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Abstract

Rubella remains an important pathogen globally with approximately 100,000 cases of congenital 

rubella syndrome estimated to occur each year. Rubella vaccine is highly effective and safe when 

used across a population and, as a result, endemic rubella transmission has been interrupted in the 

Americas since 2009. Incomplete rubella vaccination programs result in continued disease 

transmission as evidenced by recent large outbreaks in Japan and elsewhere. Herein, we provide 

current results regarding rubella control, elimination and eradication policies, and a brief review of 

new laboratory diagnostics. In addition, we provide novel information regarding rubella vaccine 

immunogenetics and review the emerging evidence of inter-individual variability in humoral and 

cell-mediated innate and adaptive immune responses to rubella vaccine and their association with 

HLA alleles, haplotypes, and single nucleotide polymorphisms across the human genome. Finally, 

we conclude with a call for further research in rubella vaccine immunogenetics and its ability to 

inform a vaccinomics-level approach to novel vaccine candidate development and the need for a 

next generation vaccine that is affordable, easy to administer, and does not require a cold chain for 

optimal immunogenicity.

Basic Virology and Introduction

First isolated from cell culture in 1962,1 rubella virus contains a single-stranded positive 

sense RNA genome.2 Rubella virus belongs to the Togaviridae family and is the sole 

member of the Rubivirus genus. It is the causative agent of rubella disease or so-called 

“German measles.” Although most cases of infection lead to a mild, self-limiting measles-

like disease, the real threat arises when rubella virus infects the fetus – particularly during 
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the first trimester when infection can lead to miscarriage or congenital rubella syndrome 

(CRS). The link between maternal rubella infection and CRS was first suggested by the 

Australian ophthalmologist, Norman Gregg.3 Dr. Gregg noticed a significant increase in the 

number of congenital cataract cases being seen in his practice. He was able to link a history 

of maternal “German measles” in 78 of these cases.

In CRS, rubella virus is able to infect the placenta, spread to the fetus, and alter the function 

of multiple fetal systems by interfering with organ formation and causing systemic 

inflammation.4 There is also persistent infection associated with CRS. Rubella virus 

intraocular persistent infection is observed in patients diagnosed with Fuchs' uveitis 

syndrome (FUS).5–7 Detection of rubella virus RNA in the aqueous humor of a 28-year-old 

patient diagnosed with CRS and FUS verifies that infection can last for decades.8

The molecular structure of rubella virus was first observed using antigen-antibody 

complexes under electron microscopy in 1967 and later verified by thin section 

techniques.9, 10 Further studies using electron microscopy characterized assembled rubella 

viral particles as measuring between 50 and 85 nm in diameter.11 Rubella virus contains a 

pleomorphic nucleocapsid enveloped in a host-derived lipid membrane.12 Two 

proteinaceous spikes, E1 and E2, are anchored to the external layer of the membrane. The 

E1 protein is responsible for receptor-mediated endocytosis and is the immunodominant 

antigen.13, 14 The measurement of antibodies against the neutralizing domain of E1 can be 

used as a correlate of protection against rubella virus.15–19 The E2 protein is membrane 

bound and forms connections between rows of E1 proteins.

To date, there is no definitively known cellular receptor for rubella virus. However, the 

rubella E1 protein binds to myelin oligodendrocyte glycoprotein (MOG) and ectopic 

expression of MOG on non-permissive cells allows for in vitro infection.20 In a biological 

sense then, MOG is a promising cellular receptor candidate, especially for maternal 

infections that spread to the fetus. There is a high level of homology between rubella E2 

protein and MOG, which may explain the ability of antibodies against rubella to cause 

demyelination of rat brain cells.21 Tissue sections from human CNS, GI tract, and placenta 

stain weakly to moderately for MOG, while all other normal tissues stain negative.22 The 

ability of rubella to infect the placenta and the neurological pathologies associated with 

CRS, coupled with the presence of MOG on both tissue types, supports the hypothesis that 

MOG is a potential receptor for rubella. The lack of MOG expression on any other tissue 

type (i.e., lymphocytes, respiratory, or skin), however, suggests that MOG is not the receptor 

involved in primary acquired rubella. Further research into the identification of the putative 

host receptor for rubella virus will allow useful insight into viral pathogenesis and help 

direct novel vaccine candidates.

Immunization with live attenuated rubella virus vaccine has the demonstrated ability to 

prevent infection and one of the most feared complications – CRS. While much progress has 

occurred, rubella remains an important pathogen and public health concern around the 

world. For example, the recent rubella epidemic in Japan, with more than 11,000 rubella 

cases occurring in the first 6 months of 2013 and at least 13 CRS cases occurring, highlights 

the fact that a partial vaccination strategy leads to major outbreaks.23 Seventy percent of the 
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rubella cases in the Japanese outbreak occurred among males ages 20 to 39 years, indicating 

the weakness of an initial strategy that provided rubella vaccine only to adolescent girls. In 

2012, Poland24 and Romania25 also experienced rubella outbreaks that predominantly 

affected males as a result of a vaccination strategy that initially focused on vaccination of 

females. For this reason, a global commitment to rubella control, elimination, and eventual 

eradication must be in place.

