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Mumps 

RNA virus — Paramyxoviridae

150,000 cases annually

and F genes as occurred in genotype A, B and N
strains. Whether genotype I and L remain active
or will reappear is currently unknown.

Genotype N and unclassified variants
Leningrad-3 strain was isolated in the Former
Soviet Union in 1953 and developed as a vaccine.
It has been used in the national immunisation pro-
gramme since 1980 and was further attenuated in
Croatia by adaptation to chick embryo fibroblasts.
This new strain, designated as Leningrad–Zagreb,
has been used for vaccine production in Croatia
and India, and administered to millions of children
around the world. No genetically similar wild-type
strain has been found over this period anywhere.
These two vaccine strains were proposed as a
potential new genotype in 2005 [61,86], and their
continued broad spectrum usage has led to their
being designated as genotype N [6].
Divergences of MuV variants MuVi/Taylor.GBR/

0.50s, MuVi/Tokyo.JPN/0.93 and MuVi/London.
GBR/3.02 [6] from the reference genotypes ranged
from 5 to 16.5% and 2.3 to 7.7% based on the SH
and HN genes, respectively, suggesting new
genotypes. Inclusion of these unclassified sequences
in the dataset for genotyping analysis would help
with a more comprehensive analysis of genotype
designation.

EVOLUTION OF MUV GENOTYPES
Bayesian phylogeny was generated with BEAST
software using 119 HN sequences representing the
diversity of MuV genotypes. Sequences that were
excluded from this analysis were partial HN gene
sequences, sequences missing sample date and
sequences known to be from viruses passaged in
cell-culture (unlikely to represent MuV isolates
found in the wild). The final exclusion criteria
removed many cell-culture adapted viruses that
have been used to generate MuV vaccines. The
final sequence dataset contained sequences from
isolates characterised in the 1950s to 2012. BEAST
was run using the general time reversible (GTR)
model of nucleotide substitution, a log normal re-
laxed molecular clock and a constant population
model for 30 million iterations. A Maximum Clade
Credibility (MCC) tree was generated using
treeAnnotator with a 3000 tree burn-in.

Phylogenetic analysis of MuV HN sequences
using BEAST (Figure 4) suggests that genotype A
is distant from all of the other genotypes and that
the common ancestor for genotype A may be older
than the single common ancestor of the other
genotypes. Genotype A has not been detected as a
wild-type virus since the 1990s (Table 3). The
majority of currently circulating mumps genotypes
appear to have arisen between 60 and 100years
ago, with the exception of genotype C which

Figure 4. BEAST phylogeny of 119 MuV HN sequences. The timescale across the bottom of the phylogeny represents years since the date
of the last sequence (2012). The genotypes are coloured black or grey and labelled for clarity
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Rubin 2008; Gouma et al. 2016)12,23,24. In our study, we found variation in eight positions located in !ve di"erent 
B-cell epitopes. #e four positions mentioned above (113, 354, 356 and 442) might be relevant and should be 
subject of further investigation to examine the in$uence of these variations on antibody recognition and viral 
neutralization.

We also found a small number of di"erences in or near other important functional regions of the HN protein. 
#ese variants are mostly conservative, which suggests that these positions do not tolerate much change most 
likely due to their primary function of virus-host cell fusion. For example, positions 203 and 205 in the HN pro-
tein changed from K to N and H to R in a small number of genotype G and genotype A sequences, respectively. 
#ese conservative variants are located near a neuraminidase region, which is an important functional region of 
the HN protein. In addition, we have not found any variable sites in regions important for Ca2+-binding, which 
plays a role in structural stability and these sites are therefore most likely conserved35.

Some of the variable positions found in this study were indeed empirically veri!ed before. #e variation found 
at position 354 in the HN protein, which is located in a known B-cell epitope, has also been described by other 
research groups26,36,37. Most of the variants found in the HN protein encompass the variable regions described 
in the study by Vaidya et al., in which they compared mumps virus genome sequences from two genotype G 
and six genotype C strains, with several vaccine strains, including the Jeryl Lynn strain38. Additionally, we show 
that these regions, except for regions 240–245 and 405–410, are surface exposed (Fig. 4). #e antibody recogni-
tion of the protein surface might alter when certain residues become surface exposed or buried when variation 

Figure 3. Overview of important variable positions on both the HN and F protein, as described in the 
literature. (A) #e F protein important functional regions with glycosylation sites (yellow), fusion promotion 
sites (orange), cleavage site (pink), neurovirulence (dark blue) and known B-cell epitope regions (green) 
mapped on the pre-fusion structure. Zoom is on the variation at position 97 (cyan blue) near the cleavage site 
(pink). (B) #e HN protein with glycosylation sites (yellow), fusion promotion sites (orange), receptor-binding 
regions (pink), neuraminidase activity regions (cyan blue), Ca2+-binding sites (red), neurovirulence regions 
(dark blue), known T-cell epitope (purple) and known B-cell epitope regions (green) mapped on the structure. 
Zoom is on the variations at positions 354, 356 and 442 (brown positions).

