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Abstract

Measles vaccination schedules and targets of herd immunity have been designed according to the paradigm that the vaccine
is as protective as natural infection, and the virus has remained of a single serotype over many decades. As a result, ongoing
measles resurgence is mostly attributed to gaps in immunization. Using official data, we investigated the correlation between
the rate of vaccine coverage reported and aggregated at the national level, and the incidence of cases. We discussed the
limits of this indicator considered in isolation. We provide a literature overview of measles vaccine efficacy and failures. We
questioned whether measles strains could escape the vaccine. Immunization tools and strategies for measles control deserve

to be optimized in the current context.
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Introduction

The goal of measles eradication was first set in 1982 [1].
To date, despite measles virus-containing vaccine (MCV)
available since the 1960s, only one World Health Organi-
zation (WHO) region, the Americas, has achieved measles
elimination, i.e., the absence of continuous disease trans-
mission for greater than 12 months. The 2011 Global Vac-
cine Action Plan has targeted measles elimination in the five
other regions by 2020 [2]. However, by mid-2019, the virus
is increasingly circulating worldwide. Over the past year
(February 2018 to January 2019), 324,277 measles cases
were reported to WHO, compared with 172,939 cases in
2017. In 25 countries (15%), the annual incidence was over
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50 per million total population, and the highest rates (> 150
cases per million) were recorded from all continents [3].

The ongoing measles resurgence has come in the media
spotlight. Intentionally unvaccinated people are blamed,
while old and new controversies against MCV have flared
up with pejorative effects. In February 2019, unvaccinated
French travellers imported the measles virus to Costa Rica
after a gap of more than 12 years with no recorded endemic
cases [4]. At once, the French family was placed in isola-
tion, out of fear of measles virus reintroduction and out-
break despite a locally declared high vaccine coverage, as
has happened in other countries [5, 6]. Thus, measles control
requires joint efforts across various fields.

Methods

We reviewed references from the PubMed database through
April 2019 by an advanced search for the terms “measles
vaccine” and “failure” and selected those judged relevant.
We also made focused searches for “measles vaccine” and
key words “coverage” or “protection” or “efficacy” or “effec-
tiveness” or “immune response” or “immunogenicity” or
“neutralizing antibody” or “third dose” or “genetic” or “gen-
otypes” or “molecular”. We selected recent publications and
commonly referenced papers in the field (referent authors
and most cited articles). We cross-checked the references
of the articles we selected. We included articles in English,
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French and German. We searched for “measles” and “vac-
cine” at ClinicalTrials.gov through April 2019 and selected
completed trials with results. We consulted the databases,
datasets and official reports of the WHO and Centre for Dis-
ease Control (CDC) on their official websites and the men-
tioned references. We used data on measles cases per month
and year collected by the WHO from 194 countries, and we
used the world population prospects from the United Nations
to calculate incidence rates. We also reviewed coverage esti-
mates for the second dose of measles containing vaccine
(MCV2) at the nationally recommended age provided by the
WHO/UNICEF Estimates of National Immunization Cov-
erage (WUENIC) [3]. We used the software tools Excel,
R version 3.5.1 (2018-07-02), Adobe Illustrator 22.1, and
MEGAG for analyses.

Vaccine coverage and its correlation
with measles incidence

Several attempts have been made to model the effects of
measles vaccination schedules. A bulletin from WHO
published in 1993 [7], based on the work of Hethcote [8],
showed that with a vaccine efficacy of 95%, a coverage of
more than 98% for one dose, or 84% for one dose and 80%
for the second dose, would likely interrupt measles transmis-
sion. To date, the recommended population-level immunity
is 95% by the age of five to meet the goal of measles elimina-
tion. This target was validated in a recent work (waiting for
peer review) from the London School of Hygiene &Tropical
Medicine, with WHO and CDC, comparing the estimated
immunity levels from serological data in 17 countries, with
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the incidence of cases recorded in the 10-year period fol-
lowing the serological studies [9]. Importantly, the plain
immunity level was not enough to predict whether countries
would experience outbreaks. Among the 17 countries, six
(35%) outliers in the correlation between immunity levels
and case burden were identifiable in the two positive and
negative directions. Latvia and Lithuania, with 71% and
91% contact-adjusted immunity levels, recorded 0.72 and
1.7 mean annual cases per million over the 10 years, respec-
tively, whereas Spain and Israel, with 95% and 94% contact-
adjusted immunity levels, presented 8.6 and 30 mean annual
cases per million over 10 years, respectively. Additionally,
the United Kingdom and Romania, both with 92% contact-
adjusted immunity levels, documented 10 and 93 mean
annual cases per million over the period, respectively. Such
discrepancies are observable worldwide.

Recent data

Figure 1 shows the evolution of MCV2 coverage during the
last decade per WHO region based on the average reported
coverage by 135 countries for the two five-year periods
(2008-2012) and (2013-2017) (details per country in sup-
plementary files S1 to S6). Globally, MCV2 coverage has
improved with time. It has remained above 95% from 2008
to 2017 in Albania, Bahrain, Belarus, Cuba, Democratic
Republic of Korea, Hungary, Iran, Kazakhstan, Kyrgyzstan,
Oman, Republic of Korea, Russian Federation, Saudi Ara-
bia, Seychelles, Slovakia, Sri Lanka, Tunisia, and Turkmeni-
stan. For 17 of these countries, Fig. 2 represents the annual
measles incidence per million during that period. Kyrgyzstan
saw its largest outbreak in 2015 with more than 17,779 cases

