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Successes and challenges for preventing measles,

mumps and rubella by vaccination
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The measles, mumps and rubella (MMR) vaccine has an
outstanding safety record and is highly efficacious. High
coverage with MMR has led to the elimination of endemic
measles, rubella, and congenital rubella syndrome in the US.
The biggest challenges to global measles and rubella control
and elimination are insufficient vaccination coverage globally
and increasing hesitancy. Despite high two dose coverage
rates, mumps has made a resurgence in the US and other
countries. Mumps outbreaks have occurred primarily in close
contact, high-density settings and most cases had received a
second dose 10 or more years previously. Waning humoral
immunity and antigenic variation of circulating wild-type
mumps strains may play a role in the mumps resurgence.
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Introduction

Measles, mumps, and rubella (MMR) vaccine was
licensed in the United States in 1971; MMR contains
three live attenuated viral vaccine strains. MMR vaccine
has an outstanding safety record, and high coverage with
MMR has led to the elimination of endemic measles and
rubella in the US (Figure 1) and to a substantial reduction
in the number of mumps cases compared to the pre-
vaccine era. MMR vaccine is used in 121 countries [1];
some countries are using MR or M based on the status of
their measles and rubella control programs. In this report,
we provide an update on the status of prevention of the
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three diseases and describe the unique challenges associ-
ated with controlling these viral infections by vaccination.

Measles

Measles virus (MeV), a member of the genus Morbillivirus
in the family Paramyxoviridae, causes fever, a maculopap-
ular (non-vesicular) rash and cough, coryza (rhinitis) and/
or conjunctivitis. The prodrome, with non-specific symp-
toms including fever, malaise, sneezing, and coughing,
begins approximately 10 days after infection, followed by
the onset of rash around day 14. MeV is spread by
inhalation of respiratory droplets; patients are considered
infectious from four days before to four days after rash
onset [2°°]. In industrialized countries, the case fatality
rate for measles is approximately 0.1% [3]; however, in
developing countries, case fatality rates can exceed 5%
[3]. In addition to the more frequent complications of the
acute illness, such as pneumonia and diarrhea, MeV
causes rare but severe neurologic sequelae, including
subacute sclerosing panencephalitis (SSPE). SSPE is a
persistent infection of the central nervous system that
develops 7-10 years after the acute measles infection [4].
A study from the U.S. estimated the incidence of SSPE to
be 22/100 000 measles cases [5].

MeV is a single sense, negative stranded RNA virus with a
genome size of 15 894 nucleotides [2°°]. While MeV is
considered monotypic, multiple genetically distinct
lineages of wild-type virus have been described [6].
The World Health Organization (WHO) currently recog-
nizes 24 genotypes of MeV based on the sequence
variation of the 450 nucleotides that code for the
150 amino acids at the carboxyl terminus of the nucleo-
protein (N-450) and the complete coding sequences of
the H gene [7]. Sequence analysis has been used to track
transmission pathways, characterize endemic genotypes,
verify lack of endemic transmission, and to distinguish
between wild-type infection and vaccine reactions. In
addition, sequencing results show that the measles vac-
cine does not cause SSPE. Antigenic variations between
wild-type and vaccine strains have been described [8].
However, the necessity for conservation of the receptor-
binding domains on the H protein limits antigenic drift
and explains why the measles vaccines are highly effec-
tive against currently circulating wild-type viruses [9°].

Because of the high Ry of 12-18, measles elimination
requires high levels of population immunity [2°°]. This is
achieved by coverage with two doses of measles-
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Figure 1
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Measles, mumps, and rubella cases in the United States, 1968-2017. MMR vaccine was introduced in 1971 with a routine second dose
recommendation for 1989. Insert in second panel shows number of mumps cases for 2005-2017. Note that significant drops in incidence of
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Figure 2
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Development of microneedle patches for delivery of measles containing vaccine. Microneedle patches are shown in the foreground panel A, with a
vial of vaccine and examples of traditional hypodermic needles shown in the background. Panel B shows how microneedle patches can be self-
administered to a person’s forearm (http://drugdelivery.chbe.gatech.edu/gallery_microneedles.html; Photo credit: Gary Meek, Georgia Tech).

containing vaccine (MCV). Endemic measles was elimi-
nated from the United States in 2000 [10], but outbreaks
resulting from importations continue to occur. The
annual incidence of measles was less than one case per
1000 000 from 2000 to 2015, with 69.5% of cases in
unvaccinated persons, 17.7% of cases in persons with
unknown vaccination status, and 12.9% of cases in vacci-
nated individuals [11]. Only 17% of importations caused
outbreaks with three or more cases, indicating that vacci-
nation coverage is high enough to disrupt transmission

[12].