A past review of rubella is available addressing CRS and postnatally acquired rubella, 

immune responses to rubella, and other issues which will not be repeated here,26 as well as a 

comprehensive book chapter.27 The purpose of this review is to give an expert update on: 

worldwide rubella epidemiology, emphasizing issues with the prevention of CRS and 

current policies on rubella control and eradication; new techniques in laboratory diagnostics; 

novel information regarding the immunogenetics of rubella vaccine-induced immune 

responses; and future issues faced by clinicians and researchers alike.

Worldwide Epidemiology and Current Control, Elimination and Eradication 

Policies

In the pre-vaccine era, rubella was an acute viral disease affecting children and young adults 

worldwide. Thanks to the implementation of rubella vaccination strategies, the number of 

rubella cases has been reduced in many countries, and, since 2009, its endemic transmission 

in the WHO Region of the Americas has been interrupted.28

Rubella virus is spread from person to person via the respiratory route. Immunity following 

natural infection or vaccination is life-long. In the absence of vaccination, the mean age of 

rubella infection is 5–9 years of age with annual seasonal outbreaks usually occurring in the 

spring, and large epidemics occur every 3–8 years. The cyclical nature of rubella is related 

to the buildup of susceptible persons in the population and contact rates. A review of the 

epidemiology of rubella in Africa in the prevaccine era (2002–2009) found the median age 

of rubella IgM positive cases to be 7.3 years (interquartile range: 4.2–9.0 years) (Figure 1).29 

The observed seasonal pattern was more marked in West Africa and Southern Africa, with 

Central and East Africa having a bimodal pattern with transmission throughout the year.

When infection with rubella occurs just before conception or during the first 8–10 weeks of 

gestation, it may cause multiple fetal defects in up to 90% of cases, including fetal wastage 

or stillbirth.30 The risk of birth defects declines with infection later in gestation, and fetal 

defects are rarely associated with maternal rubella after the 16th week of pregnancy, 

although sensorineural hearing deficit may occur with infection as late as week 20.31 The 

defects associated with congenital rubella syndrome (CRS) most commonly affect the eyes 

(e.g., cataracts, microphthalmia, glaucoma, pigmentary retinopathy, chorioretinitis), hearing 

(e.g., sensorineural deafness), the heart (e.g., peripheral pulmonary artery stenosis, patent 

ductus arteriosus or ventricular septal defects), and the brain (e.g., microcephaly). Those that 

survive the neonatal period may face serious developmental disabilities (e.g., visual and 

hearing impairments) and have an increased risk for developmental delay, including autism. 

In fact, rubella is and should be considered a vaccine-preventable cause of autism.32 

Congenital rubella infection has also been associated with increased risk of endocrinopathies 

Lambert et al. Page 3

Lancet. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



such as thyroiditis and insulin-dependent diabetes mellitus with associated long-term 

effects.33 Finally, a progressive encephalopathy resembling subacute sclerosing 

panencephalitis has also been observed in patients with CRS.34

Countries with high rates of susceptibility to rubella among women of childbearing age are 

at highest risk for CRS. This risk varies between and within countries based on 

epidemiological and socioeconomic differences. Before the introduction of rubella vaccine, 

the incidence of CRS varied from 0.1–0.2 per 1,000 live births during endemic periods and 

from 0.8–4.0 per 1,000 live births during rubella epidemics.35 Large rubella epidemics can 

lead to high levels of morbidity as was observed in the United States during 1964–1965. 

This epidemic was associated with an estimated 12.5 million cases of rubella, including 

>2,000 cases of encephalitis, >11,250 cases of fetal wastage, and >20,000 cases of CRS 

(within those 20,000 cases, there were: >8,000 cases of deafness; 3,580 deaf/blind children; 

and 1,800 children with mental retardation).36

The basic reproductive rate (R0) for rubella has been estimated at between 3–8 in European 

countries and as high as 12 in crowded developing countries.37, 38 Based on the mean age of 

infection in the pre-vaccine era, the herd immunity threshold for interruption of rubella 

transmission in the United Kingdom and the USA has been estimated at between 85%–88% 

and between 67%–87% in European countries based on different mixing patterns.37, 39 In an 

urban African setting, the herd immunity threshold has been estimated at between 85%–

91%.38 Hence, if vaccination programs can achieve and maintain immunization coverage 

that results in sustained population immunity above this level, rubella can be eliminated.