= Mean MCV2 coverage 2013-2017

EUROPE SOUTH EAST ASIA WESTERN PACIFIC

Fig. 1 Evolution of the immunization coverage with second dose of measles containing vaccines per WHO regions during the last 10 years:
average coverage over the five-year periods 2008-2012 and 2013-2017, based on the report of 135 countries to WHO
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Fig.2 Annual measles inci-
dence rate per million during
2008-2017 in 17 countries that
sustained coverage with second
dose of measles containing
vaccines above 95% during this
10 year-period, WHO data
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reported, leading to an annual incidence over 3000 cases
per million. Due to this extreme value, for greater clarity,
Kyrgyzstan is not represented on Fig. 2. This graph shows
that despite MCV2 immunization coverage sustained at the
recommended level over ten years, outbreaks also occurred
in Russia (2014), Bahrain (2014), Sri Lanka (2012-2015),
Oman (2016), and Saudi Arabia (2013 and 2017). Drawing
on the work of Funk et al. [9], we drew MCV?2 coverage in
2009 versus the mean annual incidence of measles per mil-
lion total population over the period 2009-2018. Coverage
with MCV?2 in 2009 was available for 123 countries. The
median coverage was 92%, ranging from 6 to 99%, and the
median annual incidence was 10.8 per million, ranging from
0 to 1732.6 (Fig. 3). Notably, despite an MCV2 coverage
rate of 97% in 2009, Mongolia had the highest mean annual
incidence over the following decade (1732.6 per million).
Indeed, after the virus was declared eliminated from the
country in 2014, Mongolia experienced a severe measles
outbreak with a strain imported from China in 2015-2016,
a period during which MCV2 coverage was 96% [10]. The
most recent data we had for MCV2 coverage concerned 2017
and 162 countries. In Fig. 4, we overlaid the distribution
of MCV2 coverage in 2017 with the measles mean annual
incidence rate per million so far (based on the total measles
cases reported by countries from January 2017 to March
2019). Notably, the countries with MCV?2 coverage above
95% experienced similar or even higher incidence rates than
areas with MCV2 coverage below 50%, such as Albania,
Israel, Kyrgyzstan, Malaysia, Kazakhstan, Thailand, Slova-
kia, Bhutan, Tajikistan, Saudi Arabia, the former Yugoslav
Republic of Macedonia, Bangladesh, the United Arab Emir-
ates, Belarus, the Russian Federation, and Portugal. Thus,
MCV2 coverage is not strongly correlated with the risk of
local outbreaks and has some limit to guarantee measles
elimination.
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Fig.3 Average annual measles incidence rate per million during
the last 10 years (2009-2018) according to the coverage with sec-
ond dose of measles containing vaccines (MCV?2) at the start of the
period (2009) reported to WHO by 123 countries from the African
region (AFR), the Americas (AMR), the Eastern Mediterranean
Region (EMR), Europe (EUR), the South-East Asia Region (SEAR),
and the Western Pacific Region (WPR)

Vaccine coverage assessment

By the end of 2017, the global coverage with one dose of
MCYV was 85% (reached and maintained since 2011), and
167 (85%) countries had included a second dose as part of
routine immunization, leading to a global coverage with two
doses estimated by WHO to be 67%.

First, vaccine coverage rates do not involve all age groups
and are self-reported by countries to WHO and UNICEF
through the “Joint Reporting Form” via e-mail, which lim-
its their interpretation [11]. Basically, three methods exist
to estimate vaccine coverages [12]. The annual collection
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Immunization coverage Annual incidence rate per million
with MCV2in 2017 over the period 01/2017-03/2019
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Fig.4 Immunization coverage with second dose of measles containing vaccines (MCV2) in 2017 and the average annual measles incidence rate

per million during the last 27 months (01/2017-03/2019), WHO data

of national administrative reports is the easiest process, but
depends on recording system reliability. Country site vis-
its by epidemiologists, vaccine programme managers, and
health workers to interview health authorities, practitioners,
and parents, are a second means of investigation. A third,
more technically challenging method, is the conduction of
vaccine coverage surveys following the WHO cluster survey
model (30 clusters of 7 individuals in the 2015 version) to
randomly select a representative probability-based sample
[13]. All these strategies are based on records and recalls
that may—intentionally or not—be erroneous. Coverage
assessments can be complemented with serological surveys
but with substantial limits: biomarkers do not distinguish
between antibodies generated by vaccine and natural infec-
tion; the number of doses received is not provided; and the
absence of detectable antibodies does not necessarily mean
that the individual was never vaccinated. Thus, vaccine cov-
erage approximates should be confirmed with other data,
such as vaccine national consumption and sales.

Unvaccinated people

In many areas experiencing measles resurgence, such as
France [14], the incidence is very high in children less than
1 year old who are not eligible for vaccination in accord-
ance with current schedules. For example, this age group
represented 16% of cases in Bulgaria in 2009-2011 [15],

@ Springer

19% of cases during the massive 2015-2016 outbreak in
Mongolia [10], and 25% of cases during an epidemic in Por-
tugal in 2017 [16]. During an Italian outbreak in 2017, 44%
of cases occurred in children less than 15 months of age
[17]. In 2018, 8% of all cases reported from the European
region were in children younger than 1 year, which repre-
sented more than 6600 cases [18]. Likewise, in a Chinese
province, the proportion of cases in children less than 1 year
old has increased over time to almost 50% [19]. In Brazil
and Colombia, where the highest incidence rate is among
children under 1 year old, vaccination campaigns targeting
6-month-old children have been implemented [20, 21].

In countries displaying correct national coverage of
MCV?2, pockets of unvaccinated people persist in rural areas,
cities with high poverty rates, among migrant populations
[2] or other communities, such as Amish in Ohio [22], ultra-
Orthodox Jewish in New York [23], Orthodox Protestants in
the Netherlands [24], or Roma in France [25] and Bulgaria
[26]. Most ongoing epidemics are occurring in unimmunized
communities [27]. Moreover, it may be difficult to identify
and provide a full accounting of people refusing vaccination.
For example, as clinicians, we experienced patients present-
ing at the vaccine consultation who ask for a false injection
(outside the arm) and a false certificate.