Countries in all six WHO regions have adopted goals for
measles elimination by or before 2020. Worldwide, the
estimated coverage with the first dose of measles-contain-
ing vaccine (MCV1) increased from 72% to 85% and the
estimated coverage with a second dose (MCV2) increased
from 15% to 64% from 2000 to 2016 [13]. In 2016, 63% of
countries had >90% coverage with MCV1. In 2016,
31 countries provided MCV2 during vaccination cam-
paigns, called supplementary immunization activities
(SIAs), while 164 countries offer MCV2 as part of their
routine health services. The increase in vaccination cov-
erage lead to an 84% reduction in the estimated number
of deaths from 550 100 to 89 780 over the same period
[13]. A recent expert review concluded that, although
significant advancements toward elimination had been
made, progress had slowed [14°°].

The biggest challenges to measles control are insufficient
vaccination coverage globally and increasing hesitancy.
Concern about vaccine safety continues to threaten herd
immunity in many countries [15-17], despite a large body
of research demonstrating the safety of measles vaccines
[18-22]. In addition, vaccine hesitancy may cluster geo-
graphically [23], creating pockets of susceptible persons
at risk for measles outbreaks. Measles remains endemic in
many regions of the world, including many European
countries [13]. Travelers to and from these regions con-
tinue to import measles into countries that have elimi-
nated measles. Increases in global MCV1 coverage have
stagnated since 2009 and vaccination systems and sur-
veillance efforts must improve to achieve measles elimi-
nation goals [10,13]. Current measles vaccines are safe
and effective; however, alternative delivery methods that
eliminate the need for cold chain transportation and
injection could improve vaccine delivery in resource-
limited settings. The development of microneedle
patches (Figure 2) for the delivery of measles and rubella
vaccine may improve vaccination coverage and support
measles elimination efforts [24,25°°]. Improving coverage
in endemic settings will require significant financial
investments and increased country ownership [14°°].

Mumps
Mumps virus (MuV), a member of the family Paramyx-
oviridae, genus Rubulavirus causes an acute viral disease

(Figure 1 Legend Continued) measles and rubella occurred before MMR introduction in 1971 due to use of monovalent measles and rubella
vaccines (Centers for Disease Control and Prevention. National Notifiable Diseases Surveillance System, 2017 Annual Tables of Infectious Disease
Data. Atlanta, GA. CDC Division of Health Informatics and Surveillance, 2018. Available at: https://www.cdc.gov/nndss/infectious-tables.html).
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characterized by fever, swelling and tenderness of one or
more salivary glands, most typically the parotid gland.
MuV is spread by respiratory droplets and is less infec-
tious than measles or rubella (Ry 4-7). Nonspecific pro-
dromal symptoms precede parotitis by several days and
include myalgia, anorexia, malaise, headache, low grade
fever, and vomiting. Approximately 30-40% of mumps
infections produce parotitis, 20-30% of infections are
asymptomatic, and 50% are associated with nonspecific
or respiratory symptoms. Parotitis can be unilateral or
bilateral and complications can occur with or without
parotitis and include orchitis, encephalitis, meningitis,
oophoritis, mastitis, and sensorineural hearing loss. The
average incubation period is 16-20 days, but cases may
occur from 12 to 25 days after exposure. Mumps is most
infectious several days before and after parotitis onset and
most transmission likely occurs before and within five
days of parotitis onset [26]. Transmission also likely
occurs from persons with asymptomatic infections and
from persons with prodromal symptoms, contributing to
difficulties in identifying and containing disease.

MuV is a negative sense, single stranded RNA virus with a
genome size of 15 384 nucleotides. The WHO currently
recognizes 12 genotypes of MuV, assigned letters from A
to N (excluding E and M), which are based on the
nucleotide sequences of the small hydrophobic (SH)
and haemagglutinin-neuraminidase (HN) genes [27].
There is only one serotype of MuV so antibody generated
in response to infection with one strain of the virus can
recognize genetically divergent strains [28,29]. Variation
in the neutralizing antibody response to vaccination is
observed such that two to six fold higher titers may be
needed to neutralize wild-type strains compared to the JL.
vaccine strain.

