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Long-term measles antibody profiles
following different vaccine schedules
in China, a longitudinal study

Qianli Wang1,9, Wei Wang2,9, Amy K. Winter3,9, Zhifei Zhan4,9, Marco Ajelli 5,
Filippo Trentini6, Lili Wang2, Fangcai Li4, Juan Yang 2, Xingyu Xiang4,
Qiaohong Liao2, Jiaxin Zhou2, Jinxin Guo2, Xuemei Yan2, Nuolan Liu2,
C. Jessica E. Metcalf 7,8, Bryan T. Grenfell7,8 & Hongjie Yu 1,2

Characterizing the long-term kinetics of maternally derived and vaccine-
induced measles immunity is critical for informing measles immunization
strategies moving forward. Based on two prospective cohorts of children in
China, we estimate that maternally derived immunity against measles persists
for 2.4 months. Following two-dose series of measles-containing vaccine
(MCV) at 8 and 18months of age, the immuneprotection againstmeasles is not
lifelong, and antibody concentrations are extrapolated to fall below the pro-
tective threshold of 200mIU/ml at 14.3 years. A catch-upMCVdose in addition
to the routine doses between 8 months and 5 years reduce the cumulative
incidence of seroreversion by 79.3–88.7% by the age of 6 years. Our findings
also support a good immune response after the first MCV vaccination at
8 months. These findings, coupled with the effectiveness of a catch-up dose in
addition to the routine doses, could be instrumental to relevant stakeholders
when planning routine immunization schedules and supplemental immuni-
zation activities.

Measles is a highly contagious virus that infects millions of children
every year and caused more than 140,000 deaths globally in 20181,2.
It is estimated that the transmissibility of measles is the highest of
any respiratory virus (basic reproduction number between 14 and
18)2. Although highly effective measles-containing vaccines (MCVs)
have been recommended by the Expanded Programme on Immu-
nization of the World Health Organization since 19743, measles
immunity gaps remain. Gaps in vaccination, primary and secondary
vaccine failure, vaccine hesitancy, and suspended or delayed
immunization activities during the coronavirus disease 2019

(COVID-19) pandemic4,5 have led to an increased risk of measles
outbreaks worldwide6.

The literature suggests that the offspring of women with vaccine-
derived immunity lose their passive immunity faster than the offspring
of women with immunity from natural infection7. Therefore, as an
increasing number of girls are vaccinated globally, an increasing
number of children will be born worldwide with shorter durations of
maternally derived immunity8. The combination of more susceptible
infants due to earlier loss of maternally derived immunity and an
increasing risk of measles infections among children under five in
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China and worldwide could lead to large outbreaks among the most
vulnerable populations. Thismay be particularly true in countries such
as Chinawhere an increased risk ofmeasles outbreaks canbe expected
because of the combined effects of a continuous decline in population
immunity (declining from94.7% in 2009 to 75.4% in 2015)9 andmeasles
importation risk10. As a result, the recommended age for MCV dose 1
(MCV1) at 9months in high-risk countries and 11–15months in low-risk
countries, which has been established in accordance with the decay of
maternally derived antibodies,mayneed to be reconsidered. Although
studies that focus on the kinetics of maternal antibodies do exist, they
tend to be geographically limited and may not be generalizable to
today’s Chinese populations given region- and time-specific changes in
virus circulation, demography, and vaccine coverage.

To optimize the target age of MCV1, one must also consider age-
specific vaccine effectiveness. Knowledge gaps remain concerning
whether administeringMCV1 to infants at an age earlier than 8months
can induce long-term protective immune responses against measles
virus infection without interfering with the immune response to sub-
sequent MCV doses11,12. Although two recent meta-analyses suggest
good immunogenicity of MCV1 vaccination in infants younger than
9 months13,14, no study has considered the long-term kinetics of
vaccine-induced immune response after MCV1 vaccination at an age
younger than 9 months. Therefore, there is an urgent need to obtain
insights into the kinetics of maternally derived immunity and vaccine-
derived immunity in children with MCV1 at an age younger than
9 months to inform the target age for routine MCV doses and to
establish or refine catch-up schedules.