Therefore, in some areas, vaccine shortages have made
the coverage worse, as in Ukraine in 2016, a year when
only 42% of infants were vaccinated [28], and currently in
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Madagascar, Chad and New Zealand [29]. Conflicts and
wars also play a role in vaccine-preventable disease resur-
gence by disrupting health and prevention systems [30],
as currently observed in Yemen [31] and Venezuela [32].
Finally, regional and global travel has significantly ampli-
fied the risk of importation and spread of the virus within
susceptible areas and has re-introduced the disease in areas
free of endemic transmission [29, 33, 34].

Thus, vaccination coverage is currently suboptimal to
stop measles virus circulation. Nevertheless, the paradox
of concurrent improving trends in immunization rates and
increasing measles incidences questions whether targeting
and maintaining high vaccination coverage is a sufficient
approach. Notably, the vaccine coverage threshold that
would be necessary to establish herd immunity and prevent
epidemics due to imported or indigenous cases depends on
vaccine efficacy [35].

Vaccine effectiveness

Historically, measles live-attenuated vaccines were formu-
lated with the idea that a single dose administered to an
immunocompetent individual would induce similar immune
responses as those of natural disease, providing the benefit
of life-long protection without the disadvantages of primo-
infection. However, to date, one injection of MCV is not
considered protective enough (with a two-dose regimen
recommended also in unvaccinated adults [36]), whereas
measles infection at any age always provides long-term pro-
tection against all wild-type viruses.

Measles virus was first isolated in 1954 from the blood of
a boy named David Edmonston [37]. Most of the currently
widely used vaccines (Moraten in the USA, Edmonston-
Zagreb in developing countries and Schwarz in many other
countries) are derived from this original wild-type viral
strain, the so-called Edmonston strain, which was used in
the first attenuated measles vaccine, Edmonston B, licensed
in 1963 [38]. Other non-Edmonston-derived attenuated
measles vaccines have been produced from locally derived
wild-type strains during the same period in the Russian Fed-
eration (Leningrad-16), China (Shanghai-191) and Japan
(CAM-70, AIK-C) [29].

Antigenic features of measles virus

Measles virus is a member of the genus Morbillivirus in the
family Paramyxoviridae. Its single-stranded RNA genome
is around 15,000 nucleotides in size and encodes at least
eight structural proteins [39]. The most abundant and rapidly
produced antibodies are against the nucleoprotein (N), but
the host immunity depends mostly on developing polyclonal
neutralizing antibodies to the H and F glycoproteins, with

the H proteins inducing strong and long-term immunity [40].
Although RNA viruses usually have a high mutation rate,
MCYV developed in the 1960s would have remained protec-
tive worldwide because the virus is antigenically monotypic
[41, 42]. This means that the structure of the H protein
epitopes involved in immune responses has remained rela-
tively preserved over decades [43]. However, the nucleotide
sequences of the N, P and H genes are the most variable in
the genome, and genetic drift leading to new or modified
antigenic determinants were described in the H protein [44].
In vitro, the H sequences can tolerate and accumulate sig-
nificant escape mutations [45]. In addition, based on genetic
and antigenic variations in H and N sequences, wild-type
measles viruses have been divided into eight clades desig-
nated A to H encompassing each of several genotypes iden-
tified by numerals [46]. New genotypes are designated if
the nucleotide sequence differs from the closest reference
sequence by more than 2.5% in N and 2.0% in H [47]. As of
the 2015 update, 24 genotypes have been determined [48].
The 450 nucleotides encoding the carboxyl-terminal part
of the N-protein (N-450) exhibit up to 12% diversity and
are commonly used to identify the genotypes [46, 48, 49].
Moreover, there are multiple distinct genetic lineages within
genotypes that deserve to be more thoroughly characterized
by expanding the size of the analysed genomic region [41,
49]. All available vaccines comprise viral strains belong-
ing to clade A, with remarkable sequence similarity despite
the diverse geographic origins and the different attenuation
methods used [50].

Post-vaccine protection

The global “effectiveness” of two-dose MCV administered
at an appropriate age is usually cited as 95-97% [7, 51].
According the CDC/Advisory Committee on Immuniza-
tion Practices (ACIP), vaccine administered on or after age
12 months is 95% effective in preventing measles and is
99% after a second dose [52]. In a literature review of MCV
effectiveness studies published during 1960-2010 [53], point
estimates for MCV2 ranged from 88 to 100% but sometimes
had wide 95% confidence intervals [54-56]. This review
included 14 papers, but only case-control or retrospective
cohort studies. Other case-control studies have provided
divergent data from different world areas: MCV immuno-
genicity was 80% (95% CI [60-90%]) in Bangladesh [57],
whereas it was 96.7% (95% CI [94.5-98%]) for one dose
and 99.7% (95% CI [99.2-99.9%]) for two doses in Aus-
tralia [58]. Randomized trials have assessed MCV efficacy
through antibody concentrations [59-69] or non-specific
effects on all-cause mortality, hospitalization, and growth
in low-income countries paediatric populations [70-72].
Essentially, there have been no trials evaluating the clinical
efficacy of MCV schedules in preventing measles disease or
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monitoring the long-term quality of the immune response
[51]. Table 1 shows the available results from trials regis-
tered at ClinicalTrial.gov (Table 2).