Recent studies have indicated that mumps memory B cell
frequencies are low compared to measles and rubella and
mature mumps [gG avidity indices were in the 40-60%
range, lower than measles which had a mean avidity index
of 80% [30,31°]. In addition, there is no defined correlate
of immunity for mumps disease, making it difficult to
reliably predict if vaccinated persons are protected. Neu-
tralization assays are considered a reasonable measure of
immunity since they measure functional neutralizing
antibodies. Serologic IgG assays typically used for immu-
nity testing may overestimate immunity since they mea-
sure antibody to the nucleoprotein, which is the predom-
inant antibody produced in response to vaccine but is
non-neutralizing,.

Immunization with mumps containing vaccine remains
the best way to prevent mumps infection. In the U.S.,
the mumps vaccine was introduced in 1967 and recom-
mended for routine use in 1977. In 1989 a second dose of
MMR was recommended for enhanced measles control
and by the early 2000’s there was a 99% decline in

mumps cases with a record low of 231 cases reported
in 2003 [32]. Unexpectedly in 2006, the U.S. experi-
enced the largest mumps outbreak in almost 20 years
(6584 cases) [32] (Figure 1). In contrast to measles where
cases are typically identified among unvaccinated per-
sons, the majority of mumps outbreak cases have been
observed in adults that received two MMR doses [32].
From 2006 to the present time, outbreaks have contin-
ued and, from 2016 through 2017, over 12,000 cases of
mumps were reported in the US [33].

Immunization coverage estimates of 79—100% are believed
to be necessary for herd immunity. Despite US two dose
coverage rates >90% and dramatic decreases in mumps
cases, mumps has made a resurgence in the US and other
countries with high two dose coverage. Mumps outbreaks
have occurred primarily in close-contact, high-density set-
tings such as colleges, schools, and sports teams. Most cases
in 2006 had received a second dose 10 or more years
previously [34]. Waning humoral immunity, and antigenic
variation of circulating wild-type mumps strains may play a
role in susceptibility and have been proposed as factors
contributing to the mumps resurgence.

Mumps outbreaks have occurred in US and internation-
ally among both vaccinated and unvaccinated persons.
Low vaccine coverage and lack of vaccination due to
vaccine hesitancy are a risk factor for mumps outbreaks
and unvaccinated persons with overseas travel have been
the source patients for many of the recent US outbreaks
[35-37]. Unimmunized persons shed more virus in urine
than vaccinated persons [38] and have a higher rate of
complications [39°]. Primary vaccine failure is not likely
responsible for current outbreaks among two-dose recip-
ients since seroconversion rates are 92-95% after one dose
and approximately 95-100% after two doses. Most cases
among two dose vaccinated populations appear to be due
to secondary vaccine failure and likely the result of long-
term waning that may have been masked previously by
subclinical boosting through exposure to wild-type virus.
Recently, the Advisory Committee on Immunization
Practices (ACIP) reviewed the available epidemiological
and laboratory data on the effect of a third MMR dose on
mumps and determined that a third dose of MMR vaccine
was safe and had at least a short-term benefit for persons
in outbreak settings [40]. A recommendation was given
that persons previously vaccinated with two doses of a
mumps-containing vaccine who are identified by public
health authorities as being part of a group or population at
increased risk for acquiring mumps because of an out-
break should receive a third dose of a mumps virus—
containing vaccine to improve protection against mumps
disease and related complications. Expanding and
improving vaccination coverage and global surveillance
for mumps particularly in developed countries with vac-
cination programs will also be necessary to prevent
outbreaks.

www.sciencedirect.com

Current Opinion in Virology 2019, 34:110-116



114 Emerging viruses: intraspecies transmission

Rubella

Rubella virus (RuV) is a member of the Togaviridae family,
genus Rubioirus. RuV virions are about 70 nm in diameter
and are composed of a positive-strand RNA genome
(~9760 nucleotides), the viral protein C, and a viral enve-
lope containing two viral glycoproteins, E1 and E2 [41].

RuVs currently circulating in the world can be divided into
two clades differing by about 10% at the nucleotide level
[42,43]. Groups of related viruses within the clades have
been classified by nucleotide sequences into 12 recognized
genotypes and one provisional genotype [44]. There is
sufficient subgenotype clustering of RuV sequences to
allow lineages to be defined, although a formal nomencla-
ture for these has not been adopted [45°]. Immunity to one
genotype of RuV has so far proved sufficient to protect
against clinical disease caused by other genotypes of RuV.

Postnatal rubella is characterized by acute onset of a gener-
alized maculopapular rash with mild fever and may include
arthritis or arthralgia, lymphadenopathy, and conjunctivitis.
Because disease caused by rubella virus is often mild, about
50% of postnatal rubella cases do not present clinically.