China’s childhood immunization schedule includes two doses of
routine vaccination at ages 8 and 18 months, which was developed in
accordance with infant immune system development, the age dis-
tribution of measles cases, and the levels of maternal and vaccine-
induced immunity against measles at a population level15. Supple-
mentary immunization activities that target children between the ages
of 8months and 16 yearswereconducted intermittently between 2003
and 2018. Representative longitudinal serological surveys conducted
among Chinese children allow us to simultaneously evaluate the
kinetics of measles maternal antibodies and antibodies following
vaccination. We describe the long-term average immunoglobulin G
(IgG) antibody concentrations prior to and following different vacci-
nation schedules against measles, and evaluate the reduction in the
cumulative incidence of seroreversion due to a catch-up dose in
addition to the routine doses. Our results can be used to inform the
current routine vaccination schedule against measles for Chinese
children and the utility of a catch-up dose in addition to the routine
doses in maintaining immunity in the long run.

Results
We enroled 2629 children in this study (Fig. 1); 555, 352, 354, 318, 335,
316, and 399 children were enroled at birth and at 1, 2, 3, 4, 5, and 6–9
years of age, respectively. Of these, 1268 (48.2%) children were female
(Table 1). The follow-up time ranged from 1 to 42 months (median
35.2 months, interquartile range (IQR) 29.3–36.2). The epidemic curve
ofmeasles for our study locations is presented in Supplementary Fig. 1.
Fewer than 150 cases were reported annually, and no study participant
reported a history of measles infection.

Limited by the availability of vaccination cards and participant
compliance, immunization records were only recorded for 1741
(66.2%) studyparticipants. Among these, 310 children hadno recordof
the timing of receiving each dose of MCV. Among 1431 children with
complete immunization records, 834 (58.3%) children received MCV1
at 8months (Supplementary Fig. 2), and 300 (21.0%) children received
two routine doses at ages 8 and 18 months. Supplementary Fig. 3A
shows the exact time of administration of two routine MCV doses and
blood sampling for these participants. Among 565 children who were
involved in catch-up immunization activities, 387 (68.5%) children

received two routine MCV doses and an additional catch-up dose
between 8 and 18months; and 34 (6.0%) children received two routine
MCV doses and an additional catch-up dose between 2 and 5 years.
Slight differences in age structures between children with (n = 1741)
and without (n = 888) vaccination records were observed (Supple-
mentary Table S1), while the observed IgG antibody concentrations
between children with and without vaccination records were con-
sistent across age groups (Supplementary Fig. 3B).

It is important to identify factors associated with children’s
measles-specific IgG antibodies before fitting the kinetic curves of
antibody concentrations by age. We thus performed a multivariate
regression analysis with a generalized linear mixed model (GLMM),
which found only two statistically significant factors associated with
measles-specific IgG antibodies in children: age and the number of
MCV doses (MCV1 vs. non-vaccination: p-value < 0.001; MCV2 vs. non-
vaccination: p-value < 0.001) (Supplementary Table S2). In particular,
the IgG antibody concentration decreased with age (p-value < 0.001).
We found that children’s baseline characteristics, age and vaccination
status together accounted for 32.3% of the total variance (Supple-
mentary Table S3). Furthermore, although individual heterogeneities
in measles-specific immune response were relatively low (7.8% of the
total variance), random effects that allowed to account for individual
heterogeneities in immune response to MCV were introduced in the
kinetic model of antibody decay (Supplementary Table S4).

Individual IgG antibody concentration trajectories before and
after undergoing different vaccination schedules are presented in
Supplementary Fig. 4. Maternally derived antibody concentrations in
infants diminished sharply in the first six months of life, as apparent in
IgG geometric mean concentrations (GMCs) by age group (Fig. 2). We
observed that the log-transformed GMCs decreased from 6.8 (95%
confidence interval (CI) 6.7–7.0) at 0–1 months, to 3.4 (95% CI 3.4–3.5)
at 6–7 months (Fig. 2A). According to the generalized additive mixed
models, the mean time for IgG antibody concentrations to fall below
the protective threshold of 200mIU/ml was 2.4 months (Fig. 2B). At
the age of 8.0 months, log-transformed IgG antibody concentrations
reached the lowest value of 2.8. Our results show that the choice of the
protective threshold did not substantially change the time for IgG
antibody concentrations to fall below theprotective threshold (3.6 and
1.9 months for 120mIU/ml and 300mIU/ml thresholds, respectively)
and to reach the lowest level of IgG antibody concentration
(8.0 months for both 120mIU/ml and 300mIU/ml thresholds) (Sup-
plementary Fig. 5).