At our University Hospital Institute, a 24-year-old res-
ident male vaccinated against measles virus in 1994 and
2003 was diagnosed in February 2018 with secondary mea-
sles disease (methods detailed in supplementary files S7).
Fourteen days after having been in contact with an infected
physician colleague, he developed fever, rhinorrhea, and
myalgia, and 3 days after, a rash on the face and the trunk
with cervical lymph nodes. He completely recovered within
8 days. His serum sample collected 4 days after the onset of
clinical symptoms tested positive for the presence of measles
virus-specific immunoglobulin (Ig)G but not IgM. Measles
virus real-time quantitative (QRT)-PCR was positive in the
oral fluid sample, and genotype D8 was determined (Fig. 5).
This case report highlights two major issues.

First, due to the major infectiousness of measles, the
question of post-vaccine protection is of particular concern
in the most exposed population, such as travellers and health
workers [52, 73]. Irrespective of their past immunization
status, the relative risk of measles in healthcare workers
compared to the community adult population was reported
as high as 18.6 (95%CI [7.4—-45.8]) in a study conducted
in 1996 in medical facilities in Washington [74]. In addi-
tion, nosocomial transmission can amplify measles virus
dissemination as it occurred in Bangladesh in 1995-96 [57]
or in Mongolia in 2016 [75], with potential severe and fatal
consequences in high-risk patients [76], leading to a greater
health and cost burden [77].

Second, the documented administration of two-dose
MCYV cannot be considered as evidence of measles immu-
nity, and a positive serology result cannot predict protec-
tion against viral disease. In a retrospective review of WHO
global surveillance data, Patel and Orenstein found that 9%
of worldwide measles cases during 2013-2017 were two
doses vaccine recipients [78]. In a retrospective review
of Californian measles cases from 2000 to 2015, Cherry
and Zahn found that 11% of cases corresponded to vaccine
failures after two doses of MCV, which occurred 15 years
on average after the last vaccination [79]. During the 2014
outbreak in Micronesia, 40% of cases occurred in twice-
vaccinated people [6].

There are two mechanisms responsible for MCV failure.
Primary failure arises when a vaccinated individual does not
develop a humoral response. Secondary failure occurs when
an individual develops specific IgG antibodies after vaccina-
tion but exhibits no protection against subsequent infection
with a wild-type virus. Secondary failure is characterized by
the absence of a primary immune response, i.e., IgM, with
the presence of high-avidity virus-specific IgG antibodies at
the time of symptomatic acute infection [80]. On the other
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hand, individuals with low post-vaccination antibody titres
might have an adequate response against the virus [41, 81].

Primary vaccine failure

Children vaccinated between 6 and 15 months of age exhibit
a lower response to a dose of MCV due to the immaturity of
their immune system and the presence of maternal antibod-
ies [82]. Passive antibodies have a shorter duration when
they were acquired after mother vaccination than when they
were induced by wild-type measles infection [83]. Their
effect constitutes the primary obstacle to vaccine-induced
humoral immunity in 9-month-old infants, while immaturity
predominates in 6-month-old children [84]. Vaccine humoral
response increases with age up to approximately 15 months.
This was the immunological basis used by the CDC/ACIP
to recommend a second dose of MCV over 1 year of age in
1989 in the context of large outbreaks in the United States
[85], before it was officially recommended by the WHO in
1993 [7]. Second doses aimed at immunizing individuals
who failed to respond to the first dose and provide the oppor-
tunity to vaccinate those who had never received the vac-
cine. A population-case-control study during the 1988—-89
epidemic in Finland included 153 vaccinated serologically
confirmed measles cases and demonstrated that subjects
vaccinated once had a 5.6 (95%CI [2.1-18.5]) higher risk
of primary failure compared with those vaccinated twice
[86]. A recent analysis of vaccine immunogenicity data from
European and American trials found a significant difference
in post-vaccination antibody titres according to the age at
the first dose; however, in all age groups, there were mini-
mal proportions of children who remained non-responders
after two doses (<£2.6%), and no difference in the antibod-
ies was maintained with a remarkable decline over 3 years
[82]. However, the risk of failure after a two-dose vaccine
was reported to be higher in Canadian students who had
received the first dose before rather than after 15 months of
age [87]. In a 2016 literature review on the humoral immu-
nity to MCV, two to 10% of twice-vaccinated individuals
were reported to lack protective titres of measles antibod-
ies, which waned over time [88]. In 2007-2008, Gomber
et al. followed up 103 consecutive Indian children for over
1 year who were first vaccinated with the measles, mumps,
and rubella (MMR) vaccine at 12—-15 months and received
a second injection at age 4—6 years at the time of inclusion.
The pre-vaccination seroprevalence for measles (Demed-
itec (Germany) ELISA IgG > 12 U/ml) was only 20.4% (but
87.4% for mumps and 75.7% for rubella arguing for the real-
ity of the first dose administration) and raised only 65.2%
after two doses [89]. An immunogenicity study in infants
aged 8 months in China showed 98-99% seroconversion
after the first measles-rubella vaccination [90].
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Genotype D8 strains

% KJ018971.2 Measles virus genotype D8 strain MVi/BritishColumbia.CAN/13.10/1D8 complete genome

el

133
@

KT732230.1 Measles virus genotype D8 strain MVs/Llandudno.GBR/7.12/2/D8 complete genome
99 Genotype D8 strains

— JN635407.1 Measles virus strain MVi/Texas.USA/4.07 complete genome
JN635404.1 Measles virus strain MVi/Virginia.USA/15.09 complete genome
BBH_Gbk KT732231.1 Measles virus genotype D8 strain MVs/London.GBR/22.12/3/D8 complete genome
KT732231.1 Measles virus genotype D8 strain MVs/London.GBR/22.12/3/D8 complete genome
KT732231.1 Measles virus genotype D8 strain MVs/London.GBR/22.12/3/D8 complete genome
@1 BBH_Gbk MH356244.1 Measles virus genotype D8 strain MVi/kheda.IND/3.17/2D8 complete genome
MH356244.1 Measles virus genotype D8 strain MVi/kheda.IND/3.17/2D8 complete genome

