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Immunogenicity and persistence of trivalent measles,
mumps, and rubella vaccines: a systematic review and
meta-analysis

Julie Schenk, Steven Abrams, Heidi Theeten, Pierre Van Damme, Philippe Beutels, Niel Hens

Summary

Background Despite the universal use of the two-dose trivalent measles-mumps-rubella (MMR) vaccine in the past
two decades, outbreaks of these diseases still occur in countries with high vaccine uptake, giving rise to concerns
about primary and secondary failure of MMR vaccine components. We aimed to provide seroconversion and waning
rate estimates for the measles, mumps, and rubella components of MMR vaccines.

Methods In this systematic review and meta-analysis we searched PubMed (including MEDLINE), Web of Science,
and Embase for randomised controlled trials, cohort studies, or longitudinal studies reporting the immunogenicity
and persistence of MMR vaccines, published in English from database inception to Dec 31, 2019. Studies were
included if they investigated vaccine-induced immunity in healthy individuals who received a trivalent MMR vaccine,
including different dosages and timepoints of vaccine administration. Studies featuring coadministration of MMR
with other vaccines, maternal immunity to the MMR vaccine, or non-trivalent formulations of the vaccine were
excluded. Pooled seroconversion and waning rates were estimated by random-effects meta-analyses. This study is
registered with PROSPERO, CRD42019116705.

Findings We identified 3615 unique studies, 62 (1-7%) of which were eligible for analysis. Estimated overall
seroconversion rates were 96-0% (95% CI 94-5-97-4; I2=91-1%) for measles, 93-3% (91-1-95-2; 2=94-9%) for
mumps when excluding the Rubini strain, 91-1% (87-4-94-1; I2=96-6%) for mumps when including the Rubini
strain, and 98-3% (97-3-99-2; I2=93.0%) for rubella. Estimated overall annual waning rates were 0-009 (95% CI
0-005-0-016; I2=85-2%) for measles, 0-024 (0-016-0-039; 12=94-7%) for mumps, and 0-012 (0-010-0-014;

12=93-3%) for rubella.

Interpretation Our meta-analysis provides estimates of primary and secondary vaccine failure, which are essential to
improve the accuracy of mathematical and statistical modelling to understand and predict the occurrence of future
measles, mumps, and rubella outbreaks in countries with high vaccine uptake.

Funding European Research Council.
Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction

Vaccines offer direct protection against infection and, by
decreasing the pool of susceptible hosts in a population,
provide indirect protection of unvaccinated individuals
through herd immunity.! Despite high vaccine uptake,
vaccine-preventable disease outbreaks still occur in un-
vaccinated clusters within highly vaccinated populations.
A relatively small proportion of the cases might be due
to primary vaccine failure—the individual lack of sero-
conversion or adaptive immune response after vacci-
nation; or secondary vaccine failure—the gradual loss
of immunity over time after vaccination (ie, waning
immunity).? Vaccine efficacy and effectiveness, influenced
by primary and secondary vaccine failure, are essential
inputs for immunisation policy.*

Globally, most countries immunise against measles
using one of the many available measles-mumps-rubella
(MMR) vaccines. Numerous measles outbreaks have been
reported during the past two decades in various parts of

the world, including Europe. In the Americas, measles
elimination was declared in 2016, but recent outbreaks
have raised concerns about the sustainability of
elimination.” Since the 1990s, regional elimination targets
have been reset for various reasons, but the past
decade has seen a general increase in vaccine hesitancy
among the general public, particularly towards MMR
vaccination. In 1997, the WHO Regional Office for Europe
proposed a European-wide phased measles elimination,
distinguishing groups of countries depending on their
progress towards elimination.® This strategy was based on
achieving and maintaining immunity to measles at levels
that mathematical modelling estimated to be necessary
for European-wide elimination of the disease by 2007 It
assumed high vaccination coverage, particularly for the
first dose, leading to potentially cost-saving elimination
strategies.” Dwindling population-level immunity globally,
especially in children aged 5-9 years, needs to be raised
together with improved immunity in older age groups.”
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Research in context

Evidence before this study

We searched PubMed (including MEDLINE), Web of Science, and
Embase with the terms “measles”, “mumps”, “rubella”, “MMR”,
primary vaccine failure”,

“immunogenicity”,

“persistence”, “waning”, or “secondary vaccine failure”,

to pinpoint all articles published in English from database
inception to Dec 31, 2019. Studies were included if they
investigated the vaccine-induced immunity in healthy
individuals who received at least one dose of trivalent
measles-mumps-rubella (MMR) vaccine. The primary aim of this
systematic review was to provide a comprehensive overview of
the existing body of evidence and consequently to estimate
seroconversion and waning rates, relying on random-effects
meta-analysis estimates using the DerSimonian-Laird estimator
for the between-study variability. Several authors have reviewed
the existing literature on immunogenicity and persistence of
MMR vaccines; nevertheless overall estimates of

seroconversion and vaccine failure are not readily available
inthe literature.

"o

seroconversion”,

The current WHO 2020 measles and rubella elimination
target is now generally considered to be unattainable
and must be revised, as vaccine-induced immunity levels
decline below the target values in various age groups.”
Numerous mumps outbreaks have also been reported,**
but no large-scale rubella outbreaks have been docu-
mented in countries with high MMR vaccination coverage
and a catch-up vaccination programme.”