Since failure to seroconvert after vaccination is a separate
dynamic from vaccine-induced seroconversion followed by waning of
antibody concentrations, in the main analysis, we reported MCV-
induced antibody response and persistence by excluding individuals
who failed to seroconvert after MCV vaccination (n = 5) (individual
trajectories are shown in Supplementary Fig. S4). The Appendix also
shows a sensitivity analysis where these observations are not excluded
(Supplementary Figs. S6 and S7). We found that, following MCV1 vac-
cination at 8 months of age, log-transformed IgG antibody con-
centrations gradually increased from 2.8 at 8.0 months to 7.3 at
9.0 months (Fig. 2). Using paired serum samples from infants at 6 and
24 months of age (n = 69), the proportion of children with ser-
oconversion or a fourfold rise in IgG antibody following MCV1 at
8 months was estimated to be 98.6% (95% CI 92.2–99.9%). By extra-
polating generalized additive mixed model (GAMM) fitted parameter
values beyond the observed 24 months of age, it was estimated that
IgG antibody concentrations would drop below the protective
threshold of 200 mIU/ml at 53 months post MCV1 administration (i.e.,
5.1 years of age) (Supplementary Fig. 8A).

For participants receiving the second routine dose of MCV (i.e.,
MCV2) at 18 months of age, we found that IgG antibody con-
centrations peaked one month following vaccination (3378 mIU/ml
at 19.0 months), and IgG antibody concentrations remained above
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the protective threshold of 200mIU/ml for the remaining follow-up
visits (approximately 9.4 years after MCV2) (Fig. 3). Moreover, the
simulated evolution of IgG antibody concentrations showed
that, 12.8 years after MCV2 vaccination (i.e., 14.3 years of age), IgG
antibodies would drop below the protective threshold (Supple-
mentary Fig. 8B).

Age-specific IgG GMCs among children with and without a catch-
up dose in addition to the routine doses (i.e., the routine and catch-up
vaccination groups) are shown in Supplementary Fig. 9. Although IgG
GMCs declined with age in both vaccination groups, IgG GMCs were
generally higher in the catch-up vaccination group than in the routine
vaccination group within the same age group, regardless of age at
catch-up vaccination (Supplementary Fig. 9).We also found that, since
the third year of the child’s life, their cumulative incidence of seror-
eversion increased continuously with age (Fig. 4). And such increasing
age-specific incidence of seroreversion was not affected by the impact
of the enzyme-linked immunosorbent assay (ELISA) on detecting near-
threshold values when using a consistency rate of 95.8% between
concentrations by neutralization and ELISA (Supplementary Fig. 10).
Moreover, the cumulative incidence of seroreversion in the routine
vaccination group was significantly higher than those in the catch-up
vaccination group, regardless of which protective threshold was used
(p-value < 0.001, Fig. 4, Supplementary Fig. S11). In particular, by the
ageof 6 years, a catch-updosebetween8and 18monthsof age showed
a 79.3% (95% CI 70.5–100%) reduction in the cumulative incidence of
seroreversion, and a catch-up dose between 2 and 5 years of age was
associated with an 88.7% (95%CI 83.5–100%) reduction by assuming a
protective threshold of 200mIU/ml (Fig. 4).