A fundamental property of rubella virus, crucial to its clinical
significance, is its ability to replicate as persistent infections.
In 1941, N. McAlister Gregg first recognized that cataracts in
children followed maternal rubella during gestation [46].
"The association between congenital rubella infection and a
spectrum of significant birth defects including cardiovascu-
lar abnormalities and cataracts (congenital rubella syndrome
(CRS) is now accepted. RuV is the most potent infectious
teratogenic agent yet identified. When rubella occurs in a
pregnant woman in the first 11 weeks of gestation, there is a
high likelihood of defect(s) in the infant (about 90%). After
18 weeks, the likelihood of birth defect is much lower,
although the infant may still be born with a rubella infection.
By definition CRS requires a live birth; thus miscarriages and
stillbirths associated with rubella infection are not counted as
CRS. Multiple cell types can be affected including, endo-
thelial cells, neurons, cardiac and interstitial fibroblast and
epithelial cells of lung, kidneys and ciliary body of the eye
[47]. Rubella infection of these cell types is consistent with
abnormalities seen in CRS. Persistent rubella infection in
CRS may result in additional clinical problems presenting
later in life, possibly due to direct damage or because of
immunopathological mechanisms.

Good suspect CRS case identification using a standard-
ized CRS case definition is crucial to effective CRS
surveillance. Nevertheless, laboratory confirmation of
rubella virus infection in the newborn by either serologic
or virus detection techniques is also critical, especially
when only a single defect presents [48]. Other persistent
rubella virus infections of clinical significance include
Fuch’s Uveitis [49] and granuloma in primary immune
deficient individuals [50°].

Humans appear to be the only species in which RuV
circulates. Postnatal transmission of rubella virus is often
by close contact with an infected individual, such as occurs
in institutional settings. Infants with CRS shed significant
amounts of virus, so infection control measures, notably
restricted contact with non-immune women of child-bear-
ing age, can minimize the risk of transmission.

"T'he last major U.S. rubella epidemic was in 1964 to 1965,
when approximately 20 000 CRS cases and 2100 neonatal
deaths occurred [51]. Introduction of rubella vaccine in
the US (licensed in 1969) immediately broke the 6- to 9-
year epidemic cycle of rubella. Rubella is less infectious
than measles and a population immunity of 87.5% in the
United States is accepted as being sufficient to eliminate
significant endemic transmission [52]. Rubella and CRS
have been eliminated in the United States; for example,
from 2004 to 2012, only 79 cases of rubella and six cases of
CRS were reported in the U.S. [53,54]. Most US mothers
of CRS children were born in countries without rubella
immunization programs or with recently organized pro-
grams [55]. Indigenous rubella and CRS have also been
eliminated from the Americas [56].

The global Measles and Rubella Strategic Plan (2012-
2020) includes goals to eliminate rubella and CRS in at
least two WHO regions by 2015, and at least five WHO
regions by 2020 [57]. The safety and high vaccine efficacy
of the live rubella virus vaccine strains most widely used
(RA 27/3) is well documented [58]. Nevertheless, rubella
remains endemic in many countries and about
100 000 CRS [59] cases occur annually in the world. It
is underappreciated that infant deaths among CRS cases
can be as high as 30% [47,60].

Conclusions

Despite the challenges described in this report, wide-
spread use of MMR vaccine remains a safe, low cost, and
effective means to prevent infections with measles,
mumps, and rubella viruses. This vaccine has saved
millions of lives and prevented countless numbers of
severe birth defects and complications.

Acknowledgements

The authors thank Adria Lee, CDC, for assistance with preparation of
Figure 1 and Mark Prausnitz, Georgia Tech for permission to use photos in
Figure 2.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

o of special interest
ee Of outstanding interest

1. World Health Organization: WHO vaccine-preventable diseases:
monitoring system. Global Summary. 2018 http://apps.who.int/
immunization_monitoring/globalsummary/schedules.

2. Rota PA, Moss WJ, Takeda M, de Swart RL, Thompson KM,
ee Goodson JL: Measles. Nat Rev Dis Primers 2016, 2:16049.

Current Opinion in Virology 2019, 34:110-116

www.sciencedirect.com


http://apps.who.int/immunization_monitoring/globalsummary/schedules
http://apps.who.int/immunization_monitoring/globalsummary/schedules
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0010
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0010

Preventing Measles, Mumps and Rubella by Vaccination Bankamp et al. 115

Recent work describing very thoroughly of measles virus and measles
control programs. This review updates the pathogenesis of measles
based on some recent studies.