Declining immunity in parts of the world is thought to
have three main causes: declining vaccination uptake or
staying below target uptake level in subpopulations;
waning vaccine-induced protection, reinforced by the
decline in natural boosting of immunity by exposure; and
historically low vaccine coverage in individuals older than
20 years of age. Vaccine hesitancy flares up when incidence
of the disease declines through so-called prevalence-elastic
vaccine demand,” with scarcity of the disease influencing
the perception of the trade-off between vaccine-preventable
disease and risks of adverse events caused by the
vaccination.”

The level (immunogenicity) and duration (persistence)
of MMR vaccine-induced immunity through IgG anti-
bodies is documented in many studies, but overall
estimates of MMR seroconversion and vaccine failure
are scarce in the literature. Therefore, we systematically
reviewed primary and secondary vaccine failure estimates
for MMR vaccines, and did meta-analyses to estimate the
overall seroconversion and waning rates as proxies
for primary and secondary vaccine failures for measles,
mumps, and rubella immunity. We considered the
presence of antibodies against these three diseases as a
proxy of immunity, although an absence of antibodies
does not equate no protection, as cellular immunity also
provides some degree of protection.”

www.thelancet.com/infection Vol 21 February 2021

Added value of this study

In this systematic review, we identified 3615 unique studies
across 24 countries to quantify primary and secondary vaccine
failure for the three components in combined MMR vaccines.
Our meta-analysis results provide accurate and up-to-date
information on seroconversion and waning immunity after
MMR vaccination.

Implications of all the available evidence

Our paper considers the combined scientific evidence to estimate
both the level of MMR vaccine-induced humoral immunity, and
how this wanes over time, after a single dose or two doses of
MMR vaccine at a given age. This estimation will directly improve
the parametrisation of mathematical models, and therefore also
their accuracy, as well as the relevance and certainty of policies
based on those models. This work contributes to identifying how
vaccination schedules could be adapted and what level of
vaccination coverage should be reached, to prevent the
resurgence of measles, mumps, and rubella worldwide.

Methods

Search strategy and selection criteria

We followed the PRISMA guidelines (appendix pp 2-3)
and preregistered our protocol.®® Four researchers
(JS, SA, PB, and NH) predefined inclusion and exclusion
criteria (appendix p 10). Studies eligible for inclusion
were those that: investigated vaccine-induced immunity
in healthy individuals on administration of a trivalent
MMR vaccine; investigated various timings of vaccine
administration, different timepoints after vaccination at
which immunity against the target pathogen was studied,
including both single-dose MMR vaccination as well as
second-dose administration of vaccine; and were rando-
mised controlled trials, cohort studies, or longitudinal
studies. Ineligible studies were those that investigated:
maternal immunity related to the trivalent MMR
vaccine; MMR vaccination in pregnant or non-healthy or
immunocompromised individuals; a tetravalent measles-
mumps-rubella-varicella (MMRV) vaccine only; the effect
of simultaneous vaccination with MMR vaccine and
other vaccines (coadministration); and monovalent or
bivalent vaccines of measles, mumps, or rubella. Studies
were also excluded if they were conference proceedings,
letters to the editor, or review papers (except if they were
concerning primary or secondary MMR vaccine failure);
or were cross-sectional serological surveys, outbreak and
case-report studies, studies with unclear description of
methods or with no usable data, or in-vitro experiment or
animal studies.

We searched PubMed (including MEDLINE), Web of
Science, and Embase for eligible articles published in
English from database inception to Dec 31, 2019, using
the search terms “measles”, “mumps”, “rubella”, “MMR”,
“Immunogenicity”, “seroconversion”, “primary vaccine

See Online for appendix
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failure”, “persistence”, “waning”, or “secondary vaccine
failure” (appendix pp 5-9). Two researchers (JS and SA)
independently screened the search results by title, abstract,
keywords, and full text if necessary (if there was any doubt
after reviewing the title and abstract). Publications
considered eligible were retained for review of the full text
obtained through online downloads, interlibrary loans, or
email communication with the corresponding author.
Eligibility was confirmed after reading the full text. In
addition, all references in the Cochrane review concerning
MMR vaccination® that met the inclusion criteria were
reviewed. Additional articles were identified for analysis by
screening reference lists of articles already selected for
review. All full texts considered eligible by both reviewers
were included in the final review. In five cases of dis-
agreement, a third reviewer (NH) was consulted to make a
final decision regarding article eligibility.

Data analysis

Duplicate publications were identified using Endnote X8
before two reviewers (JS and SA) extracted data including
study and patient characteristics, vaccine information (no
restriction based on vaccines or strains, administration
route, or detection method used), seroconversion rates, and
persistence of immunity. Quality of the eligible studies was
evaluated according to the Cochrane risk-of-bias tool* by
both reviewers independently. In two cases a third reviewer
(NH) was consulted to make a final decision regarding the
quality of the data. Publication bias was investigated by con-
structing a funnel plot and formally tested using the test by
Peters and colleagues” for seroconversion studies, and
Egger’s test” for persistence studies.

For each eligible immunogenicity study, we estimated
seroconversion rates as the proportion of individuals
who were seropositive for anti-measles, anti-mumps,
and anti-rubella IgG after MMR vaccination in the
total number of vaccinated participants, together with
95% Clopper-Pearson exact confidence limits.® Sero-
conversion after the second MMR dose was measured in
the seronegative individuals.