Discussion
We have provided an assessment of the rapidly changing kinetics
of maternally derived and vaccine-induced antibodies in Chinese

children from birth to 11 years of age. We estimated that by
6 months of age, IgG antibody concentrations fall below
thresholds believed to be protective against wild virus
infection (200mIU/ml16–18) and to interfere with vaccine response
(50mIU/ml19,20). We also found that it is unlikely that a single dose
of MCV1 at 8 months of age can provide long-term protective
immunity, but it might be enough to protect children from viral
infection before 5 years of age. In a population of children who
received 2 doses of measles vaccine at ages consistent with the
recommendation of China’s national immunization program (NIP)
(i.e., 8 and 18 months), the IgG antibody concentration fell below
protective levels at 14.3 years of age. In addition, we observed that a
catch-up dose in addition to the routine doses between ages
8 months and 5 years have substantially reduced individuals’
cumulative incidence of seroreversion before 6 years of age,
regardless of age at catch-up vaccination. These two findings indi-
cate that early vaccination at 8 months of age would not interfere
with the immune response to subsequent MCV doses.

Our study found that maternal antibody concentrations
decreased below the protective threshold within 1–2 months of life
(half-life of 2.3 months), which is consistent with the findings by
Leuridan et al.7. We therefore infer that interference from maternal
antibodies would no longer be a barrier to vaccine immunogenicity by
six months of age in China, when the lowest IgG antibody level is
reached. The very low fraction of protected individuals at 6–7 months
(3.5%, 360/373) is compatible with the levels found in unvaccinated
infants at 9 months in Burkina Faso and Guinea-Bissau (2.8–4.8%),
which have higher rates of measles transmission21. This provides evi-
dence that the waning rate of maternally derived antibodies may be
faster if vaccinatedmothers’ immune response againstmeasles hasnot
been boosted by natural exposure (as often occurs in an elimination
setting). The above findings, coupled with recent evidence regarding

Fig. 1 | Overviewof study participants. ARecruitment and follow-up of participants in the cohort ofmother–neonate pairs andB in the cohort of children aged 1–9 years.
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stronger beneficial effects of early MCV1 vaccination on children’s
protective immunity and on their survival22, as well as the increasing
risk of infection among children below the age of scheduled
vaccination23, highlight the potential for lowering the MCV1 target to
under 8 months of age in China, particularly in a scenario in which
measles outbreaks continue to occur. Nonetheless, there are impor-
tant considerations before lowering the MCV1 target age in China and
other countries where children under 5 years of age are at high risk of
measles infection. First, despite a possible highMCV1 coverage among
infants younger than 9 months after lowering the MCV1 target age,
local health authorities should be aware of the quicker waning of
antibodies in children who received MCV1 before 9 months of age
compared to those who received the dose at 9 months of age or
older24,25. Moreover, the role of cell-mediated immunity should also be

considered. Jaye and colleagues26,27 found that the absence of detect-
able/protective antibodies may not directly translate into suscept-
ibility to infection and disease severity, possibly due to T-cell
immunity.

Following MCV1 administration at 8 months, extrapolated IgG
antibody concentration levels remained above a protective threshold
of 200mIU/ml until 53.0 months post MCV1, suggesting a target age
for MCV2 at approximately 4 years of age. This finding was consistent
with Brinkman et al.’s recent study, in which they demonstrated that
neutralizing antibody levels dropped below the cut-off for clinical
protection at 60 months post MCV1 administration at age
6–8months24. Although a 53.0-month antibodypersistence afterMCV1
at 8 months was much shorter than that reported in a systematic
review of MCV persistence (approximately 35 years post-MCV1)28, the
difference could be explained by a different measles infection risk at
the time of our study with respect to other studies included in the
meta-analysis. In Appendix we show that the duration of protection
following MCV1 vaccination is sensitive to three observations at
26–27months, whichwe excluded from themain analysis due to a lack
of information about their status after MCV1 vaccination. Further
modelling work is needed to reconstruct individual immune response
profiles againstmeasles following different combinations ofMCV1 and
MCV2 schedules to determine context-specific optimal schedules for
MCV vaccination.

The present study suggested that the seroconversion rate of
98.6% among cohort participants with MCV1 at 8 months is close to
that among children receiving MCV1 at 12 months or older (83–98%)29.
Moreover, we found that the cumulative incidence of seroreversion
was significantly lower among children with two routine MCV doses
plus one catch-up dose than among thosewith two routineMCV doses
only. These findings suggest that the blunting of immune responses
after MCV1 at 8months, which was found by Nic and colleagues14, may
be more limited than before (a seroconversion rate of 60–70%29),
particularly after increasing the number of MCV doses. However, the
seroconversion rate following MCV1 at 8 months and the net effect of
MCV1 at 8 months on the response to the subsequent MCV dose need
to bequantifiedusing large population studies. In addition, despite the
effectiveness of a third MCV dose, catch-up immunization should
prioritize children who missed routine vaccination rather than tar-
geting fully vaccinated children when the primary objective is to
increase MCV coverage for measles outbreak prevention.