3. Wolfson LJ, Grais RF, Luquero FJ, Birmingham ME, Strebel PM:
Estimates of measles case fatality ratios: a comprehensive
review of community-based studies. Int J Epidemiol 2009,
38:192-205.

4.  Griffin DE: Measles virus and the nervous system. Handb Clin
Neurol 2014, 123:577-590.

5. Bellini WJ, Rota JS, Lowe LE, Katz RS, Dyken PR, Zaki SR,
Shieh WJ, Rota PA: Subacute sclerosing panencephalitis: more
cases of this fatal disease are prevented by measles
immunization than was previously recognized. J Infect Dis
2005, 192:1686-1693.

6. Taylor MJ, Godfrey E, Baczko K, ter Meulen V, Wild TF, Rima BK:
Identification of several different lineages of measles virus. J
Gen Virol 1991, 72:83-88.

7. RotaPA, Brown K, Mankertz A, Santibanez S, Shulga S, Muller CP,
Hubschen JM, Siqueira M, Beirnes J, Ahmed H et al.: Global
distribution of measles genotypes and measles molecular
epidemiology. J Infect Dis 2011, 204(Suppl. 1):S514-S523.

8. Tamin A, Rota PA, Wang ZD, Heath JL, Anderson LJ, Bellini WJ:
Antigenic analysis of current wild type and vaccine strains of
measles virus. J Infect Dis 1994, 170:795-801.

9. Beaty SM, Lee B: Constraints on the genetic and antigenic
variability of measles virus. Viruses 2016, 8:109.

Manuscrlpt addresses potential antigenic drift for measles virus. Con-

served receptor binding sites limit possibilities for antigenic drift.

10. Katz SL, Hinman AR: Summary and conclusions: measles
elimination meeting, 16-17 March 2000. J Infect Dis 2004, 189
(Suppl. 1):5S43-547.

11. Clemmons NS, Wallace GS, Patel M, Gastanaduy PA: Incidence
of measles in the United States, 2001-2015. JAMA 2017,
318:1279-1281.

12. Gastanaduy PA, Paul P, Fiebelkorn AP, Redd SB, Lopman BA,
Gambhir M, Wallace GS: Assessment of the status of measles
elimination in the United States, 2001-2014. Am J Epidemiol
2017, 185:562-569.

13. Dabbagh A, Patel MK, Dumolard L, Gacic-Dobo M, Mulders MN,
Okwo-Bele JM, Kretsinger K, Papania MJ, Rota PA, Goodson JL:
Progress toward regional measles elimination—Worldwide,
2000-2016. Morb Mortal Wkly Rep 2017, 66:1148-1153.

14. Orenstein WA, Hinman A, Nkowane B, Olive JM, Reingold A:

ee Measles and rubella global strategic plan 2012-2020 midterm
review. Vaccine 2018, 36(Suppl. 1):A1-A34.

The mid-term review updates progress toward WHO’s goals for measles

and rubella elimination for 2020. Unfortunately, progress is not on target

to achieve the goals and the review mentions areas that need to be

strengthened.

15. Omer SB, Enger KS, Moulton LH, Halsey NA, Stokley S,
Salmon DA: Geographic clustering of nonmedical exemptions
to school immunization requirements and associations with
geographic clustering of pertussis. Am J Epidemiol 2008,
168:1389-1396.

16. Rey D, Fressard L, Cortaredona S, Bocquier A, Gautier A, Peretti-
Watel P, Verger P, Barometre Sante G: Vaccine hesitancy in the
French population in 2016, and its association with vaccine
uptake and perceived vaccine risk-benefit balance. Euro
Surveill 2018, 23.

17. Salmon DA, Dudley MZ, Glanz JM, Omer SB: Vaccine hesitancy:
causes, consequences, and a call to action. Vaccine 2015, 33
(Suppl. 4):D66-D71.

18. Madsen KM, Hviid A, Vestergaard M, Schendel D, Wohlfahrt J,
Thorsen P, Olsen J, Melbye M: A population-based study of
measles, mumps, and rubella vaccination and autism. N Engl J
Med 2002, 347:1477-1482.

19. Mrozek-Budzyn D, Kieltyka A, Majewska R: Lack of association
between measles-mumps-rubella vaccination and autism in

20.

21.

22.

23.

24,

25.

children: a case-control study. Pediatr Infect Dis J 2010, 29:397-
400.