For waning vaccine-induced immunity, we derived the
exponential waning rates using three different methods
according to the data from each study. First, if only the
study duration together with the number of seropositive
individuals at the end of the study was given, and starting
from a documented 100% seroconverted population,
we calculated an empirical estimate of the waning
rate. Second, if persistence was reported over time
in different individuals, we used a generalised linear
model for a binary outcome to estimate an exponential
waning rate. Third, repeated measurements over time in
the same individuals were analysed using a generalised
estimating equations® approach. The annual exponential
waning rate represents the decay in seropositivity. For
example, 10 years after vaccination, the expected loss
of seropositivity equals 8-6% (=[1-e™">"]x100), with
0-009 taken as the annual waning rate (appendix p 11).

Study-specific rates were combined per component,
taking information from vaccine strains and both MMR
vaccine doses together, to obtain overall seroconversion
and waning rate estimates using a meta-analysis
random-effects model with the DerSimonian-Laird
estimator for the between-study variability.”?* The
Freeman-Tukey double arcsine variance-stabilising
transformation,” which allows calculation of an overall
proportion from a set of proportions, was used for the
seroconversion rates; waning rates were log-transformed
before pooling, after which, pooled estimates were back-
transformed. Inverse-variance weighting was used and
ClIs for the combined effects were constructed using the
Knapp and Hartung method,” which provides an
adjustment to the SEs to account for uncertainty in 12,
the (total) amount of heterogeneity or variability among
the different studies.

We investigated heterogeneity in the estimated overall
seroconversion and waning rates using the I2 statistic.”
As a secondary analysis, we subdivided studies by
vaccine strain for measles and mumps to estimate
strain-specific seroconversion rates, but not for rubella
as there is only one dominant rubella strain. A sub-
division based on the method of detection (ELISA or
other test) was done to determine any influence on
the estimated MMR seroconversion rates. As there are
suspected differences in amounts of heterogeneity
within the different measles and mumps strains, and
the method of detection, we fitted a single mixed-effects
meta-regression model with strain as fixed effect for
measles and mumps and used a two-sided omnibus test
(appendix pp 12-13).*

All statistical analyses were done at a 5% significance
level, using the statistical software packages metafor (for
primary vaccine failures) and meta (for secondary vaccine
failures) in R version 3.4.3.%* This study is registered with
PROSPERO, CRD42019116705.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

Results

Of 6029 records identified, 3615 were screened after
removing duplicate records, and 147 were selected for full-
text review (figure 1). Four studies concerning MMRV
vaccination with an MMR vaccine group as the control
group, and six articles identified via reference checking
were added. In total, 62 studies were identified (table),
50 for MMR immunogenicity and 12 for MMR persistence;
23 studies (37%) were done in Europe, 17 (27%) in Asia,
13 (21%) in North America, five (8%) in central America or
South America, and one (2%) in Australia. Three studies
(5%) were done in more than one country.
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6029 records identified by database search
(PubMed, Web of Science, and Embase)

—p| 2414 duplicates excluded

v

3615 unique records for screening
(titles and abstracts)

3468 records excluded

181 non-English articles

292 studies with non-healthy individuals

298 animal studies or in-vitro
experiments

532 studies of other vaccines or
coadministration or MMRV vaccine
only

247 monovalent or bivalent measles,
mumps, or rubella vaccines

412 reviews

133 conference proceedings or letters
to author or books

287 about MMR vaccine but outcome
not of interest

1086 outcome not of interest

v

147 records reviewed (full texts)

4 articles included
from MMRV
vaccine studies |

6 articles included
from references

94 records excluded
13 coadministration, third dose,
or monovalent vaccine studies
L 5 same data used in a former study
18 not accessible or no response from
author
3 systematic reviews and meta-analysis
56 no quantitative data or usable data

A 4

50 records included for immunogenicity
(seroconversion)
12 records included for persistence (waning)

Figure 1: Study selection
Some of the 62 records included had data on more than one MMR vaccine.
MMRV=measles-mumps-rubella-varicella. MMR=measles-mumps-rubella.

Most of the included articles were clinical trials,
observational studies, or longitudinal follow-up studies
(table). ELISA was the most frequently used method to
detect IgG antibodies against measles, mumps, and
rubella (appendix pp 30-35). Immunogenicity and
persistence was evaluated for both the first and second
MMR vaccination doses in healthy individuals aged from
8 months to 44 years (appendix pp 27-29). Characteristics
of the included publications concerning MMR vaccine
persistence are presented in the appendix (pp 36—40).
Different forms of the MMR vaccine were used in the