A few limitations of this study should be highlighted. First, ELISA
does notdistinguishbetween functional andnonfunctional antibodies,
and it may tend to overestimate equivocal and negative results.
However, our analyses of the ability of ELISA to detect near-threshold
values suggest that ELISA would not affect our key findings, consistent
with previous studies30,31 showing that ELISA is adequate to test
immunity and identify seronegative individuals. Second, although
there is some debate regarding the level of the protective threshold
ELISA value for measles, this does not impact our findings regarding
the early waning of maternally derived antibodies, as no substantial
differencewas observed in the estimatedmean time to decrease below
the protective threshold when we adopted alternative protective
thresholds7,32. Third, the fraction of individuals with vaccination
records was relatively low, but this would not limit the generalizability
of our findings given that antibody kinetics frombirth to the end of the
follow-up were similar between participants with and without vacci-
nation cards. Fourth, the impact of measles outbreaks on antibody
levels should be taken into consideration, especially as it significantly
affects both maternal and vaccine-induced antibodies. Unfortunately,
we did not have representative pairedmother-neonate samples before
and after a measles outbreak; thus, we could not adjust for this factor,
possibly leading to the overestimation of vaccine-induced antibody
concentrations. Fifth, the GAMM model used in this study tended to
smooth observations in each age group, and failed to account for

Table 1 | General characteristics of the children

Characteristics Total
(n = 2629)

Neonates
(n = 555)

Children aged 1–9
years (n = 2074)

Age at baseline, months or years

Median (interquartile range,
IQR, years)

3.1 (1.4–5.1) — 4.0 (2.4–5.5)

0–7 months 555 (21.1) 555 (100) 0 (0)

8–17 months 121 (4.6) — 121 (5.8)

18–24 months 236 (9.0) — 236 (11.4)

25 months–6 years 1336 (50.8) — 1336 (64.4)

7–10 years 381 (14.5) — 381 (18.4)

Sex

Female 1268 (48.2) 254 (45.8) 1014 (48.9)

Male 1361 (51.8) 301 (54.2) 1060 (51.1)

Gestational age, weeks

Median, IQR — 40
(39.1–40.7)

—

Preterm birth (<37) 142 (5.4) 36 (6.5) 106 (5.1)

Full-term birth 2451 (93.2) 492 (88.6) 1959 (94.5)

Post-term birth (≥42) 36 (1.4) 27 (4.9) 9 (0.4)

Mode of delivery (n, %)

Vaginal delivery 1673 (63.6) 349 (62.9) 1324 (63.8)

Caesarean section 956 (36.4) 206 (37.1) 750 (36.2)

Birth weight, grams

Median, IQR 3250
(3000–3500)

3300
(3000–3600)

3250 (3000–3500)

<2500 85 (3.2) 9 (1.6) 76 (3.7)

2500 to <4000 2301 (87.5) 509 (91.7) 1792 (86.4)

≥4000 243 (9.2) 37 (6.7) 206 (9.9)

Breastfeeding before 6 months

Yes 2309 (87.8) 485 (87.4) 1824 (87.9)

No 319 (12.1) 69 (12.4) 250 (12.1)

Missing 1 (0.1) 1 (0.2) 0 (0)

Socioeconomic statusa

Low 580 (22.1) 97 (17.5) 483 (23.3)

Middle 1250 (47.5) 95 (17.1) 1155 (55.7)

High 589 (22.4) 153 (27.6) 436 (21.0)

Missing 210 (8.0) 210 (37.8) 0 (0)

Vaccination against measles during follow-up visits (n, %)

No. (%) of children with
one dose

36 (1.4) 25 (4.5) 11 (0.5)

No. (%) of children with
two doses

1070 (40.7) 391 (70.5) 679 (32.7)

No. (%) of children with three
or more doses

635 (24.2) 2 (0.4) 633 (30.5)