Lewnard and Grad, Science 
Translational Medicine, 2018
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Fig. 1. Synthesis of prospective and retrospective cohort studies estimating the relative risk of clinical mumps in vaccinated and unvaccinated individuals. We illustrate
the results of ourmeta-analysis of studies ofmumps vaccine effectiveness, fromwhichweestimated rates of vaccinewaning. (A) Shownhere is howestimates of vaccineeffectiveness
(defined as oneminus the relative risk (RR) of experiencingmumps for a vaccinated individual, relative to an unvaccinated individual) differ across the six studies analyzed here. Time
since last doseaccounts for 66.4%of residual variation in estimates after accounting for randomsources of between-studyheterogeneity. Points representing study-level estimates
are scaled in size to reflect differences in sample size. Lines signify 95%confidence intervals (CIs); arrows indicatewhere values rounded to the nearest hundredth equal zero. (B) At
6months after vaccine receipt (the earliest timepoint assessed in primary studies), we estimate that 96.4% (94.0 to 97.8%) of recipients are protected; we apply this as our estimate
of the probability of vaccine take. (C) A parsimoniousmodel of exponentially distributed durations of protection predicts loss of protection after, on average, 1

wV
¼ 27:4years (95%CI,

16.7 to 51.1), as indicated by the yellow-plotted area. The blue-plotted area illustrates the distribution of times to loss of protection for vaccinated individuals, generated by pooling
exponential distributions parameterized using estimates of wV. (D) Contrary to the hypothesis of reduced effectiveness against diversemumps genotypes currently in circulation, we
did not identify evidence of a decline in vaccine effectiveness over time, whereas evidence of waning vaccine-derived immunity persisted in a model adjusting for calendar year.
Unadjustedestimatesof the relative risk of clinicalmumpsgiven vaccination—andestimates adjusted for time since vaccination, years since1964, anddoses received—are calculated
viameta-regression using incidence data from the original studies (13, 46–50). (E) Using thismeta-regression framework, we identified nodifference (posterior two-sided P> 0.1) in
thewaning rate (as defined by the inverse of the association between time since vaccination and relative risk ofmumps given vaccination; seeMaterials andMethods) after receipt
of a first or second dose (95% CI, 33% decrease to 72% increase in the relative risk of mumps given vaccination per log year since vaccination; posterior two-sided P > 0.1).

S C I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

Lewnard and Grad, Sci. Transl. Med. 10, eaao5945 (2018) 21 March 2018 3 of 10

 by guest on M
arch 21, 2018

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

0.01

0.1

1

0.5 1 2 5 10 15 20

R
el

at
iv

e 
ris

k 
(R

R
) 

of
 c

lin
ic

al
 m

um
ps

, g
iv

en
 v

ac
ci

na
tio

n 

Time since last vaccine dose (year)

A

Cohen et al. (46)
(one dose)

Cohen et al. (46)
(two doses)

Vandermeulen et al. (47)
(mixed dosing)

Hilleman et al. (13)
(one dose, school contacts)

Hilleman et al. (13)
(one dose, household contacts)

Tizes et al. (48)
(one dose)

Schlegel et al. (49)
(one dose)

Marin et al. (50)
(two doses)

Pooled estimate (95% CI)

92 94 96 98 100

B

Effectiveness (%) at 6 months

P
ro

ba
bi

lit
y 

de
ns

ity

0 20 40 60 80

C

Duration of protection

P
ro

ba
bi

lit
y 

de
ns

ity

Population mean,
1 ωV (est.)

Exponential distribution
model

Predictors of relative risk of infection associated with vaccination
Predictor

Years since last dose (log)
Years since 1964 (log)
Two doses received (ref. one)

RRUnadj (95% CI)

2.01 (1.68, 2.41)
1.29 (0.70, 2.37)
0.71 (0.23, 2.22)

RRAdj (95% CI)

2.05 (1.70, 2.48)
0.85 (0.56, 1.30)
0.76 (0.53, 1.09)

D

E
Increase in risk over time according to doses received

Group

One dose received
Two dose received

RR per log year (95% CI)

1.91 (1.31, 2.78)
2.04 (1.52, 2.73)

Relative effect (95% CI)