Rubella virus is a candidate for global eradication because humans are the only known host, 

safe and highly effective vaccines (≥95% following a single dose) exist, accurate diagnostic 

and molecular assays exist, and there has been demonstration of sustained interruption of 

endemic transmission in the Americas since 2009.28 Rubella has a lower R0 compared with 

measles, indicating that rubella eradication may be easier to achieve than measles 

eradication. This concept is supported by experience in the United Kingdom, where measles 

outbreaks continue to occur among adolescents born during the period of reduced public 

confidence in MMR vaccine due to the now disproven association between MMR and 

childhood autism.40 While rubella vaccine coverage is almost the same as measles 

vaccination coverage, no widespread rubella outbreaks have been reported in the United 

Kingdom, suggesting elimination may have been achieved and maintained.41 In contrast to 

measles, where substantial outbreaks have been reported among populations with high 

coverage with one dose of measles vaccine, vaccine failure after a single dose of rubella 

vaccine does not appear to play a role in sustained transmission of rubella. While two doses 

are generally recommended, high coverage with a single dose appears to have been adequate 

to terminate transmission.42, 43

Three of the six WHO regions have set control or elimination targets for rubella.44 The 

Americas targeted rubella and CRS elimination by 2010 and achieved it in 2009. The 

European Region has a target of rubella elimination by 2015 and the Western Pacific Region 

aims to have significantly accelerated rubella control and CRS prevention (<1 CRS case per 
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100,000 live births) by 2015. The African, Eastern Mediterranean and South-East Asia 

Regions have yet to establish rubella control or elimination goals.

At the World Health Assembly (WHA) in May 2012, all 194 Member States endorsed the 

target of eliminating rubella in five of the six WHO Regions by 2020 as part of the Global 

Vaccine Action Plan (GVAP) of the Decade of Vaccines.45 Also in 2012, the core partners 

of the Measles and Rubella Initiative (American Red Cross, US Centers for Disease Control 

and Prevention, United Nations Foundation, UNICEF and WHO) launched the Global 

Measles and Rubella Strategic Plan, 2012–2020.46 The plan envisions a world without 

measles, rubella and congenital rubella syndrome with existing global control and regional 

elimination targets as milestones toward this end. The plan includes a five-pronged strategy 

to: 1) achieve and maintain high levels of population immunity by achieving ≥95% 

vaccination coverage with two doses of measles- and rubella-containing vaccines; 2) 

monitor disease using effective surveillance, and evaluate programmatic efforts; 3) develop 

outbreak preparedness and respond rapidly to outbreaks; 4) communicate and engage to 

build public confidence and demand for immunization; and 5) perform the research and 

development needed to support cost-effective operations and improve vaccination and 

diagnostic tools.

In 2011, the WHO updated its guidance on rubella vaccine use with a clear recommendation 

that countries that have not yet introduced rubella vaccine should take the opportunity of 

accelerated measles control and elimination activities to include RCV in their immunization 

program.47 As all countries have elimination targets, their measles vaccine delivery 

strategies provide a platform for advancing rubella and CRS elimination through use of 

combined vaccines (e.g., measles-rubella vaccine, MR, or measles-mumps-rubella vaccine, 

MMR). For countries newly introducing rubella vaccine, the preferred approach is to begin 

with a wide-age range MR campaign followed immediately with introduction of MR or 

MMR vaccine in the routine program – either one or two doses depending on the country 

schedule for measles vaccination. All subsequent follow-up campaigns should use MR 

vaccine or MMR vaccine. In addition, countries should make efforts to reach women of 

childbearing age with immunization of adolescent girls and/or women of childbearing age, 

either through routine services or mass campaigns.

One of the major factors limiting universal use of rubella vaccine has been concern about a 

“paradoxical effect” – that sustained low rubella immunization coverage in infants and 

young children might decrease exposure to rubella during childhood, which may lead to 

increased susceptibility among women of childbearing age compared to the pre-vaccine era 

because such women are neither vaccinated nor exposed to virus. This has the theoretical 

potential to result in an increased risk of CRS above the pre-vaccine era level. Country 

experience and mathematical modeling indicates that to avoid increasing the risk of CRS, 

countries should achieve and maintain immunization coverage of 80% or greater with at 

least one dose of RCV delivered through routine services and/or regular supplementary 

immunization activities* (SIAs).