Unknown 888 (33.8) 137 (24.7) 751 (36.2)

aThe socioeconomic status index is calculated using annual household income given data
availability.
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individual antibody concentration trajectories, particularly for those
who had a low response to MCV. This might directly lead to an
underestimated IgG antibody concentration and persistence following
different vaccination schedules. Moreover, as none of the children
with seropositive serum samples after MCV1 vaccination at 8 months
of age had shown evidence of seroreversion by the time of their MCV2
vaccination, we were unable to characterize the long-term suscept-
ibility profiles following a single-dose of MCV at ages 8 months using
the Kaplan-Meier method. More individuals with consecutive serum
samples before and after each MCV vaccination should be involved to
reconstruct individual immune response profiles againstmeasles prior
to and following different vaccination schedules. Additionally,
restricting the study to participants who had received 2 doses of
measles vaccine at ages consistent with the NIP recommendation did
not allow us to shed light on the differences in vaccine-induced
immune responses in sizable cohorts of children withMCV1 andMCV2
vaccination at different ages. Further studies are needed to capture the

antibody dynamics following different combinations of MCV1 and
MCV2 vaccination schedules.

In conclusion, our findings suggest that targeting individuals
under 8 months of age for MCV1 is necessary to reduce the number of
susceptible Chinese children below the age of the currently scheduled
vaccination. While administering MCV1 at 8 months of age cannot
provide long-term protective immunity for children, it also does not
interfere with the responses to subsequent MCV doses. Moreover, the
two-dose routine vaccination schedule recommended in China can
effectively protect children during their childhood and adolescence.
Further serological studies are needed to assess whether measles
antibody concentrations remain above the protective threshold dur-
ing adulthood, especially if the target age for MCV1 is lowered in a
scenario in whichmeasles outbreaks continue to occur. The estimated
reduction in the cumulative incidence of seroreversion due to a catch-
up dose in addition to the routine doses suggests the effectiveness of
nonselective supplementary immunization activities against measles

2

4

6

8

10

5.3

L
o

g
t

ra
n

sf
o

rm
ed

 G
M

C

0m 4m 8m 12m 16m 20m 2y 4y 6y

A

Age at followup (months or years)

N 211 197 134 149 9 61 66 52 15 9 17 57 219 200 62 34 16

2

4

6

8

10

5.3

0m 4m 8m 12m 18m 2y 3y 4y 5y

P
re

d
ic

te
d

 lo
g

 c
o

n
ce

n
tr

at
io

n

B

Age at followup (months or years)

N 211 134 9 66 9 153 66 170 30 34 28 20

Fig. 3 | Fitted profiles for measles antibody concentrations among children
with a two-dose routine vaccination schedule consistent with the recommen-
dation of China’s national immunization program. AObserved and B predicted
log-transformed geometric mean concentrations. The points in A refer to the log-
transformed geometric mean concentrations. The thick curve in B is the predicted

mean values of log-transformed concentrations from a generalized additive mixed
model. Error bars and shaded areas show 95% confidence intervals. Horizontal red
dashed lines refer to aprotective thresholdof 200mIU/ml. In the bottompanel, the
letter N refer to the sample size used to derive the error bars and shaded areas.

2

4

5.3

6

8

10
L

o
g

t
ra

n
sf

o
rm

ed
 G

M
C

0−1 2−3 4−5 6−7 8−9 10−11 12−13 14−15 16−17 18−20 20−21 22−23

A

N 299 277 178 211 12 77 92 85 24 10 4 3

Age at followup (months)

2

4

5.3

6

8

10

5.3

0 2 4 6 8 10 12 14 16 18 20 22 24

P
re

d
ic

te
d

 lo
g

 c
o

n
ce

n
tr

at
io

n

B

Age at followup (months)

N 299 277 178 211 12 77 92 85 24 10 4 3 0

Fig. 2 | Fitted profiles for measles antibody concentrations among children
with the first dose of MCV at 8 months. A Observed and B predicted log-
transformed geometric mean concentrations. The points in A refer to the log-
transformed geometric mean concentrations. The thick curve in B is the predicted

mean values of log-transformed concentrations from a generalized additive mixed
model. Error bars and shaded areas show 95% confidence intervals. Horizontal red
dashed lines refer to aprotective thresholdof 200mIU/ml. In the bottompanel, the
letter N refer to the sample size used to derive the error bars and shaded areas.