Smeeth L, Cook C, Fombonne E, Heavey L, Rodrigues LC,
Smith PG, Hall AJ: MMR vaccination and pervasive
developmental disorders: a case-control study. Lancet 2004,
364:963-969.

Taylor LE, Swerdfeger AL, Eslick GD: Vaccines are not
associated with autism: an evidence-based meta-analysis of
case-control and cohort studies. Vaccine 2014, 32:3623-3629.

Uchiyama T, Kurosawa M, Inaba Y: MMR-vaccine and
regression in autism spectrum disorders: negative results
presented from Japan. J Autism Dev Disord 2007, 37:210-217.

Lieu TA, Ray GT, Klein NP, Chung C, Kulldorff M: Geographic
clusters in underimmunization and vaccine refusal. Pediatrics
2015, 135:280-289.

Edens C, Collins ML, Ayers J, Rota PA, Prausnitz MR: Measles
vaccination using a microneedle patch. Vaccine 2013, 31:3403-
3409.

Joyce JC, Carroll TD, Collins ML, Chen MH, Fritts L, Dutra JC,
Rourke TL, Goodson JL, McChesney MB, Prausnitz MR et al.: A
microneedle patch for measles and rubella vaccination is
immunogenic and protective in infant rhesus macaques. J
Infect Dis 2018, 218:124-132.

Microneedle patch vaccine for measles and rubella is immunogenic in
infant macaques and protects from wild-type measles challenge. First
delivery of two live attenuated vaccines with a microneedle patch.

26.

27.

28.

29.

30.

31.

Kutty PK, Kruszon-Moran DM, Dayan GH, Alexander JP,
Williams NJ, Garcia PE, Hickman CJ, McQuillan GM, Bellini WJ:
Seroprevalence of antibody to mumps virus in the US
population, 1999-2004. J Infect Dis 2010, 202:667-674.

JinL, Orvell C, Myers R, Rota PA, Nakayama T, Forcic D, Hiebert J,
Brown KE: Genomic diversity of mumps virus and global
distribution of the 12 genotypes. Rev Med Virol 2014.

Rubin SA, Link MA, Sauder CJ, Zhang C, Ngo L, Rima BK,
Duprex WP: Recent mumps outbreaks in vaccinated
populations: no evidence of immune escape. J Virol 2012,
86:615-620.

Rubin S, Mauldin J, Chumakov K, Vanderzanden J, Iskow R,
Carbone K: Serological and phylogenetic evidence of
monotypic immune responses to different mumps virus
strains. Vaccine 2006, 24:2662-2668.

Latner DR, McGrew M, Williams N, Lowe L, Werman R, Warnock E,
Gallagher K, Doyle P, Smole S, Lett S et al.: Enzyme-linked
immunospot assay detection of mumps-specific antibody-
secreting B cells as an alternative method of laboratory
diagnosis. Clin Vaccine Immunol 2011, 18:35-42.

Mercader S, McGrew M, Sowers SB, Williams NJ, Bellini WJ,
Hickman CJ: Development and use of an endpoint titration
assay to characterize mumps IgG avidity following measles,
mumps, and rubella vaccination and wild-type mumps
infection. mSphere 2018, 3.

Comprehensive study of antibody avidity to mumps vaccine.

32.

33.

34.

35.

36.

Barskey AE, Glasser JW, LeBaron CW: Mumps resurgences in
the United States: a historical perspective on unexpected
elements. Vaccine 2009, 27:6186-6195.

Centers for Disease Control and Prevention: Mumps Cases and
Outbreaks (https://www.cdc.gov/mumps/outbreaks.html).

Cortese MM, Barskey AE, Tegtmeier GE, Zhang C, Ngo L,
Kyaw MH, Baughman AL, Menitove JE, Hickman CJ, Bellini WJ
et al.: Mumps antibody levels among students before a mumps
outbreak: in search of a correlate of immunity. J Infect Dis 2011,
204:1413-1422.

Centers for Disease Control and Prevention: Mumps outbreak at
a summer camp—New York, 2005. Morb Mortal Wkly Rep 2006,
55:175-177.