Because of their high efficacy and relatively low cost, rubella vaccines are highly cost-

effective. In both industrialized countries and less industrialized countries in Latin America 
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and the Caribbean with coverage >80%, cost-benefit studies of rubella vaccination have 

demonstrated that the benefits outweigh the costs and that rubella vaccination is 

economically justified, particularly when combined with measles vaccine.48 However, no 

such studies have been conducted in low-income countries in Africa and Asia.49

Over the past 15 years there has been a gradual increase in the number of countries using 

rubella vaccine in their national immunization program. By 2012, 132 (68%) countries were 

providing at least one dose of RCV (Figure 2), up from 99 (52%) in 2000.44 Rubella 

vaccination coverage through the routine immunization program is almost identical to that 

of measles, because all countries provide rubella vaccine combined with measles or measles 

and mumps vaccines. The proportion of countries having introduced rubella vaccine by 2012 

ranged from 7% in the African Region to 100% of countries in the American and European 

Regions. During 2000–2012, the estimated global coverage with one dose of RCV** 

increased from 22% to 43%; by 2012, the American and European Regions of WHO had 

>93% estimated RCV coverage.50

During 2000–2012, global reported rubella cases decreased 86% from 670,894 to 

94,030;44however, rubella cases are substantially under-reported, particularly in countries 

not yet using rubella vaccine. The greatest decrease in reported rubella cases was a 95% 

decrease in the European Region, from 621,039 to 30,509, and a 99.9% decrease in the 

Americas, from 39,228 in 2000 to only 21 cases in 2012. In other regions, the number of 

cases increased during this period in parallel with the increase in the number of countries 

reporting rubella cases. Compared to reporting of acquired rubella cases, fewer countries 

report CRS cases, though the number increased from 75 (39%) in 2000 to 129 (66%) 

countries in 2012. Compared to model estimates, the number of reported CRS cases is very 

low, with 300 reported CRS cases in 2012 versus a model-based estimate of 110,000 CRS 

cases in 1996.51

Estimates suggest that the burden of CRS in regions that had not yet introduced rubella-

containing vaccination by 2010 may be very high. For example, in 1996, approximately 

22,000 new cases of CRS were born in Africa (uncertainty bounds: 6,127–51,472), and 

approximately 46,000 (uncertainty bounds: 1,016–168,910) and 12,634 (uncertainty bounds: 

1,545–21,396) new cases were born in South East Asia and the Western Pacific regions, 

respectively. Very few countries in these regions had introduced rubella-containing 

vaccination by the year 2010, and therefore the current burden of CRS in these settings is 

likely to be similar to that estimated for 1996.

The second major factor limiting universal use of rubella vaccines is cost – the weighted 

average price for MR vaccine purchased by UNICEF is $0.52 compared with $0.24 for the 

single antigen measles vaccine. In November 2011, the GAVI Board effectively removed 

this barrier by setting aside $554 million to support rubella vaccine introduction in GAVI-

*The primary purpose of SIAs is to reach children who have been missed by routine services. In general, there are two types of SIAs 
targeting different age groups. An initial, nationwide catch-up SIA targets all children aged 9 months to 14 years; its goal is to 
eliminate susceptibility to measles and/or rubella in the general population. Periodic follow-up SIAs then target all children born since 
the last SIA. Follow-up SIAs are conducted nationwide every 2–4 years and target children aged 9–59 months; their goal is to 
eliminate any measles and/or rubella susceptibility that has developed in recent birth cohorts
**Coverage with rubella vaccine is estimated based on first dose measles vaccination coverage

Lambert et al. Page 6

Lancet. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



eligible countries (i.e., for 51 of the remaining 60 countries not yet using RCV). GAVI 

support includes funding for an initial MR mass campaign for all children up to 15 years of 

age as well as a one-time grant to support introduction of RCV in the routine program. In 

2012, six countries (Bangladesh, Cambodia, Ghana, Rwanda, Senegal, Vietnam) 

successfully applied for GAVI funding to introduce rubella vaccine and are in the process of 

introducing the vaccine.

The new GAVI support for introduction of rubella vaccine offers the opportunity to 

accelerate progress toward both rubella and measles elimination by rapidly raising 

population immunity among children age 9 months up to 15 years who typically contribute 

most to virus transmission. To ensure sufficient MR vaccine supply for the campaigns, and 

to allow countries not yet using RCV time to prepare for the switch to MR vaccine as part of 

their routine program, the roll-out is planned over an eight-year period (2013–2020). Full 

implementation of the roll-out will result in nearly 1 billion children receiving MR vaccine 

in the campaigns and an additional 200 million infants receiving MR vaccine as a routine 

first dose (Figure 3). Well conducted post-campaign coverage and/or seroprevalence surveys 

will be required to document the actual coverage achieved in these critically important 

campaigns.

While rubella and CRS are potentially eradicable, lack of awareness and political 

commitment, in part due to the difficulty in documenting the true burden of CRS, as well as 

competing public health priorities, remain the major barriers. At its November 2012 

meeting, the Strategic Advisory Group of Experts (SAGE) concluded that, based on current 

trends and program performance, the current regional measles and rubella elimination 

targets (except for the Americas) will not be achieved on time.52 SAGE urged countries and 

partners to raise the visibility of measles and rubella elimination activities and to ensure that 

they receive adequate priority and resources as a central component of the GVAP.

