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Measles virus
A pathogen, vaccine, and a vector
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Measles was an inevitable infection during the human
development with substantial degree of morbidity and mor-
tality. The severity of measles virus (MV) infection was largely
contained by the development of a live attenuated vaccine
that was introduced into the vaccination programs. How-
ever, all efforts to eradicate the disease failed and continued
to annually result in significant deaths. The development of
molecular biology techniques allowed the rescue of MV from
cDNA that enabled important insights into a variety of aspects
of the biology of the virus and its pathogenesis. Subsequently
these technologies facilitated the development of novel vac-
cine candidates that induce immunity against measles and
other pathogens. Based on the promising prospective, the
use of MV as a recombinant vaccine and a therapeutic vector
is addressed.

Introduction

Measles, also known as morbilli, is an infection of the respira-
tory system, immune system and skin caused by measles virus
(MV), a paramyxovirus of the genus Morbillivirus. Measles is an
exceptionally contageous viral infection with a substantial degree
of morbidity and significant mortality."! Before an effective vac-
cine became available, measles was an inevitable step in human
development. In fact the first scientific description of measles and
its distinction from smallpox and chickenpox is credited to the
Persian physician Rhazes (860-932), “The Book of Smallpox and
Measles”* The symptoms usually develop 7-14 d after exposure
to the virus. The initial symptoms usually include a high fever
(often >40 °C), Koplik spots (spots in the mouth that usually
appear 2-3 d prior to the rash and last 3-5 d), malaise, loss of
appetite, red eyes, runny nose, and sometimes cough.’ A culmi-
nation of generalized systemic infection occurs with the appear-
ance of typical maculopapular, erythematous rash that covers
much of the body; after which the recovery progresses, provided
that there are no other infections or complications.*
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Pathogenesis of measles virus

Since MV is highly contagious, 90% of people not immune
against the virus but sharing living space with an infected person
will catch it. The virus spreads by respiration either directly or
through aerosol.’ The virus enters the host through the upper
respiratory passages and infects the respiratory epithelium and/
or the circulating immune cells located at that site. The virus
infects the host by binding specifically to its receptors: SLAM
(signaling lymphocyte activation molecule) that is expressed on
immune cells, the CD46 (membrane cofactor protein) that is
expressed on epithelial cells, and a third putative receptor that
is shown to allow MV infection with the absence of the above
receptors.®® This type of receptor mediated entry confined the
tropism of MV to humans; although nonhuman primates and
some rodents are permissive to MV, no other animal reservoirs
are known to exist.”!" After an exposure to MV an asymptomatic
incubation period occurs nine to 12 days. The period of infectiv-
ity to appearance of symptoms has not been definitively estab-
lished, however the classical or “acute measles” develops after an
incubation period of approximately 10 days. The infected child
tends to develop a mild respiratory illness, easily confused with
common cold. As the severity of the symptoms increase typical
signs of measles (conjuctivitis, coryza, cough and fever followed
by rash) appear.">!

Acute complications

MYV infection affects multiple organ systems and complica-
tions are most common in the first 4—6 wk after an acute phase
and upon the immune functions are disturbed. Although symp-
toms are relatively common, the severity ranges from mild and less
serious such as diarrhea to more serious such as pneumonia (either
viral pneumonia or secondary bacterial pneumonia), laryngo-
tracheobronchitis, otitis media, corneal ulceration (leading to
corneal scarring), stomatitis and encephalitis. Complications are
usually more severe in adults who catch the virus, in malnour-
ished and immune compromised individuals.

Complications with pregnancy

Measles remains a rare event in pregnancy in developing
countries since most women of child-bearing age acquired mea-
sles at a young age.”® However, in industrialized countries the
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age distribution of measles cases is changed by immunization,
resulting in measles infection in young adults. Thus, infection
of MV-seronegative women would particularly cause serious
complications including pneumonitis, hepatitis, premature labor,
fetal loss and an increased risk of maternal death.