www.thelancet.com/infection Vol 21 February 2021

Total (n=62) Seroconversion Waning
studies (n=50)  studies (n=12)
Region
Europe 23 (37%) 15 (30%) 8 (67%)
Asia 17 (27%) 17 (34%) 0
North America 13 (21%) 9 (18%) 4 (33%)
Central America 2 (3%) 2 (4%) 0
South America 3(5%) 3(6%) 0
>1 region 3(5%) 3(6%) 0
Australia 1(2%) 1(2%) 0
Study design
Clinical trial 14 (22%) 14 (28%) 0
Follow-up study 13 (21%) 2 (4%) 11(92%)
Randomised trial 13 (21%) 12 (24%) 1(8%)
Prospective study 11 (18%) 11(22%)
Randomised 11 (18%) 11 (22%)
controlled trial
Administration route
Subcutaneous 29 (47%) 28 (56%) 1(8%)
Intramuscular 1(2%) 1(2%) 0
Other* 3 (4%) 3(6%) 0
Not available 29 (47%) 18 (36%) 11(92%)
Vaccine (n=87)
MMR-II (Merck) 30 (34%) 20 (28%) 10 (62%)
Priorix 16 (18%) 15 (21%) 1(6%)
Not available 12 (14%) 11 (16%) 1(6%)
Triviraten 5(6%) 5(7%) 0
Trimovax 5(6%) 5 (7%) 0
MMR-Vax 3 (4%) 3(4%) 0
Serum MMR 3(4%) 3(4%) 0
Pluserix 2 (2%) 0 2 (13%)
Tresivax 2 (2%) 2 (3%) 0
MMR (Razi Institute) 2 (2%) 2 (3%) 0
Cadila MMR 2 (2%) 2 (3%) 0
Othert 5 (6%) 3 (4%) 2 (13%)
87 vaccine combinations were used in the 62 studies identified. MMR=measles-
mumps-rubella. *Aerosol versus subcutaneous, subcutaneous versus intramuscular,
or disposable syringe jet injector versus needle-syringe. tMMR(SPIIPL), Berna MMR,
Immravax, JCV-001, or Trivirix.
Table: Study characteristics

eligible studies (table), and MMR-II (Merck) was the most
frequently used (30 [34%] of 87 vaccination groups).

Overall estimated seroconversion rates were 96-0%
(95% CI 94.5-97-4) for measles (figure 2), 91-1%
(87-4-94-1) for mumps (figure 3), and 98-3% (97-3-99-2)
for rubella (appendix p 41). Excluding the Rubini strain,
the overall estimated seroconversion rate for mumps was
93-3% (91-1-95-2; 12=94-9%). There was no significant
difference in seroconversion rates after the first and the
second MMR doses (p=0-77 for measles, p=0-50 for
mumps, and p=0-11 for rubella), and the rates are con-
sidered independent of age at vaccination (appendix p 17).
We found no regional differences in the overall sero-
conversion rates (appendix p 21).

289



Articles

290

n/N Seroconversion
rate, % (95% Cl)
MMR 158 (2019) 1017/1019 - 99-8 (99:3-100-0)
dos Santos et al (2019) 1410/1563 - 90-2 (88:6-91-6)
Nakayama et al (2019) 49/49 —a 100-0 (92:7-100-0)
Joshi etal (2018) 22/22 - 100-0 (84-6-100-0)
Bavdekar et al (2018) 105/111 - 94-6 (88-6-98.0)
Sood et al (2017) 87/87 —= 100-0 (95-8-100-0)
Wiedmann et al (2015) 1055/1087 | 97-1 (95-9-98-0)
He et al (2014) 277/280 - 989 (96-9-99-8)
Prymnula et al (2014) 898/919 | 97-7 (96-5-98-6)
Tababtabaei et al (2013) 177/237 —.-— 74-7 (68-6-80-1)
Saffar et al (2011) 94/113 — 832 (75-0-89-6)
Lee et al (2011) 90/91 —= 98-9 (94-2-100-0)
Gomber et al (2011) 43/66 —_— 652 (52-4-76'5)
Rumke et al (2011) 95/104 — 913 (84-2-96-0)
Diaz-ortega et al (2010) 87/92 —- 94-6 (87-8-98-2)
Khalil et al (2008) 55/57 — - 965 (87-9-99-6)
Lim etal (2007) 104/104 — 100-0 (96-5-100-0)
Dos Santos et al (2006) 131/132 —- 99:2 (95-9-100-0)
Feiterna-Sperling et al (2005) 400/408 || 98.0 (96-2-99-1)
Redd et al (2004) 931/990 - 94-0 (92:4-95-4)
Yavad et al (2003) 186/202 — . 921 (87:5-95-4)
Lee et al (2002) 49/49 —= 100-0 (92-7-100-0)
Stuck et al (2002) 145/153 —-— 94-8 (90-0-977)
Nolan et al (2002) 70/72 —- 972 (90-3-99-7)
Ceyhan etal (2001) 756/937 - 807 (78:0-83-2)
Gothefors et al (2001) 16/17 E—— 94-1(71:3-99-9)
208136/016 (2001) 55/63 —_—- 87-3 (76:5-94-4)
208136/007 (2001) 537/543 | 989 (97:6-99-6)
Klinge et al (2000) 110/118 —-— 93-2 (87-1-97-0)
Crovari et al (2000) 677/682 [} 993 (98:3-99-8)
Khalil et al (1999) 60/85 — = 70-6 (59:7-80-0)
Gatchalian et al (1999) 118/119 —m 99-2 (95-4-100-0)
Mitchell et al (1998) 102/126 —_—- 81.0 (73:0-87-4)
Schwarzer et al (1998) 312/313 [ ] 99.7 (98-2-100-0)
Usonis et al et al (1998) 250/252 - 992 (972-99-9)
Forleo-Neto et al (1997) 100/111 —- 90-1 (83:0-94-9)
Bhargava et al (1995) 89/89 —m 100-0 (95-9-100-0)
Cohnetal (1994) 38/43 _— . 884 (74-9-96-1)
Edees etal (1991) 128/138 —- 92-8 (87-1-96-5)
Dunlop et al (1989) 188/197 —- 95-4 (91-5-97-9)
Robertson et al (1988) 200/215 —-— 930 (88-8-96-0)
Bottiger et al (1987) 121/126 — - 96:0 (91:0-98-7)
Bottiger et al (1987) 79/92 — - 859 (77-0-92-3)
Christenson et al (1983) 121/126 — - 96-0 (91-0- 98-7)
Isozaki et al (1982) 59/60 . 98-3 (91-1-100-0)
Lerman et al (1981) 87/91 o 95-6 (89-1-98-8)
Ehrenkranz et al (1975) 70/71 J— 98-6 (92:4-100-0)
Bloom et al (1975) 181/182 - 99.5 (97-0-100-0)
Overall [ 2 96.0 (94-5-97-4)
T T T T T T T T T 1
S HLSOP O PPS
Estimated measles seroconversion rate (%)