New Laboratory Diagnostics

Clinical specimens for the diagnosis of rubella by virus detection usually consist of throat 

swabs (TS), oral fluids (OF) or nasopharyngeal secretions, and by antibody detection are 

usually sera or OF.53, 54 The virus has also been found in other specimens, including 

cataract tissue and urine. Urine and TSs or OFs are about equivalent as sources of viral 

RNA, but the ease of obtaining TSs or OFs make these specimens the primary ones that are 

collected.8, 54 Urine is often a source of infectious virus from CRS patients. Specimens for 

virus detection and for IgM/IgG detection can be transported by standard methods.

The timing of specimen collection is important in postnatal rubella. Rubella virus-specific 

IgM is present in sera in only about 50% of rubella cases on the day of rash, but, at five days 

after rash, most rubella cases have detectable rubella-specific IgM. Most rubella cases are 

virus positive on the day of rash and may be positive from seven to ten days post rash.53, 54 

Since postnatal rubella is a mild disease of short duration, special effort is required to obtain 

samples on the day of rash or shortly thereafter. Patients with CRS and congenital rubella 

infection (CRI) are IgM and virus positive for months; therefore, timing is less critical for 

individuals suspected of having CRS or CRI.54
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Alternative specimens, such as dried blood spots (DBS) and OF, have recently been shown 

to be adequate for surveillance of rubella using IgM detection (DBS and OF) and virus 

detection (OF).53, 55–57 Note that diagnostic kits are usually not approved for use with DBS, 

and low IgM levels in OF necessitate the use of sensitive detection assays.

Amplification of rubella virus RNA directly from a clinical specimen using RT-PCR is now 

common. Assays that can reliably detect 3 to 10 copies of rubella virus RNA are necessary 

since many specimens have small amounts of rubella RNA. Real-time and nested RT-PCR 

assays often have this level of sensitivity.58, 59

There is no cell type that reliably produces a cytopathic effect (CPE) in a single passage of 

wild-type viruses. However, virus growth can now be identified in the absence of CPE using 

RT-PCR, IFA, and immunocolorimetric assays (ICA) to detect viral RNA or proteins.60, 61

Sequencing of the rubella virus nucleic acid amplified directly from specimens or from 

infected tissue culture cells can now provide useful information on vaccine versus wild-type 

viruses, on the likely origin of imported cases of rubella and CRS, and for the 

documentation of elimination.62, 63, 64 The sensitivity of the RT-PCR system used to 

generate sequencing templates from infected tissue culture cells is not critical, since the 

amount of rubella viral RNA in rubella virus infected cells is higher than in clinical 

specimens.

Detection of rubella virus-specific IgM by either IgM capture ELISA or indirect IgM ELISA 

is the most common diagnostic test for recent postnatal infection. If acute- and convalescent-

phase sera are available, a four-fold rise in rubella virus-specific IgG (usually by ELISA) is 

also diagnostic for postnatal rubella infection. The same ELISAs may be used to confirm 

CRS and CRI.54

Avidity tests have now been developed that are useful for suspect case classification in 

certain situations (e.g., first serum sample was collected months after clinical symptoms). 

Low avidity anti-rubella IgG suggests recent infection.65 Avidity tests are not widely 

available and vary in performance.66

Laboratory tests supporting surveillance for rubella and CRS in control and elimination 

programs have largely been rubella virus specific IgM tests, supported for some suspect 

cases by techniques that amplify rubella virus RNA.55 However, with the WHA target of 

eliminating rubella in five of the six WHO Regions in the next six years, control programs 

will move into developing countries, and laboratory testing algorithms supporting these 

programs are expected to change. Specifically, advanced molecular techniques and point-of-

care diagnostics for rubella may be used.67, 68

Since the clinical symptoms of postnatal rubella and CRS are dramatically different, it is not 

surprising that there are significant differences in the immune responses of patients with 

these diseases. These differences can be observed on Western blots, in which antibodies in 

sera from CRS patients often demonstrate different reactivity to rubella proteins than those 

from postnatal rubella patients.14 (authors’ unpublished observations)
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In many countries, much of the rubella testing is for immunity to rubella. There are slightly 

different criteria for rubella immunity that are recommended by various groups (most are 10 

or 15 IU/ml).69 Commonly used tests (e.g., ELISA in the United States) are standardized to 

give positive results for 10 IU/ml.70 Other tests (e.g., immunoprecipitation) detect rubella-

specific antibodies, but have not been correlated with immunity. Immunity testing is often 

done commercially. Monitoring of rubella vaccination programs by seroprevalence studies is 

used in some countries.71 The hemagglutinin inhibition (HI) test was once the standard test 

for antibodies to rubella virus, and many current tests were calibrated using HI assays. 