MH356253.1 Measles virus genotype D8 strain MVi/Jamnagar.IND/5.16D8 complete genome
6“* MH356240.1 Measles virus genotype D8 strain MVi/Pune.IND/2.17D8 complete genome
BBH_Gbk MH356253.1 Measles virus genotype D8 strain MVi/Jamnagar.IND/5.16D8 complete genome
65 MH356254.1 Measles virus genotype D8 strain MVi/Bhavnagar.IND/17.16D8 complete genome
4’ MH356236.1 Measles virus genotype D8 strain MVi/GirSomnath.IND/00.17D8 complete genome
BBH_Gbk MH356254.1 Measles virus genotype D8 strain MVi/Bhavnagar.IND/17.16D8 complete genome
65| MH356243.1 Measles virus genotype D8 strain MVi/Pune.IND/41.16D8 complete genome
MH356241.1 Measles virus genotype D8 strain MVi/Jamnagar.IND/10.16D8 complete genome
BBH_Gbk MK161348.1 Measles virus genotype D8 strain MVs/Roraima.BRA/31.18D8 complete genome
BBH_Gbk MH638233.1 Measles virus genotype D8 strain MVs/Brisbane.AUS/33.15D8 complete genome

90
I Patient Mrs 3033
—
0.005

Fig.5 Case report D8 strain: phylogenetic tree based on the nucle-
ocapsid gene from measles viruses. The fragment of the measles
virus genome encoding for the nucleocapsid protein was 531-nucle-
otide long and corresponded to nucleotides 1155-1685 of the HEV
genome GenBank accession no. MH173047.1. The measles virus
sequence (GenBank Accession no MK935706) obtained by Sanger
population from the case-patient is indicated by a white bold font
and a black background. The ten sequences with the highest BLAST
scores recovered from the NBCI GenBank nucleotide sequence data-
bases (http://www.ncbi.nlm.nih.gov/nucleotide/), indicated by bold
font, were incorporated in the phylogeny reconstruction, in addition
to complete genome sequences retrieved from GenBank using “mea-
sles virus” and “complete genome” combined as keywords and from

To explain disparities, inter-individual variability in
humoral immune responses to MCV has been linked with
HLA and non-HLA host genetic factors and with some
vaccine receptors or interleukin polymorphisms [88, 91].
Additionally, the quality of vaccines or incorrect docu-
mentation of first and/or second dose vaccination must
be considered. Notably, in Iran, two distinct Edmonston-
based MCV showed differences in immunogenicity in
the first years of life [92], whereas in American rand-
omized trials (Table 1), the MMR-RIT vaccine (Priorix,

79| MK161348.1 Measles virus genotype D8 strain MVs/Roraima.BRA/31.18D8 complete genome
MH638233.1 Measles virus genotype D8 strain MVs/Brisbane.AUS/33.15D8 complete genome
ﬂ{ BBH_Gbk MF496202.1 Measles virus genotype D8 strain MVi/Changwon.KOR/39.16/2D8 complete genome
MF496202.1 Measles virus genotype D8 strain MVi/Changwon.KOR/39.16/2D8 complete genome
89 | BBH_Gbk MF496201.1 Measles virus genotype D8 strain MVi/Geoje.KOR/41.16D8 complete genome
MF496201.1 Measles virus genotype D8 strain MVi/Geoje.KOR/41.16D8 complete genome

BBH_Gbk MF496200.1 Measles virus genotype D8 strain MVi/Seoul. KOR/37.16D8 complete genome
BBH_Gbk MH173047.1 Measles virus genotype D8 strain MVs/Ancona.ITA/45.17/1/D8 complete genome
63| MF496200.1 Measles virus genotype D8 strain MVi/Seoul. KOR/37.16D8 complete genome
MH173047.1 Measles virus genotype D8 strain MVs/Ancona.ITA/45.17/1/D8 complete genome
KC117298.1 Measles virus genotype D8 strain MVi/Vicenza.ITA/12.10/2 D8 partial genome
JN635410.1 Measles virus strain MVi/California.USA/16.03 complete genome

https://www.who.int/immunization/monitoring_surveillance/burde
n/laboratory/manual_chapter7/en/. Nucleotide alignments were per-
formed using the MUSCLE software (http://www.ebi.ac.uk/Tools/
msa/muscle/). The evolutionary history was inferred in the MEGA6
software (http://www.megasoftware.net/) using the Neighbor-Joining
method and the Kimura 2-parameter method. The percentage of repli-
cate trees in which the associated taxa clustered together in the boot-
strap test (1000 replicates) is shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree; the scale
bars indicate the number of nucleotide substitutions per site. Boot-
strap values > 50% are labeled on the tree

GlaxoSmithKline) had a sero-response rate and safety
profile equivalent to the only licensed MMR vaccine in
the United States (MMR-II, Merck&Co Inc.) [64, 65].

Compared with wild-type virus infection, the dura-
tion of immunity following measles vaccination has been
proven to be more variable and shorter [41, 93-95]. Nota-
bly, decreasing seroprevalence in twice-vaccinated young
adults has been documented, questioning the benefit of a
third dose [96, 97].