Figure 2: Forest plot of the seroconversion rates for measles

The overall seroconversion rate estimate was obtained from a meta-analysis random-effects model with the DerSimonian-Laird estimator. ’=91-1%

(95% Cl 88-6-94-8). 95% Cls for the individual studies were Clopper-Pearson exact confidence limits. References for included studies are given in the appendix
(pp 46-54). n=number of seropositive patients. N=total number of individuals tested.
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Strain n/N Seroconversion
rate, % (95% Cl)
MMR 158 (2019) rit 4385 736/736 - 100.0 (99-5-100-0)
MMR 158 (2019) Jeryl Lynn 283/283 [] 100-0 (98-7-100-0)
dos Santos et al (2019) rit 4385 310/392 —.— 791 (74-7-83-0)
dos Santos et al (2019) Others 911/1171 - 77-8 (75:3-80-1)
Nakayama et al (2019) rit 4385 45/48 e 93-8 (82:8-987)
Joshi et al (2018) Hoshino 101/101 = 100-0 (96-4-100-0)
Bavdekar et al (2018) Leningrad-Zagreb 291/295 m 986 (96-6-99-6)
Sood et al (2017) Hoshino 172/183 —. 94-0 (89:5-97-0)
Sood et al (2017) Leningrad-Zagreb 84/90 — 933 (86:1-97-5)
Wiedmann et al (2015) Jeryl Lynn 1069/1082 [ ] 98-8 (98-0-99-4)
He etal (2014) Others 247/280 —.— 882 (83-8-917)
Prymnula et al (2014) rit 4385 813/887 - 917 (89-6-93-4)
Tababtabaei et al (2013) Hoshino 225/237 - 94-9 (913-97-4)
Saffar et al (2011) Hoshino 95/116 — - 81.9 (73.7- 88-4)
Gomber et al (2011) Leningrad-Zagreb 13/13 JE— 100-0 (75:3-100-0)
Lee etal (2011) rit 4385 40/45 - = 88.9 (75:9-96-3)
Lee etal (2011) Jeryl Lynn 40/47 —_—a 85-1 (71-7-93-8)
Rumke et al (2011) rit 4385 75/103 [ — 72-8 (63-2-81-1)
Diaz-ortega et al (2010) Rubini 81/154 — 526 (44-4-607)
Diaz-ortega et al (2010) Jeryl Lynn 44/68 B 64-7 (52:2-75-9)
Lim et al (2007) rit 4385 106/108 —=- 981 (935-99-8)
Dos Santos et al (2006) Leningrad-Zagreb 66/67 —= 98.5 (92:0-100-0)
Dos Santos et al (2006) Jeryl Lynn 56/58 — - 96-6 (88-1-99-6)
Dos Santos et al (2006) Urabeam 9 63/66 — e 955 (87:3-99-1)
Feiterna-Sperling et al (2005) Jeryl Lynn 179/196 —- 91-3 (86:5-94-9)
Feiterna-Sperling et al (2005) Others 164/212 - 77-4 (711-82-8)
Redd et al (2004) Jeryl Lynn 876/956 - 91-6 (89:7-933)
Yavad et al (2003) Others 198/202 - 98.0(95-0-99:5)
Lee etal (2002) rit 4385 143/153 —- 935 (88:3-96-8)
Lee et al (2002) Jeryl Lynn 46/47 — = 97-9 (88-7-99-9)
Stuck et al (2002) rit 4385 49/51 - = 96-1 (86:5-995)
Stuck et al (2002) Jeryl Lynn 44147 — - 93-6 (82:5-987)
Stuck et al (2002) Rubini 11/56 P 19.6 (10-2-32-4)
Nolan et al (2002) rit 4385 115/119 —. 96-6 (91-6-99-1)
Ceyhan et al (2001) Urabeam 9 482/495 - 97-4 (95-6-98-6)
Gothefors et al (2001) rit 4385 29/31 _— - 93.5 (78-6-99-2)
Gothefors et al (2001) Jeryl Lynn 38/38 —a 100-0 (90-7-100-0)
208136/016 (2001) rit 4385 56/61 —- 91-8 (81-9-97-3)
208136/007 (2001) rit 4385 500/532 - 94-0 (91-6-95-8)
Klinge et al (2000) Jeryl Lynn 114/118 —- 966 (91-5-99-1)
Crovari et al (2000) rit 4385 483/498 - 97-0 (95-1-98-3)
Crovari et al (2000) Rubini 52/147 — - 35-4 (27-7-437)
Khalil et al (1999) Rubini 10/43 —_—— 233 (11-8-38.6)
Khalil et al (1999) Jeryl Lynn 39/42 — e 92.9 (80-5-98-5)
Gatchalian et al (1999) rit 4385 95/106 — - 89-6(82:2-94.7)
Gatchalian et al (1999) Jeryl Lynn 32/34 - 94-1 (80-3-99-3)
Mitchell et al (1998) Jeryl Lynn 98/128 — - 766 (68-3-83-6)
Schwarzer et al (1998) Rubini 171/173 - 98-8 (95-9-99-9)
Schwarzer et al (1998) Jeryl Lynn 145/147 - 98.6(95-2-99-8)
Usonis et al (1998) rit 4385 155/166 —- 93-4 (88-5-96-6)
Usonis et al (1998) Jeryl Lynn 78/83 - 94.0 (86-5-98.0)
Forleo-Neto et al (1997) Urabe am 9 180/181 - 99-4 (97-0-100-0)
Bhargava et al (1995) Leningrad-Zagreb 82/89 - = 921 (84-5-96-8)
Edees et al (1991) Urabeam 9 94/107 R 87.9 (80-1-93-4)
Dunlop et al (1989) Urabeam 9 180/186 - 96-8(93-1- 98-8)
Robertson et al (1988) Urabeam 9 210/212 - 991 (96-6-99-9)
Bottiger et al (1987) Jeryl Lynn 129/140 —.— 921 (86:7-96-0)
Bottiger et al (1987) Jeryl Lynn 106/131 — - 809 (73-1-87-3)
Christenson et al (1983) Jeryl Lynn 129/140 — - 921 (86:4-96.0)
Isozaki et al (1982) Urabe am 9 34/60 —_—-— 567 (432-69-4)
Lerman et al (1981) Jeryl Lynn 81/91 — - 89.0 (80-7-94-6)
Ehrenkranz et al (1975) Jeryl Lynn 68/72 — - 941 (85-6-98-4)
Bloom et al (1975) Jeryl Lynn 179/182 -- 98-4(953-997)
Overall Hoshino - 925 (81-6-99-0)
Leningrad-Zagreb - 96-6(91-6-100-0)
rit 4385 : 93-4(87-9-97-4)
Jeryl Lynn i 93-9(89-6-97-1)
Rubini 2 49-9(34-2-65°5)
Urabe 9 am i 935 (85-5-98-6)
Others 84-6(94-9-100-0)
Al < 911 (87-4-94-1)