Delayed complications

Later or delayed complications include a prolonged/increased
susceptibility to other infections that occur mainly with immune
compromised individuals.'"*"

Subacute sclerosing panencephalitis (SSPE) is another late
complication of MV that leads to death. The mechanism of
infection and its development remains ambiguous. However,
MYV is implicated in the development of the neurological dis-
eases SSPE.'" SSPE can be present many years after the acute
disease. It is characterized by an insidious onset of a progressive
cerebral dysfunction occurring over a course of months, and
sometimes more due to slow progressive deterioration of parts
of the nervous system. The initial symptoms can involve the
alteration in personality and deteriorating performance with
periods of remissions. The clinical diagnosis is confirmed by the
detection of serum measles antibodies in the CSF. The neuro-
pathology is accompanied by neural demyelination, and lesions
involve the cerebral cortex, hippocampus, cerebellar cortex, basal
ganglia, brain stem and spinal cord.'*'® Although MV antigens
were detectable within the neurons and glial cells, the virus was
defective in a variety of ways and could not be cultured or iso-
lated directly from the brain tissues; it has been rescued by fus-
ing the explants with indicator cells that allowed transmission of
infection.” The recovered MV contained hypermutations within
the ORFs of M, F, and H (see below). Only lately, the mode of
MYV transmission in neurons was shown retrograde to synapsis in
Hippocampal slice cultures.?

Fatality rates

The death rate in the 1920s was around 30% of all infected
individuals whereas now, with improved hospitalization and
healthcare systems, became less than 0.5% in developed coun-
tries. In populations with high levels of malnutrition and a lack
of adequate healthcare, mortality remains as high as 10%. In
cases of serious complications, the rate may rise to 20-30%.%
Increased immunization has led to a 60-75% drop in measles
deaths which made up 25% of the decline in mortality in chil-
dren under five.?> Although the mortality rate as a consequence
of measles is declining, many risk factors remain unsolved:

Risk factors for MV infection

(1) Children with immunodeficiency due to HIV or AIDS,
leukemia, or malnourished regardless of immunization sta-
tus."*1>23 (2) Travel to areas where measles is endemic or contact
with travelers to endemic areas. (3) Infants who lose passive anti-

body before the age of routine immunization.>*!

Measles Vaccine

MYV vaccines were prepared from live wild type strains that
have been cultured under conditions that caused them to lose
virulence without losing their ability to induce immunity. MV
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was isolated in tissue culture from the blood samples and throat
swabs taken from a student (D Edmonston) suffering from MV
infection.” The ability to passage the virus in tissue culture led
to the development of the first measles vaccine in 1963.%*” Both
live and killed vaccines were initially developed. The inactivated
vaccine provided only short-term protection and induced poor T
cell responses and antibody that did not undergo affinity matu-
ration.” The response to this vaccine caused an atypical measles,
a more severe form of measles,” and was withdrawn.?® The live
attenuated vaccine Edmonston strain was highly reactogenic,
thus gamma globlulin was often administered simultaneously
with this vaccine.?® By the mid 60’s new strains of MV vaccines
were developed by further passaging of the Edmonston vaccines
in cell cultures (chicken embryos, chicken embryo fibroblasts,
sheep kidney, dog kidney and human diploid cells). This method
allowed the generation of the following commercial vaccines: the
Edmonston Zagreb, Schwarz, AIK-C, Moraten, Attenuvax, and
Rubeovax. Separate isolates, Leningrad 16 and CAM-70, were
also passaged in the same manner to generate a safer MV vac-
cine.??* These attenuated vaccines were less reactogenic and were
more suitable for use in vaccination campaigns without concomi-
tant administration of gamma globulin.?

Vaccination coverage

In developed countries, children are immunized against
measles by the age of 18 mo, generally as part of the MMR vac-
cine (measles, mumps, and rubella). The vaccination is gen-
erally given at this age to avoid the interaction of the vaccine
with maternal anti MV antibodies that may prevent the vaccine
viruses from being effective.®> A second dose is usually given to
children between the ages of four and five, to increase rates of
immunity. Vaccination rates have been high enough to make
measles relatively uncommon disease. The most common adverse
reactions to vaccination are fever and pain at the injection site.
Life-threatening adverse reactions occur in less than one per mil-
lion vaccinations (<0.0001%).%

In developing countries, where measles is highly endemic,
WHO recommends two doses of vaccine be given at six and nine
months of age. The vaccine should be given whether the child
is HIV-infected or not.*>3¢ The vaccine is less effective in HIV-
infected infants than in the general population, but early treat-
ment with antiretroviral drugs can increase its effectiveness.

Under the Global Vaccine Action Plan, measles and rubella
are targeted for elimination by WHO by 2020, however, the per-
sistence of the disease could be a stumbling block to global eradi-
cation. It has proven difficult to vaccinate a sufficient number
of children in Europe and world-wide to eradicate the disease,
because of opposition on philosophical or religious grounds, or
fears of side-effects, or because some minority groups are hard
to reach, or simply because parents forget to have their children
vaccinated. In addition, vaccination is not mandatory in some
countries in Europe, in contrast to the United States and many
Latin American countries, where children must be vaccinated
before they enter school.””