Article https://doi.org/10.1038/s41467-023-37407-x

Nature Communications | (2023)14:1746 5



implemented in China, which can be considered a prioritized inter-
vention for reducing both the number of susceptible individuals andof
infections in children younger than 5 years of age. Given the pro-
foundly negative effects of the COVID-19 pandemic on childhood
immunization coverage, the above findings can guide relevant stake-
holders in planning and implementing nationwide or regional catch-up
measles vaccination strategies after the pandemic.

Methods
Study design and participants
We used archived serum samples from two community‐based long-
itudinal cohorts, including a cohort ofmother-neonate pairs (n = 1066)
and a cohort of children aged 1-9 years (n = 4188), that aimed to
investigate the sero-epidemiological characteristics of paediatric
enterovirus A71 infections in Hunan Province, China between Sep-
tember 2013 and September 2018. Detailed information on the cohort
profile andon the collectionofbaseline characteristics and vaccination
cards for cohort children is provided in Appendix. Only a subsample of
the original cohorts was included in this study. In particular, we tested
2629 participants’ serum samples for measles-specific IgG antibody;
the included sera came from 555 mother-neonate pairs and 2074
children aged between 1 and 9 years (Fig. 1). We categorized these
cohort children into four vaccinationgroups: (a) childrenwho received
MCV1 vaccination only at age 8months; (b) children who received two
routine MCV doses (i.e., MCV1 andMCV2) at ages 8 and 18 months; (c)
childrenwho received two routineMCVdoses and an additional catch-
up dose between 8 and 18 months of age; and (d) children who
received two routine MCV doses and an additional catch-up dose
between 2 and 5 years of age.

Laboratory procedures
Quantitative results ofmeasles-specific IgG antibody were obtained by
using commercial ELISA kits (SERION ELISA classic measles virus IgG,
Institut Virion/Serion GmbH, Wurzburg, Germany, see details in
Appendix). Given that a protective threshold ELISA value for measles
has not been established, we first used a generally accepted protective
thresholdof 200mIU/ml16,17 in themainanalysis and then explored two
additional values (12032 and 300mIU/ml7) in sensitivity analyses,where

300mIU/ml corresponded to theupper limit assumedby Leuridan and
colleagues7. Samples with equivocal results (150–200mIU/ml) were
considered negative in the main analysis. We considered participants
whose antibody concentrations were below the protective threshold
to be susceptible individuals (i.e., seronegative individuals), while
protected or immune individuals were defined as those with antibody
concentrations greater than the protective threshold (i.e., seropositive
individuals). Seroconversion was defined as a change from ser-
onegativity to seropositivity at time points before and after MCV1
vaccination, whereas seroreversion indicated the loss of protective
measles-specific antibody concentrations after vaccination.

Furthermore, to evaluate the consistency between antibody
concentrations measured through ELISA and the “gold standard” pla-
que reduction neutralization test (PRNT), a subset of 120 serum sam-
ples (including positive, equivocal, and negative IgG ELISA results)
were re-evaluated using the PRNT. We adjusted the results obtained
with ELISA in detecting near-threshold values (defined here as values
between a protective threshold ± 50mIU/ml)33 by use of a con-
cordance rate of 95.8% between ELISA and the PRNT (see the details in
Appendix).

Statistical analyses
We conducted descriptive analyses to evaluate the baseline char-
acteristics of the participants. To describe the age distribution of
cohort participants andmeasles antibody kinetics prior to or following
measles vaccination for the four vaccination groups of children
(described above), we combined data from baseline and follow-up
visits from the two study cohorts by the age of the child. We first
grouped children into 5 age groups to characterize their age dis-
tribution, and then grouped them into 17 age groups (i.e., twomonths
up to 24 months and then by 1 year up to 5 years) to describe measles
antibody kinetics.