Centers for Disease Control and Prevention: Update: multistate
outbreak of mumps—United States, January 1-May 2, 2006.
Morb Mortal Wkly Rep 2006, 55:559-563.

www.sciencedirect.com

Current Opinion in Virology 2019, 34:110-116


http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0015
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0015
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0015
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0015
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0020
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0020
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0025
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0025
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0025
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0025
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0025
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0030
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0030
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0030
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0035
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0035
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0035
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0035
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0040
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0040
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0040
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0045
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0045
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0050
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0050
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0050
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0055
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0055
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0055
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0060
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0060
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0060
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0060
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0065
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0065
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0065
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0065
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0070
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0070
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0070
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0075
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0075
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0075
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0075
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0075
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0080
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0080
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0080
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0080
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0080
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0085
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0085
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0085
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0090
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0090
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0090
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0090
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0095
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0095
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0095
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0095
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0100
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0100
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0100
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0100
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0105
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0105
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0105
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0110
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0110
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0110
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0115
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0115
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0115
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0120
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0120
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0120
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0125
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0125
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0125
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0125
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0125
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0130
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0130
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0130
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0130
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0135
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0135
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0135
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0140
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0140
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0140
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0140
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0145
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0145
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0145
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0145
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0150
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0150
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0150
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0150
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0150
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0155
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0155
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0155
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0155
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0155
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0160
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0160
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0160
https://www.cdc.gov/mumps/outbreaks.html
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0170
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0170
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0170
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0170
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0170
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0175
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0175
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0175
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0180
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0180
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0180

116 Emerging viruses: intraspecies transmission

37.

38.

39.

Centers for Disease Control and Prevention: Mumps outbreak on
a university campus—California, 2011. Morb Mortal Wkly Rep
2012, 61:986-989.

Gouma S, Schurink-Van’t Klooster TM, de Melker HE, Kerkhof J,
Smits GP, Hahne SJ, van Els CA, Boland GJ, Vossen AC,
Goswami PR et al.: Mumps serum antibody levels before and
after an outbreak to assess infection and immunity in
vaccinated students. Open Forum Infect Dis 2014, 1:0fu101.

Barskey AE, Schulte C, Rosen JB, Handschur EF, Rausch-
Phung E, Doll MK, Cummings KP, Alleyne EO, High P, Lawler J
et al.: Mumps outbreak in Orthodox Jewish communities in the
United States. N Engl/ J Med 2012, 367:1704-1713.

ACIP recommendations for the use of a third dose of MMR vaccine in
outbreak settings.

40.

41.

42.

43.

44,

45.

Marin M, Marlow M, Moore KL, Patel M: Recommendation of the
advisory committee on immunization practices for use of a
third dose of mumps virus-containing vaccine in persons at
increased risk for mumps during an outbreak. MMWR Morb
Mortal Wkly Rep 2018, 67:33-38.

DuBois RM, Vaney MC, Tortorici MA, Kurdi RA, Barba-Spaeth G,
Krey T, Rey FA: Functional and evolutionary insight from the
crystal structure of rubella virus protein E1. Nature 2013,
493:552-556.

Abernathy E, Chen MH, Bera J, Shrivastava S, Kirkness E,
Zheng Q, Bellini W, Icenogle J: Analysis of whole genome
sequences of 16 strains of rubella virus from the United States,
1961-2009. Viro/ J 2013, 10:32.

Frey TK, Abernathy ES, Bosma TJ, Starkey WG, Corbett KM,

Best JM, Katow S, Weaver SC: Molecular analysis of rubella
virus epidemiology across three continents, North America,
Europe, and Asia, 1961-1997. J Infect Dis 1998, 178:642-650.

World Health Organization: Rubella virus nomenclature update:
2013. Wkly Epidemiol Rec 2013, 88:337-343.

Rivailler P, Abernathy E, Icenogle J: Genetic diversity of currently
circulating rubella viruses: a need to define more precise viral
groups. J Gen Virol 2017, 98:396-404.

Proposes naming scheme for sub genotypes of rubella.

46.

47.

48.

Gregg NM: Congenital defects associated with maternal
rubella. Aust Hosp 1947, 14:7-9.

Lazar M, Perelygina L, Martines R, Greer P, Paddock CD,
Peltecu G, Lupulescu E, Icenogle J, Zaki SR: Immunolocalization
and distribution of rubella antigen in fatal congenital rubella
syndrome. EBioMedicine 2016, 3:86-92.

Centers for Disease Control and Prevention: Control and
prevention of rubella: evaluation and management of
suspected outbreaks, rubella in pregnant women, and
surveillance for congenital rubella syndrome. MMWR Recomm
Rep 2001, 50:1-23.

49.

50.

Abernathy E, Peairs RR, Chen MH, Icenogle J, Namdari H:
Genomic characterization of a persistent rubella virus from a
case of Fuch’ uveitis syndrome in a 73 year old man. J Clin Virol
2015, 69:104-109.