Impact of vaccination

Vaccination against MV has had a major impact on the epidemi-
ology of measles. Before the vaccine became available theoretically
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all children contracted measles.”® An estimated 130 million cases
and around 7 million deaths occurred globally each year.? The
concerted activities of Governments, agencies and the Expanded
Program on Immunization (EPI) have resulted in dramatic
increase in coverage of vaccination. Worldwide, the fatality rate has
been significantly reduced by a vaccination campaign led by part-
ners in the Measles Initiative: the American Red Cross, the United
States Centers for Disease Control and Prevention (CDC), the
United Nations Foundation, UNICEF and the WHO. Globally,
measles fell significantly from an estimated 873 000 deaths in 1999
to 345000 in 2005 and to 56000 in 2014 (Table 1).*

Administration of measles vaccines

Measles vaccines are usually administered subcutaneous of
the freeze-dried vaccine reconstituted in saline solution or sterile/
distilled water. The reconstituted vaccine is administered in 0.5
mL dose containing not less than 1000 TCID50 (tissue culture
infectious doses) of live measles virus. Administration of the vac-
cine by an alternative route (Aerosol) was also practiced and has
given equivalent seroconversion rates to the subcutaneous route
in most studies.” Separate studies using nebulizers on schoolchil-
dren have shown superiority of aerosol application to subcutane-
ous route, especially in pre-immune children.*-#

Immunogenicity of measles vaccine

The vaccine is highly immunogenic when it is given in the
correct dose to children of appropriate age. The fact that measles
vaccines are live attenuated, they have the ability to infect and rep-
licate in the host without causing symptoms of the wild type strain.
This allows MV vaccine to efficiently interact with various arms of
the immune system and induce long-lived immunity against the
cognate wild-type strain. Several studies reported that immuniza-
44% and that even with the
fall of the antibody levels, re-exposure to the wild type strain stim-

tion can induce protection up to 20y,

ulates a secondary response in which IgG levels rise rapidly and
peak approximately 10-12 d post exposure.” In the majority of
vaccinated persons re-infection with the wild-type will only cause
subclinical boost of antibody levels. Cases of clinical measles have
been documented in persons who had secondary vaccine failure.”

Table 1. Reported measles cases according to WHO statistics

Development of techniques that allow the rescue of
MV from cDNA

The twentieth century saw the introduction of several suc-
cessful vaccines, including those against Diphtheria, Measles,
Mumps, Rubella, Influenza, Hepatitis B, and yellow fever that
saved millions of lives worldwide in addition to the eradication of
smallpox. Due to the excellent safety record of MV live vaccines
they were employed in many labs to understand the molecular
mechanisms of paramyxovirus infection. However, the research
in this field was lagging due to the lack of essential tools to
understand, attenuation, intracellular transport and assembly as
well as pathogenesis. The development of reverse genetics tech-
nologies to allow the rescue of non-segmented negative strand
RNA viruses from cDNA* enabled: (1) insights on the genomic
modification of a variety of MV isolates and the biology of these
viruses; (2) insertion of marker gene sequences to allow localiza-
tion of virus replication and infection; (3) develop multivalent
recombinant vaccines against measles and other pathogens and,
(4) engineer candidate oncolytic viruses against cancer.

Insights on the genomic modification of MV and its biology

One of the driving forces behind the reverse genetics of
Mononegavirales was to gain better insight into the biology of
this viral order. In fact site specific mutations, ORF elimina-
tion or modification within the MV genome became possible to
answer the lagging questions. The role of the long untranslated
region (UTR) of the Fusion (F) or Matrix (M) genes on virus rep-
lication and pathogenesis were studied by genetic manipulation
of the full-length MV genome. A large deletion of 504 nucleo-
tides of the 5" UTR of the F gene did not show any propagation
deficit in cell culture. However, in human thymus/liver implants
engrafted to SCID mice, this mutant replicated slower and the
titers were 10-fold lower than the parental strain.”” other studies,
using the same technology, found that the 3'UTR of the M gene
as well as the 5’"UTR of the F gene, have a cross-regulatory func-
tion on the magnitude of F and M expression, thus inhibiting/

compromising MV replication and reducing its pathogenesis.’’