We characterized IgG antibody geometric mean concentrations
(GMCs) across age groups, along with 95% confidence intervals (CIs).
Moreover, we calculated the seroconversion rate among infants who
received MCV1 at 8 months. IgG antibody concentrations were log-
transformed, and GMCs were compared using the Wilcoxon signed-
rank test. We considered a p-value <0.05 to be significant.
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Fig. 4 | Cumulative incidence of seroreversion among children receiving the
first dose ofMCV at 8months of age and subsequent one or twodoses between
the ages of 8 months and 5 years, using a protective threshold of 200mIU/ml.
ACumulative incidenceof seroreversion among childrenwho received two routine
MCV doses at 8 and 18 months of age (i.e., current policy) or received two routine
MCV doses and a catch-up dose between 8 and 18 months of age. B Cumulative
incidenceof seroreversion among childrenwho received two routineMCVdoses at

8 and 18months of age (i.e., current policy) or received two routineMCVdoses and
a catch-up dose between 2 and 5 years of age. In the bottom panel, Group 1
represents children who received two routine MCV doses at 8 and 18 months;
Group 2 represents children who received two routine MCV doses and a catch-up
dose between the ages of 8months and 5 years. The abbreviation “IR” indicates the
reduction in the cumulative incidence of seroreversion between the two groups.
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A generalized linear mixed-effects model (GLMM) was built to
quantify the effects of potential factors associated with IgG antibodies
(Appendix, p7). Incorporating children’s age and vaccination status
(including pre-vaccination, after a single dose vaccination at 8months,
or after two-dose vaccination at 8 and 18 months), we then used gen-
eralized additive mixedmodels (GAMMs) to fit the log of IgG antibody
concentrations at different ages among children who seroconverted
after either one doseofMCV1 or the routine two-doseMCV (Appendix,
p8). In addition, we performed two sensitivity analyses where we
considered the uncertainties in the estimated persistence of MCV-
induced antibodies due to individual heterogeneities in the immune
response to MCV. In the first sensitivity analysis, we removed random
effects in GAMM model; in the second analysis, we included observa-
tions from children who failed to seroconvert after MCV vaccination.
These sensitivity analyses are reported in Supplementary Figures S6
and S7 in Appendix. To determine the impact of the individual het-
erogeneities on MCV1-induced immune response, the immune
response to MCV1 was fitted using repeatedly drawn bootstrap sam-
ples from all observations or from observations that excluded the
seronegative child at 26–27 months who failed to seroconvert after
MCV1 vaccination (Appendix, p18).

Todifferentiatewhether a catch-updose in addition to the routine
doses was potentially necessary tomaintain individual and population
immunity in the long run, Kaplan–Meier survivalmethodswere used to
calculate the cumulative incidence of seroreversion in IgG antibodies
by a given age. For the Kaplan–Meier analyses, we used a threshold of
200mIU/ml to define seroreverted individuals in the main analyses,
whereas 300mIU/ml was selected as an alternative threshold in the
sensitivity analysis. We then compared the estimated cumulative
incidence of seroreversion by age 6 years among children who
received two routineMCVdoses only and thosewho, in addition to the
routine doses, received a catch-up dose between the ages of 8months
and 5 years. The log-rank test was used to compare the cumulative
incidences between different vaccination groups. All analyses were
conducted with R statistical software, version 4.1.034. The data were
stored and maintained using Microsoft Office Excel 2019.

Ethical approval statement
This study was approved by the Institutional Review Board of WHO
Western Pacific Regional Office (2013.10.CHN.2.ESR), the Chinese
Centre for Disease Control and Prevention (201224), and Fudan Uni-
versity (2019–05–0756), and written informed consent was obtained
from all caregivers of participants.

Role of the funding source
The funders had no role in the design or conduct of this study; col-
lection, management, analysis, or interpretation of the data; prepara-
tion, review, or approval of the manuscript; or decision to submit the
manuscript for publication.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study have been deposited in the repository
under https://github.com/Sueleaf/antibody-dynamics-against-measles
(https://doi.org/10.5281/zenodo.7676630).

Code availability
The code to reproduce the results and plots of this study have been
deposited in the repository under https://github.com/Sueleaf/
antibody- dynamics-against-measles (https://doi.org/10.5281/zenodo.
7676630).
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