Perelygina L, Plotkin S, Russo P, Hautala T, Bonilla F, Ochs HD,
Joshi A, Routes J, Patel K, Wehr C et al.: Rubella persistence in
epidermal keratinocytes and granuloma M2 macrophages in
patients with primary immunodeficiencies. J Allergy Clin
Immunol 2016, 138:1436-1439.

Persistence of rubella vaccines in immunosuppressed individuals.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Reef SE, Cochi SL: The evidence for the elimination of rubella
and congenital rubella syndrome in the United States: a public
health achievement. Clin Infect Dis 2006, 43(Suppl. 3):S123-
S125.

Hyde TB, Kruszon-Moran D, McQuillan GM, Cossen C, Forghani B,
Reef SE: Rubella immunity levels in the United States
population: has the threshold of viral elimination been
reached? Clin Infect Dis 2006, 43(Suppl. 3):S146-S150.

Papania MJ, Wallace GS, Rota PA, Icenogle JP, Fiebelkorn AP,
Armstrong GL, Reef SE, Redd SB, Abernathy ES, Barskey AE et al.:
Elimination of endemic measles, rubella, and congenital
rubella syndrome from the Western hemisphere: the US
experience. JAMA Pediatr 2014, 168:148-155.

Centers for Disease Control and Prevention: Morbidity and
Mortality Weekly Report (MMWR): Rubella Weekly Report. In:
https://data.cdc.gov/INNDSS/
NNDSS-Table-II-Rabies-animal-to-Rubella-congenital/scxv-4udu.

Centers for Disease Control and Prevention: Three cases of
congenital rubella syndrome in the postelimination era—
Maryland, Alabama, and lllinois, 2012. Morb Mortal Wkly Rep
2013, 62:226-229.

Andrus JK, de Quadros CA: Perspectives on the role of
surveillance in eliminating rubella and congenital rubella
syndrome in the Americas. Expert Rev Vaccines 2013, 12:989-
993.

World Health Organization: Global Vaccine Action Plan 2011-2020
(http://www.who.int/immunization/global_vaccine_action_plan/
GVAP_doc_2011_2020/en/).

Plotkin SA: Rubella vaccine. In Vaccines, 3rd ed.. Edited by
Plotkin SA, Orenstein WA, Sanders WB.1999.

Cutts FT, Vynnycky E: Modelling the incidence of congenital
rubella syndrome in developing countries. Int J Epidemiol 1999,
28:1176-1184.

Toizumi M, Motomura H, Vo HM, Takahashi K, Pham E,
Nguyen HA, Le TH, Hashizume M, Ariyoshi K, Dang DA et al.:
Mortality associated with pulmonary hypertension in
congenital rubella syndrome. Pediatrics 2014, 134:e519-526.

Current Opinion in Virology 2019, 34:110-116

www.sciencedirect.com


http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0185
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0185
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0185
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0190
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0190
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0190
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0190
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0190
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0195
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0195
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0195
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0195
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0200
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0200
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0200
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0200
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0200
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0205
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0205
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0205
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0205
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0210
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0210
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0210
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0210
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0215
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0215
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0215
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0215
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0220
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0220
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0225
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0225
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0225
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0230
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0230
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0235
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0235
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0235
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0235
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0240
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0240
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0240
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0240
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0240
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0245
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0245
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0245
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0245
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0250
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0250
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0250
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0250
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0250
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0255
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0255
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0255
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0255
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0260
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0260
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0260
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0260
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0265
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0265
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0265
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0265
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0265
https://data.cdc.gov/NNDSS/NNDSS-Table-II-Rabies-animal-to-Rubella-congenital/scxv-4u4u
https://data.cdc.gov/NNDSS/NNDSS-Table-II-Rabies-animal-to-Rubella-congenital/scxv-4u4u
https://data.cdc.gov/NNDSS/NNDSS-Table-II-Rabies-animal-to-Rubella-congenital/scxv-4u4u
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0275
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0275
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0275
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0275
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0280
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0280
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0280
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0280
http://www.who.int/immunization/global_vaccine_action_plan/GVAP_doc_2011_2020/en/
http://www.who.int/immunization/global_vaccine_action_plan/GVAP_doc_2011_2020/en/
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0290
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0290
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0295
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0295
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0295
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0300
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0300
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0300
http://refhub.elsevier.com/S1879-6257(18)30161-5/sbref0300

	Successes and challenges for preventing measles, mumps and rubella by vaccination
	Introduction
	Measles
	Mumps
	Rubella
	Conclusions
	References and recommended reading
	Acknowledgements