However, this assay is no longer a common diagnostic test. Neutralization tests for virus 

specific antibodies have the advantages over other tests such as ELISA because they assess 

the biologic function of antibodies and can be used with any virus strain. For some viruses 

(e.g., measles), the neutralization test has been developed as the standard assay for 

determinations of immunity.54

The plaque reduction neutralization test (PRN) is performed when a quantitative assessment 

of the neutralizing capacity of an antiserum is necessary. The assay follows a format 

common to many viruses. Such neutralization tests exist for laboratory-adapted rubella virus 

strains in a number of cell types, but an immunocolorimetric neutralization assay for rubella 

virus using a soluble substrate is a significant improvement over plaque development.72 

Signal can be detected in three days instead of 6–11 days for plaques to develop, viewer 

subjectivity in plaque counting is eliminated, and wild-type viruses can be used because 

CPE is not required.60 Furthermore, the detection portion of the assay can be done using a 

microplate washer/dispenser, enhancing throughput by a factor of about three and reducing 

technician hands-on time by a factor of about six (authors’ unpublished observations).

In a recent study conducted by the authors,73 about 2,500 sera were titered by three 

technical staff in only four months using one automated machine, and a microplate washer/

dispenser. More than 400 sera were titered a second time. These repeated assays suggested a 

good degree of reproducibility, with person-to-person differences being more than 8 times 

higher than the observed within-assay variability. This compares favorably to the 

standardized measles PRN (author’s unpublished data).74 The possibility of efficiently 

performing thousands of rubella neutralization titers opens the possibility of routinely using 

this neutralization assay for large studies, such as serosurveys.

Many postnatal rubella cases are asymptomatic and the individual defects found in CRS are 

not specific for CRS. Thus, laboratories bear a considerable burden in rubella and CRS 

diagnosis. For example, when primary rubella virus infection is suspected for a pregnant 

woman, false positives and false negatives may lead to incorrect clinical decisions.75

Rubella Vaccine Immunogenetics

The current live rubella virus vaccine strain licensed for use in the United States is the 

RA27/3 strain. It was first isolated from an infected fetus in the 1960s76 and further 

passaged for attenuation through either the WI-38 or MRC-5 human diploid cell lines.77 It is 

currently administered as a two-dose series in the U.S. as part of the measles-mumps-rubella 

(MMR-II) vaccine. RA27/3 elicits a robust humoral and cellular immune response. As noted 
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above, correlate protective levels of anti-rubella antibodies are defined as titers at or above 

10 IU/ml.70 However, the measurement of rubella-specific humoral immunity using serum 

antibodies can result in a false positives due to a previous parvovirus or Epstein-Barr virus 

infection, or the presence of Rh factor.78, 79, 80 Measuring the response of rubella-specific 

memory B cells in vaccinees may be an alternative correlate and might explain protective 

immunity in those individuals with low levels of serum antibodies.81 The seroconversion 

rate after two doses of MMR-II approaches 99% and antibodies persist for at least 21 

years.82, 83 The high seroconversion rate of 99% is observed as early as 9-months-old after 

receiving the Wistar RA 27/3 live rubella virus vaccine strain.84 With a calculated half-life 

of 114 years, rubella-specific antibodies may even persist for an entire lifetime.85 Although 

excellent seroconversion rates are obtained with RA27/3 vaccination, there are limited 

occurrences of vaccine failure, and this is thought to arise when preexisting antibodies 

neutralize the live viral vaccine strain.86

Distinct patterns of cellular immunity to rubella virus are related to the time elapsed since 

vaccination. Early cellular immunity is marked by an immunosuppressive phenotype 

characterized by an increase in serum IL-10 and TNF-α, coupled with a decrease in IFN-γ 

and the proliferative properties of peripheral lymphocytes.87 However, cellular immunity 

measured in a cohort of 738 schoolchildren several years after vaccination was shifted 

toward a predominantly pro-inflammatory cytokine profile with elevated levels of IL-6, 

GM-CSF, and TNF-α and minimal detection of IL-10.88

There are numerous factors that influence inter-individual variations in immune responses to 

rubella vaccine such as: genetics; age; race; gender; antigenic exposure history (either 

infectious or through vaccination); interference of maternal antibodies still present during 

vaccination; and other confounding environmental variables.89–92 Since rubella virus is 

comprised of a stable and conserved genome93 with similar antigenic responses across 

strains,94 studying the heterogeneity of immune responses to a well characterized live 

rubella virus (strain RA27/3) in a cohort with documented vaccination and infection history 

provides the ability to understand the influence of inter-individual genetic differences.95