@ Springer
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Secondary vaccine failure

Secondary failures were first reported during the 1971 out-
break in Saint Louis in the United States in vaccinated chil-
dren presenting acute-phase sera containing only IgG mea-
sles antibodies, and “modified” or “atypical” illnesses with
prodromes (fever, cough and coryza) but mild symptoms
and non-confluent rash [98]. A meta-analysis in 1996 evalu-
ated the rate of secondary failure at less than 0.02% [99]. In
the 1990s, cases of healthcare workers who developed mea-
sles despite pre-existing anti-measles antibody levels were
emphasized [100]. During recent outbreaks, when investi-
gated, secondary failures were documented in substantial
proportions [19, 101-103]. In Japan, during an importation-
related measles outbreak in 2017, 16/60 (26%) cases were
secondary failures (mild disease without IgM) infected with
a D8 variant [104]. In the Netherlands, secondary vaccine
failures during a measles nosocomial outbreak were docu-
mented in 8 out of 50 (16%) twice-vaccinated exposed health
workers, and two of them were proven to have adequate pre-
exposure neutralizing antibodies [105]. Moreover, measles
transmission from a twice-vaccinated individual with sec-
ondary vaccine failure to contact cases having past positive
measles IgG antibody was first documented in New York in
2011 [106].

Antibody concentrations do not necessarily correlate
with functional immunity. Commercially available enzyme
linked immunosorbent assay kits (EIA or ELISA) do not
distinguish between protective and non-protective IgG anti-
bodies, and they usually lack standardized thresholds that
reliably predict protection against infection [41, 107]. The
plaque reduction neutralization assay is considered the gold
standard to provide a quantitative assessment of the level
of neutralizing antibodies, which must be over 120 mIU/
mL to confer clinical protection (WHO third international
standard; NIBSC 97/648). However, this immunological bio-
assay is costly and time consuming, and it usually quantifies
neutralizing antibodies against vaccine strains rather than
circulating viruses. It is also incomplete regarding cellular
response or other parameters, including the type and count
of neutralized epitopes, so that new approaches and tech-
niques are needed [88, 108].

In countries with high MCV2 coverage, such as Russia
and Iran, outbreaks among highly vaccinated populations
have been investigated. Atrasheuskaya et al. [S] documented
cases with secondary vaccine failure who exhibited border-
line levels of neutralizing antibodies towards the genotype
A virus and no detectable levels towards the genotype D,
which was circulating. Likewise, neutralizing antibody titres
in the sera of vaccinated Iranian children were lower towards
genotype B3 than towards genotypes H1, D4, and A [109].
Interestingly, Klingele et al. demonstrated major differences
between sera from Luxembourgian adolescent vaccinees and

@ Springer

sera from Nigerian women with measles-induced immunity
in their capacity to neutralize a number of different measles
virus strains [110]. All these data give rise to the hypothesis
that the outcome of measles virus infection in vaccinated
patients may be genotype-dependent.

Molecular epidemiology of the virus
Virus genotype diversity

As early as 1994, measles resurgence in the USA was attrib-
uted to imported viruses genetically distinct from vaccine
strains, with the evidence that indigenous transmission of
measles in the USA had stopped in 1993 [111]. Since 1990,
19 genotypes have been detected, A, B2, B3, C1, C2, D2,
D3, D4, D5, D6, D7, D8, D9, D10, D11, G2, G3, HI, and
H2 [48], while genotype A has not been endemic since 2008
when it was last detected in Maryland in the United States
[112]. The global distribution of genotypes has been increas-
ingly well documented [113]. During 2005-2015, 11 geno-
types (B2, B3, D4, D5, D6, D7, D8, D9, D11, G3 and H1)
were detected, and among them, B3, D4, D8, D9, and H1 are
circulating to date [107]. Since 2009, genotype B3, which
is endemic in most of the African continent, has merged
in Europe, Americas, Russia, Yemen, Oman and Oceania
[112, 113]. Genotype B3 was found to be significantly more
transmissible than the others [114]. During the last 10 years,
genotype D4 has been responsible for major outbreaks in the
WHO Eastern Mediterranean Region, notably in Iran, Syria,
Egypt and Iraq [112]. Several D4 variants have been identi-
fied [115], including a sequent-divergent sub genotype that
presents mutations in the neutralizing antigenic site result-
ing in resistance to human antibody neutralization [115,
116]. Genotype D8, endemic in India and previously mostly
found in Southeast Asia and Oceania, has been exported
to the Americas and Europe. Interestingly, among measles
virus vaccine strains, the Chinese (Shangai-191) is the most
divergent in terms of sequence [50], and in areas where it
is in use, the molecular epidemiology appears slightly dif-
ferent, with the genotype H1 remaining predominant over
time [117, 118].

Variability in measles virus sequences

Genetically, genotype H1 is close to B3, so that they are
referred to as clusters [41]. However, as reported earlier with
D4, within one genotype, genetic variations may result in
significant antigenic drift. In 2009, Finsterbusch et al. [119]
reported loss of several neutralizing epitopes in some geno-
type H1 strains, which escaped neutralization by vaccine
virus-derived monoclonal antibodies (BH6 and BH216), in
comparison with genotypes B3, C2, D4, D5, D6, D7 and
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D8, and the Edmonston-Zagreb vaccine strain. In that study,
the neutralizing capacity of polyclonal sera from vaccinated
individuals was conserved. However, in 2011, Shi et al.
reported wild-type H1 viruses having a variation rate with
regard to the Chinese vaccine strain as high as 12% in the
N gene and 7% in the H gene. They used cross-neutraliza-
tion assays to determine a significantly reduced (more than
4-fold) capacity of sera obtained from vaccinated infants in
neutralizing these H1 wild-type isolates compared to vac-
cine strains [120].