S5
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Figure 3: Forest plot of the
seroconversion rate for
mumps per strain and overall
The overall seroconversion
rate estimate per strain was
obtained from a single mixed
model, strain as a fixed effect,
with the DerSimonian-Laird
estimator. ’=96-6%

(95% C196-5-98-4). 95% Cls
for the individual studies were
Clopper-Pearson exact
confidence limits. References
for included studies

are given in the appendix

(pp 46-54). n=number of
seropositive patients. N=total
number of individuals tested.
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Dose Waning rate (95% Cl)
Boulianne et al (1995) One 0-023 (0-016-0-033)
Miller et al (1995) One —_—— 0-007 (0-003-0-018)
Poethko-Mller et al (2012)  One — 0-018 (0-015-0-022)
Broliden et al (1998) One [+ 0-001 (0-004-0-003)
LeBaron et al (2007) One —— 0-002 (0-0004-0-006)
LeBaron et al (2007) One — 0-006 (0-002-0-007)
LeBaron et al (2007) Two —_— 0-009 (0-002-0-015)
Davidkin et al (2008) Two — 0-003 (0-0008-0-008)
Poethko-Mller et al (2012) ~ Two — 0-014 (0-012-0-016)
Carryn et al (2019) Two — 0-007 (0-003-0-011)
Overall Dose one 4 0-008(0-002-0-024)

Dose two ’ 0-009(0-003-0-021)

Overall ’ 0-009(0-005-0-016)

0-0001 0-0I125 O-(;ZS 0-0I375

Estimated measles exponential waning rate

Figure 4: Forest plot of the waning rate for measles

The waning rate estimates for dose one, dose two, and both doses combined for measles was obtained from a
meta-analysis random-effects model, with the DerSimonian-Laird estimator. ’=85-2% (95% Cl 74-4-91-4) for both
doses combined. References for included studies are given in the appendix (pp 46-54).
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Certain measles, mumps, and rubella strains are less
immunogenic than others, especially the mumps comp-
onent. Therefore, we did a meta-analysis subgrouping the
studies on the basis of measles and mumps strains, but
not rubella, as most studies used the RA 27/3 rubella
strain (appendix pp 18, 20). Differences between measles
strains were not significant (p=0-60), but a significant
difference was found between mumps strains (p<0-0001).
After excluding the Rubini strain, this difference did
not persist (p=0-66). Additionally, when subdivided
on the basis of serological test (ELISA or other tests),
seroconversion rates were generally higher when ELISA
was used. However, this difference between tests was only
significant for measles (p=0-043), with no significant
differences found for mumps (p=0-14) or rubella (p=0-74).

Combining all MMR vaccine types, annual expo-
nential waning rates after the first dose were 0-008
(95% CI0-002-0-024) for measles, 0-039 (0-028-0-056)
for mumps, and 0-014 (0-012-0-017) for rubella, and
after the second dose were 0-009 (0-003-0-021)
for measles, 0-016 (0-008-0-031) for mumps, and
0-010 (0-009-0-012) for rubella. Overall annual
exponential waning rates for doses 1 and 2 combined
are estimated to be 0-009 (0-005-0-016; 12=85-2%) for
measles, 0-024 (0-016-0-039; 12=94-7%) for mumps,
and 0-012 (0-010-0-014; 12=93 - 3%) for rubella (figure 4,
appendix pp 43-44). The seroconversion and waning
rates with different estimators for the between-study
variance are displayed in the appendix (p 19).

