stippled. Circles indicate the highly conserved cysteine residues
in the V protein.

The rounded boxes |-Vl represent regions of high conservation inthe L protein
of the Mononegavirales. The amino acids underlined in the box Ill constitute the
conserved region A-D shared by RNA-dependent polymerases of the plus-strand
and negative-strand RNA viruses (PocH et al. 1990).
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