Interestingly, H1 resistant variants reported by Finster-
busch et al. [119] displayed unique proline exchange to leu-
cine at amino acid position 397 in their H proteins (P397L),
resulting in the loss of the H protein noose epitope (HNE)
targeted by BH6 and BH216. In 2009, the authors found 23
H protein sequences exhibiting .397 in the NCBI GenBank
database, which was restricted to genotype H1 viruses, and
one S397 in a D6 genotype virus. In 2003, Piitz et al. [121]
reported that the frequency of L397 was 1.7% in the Gen-
Bank, EMBL, DDBJ and SwissProt databases. On April 24,
2019, we identified 1858 H protein sequences in GenBank.
Among them, 165 (9%) were incomplete, 1593 (85%) har-
boured P397, and 61 (3%) harboured L.397, including 57 H1
genotypes but also four D8 genotypes, which were recorded

Fig.6 Representation of amino
acid diversity in the linear
haemagglutinin noose epitope B3
(HNE,; positions 379-410) for

various circulating measles

virus genotypes. Amino acid

sequences were downloaded

from the Virus Pathogen Data-

base and Analysis Resource

(ViPR) website (https://www.
viprbrc.org/brc/home.spg?decor D4
ator=vipr). For the purpose of

legibility of minority amino

acids, a single representative of

each different HNE was used

per viral genotype. Representa-

tion was performed using the

Logo website (http://weblo D8
go.berkeley.edu/logo.cgi)

Viral genotypes

H1

from India between 2009 and 2013 (accession numbers
JN995537.1, FJ387151.1, FI387150.1, and FJ387133.1).
We also found other amino acid substitutions at position
397 with alanine, glycine, asparagine, lysine, glutamine
and serine. In contrast to L397, the change in A397 could
enhance binding to BH216 antibodies [121]. Figure 6 shows
the diversity of amino acids in the linear HNE (positions
379-410) for various circulating measles virus genotypes
using the Virus Pathogen Resource (https://www.viprb
rc.org/). The HNE sequence of the DS strain isolated from
the French case presented earlier displayed no particular
variations, suggesting that other epitopes must be studied.
In vitro, Lech et al. [45] documented the selection of muta-
tions in different epitopes of the H proteins in the presence
of antibodies and generated a virus that escaped to a cocktail
of monoclonal antibodies.

Hence, the question arises whether 60-year-old vaccines
induce specific immunity efficiently against the whole spec-
trum of the current genotypes, which by definition differ in
the genetic sequence of the proteins highly involved in the
immune response against the virus. We suggest that varia-
tions in the immunodominant epitopes of wild-type strains
have accumulated over time and might have been selected
per geographical area when they helped to escape antibody

i
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neutralization. Therefore, when introduced in areas free of
endemic transmission, viral mutants evading post-vaccina-
tion immunity could emerge, similar to influenza A virus
[122]. Measles vaccination may have altered viral ecology
in the same way that the 7- and 13-valent vaccines against
Streptococcus pneumonia have led to serotype replacement
[123]. This was hypothesized in Germany in the 2000s, when
a D7 emerging genotype replaced the long-term endemically
circulating genotypes C2 and D6. The D7 strains exhibited
substitutions of seven distinct amino acids in the H protein
resulting in a complete loss of two neutralizing epitopes, but
it was not confirmed by the results of neutralization with
polyclonal sera [124]. In 2017, the H1 genotype, imported
from Eastern Asia, was documented for the second time in
Italy and resulted in an outbreak of 15 secondary cases, of
whom two were vaccinated, but seroneutralization tests were
not performed [34].

Measles surveillance

Laboratory confirmation of suspected cases is a critical
component of measles surveillance, all the more to identify
cases with “modified or mild disease” mimicking other ill-
nesses, who are potential transmitters, even if the risk is
considered low [125]. Serologic diagnosis using ELISA-
based IgM detection may have lower specificity in low inci-
dence setting and may be inconclusive in secondary vaccine
failures. In 2000, the WHO Global Measles and Rubella
Laboratory Network (GMRLN) was established to provide
high-quality laboratory support for surveillance (including
723 laboratories in 164 countries as of 2018), and the CDC
provides updated standards for measles molecular diagnosis
and genotyping [113, 126, 127].

Assays for the molecular detection of the measles viruses
in clinical samples were devised in 2006 [41, 126]. At that
time, only 16 genotypes were identified, and primers/probe
targeting the H proteins failed to detect genotype B3. The
most efficient molecular set, still in use today, targets the N
gene because the N-protein is the most abundant structural
protein and N mRNA is the most abundant viral transcript in
infected cells [126, 128]. However, the N-sequence also rep-
resents the most variable part of the genome, which is why
laboratory testing requires strong technical oversight [48].
Such a possible pitfall in the molecular detection of patho-
gens was illustrated in 2006, when an apparent decrease
in Chlamydia trachomatis infections was actually due to a
new “Swedish” variant presenting a deletion that affected
the target area for diagnostic tests, leading to false negative
results [129].

Genetic analysis of measles viruses has been promoted
and standardized by the WHO since 1998 [130]. It is a pow-
erful approach to characterize outbreaks, track transmis-
sion pathways, and document the interruption of endemic

@ Springer

transmission [107]. It also enables the identification of vac-
cine-associated cases [128, 131] and would be able to detect
the emergence of genetically divergent vaccine-derived
strains as seen with the oral polio virus [132]. Therefore,
although costly and time consuming, the molecular epi-
demiology of circulating measles viruses must be closely
monitored. However, the number of countries reporting
genotype information to the Measles Nucleotide surveillance
(MeaNS) database [112] is much lower than the number of
countries reporting laboratory-confirmed cases (less than
50% in 2015) [113]. Moreover, genotyping is usually per-
formed through the amplification of a nucleotide fragment
of the N gene. This process fails in monitoring mutations
in the H protein sequence. It would be of interest to docu-
ment secondary vaccine failures by sequencing at least the
H protein genes, if not the whole genome, to detect critical
alterations in the epitope pattern. The development of next-
generation sequencing technologies allows us to consider the
implementation of more genetically exhaustive surveys, as
shown, for instance, for the Ebola virus [133].