WHO-region 1980 1990 2000 2005 2014
African region 1240993 481204 520102 316224 12125
Re/grir(:griocfatshe 257790 218579 1755 19 3100
Eastern Mediterranean 341624 59058 38592 15069 2214
European Region 851849 234827 37421 37332 2430
South-East Asia 199535 224925 61975 83627 1540
Western Pacific 1319640 155490 176493 128016 34310
Worldwide 4211431 1374083 836338 580287 55719
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Genetically engineered wt-MV mutants devoid of the small pro-
teins V and C (MV-V" and MV-C) replicated less extensively in
macaques because they were restricted by interferon and inflam-
matory responses.’’ Finally, the function of the M protein was
addressed by either elimination of the ORF or by replacement of
this ORF by that of SSPE mutant. It was found that M protein
regulates virus-envelope proteins sorting and budding in polar-
ized epithelial cells’ and the other mutant replicated efficiently
in primary brain cells as well as the brains of transgenic mice
susceptible to MV infection.”

Insertion of marker gene sequences to allow viruslocalization

Insertion of reading frames encoding various marker proteins
is useful for monitoring the pathway of MV spread and replica-
tion in cells and in the organs of infected animals. The green
fluorescent protein (GFP) was extensively used as a marker gene
to study progress of infection’*® and transmission of the virus
through synapsis in hippocampal slice cultures.*®” The GFP
expressed by MV proved to be most informative in studies on the
bio-distribution of M V-infected cells in transgenic mice.’®

Development of multivalent recombinant and chimeric vac-
cine candidates

The modification of MV genome by enrichment of its genome
by additional genes and the modification of its tropism was estab-
lished upon proof-of-concept to determine: (1) the capacity of
MV-genome to accommodate large inserts (exceeding 6 kb) of
marker genes expressed simultaneously by the same virus (GFP,
LacZ, CAT);” and (2) to stably express large gene inserts of other
pathogens, and that the recombinant MV induces quantitative
immune response against itself and the cloned gene products.’®-*
Intensive research was spent on this front to generate a variety of
tMVs employing clinically approved MV vaccine strains.?>606
Recombinant MVs expressing single or multiple genes of
HIVe!62646 in two distant MV vaccine backbones and differ-
ent HIV-gene inserts, induced significant immune responses
(humoral and cellular) against the vector (MV) and the inserted
antigens (HIV env and gag) upon immunization of transgenic
mice. Many other important rtMVs were developed in these labs
(Institute Pasteur and University of Zurich/Berna Biotech),
inducing neutralizing antibodies (IgG) and cellular immune
responses (CD8+ T cells) against SARS-CoV,* HPV,” WNV**
and Dengue fever® in addition to many other experimental MV
recombinants.®

Pre-existing immunity toward MV (more than 90% of the
population is either vaccinated or naturally immunized) has
been a continuous concern, especially since tMVs would target
not only the infants but also adults. A recent study addressing
this concern showed that the pre-existing antibody titers above
500mIU per ml of serum is inhibitory to tMV immunization
and thus a higher dose to prime an immune response may be
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necessary.’’ In addition, an alternative route to application of
tMV to circumvent pre-existing antibodies would be the aerosol
route'41-43,7()

Engineering of candidate oncolytic MVs against cancer

To specifically infect and destroy cancer cells was illusive for
long time, however, methods to engineer viruses, with intrin-
sic cytolytic function, to specifically target cancer cells is now
at reach. A revolutionary approach was done after the rescue of
MYV from cDNA.# This technology allowed genetic engineering
of the MV genome “at will” to generate a mutant that is fully
replicating. A primordial step toward engineering a targeted MV
was to determine whether envelope swaps or modification of the
attachment proteins H and/or is feasible. The swap of the viral
envelope glycoproteins (F and H) by an envelope glycoprotein
of a different virus (VSV-G) was practically efficient and the
novel chimeric virus (MV-VSV) replicated in a variety of cells
including cells lines that are not susceptible to MV, indicating
a change in the tropism of MV. In addition, the chimeric virus
induced protective immunity to VSV susceptible mice. A heter-
ologous challenge of these animals with 10-fold lethal dose of
VSV was not effective.”"’? These finding opened the way toward
genetic manipulation of MV envelope proteins to specifically
target Cancer cells. Indeed, researchers at Mayo Clinic were
able to generate various mutant-M Vs that target specific cells.”?
However, before probing an engineered MV in clinical trials it
was necessary to determine whether standard MV vaccine itself
is safe and efficacious for use in patients with cancer and whether
MYV is cytolytic to cancer cells, as observed in experimental ani-
mal model.”* A decisive clinical trial performed at the University
Hospital Ziirich-Switzerland that provided the proof-of-concept
on using MV as an oncolytic vector.”*”® Important development
in this field was crowned with clinical trials led by Mayo Clinic-
USA using genetically modified MV and showed positive impact
and a promising prospective for the use of MV vector against
cancer.”s%
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