A successful model that allows for the control of genetic and certain environmental factors 

is to perform immunogenetic studies in twin subjects. Along with similar (dizygotic) or 

identical (monozygotic) genetic backgrounds, assumptions regarding environmental factors 

can be made that account for twins being raised in the same household. Twin studies also 

offer an exceptional model to study the heritability of immune response to live viral 

vaccines. With this intention, in 100 pairs of twins (45 monozygotic and 55 dizygotic), the 

heritability of rubella antibody levels after vaccination was calculated to be 45.7% (p = 

0.003).91

Polymorphisms in genetic elements controlling the immunity to rubella virus explain a 

significant degree of inter-individual variations in immune response. These genetic elements 

include: HLA alleles; haplotypes; HLA supertypes; single-nucleotide polymorphisms in 

genes involved in innate and antiviral immunity; SNPs in genes not associated with classical 

viral response or immunity, but discovered through genome-wide association studies; and 

whole-genome transcription profiling, as well as other factors.
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The human leukocyte antigens (HLA) play a critical role in immune response to viruses. The 

highly polymorphic nature of HLA genes highlights their importance in contributing to the 

heterogeneity of the immune response to rubella virus. HLA class I and II polymorphisms 

restrict the available repertoire of rubella antigens presented to T cells and therefore 

influence the subsequent immune response. Specific HLA alleles bind to unique motifs of 

rubella-derived epitopes.96,97, 98 In turn, this influences the subsequent immune response to 

vaccination. To investigate this relationship, extensive research has been performed in the 

discovery and replication of the association of HLA genes with inter-individual variations in 

immunity to rubella virus. Several HLA alleles (B*2705, DPA1*0201, DPB1*0401), 

haplotypes (A*03-C*07-B*07, DRB1*04-DQB1*03-DPB1*03, and DRB1*15/16-

DQB1*06-DPB1*03) and a supertype (B27) associated with rubella-specific antibody levels 

have been successfully validated in an independent cohort.99 Discovery associations have 

been made between IL-2 secretion and HLA class II alleles (DQA1*0103, *0301, *0303; 

DQB1*0202, *0402, *0603), and TNF-α secretion with HLA class I alleles (B*3901, 

*4001, *4102, *4403; C*0303, *1601, *1703).100 Unlike other viral infection models where 

HLA homozygosity can have a deleterious effect, homozygosity for HLA-DPB1 was 

associated with increased levels of rubella-specific antibody levels.101 Adverse events have 

also been associated with specific HLA alleles. For example, there is a weak association 

between HLA-DR and transient arthritis-like joint manifestations after rubella 

vaccination.102 A thorough understanding of the genetic influences of HLA polymorphisms 

could inform the development of novel vaccine candidates and screening processes for 

potential adverse events, such as a construct comprised of HLA-specific epitopes that would 

induce immunity across a heterogenetic population. Although variations in HLA loci are 

estimated to account for 20% of inter-individual genetic variations in humoral immunity to 

rubella,99 HLA genes alone do not contribute to all of the genetically associated variations 

observed in immune responses to rubella.

To investigate other genetic contributions, studies next focused on candidate genes with 

known involvement in innate immunity and response to viral infection or vaccination. Initial 

discovery efforts have found: associations between polymorphisms in TNFA/TNFRSF1B 

and IL2B genes with levels of rubella-specific IgG and IL-6;103 associations between 

vitamin A (RARB), RIG-I (DDX58), TRIM5, and TRIM22 polymorphisms and the humoral 

immune response to rubella virus vaccine;104 additional associations of SNPs in vitamin A 

(RARA, RARB, RARG, and TOP2B); vitamin D signaling (RXRA) with rubella virus-

specific cytokine (IFN-y, IL-2, IL-10, TNF-a, and GM-CSF) secretion;105 and OAS gene 

SNPs associated with rubella vaccine-specific humoral and cellular immunity.106 A greater 

percent of genetic impact on immune response to rubella virus can be calculated with the 

combined contribution of findings from HLA and candidate gene studies.

The contribution of inter-individual differences in gene expression in response to rubella 

virus can be assayed through whole-genome transcriptional profiling of peripheral blood 

mononuclear cells from subjects with extreme immunological phenotypes to rubella vaccine. 

For example, high antibody responders (138 IU/mL; 121, 217 IQR) express different levels 

of genes involved in antigen presentation (HLA-A, HLA-B and B2M) and innate immunity 

(EMR3 and MEFV) than low responders (10 IU/mL; 8, 11 IQR).107 These additional 
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findings will assist in the creation of a holistic snapshot of the influence of multiple genetic 

elements on the immune response to rubella virus.