Strategy proposal and key messages
(Table 2)

1. Vaccine failures across a population that has overall
achieved sufficient vaccine coverage show a need for a
more nuanced evaluation of vaccine coverage targets at
highly localized scales, to account for clusters of high
densities of un- or under-vaccinated people.

2. Vaccination regimens should be adapted to local social
models and epidemiological profiles of outbreaks. In
particular, the recommended age at first vaccination
must balance the risk of primary failure against the
risk of measles virus infection prior to vaccination. The
age of first MCV dose should be lowered to 6 months
in countries where children under 1 year old are the
most affected, all the more if children are admitted to
community infrastructures early in life, and if their
mothers’ immunity against measles is uncertain. This
early dose should be followed by two additional doses
from 12 months of age, as recommended by the New
York Department of Health in areas with ongoing out-
breaks [134]. Likewise, in all countries, infants aged
6-11 months should receive an “extra dose” of MMR
before travelling to endemic or epidemic areas [135].

3. In the public health emergence of measles resurgence,
a ring vaccination strategy to re-boost immunity and
catch-up unvaccinated people, immediately after the
detection of the virus, could limit its spread. To improve
herd immunity, some areas such as California have also
made legislation to order mandatory immunizations with
sanctions if refused [136, 137].
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4. Systematic additional dose regardless of prior immuni-
zation status [138] i.e., three or more doses, or schedules
with routine booster doses, in populations at high risk of
virus infection and dissemination (e.g., healthcare per-
sonnel, young adult communities, and travellers to epi-
demic areas) could be strategic to reduce vaccine failure
and vaccinate unvaccinated people. In 2017, the ACIP
recommended a third dose of mumps-containing vaccine
in persons at risk during mumps outbreaks. This notably
aimed at improving the titre of neutralizing antibodies
against the circulating mumps virus genotype G, which
were documented to be lower than those against the gen-
otype A vaccine strain [139]. On this occasion, it was
assessed that a third dose of MMR vaccine in adults was
safe [139]. In addition, Paunio et al. [86] reported dur-
ing the 1988-89 measles outbreak in Finland that once
and twice-vaccinated individuals had a crude relative
risk of infection of 15.6 and 2.3, respectively, compared
with thrice vaccinated individuals. Recently, minimal
qualitative improvements in measles immune response
magnitude and duration after a third MMR dose were
reported in healthy young adults in the United Sates
[140]. However, plaque reduction neutralization testing
was performed using Edmonston measles virus, so it was
not assessed if a third dose could re-boost the polyclonal
immune response and clinical efficacy against the circu-
lating genotypes.

5. There is a need to better explore HLA mediated pro-
cesses and viral mutations that could play a role in pri-
mary and secondary vaccine failures. New approaches
for measles vaccines should be considered, such as using

a mixture of current viral variants that display diverse H
epitopes to induce a wide-spectrum immune response.

Conclusion

According to Red Queen’s hypothesis coined by Leigh van
Valen in 1973 [141], every organism does the best it can
adapt in the face of environmental pressures. Thus, as a
result of vaccine efficiency towards the endemo-epidemic
viral clade A, mutations in measles virus genomes that
allow for the evasion of neutralization by vaccine-induced
antibodies have been conserved. The polyclonal nature of
post-vaccine immunity has retained some efficiency but is
less strong than immunity following natural infection. As
vaccine-evading viral mutants are selected, vaccine failures
due to imported genotypes in non-endemic areas are increas-
ing. Disease extinction can only occur if all strains are as
efficiently neutralized over a very long time interval. The
Red Queen’s theory should keep in mind that in the field of
infectious diseases, adversaries are not stable but can change
and improve, and no success is definitive. Hence, to meet the
goal of measles eradication, all viral variants in their adap-
tative zone must be targeted, host determinants of vaccine
response must be considered, and vaccine policies must be
adapted to achieve sufficient level of high-quality and long-
term immunity in all age groups.

Table 2 Major arguments and themes of this review, and related main references

Arguments/themes References
There are weaknesses regarding measles vaccine coverage targets, reports, and the correlation [5,6,9, 10]
with the risk of measles outbreak due to: [11,12]
Non-optimal methods for vaccine coverage evaluation [10, 14-21]
Children younger than 12—15 months: they are under the age recommended for first vaccination — [22-27]

but increasingly account for measles cases

Clusters of unvaccinated or under-vaccinated people among populations achieving overall suf-

ficient coverage

Measles vaccines are 60-year-old and contain viral strains belonging to the clade A, no more

detected since 2008

Measles live-attenuated vaccine is not as immunogenic as natural infection (primary failure) due

[112]

[36, 41, 52,53, 57,74,78, 79, 86-89, 93-97]

to host factors (age, HLA), and vaccine-induced immunity is waning with time. At least 2 doses

are recommended at all ages

Post-vaccination antibodies may be not protective against some strains (secondary failures).

[5,98-106, 109, 110]

Highly exposed population (healthcare workers, travellers) are of particular concern

Measles virus antigenic stability is probably not an enduring rule

Some recent measles variants have been demonstrated able to evade antibody-mediated neutrali-

zation

Measles virus molecular epidemiology based on genotyping targeting the N-gene misses the

[44, 45, 49, 115-121, 124]
[45, 109, 110, 114-116, 119, 120, 124]

[40, 43, 107, 127]

detection of mutations in the H and F genes that encode epitopes involved in the host response

to the virus
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