A simple hypothetical projection based on the overall
meta-analysis results, to display how the proportion
seroconverted in a group of 100 vaccinated individuals
would evolve over a time span of 50 years, is shown in
the appendix (p 45). This projection assumes that every
MMR vaccine recipient received a single dose of MMR

vaccine and that they are not exposed to wild-type viruses
at any time after vaccination. After 35 years, for instance,
the proportion of individuals who became seronegative
was about 30% (95% CI 14-2-46-1) for measles,
65% (36-8-80-1) for mumps, and 35% (31-3-43-3) for
rubella.

The results of the risk-of-bias assessment, summarising
the proportions of outcomes categorised as high, low, and
unclear risk of bias, from all included articles together, are
shown in the appendix (p 22). Because not all questions
were applicable for all studies, a not applicable category
was added. The main source of risk of bias was lack of
blinding of all outcomes, which in some studies was not
possible or not applicable. Studies that involved a
comparison between two or more vaccines considered
blinding of outcomes, whereas some studies only
investigated one MMR vaccine and thus blinding was not
performed. Only three (5%) of the 62 studies had a high
risk of measurement bias. In some cases there was
insufficient information to determine the risk of allocation
concealment or how missing data were handled. In addit-
ion, separate funnel plots were constructed for measles,
mumps, and rubella for seroconversion and waning
studies (appendix pp 25-26). No publication bias was
found for seroconversion of the measles (p=0- 58), mumps
(p=0-27), and rubella (p=0-86) components when stra-
tifying by strain. There was no publication bias present in
the persistence studies concerning the mumps (p=0-19)
and rubella (p=0-056) components, but evidence of
publication bias was found for the measles component
(p=0-013), even when excluding studies with large sample
sizes (p=0-033).

Discussion

Eliminating measles, mumps, and rubella infections
requires achieving and maintaining high age-stratified
threshold levels of population immunity, while accom-
modating vaccine failure. Using systematic review
and meta-analyses we estimated overall seroconversion
and waning rates for measles, mumps, and rubella
components of combined MMR vaccines. Several authors
have reviewed the immunogenicity and persistence of
MMR vaccines,”** but there are no specific estimates of
primary and secondary MMR vaccine failure rates for the
three individual components available in the literature, and
such information is very much fragmented. It is essential
to account for vaccine failure in mathematical and statistical
models to adjust available coverage estimates with respect
to vaccine uptake, and consequently determine existing
population susceptibility to those infections.””*

We have documented studies on primary and secondary
vaccine failure for the three MMR components and
synthesised available information through meta-analytic
approaches. Assessing whether infection is due to pri-
mary vaccine failure is easier than attributing it to
secondary vaccine failure as the latter requires infor-
mation about the presence of an immune response
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following primary vaccination, which is often lacking.®
Our findings provide more accurate, up-to-date infor-
mation on seroconversion and waning immunity, to
improve modelling projections, which are used to for-
mulate public health policy. These insights will expand
our understanding of the immunological within-host
dynamics after MMR vaccination for predictions of
measles, mumps, or rubella outbreaks within highly
vaccinated populations, to improve control and pre-
vention of these diseases. Our systematic review provides
evidence for the decline of IgG antibody levels for
measles, mumps, and rubella over time and our meta-
analysis provides overall yearly waning rate estimates for
the three components of the MMR vaccine.

We found considerable heterogeneity in published
seroconversion rates for MMR components, which per-
sisted in subgroup analyses for different measles
and mumps vaccine strains. Substantial heterogeneity
also exists in the retrieved waning rates for all three
components, even when discriminating between waning
rates after administration of the first or second MMR
dose. Because of the low number of publications within
each dosing category and per strain, one should interpret
the results with caution. We did not do a subgroup
analysis to study differences in waning rates across
strains as most vaccines included the same measles and
mumps vaccine strains. Heterogeneity is presumably
induced by many factors, including diverging clinical
and methodological aspects. Moreover, the evaluation of
seropositivity was not identical in all the eligible studies
in terms of timing of vaccination or evaluation, test used,
or threshold values applied to discriminate between
seropositive and seronegative individuals. Each potential
source of variability could be evaluated individually,
but not collectively. Given the presence and extent of
variability between studies identified in our meta-analysis
and of publication bias concerning the persistence of the
measles component, our findings should be interpreted
with caution.

In general, MMR vaccines have proven to be highly
effective in diminishing the overall incidence and
prevalence of measles, mumps, and rubella infection.
The results of this meta-analysis for measles, mumps,
and rubella, taking all strain types together, are in line
with the general consensus that vaccine-induced mumps
immunity is less persistent over time than that of
measles and rubella. More specifically, IgG antibodies
seem to decline slowly, with most individuals remaining
seropositive for many vyears, and vaccine-induced
immunity seems to be long term, at least for measles
and rubella. Primary vaccine failure levels are crucial to
determine vaccine coverage levels required to achieve
virus elimination through herd immunity. Secondary
vaccine failure levels have a less clear role but are
also important, mainly to maintain elimination. Both
primary and secondary vaccine failures are pathogen-
specific.