The Mayo Clinic Vaccine Research Group is currently conducting a replication study of all 

HLA and candidate gene SNP associations and two unique GWAS studies in independent 

cohorts to elucidate novel gene polymorphisms associated with inter-individual variations in 

immune responses to rubella vaccine. These novel and exciting data will considerably 

advance the understanding of rubella-specific immunogenetics. The goal of these 

immunogenetic studies is to explain a larger percentage of the genetic elements and inter-

individual variability involved in immunity to live rubella virus vaccine (Figure 4), and in 

return perhaps gain additional insight into those same elements that influence rubella disease 

pathogenesis and severity. This insight, along with a systems-level interrogation of host and 

viral responses, will drive the next-generation of vaccine candidates that progress beyond 

traditional empirical processes, and adopt the novel and progressive approach of 

“Vaccinomics.”108, 109

Future Issues

Significant health policy and public health campaigns in the Americas have demonstrated 

that rubella virus transmission can be interrupted, and the disease eliminated. Political will 

and the global desire to eliminate both rubella and measles are likely to accelerate control 

and eradication advances worldwide. Nonetheless, additional research needs are apparent. 

We do not yet understand what surrogate markers of protection, besides antibody, indicate 

longer term cell-mediated immunity and protection from disease. Additional advancements 

in high-sensitivity, low cost diagnostic assays are needed. We do not have a full 

understanding of potential cell-based rubella receptors, and identification of such receptors 

could be exploited in vaccine design, diagnostics, and the development of potential 

therapeutic candidates. Much more work is needed to more fully understand the 

immunogenetics of rubella humoral and cell-mediated immune responses, and to understand 

the inter-individual variability in the immune response phenotypes to rubella vaccine. 

Additionally, a systems-level approach to understanding the development and maintenance 

of acute and long-term immunity to rubella and rubella vaccine is needed. Rubella as a 

human pathogen, and the devastating toll of human misery and morbidity it causes, are 

controllable and preventable with current technologies, but having, for example, a vaccine 

that does not require a cold chain, nor sophisticated health care workers to administer it, 

would be a great advantage and research imperative. Additionally, it would be beneficial to 

have a non-live viral vaccine that could be used in all patients and populations. Imperative is 

the need for global cooperation in creating a world free of rubella.
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Figure 1. Frequency of laboratory confirmed rubella cases age in years in the African Region, 
2002–2009
Frequency of laboratory confirmed rubella cases (as reported by countries using measles 

case-based surveillance) by age in years with a cumulative age distribution curve, 2002–

2009, World Health Organization African Region, N = 25,097. (Reprinted with permission 

from: Goodson JL, et al. Rubella epidemiology in Africa in the prevaccine era, 2002–2009. 

Journal of Infectious Diseases 2011. Suppl 1:S215–25.)
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Figure 2. Distribution of countries using rubella vaccine in their routine immunization schedule 
in 2012 and countries planning introduction during 2013–2015
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Figure 3. Transition from measles vaccine to combined measles-rubella vaccine Projected 
number to be vaccinated by year and vaccine, 2013–2u020
“SIA” is Supplemental Immunization Activity, usually a mass vaccination campaigns 

targeting persons in a wide age range regardless of prior vaccination status. “M” is measles 

vaccine alone while “MR” is combined Measles Rubella vaccine. Catch-up SIAs are first 

SIAs to boost overall population immunity. In measles, for example, most catch-up SIAs 

covered children 9 months through 14 years of age. Follow-up SIAs usually take place 

several years after the catch-up SIA and usually target a narrower age range, covering 

children born since the last SIA. For measles, this is usually 9 months through 4 years of 

age.

Source: WHO/Expanded Programme on Immunization as at 1 December 2013. Information 

is subject to change based on country decisions on when to introduce rubella vaccine in the 

194 WHO Member States.
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Figure 4. Genetic influences on differences in rubella-induced immunity
Single nucleotide polymorphisms (SNPs) in receptors known to play a role in innate and 

antiviral immunity (cytokine/cytokine receptors, vitamin receptors, TLRs) are associated 

with measurable differences in humoral (antibody titers) and cellular (secreted cytokines) 

immunity after rubella vaccination. A number of HLA (Class I and Class II) alleles and 

haplotypes are also associated with differences in rubella-specific immunity. A hypothetical 

subject with a High Responder Genotype (CG SNP allele) represents a holistic compilation 

of SNPs discovered by interrogating polymorphisms present in candidate genes exhibits 
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increased humoral and cellular responses to rubella vaccination. Low Responder Genotype, 

however, displays a hypo-immune phenotype to rubella vaccination and this may be 

influenced by multiple SNPs (TA SNP allele) in candidate genes. There are also unknown 

immunogenetic factors influencing immunity to rubella vaccine. These factors will be 

explored through Genome-wide association studies (GWAS), next-generation sequencing, 

and systems biology approaches.
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