www.thelancet.com/infection Vol 21 February 2021

The absence of measles herd immunity is mostly due
to missing vaccination goals, as the high infectivity of
measles requires very high and homogeneous immunity
levels. In the USA, most individuals with measles had
incomplete or unknown MMR vaccination status.”
Outbreaks of measles in highly vaccinated populations
mainly occur in groups of susceptible individuals—
ie, adult cohorts who were not infected and not vaccinated
as young children, children who are too young to be
vaccinated or whose parents refuse vaccination, or those
who did not respond to vaccination (primary vaccine
failure).”* Waning of vaccine-induced immunity for
measles has been identified in the literature and shown
through our meta-analysis, but there is no evidence that
waning has a major role in the observed measles
resurgence in many countries worldwide.* Nevertheless,
cases of (modified) measles have been reported as
secondary vaccine failures in vaccinated individuals that
were exposed to measles during outbreaks. However, the
capacity of these individuals to transmit the disease
might be diminished, and they might not have a role in
sustaining transmission.**

Over the past two decades, there has been a simul-
taneous escalation in the number of mumps cases in
different vaccinated populations,*** raising concerns
over the immunogenicity of the mumps strains in
current vaccines, and whether these vaccines are
sufficiently effective to prevent outbreaks. We found
significant differences in seroconversion rate across the
mumps strains, but not when the Rubini strain was
excluded, which fits with the findings of Dayan and
colleagues,” that the highest proportion of cases in
outbreaks of mumps were among those individuals
immunised using the Rubini strain. Our analysis
supports the WHO recommendation not to use vaccines
containing Rubini strains. Moreover, several studies
found a higher attack-rate with increasing time since
vaccination,”" indicating that waning most likely has
a role in the current mumps outbreaks. In a systematic
review of prospective and retrospective cohort studies
estimating the effectiveness of the Jeryl Lynn mumps
strain, exponential waning rates were derived by
minimising the sum of squared errors between the
proportion initially protected and the estimates of the
ratio of vaccine effectiveness, resulting in an average
waning rate of 0-036 (95% CI 0-020-0-059) for mumps.*
We derived the exponential waning rates directly from
each study and estimated a similar overall waning rate of
0-024 (0-016-0-039).

Rubella is probably better controlled than mumps or
measles because of its relatively low transmissibility,
together with a high seroconversion rate. Neither
primary nor secondary vaccine failure seem to be an
issue with rubella given the scarcity of outbreaks,
with the exception of a recent outbreak in Poland due
to its historically low vaccination coverage.® The
annual waning rate for rubella we obtained from our
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meta-analysis is considerably higher than a model-
based estimate obtained from an Australian serological
survey.” As we did in a previous study,® overall rubella
waning rates can also be estimated on the basis of
country-specific serological data, selecting individuals
vaccinated twice with the MMR vaccine. In the current
study the overall waning rate for rubella was retrieved
by a meta-analysis fixed-effects model rather than a
mixed-effects model because of the small number of
eligible studies we found.

The second dose is given to decrease the proportion of
people with no response after the first MMR dose,” and
we found no significant difference in seroconversion
rates for all components after first and second MMR
doses.

High-quality cross-sectional serological surveys
require high levels of quality control and assurance of
serological assays. Despite updated WHO guidelines,”
important barriers to high-quality serological surverys
remain, such as the difficulty in standardising different
laboratory assays (especially in the past) and the deter-
mination of appropriate cutoffs for seropositivity,
especially in the absence of a correlate of humoral
protection.”” We generally observed higher sero-
conversion rates when an ELISA was used, although this
finding was only significant for the measles component.
Different studies using the same assay used different
cutoffs, leading to underestimation or overestimation of
seroconversion rates. Despite these drawbacks, sero-
prevalence studies are important as they provide a direct
measure of a population’s immunological profile,
especially as the prevalence of disease burden declines
after the introduction of a vaccine. Accumulating years
of widespread vaccination causes a shift in the relative
contribution of natural and vaccine-derived immunity,
creating generations who have not been exposed to wild-
type measles, mumps, and rubella viruses, so waning
immune-memory is unlikely to be boosted by natural
wild-type infection.”**

We did not consider coadministration of the MMR
vaccine with other vaccines, such as varicella. Nevertheless,
previous studies have shown that coadministration of
varicella and MMR vaccines,” either as a combination,* or
as concomitant injections,” did not significantly affect the
immunogenicity of the MMR components. We also note
that seropositivity for anti-measles, anti-mumps, and anti-
rubella IgG was used as a proxy for both natural infection
or vaccine-induced protection, and seronegativity as a
proxy for susceptibility to these infections. Some people
without detectable antibodies might have a degree of
protection via cellular immunity, but this proportion
remains unknown,® so could not be taken into account in
our model. Therefore, it is important to note that our
results are based on humoral immunity only. There are
few studies concerning persistence of MMR-induced
immunity within dosing, so our results should not be
overinterpreted.

In conclusion, this systematic review and meta-analysis
provides rigorous evidence that primary and secondary
vaccine failures exist for different MMR vaccines and
their components. These estimates are crucial for
mathematical predictions regarding measles, mumps,
and rubella outbreaks, and are sensitive to historical,
current, and future MMR vaccine-uptake data as well
as vaccine effectiveness over time. As increasingly long
periods of time have passed since the average person
received MMR vaccination, an important element
to improve the accuracy of predictive models is how
vaccine-induced immunity wanes over time for each
MMR component.
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