Reference
1.08 (0.67, 1.72)
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the results of ourmeta-analysis of studies ofmumps vaccine effectiveness, fromwhichweestimated rates of vaccinewaning. (A) Shownhere is howestimates of vaccineeffectiveness
(defined as oneminus the relative risk (RR) of experiencingmumps for a vaccinated individual, relative to an unvaccinated individual) differ across the six studies analyzed here. Time
since last doseaccounts for 66.4%of residual variation in estimates after accounting for randomsources of between-studyheterogeneity. Points representing study-level estimates
are scaled in size to reflect differences in sample size. Lines signify 95%confidence intervals (CIs); arrows indicatewhere values rounded to the nearest hundredth equal zero. (B) At
6months after vaccine receipt (the earliest timepoint assessed in primary studies), we estimate that 96.4% (94.0 to 97.8%) of recipients are protected; we apply this as our estimate
of the probability of vaccine take. (C) A parsimoniousmodel of exponentially distributed durations of protection predicts loss of protection after, on average, 1

wV
¼ 27:4years (95%CI,

16.7 to 51.1), as indicated by the yellow-plotted area. The blue-plotted area illustrates the distribution of times to loss of protection for vaccinated individuals, generated by pooling
exponential distributions parameterized using estimates of wV. (D) Contrary to the hypothesis of reduced effectiveness against diversemumps genotypes currently in circulation, we
did not identify evidence of a decline in vaccine effectiveness over time, whereas evidence of waning vaccine-derived immunity persisted in a model adjusting for calendar year.
Unadjustedestimatesof the relative risk of clinicalmumpsgiven vaccination—andestimates adjusted for time since vaccination, years since1964, anddoses received—are calculated
viameta-regression using incidence data from the original studies (13, 46–50). (E) Using thismeta-regression framework, we identified nodifference (posterior two-sided P> 0.1) in
thewaning rate (as defined by the inverse of the association between time since vaccination and relative risk ofmumps given vaccination; seeMaterials andMethods) after receipt
of a first or second dose (95% CI, 33% decrease to 72% increase in the relative risk of mumps given vaccination per log year since vaccination; posterior two-sided P > 0.1).
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Competing explanations for mumps re-emergence

Time

Waning Evolution/strain mismatch

Veneti et al., Eurosurveillance, 2018
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Fig 1. Massachusetts mumps outbreak overview. (A) Maximum clade credibility tree of 225 mumps virus genotype
G whole genome sequences, including 200 generated in this study. Labels on internal nodes indicate posterior support.
Clades I and II contain 91% of the samples from the 2016 and 2017 Massachusetts (MA) outbreak; I-outbreak and II-
outbreak are the largest clades within them that contain only samples from the outbreak. Clade 0-UM contains
samples associated with UMass other than those in Clades I and II; the same is true for 0-BU (BU) and 0-HU
(Harvard). II-community contains primarily samples associated with a local Massachusetts community. (B) Number of
reported mumps cases in 2016 by epidemiological week in Massachusetts (gray) and in this study (blue). (C)
Probability distributions for the date of the most recent common ancestor (computed from tMRCA) of selected clades
(see S2 Table for additional clades). Dotted line is the mean of each distribution. BU, Boston University; HU, Harvard
Univeristy; tMRCA, time to the most recent common ancestor; UM, University of Massachusetts Amherst; UMass,
University of Massachusetts Amherst.

https://doi.org/10.1371/journal.pbio.3000611.g001
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Modes of vaccine failure
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Developing latent-state models and testing 
hypotheses of vaccine failure
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× (∏
t

P(Du(t) |ρu(1 − ηa)
5

∑
i=1

Ci(t; θ))ℒ(θ) =
5

∏
i=1

(∏
t

P(Di(t) |ρiηaCi(t; θ))

POMP
• Partially Observed Markov Process

Xt-1 Xt Xt+1

Yt-1 Yt Yt+1

Process model

Observation 
model

We know ℙ(Xt│Xt-1) and ℙ(Yt│Xt)

stratified and (2) probability that the stratified case belonged to age class i. The later in the two events just de-
scribed is often referred to as the reporting probability of the ith class (ri). The former, if all data is age-stratified,
automatically defaults to 1. However, with this particular data-set, age-specific information of Mumps cases is a
time time-varying variable which gets better as one approaches the recent years. Age-record probability (ha(t)),
in figure 2, panel (b), is the proportion of annual case reports that were stratified by age.

Observation models based on 2 assumptions, expressing relative contribution of the 5 age-cohorts to the un-
structured sub-population, were formulated and tested as formal hypotheses about the observation process. They
are as follows:

L (q) =
5

’
i=1

’
t

P
�
Di(t)|rihaCi(t;q)

�
⇥’

t
P
�
Du(t)|ru (1�ha)

5

Â
i=1

Ci(t;q)
�

(31)

Where Di(t) and Du(t) belong to the observed annual cases in the ith age-cohort and the un-structured sub-

population. And P
✓
.|rs

i Ci,
q

rs
i Ci(1�rs

i +y2
i Ci)

◆
with-in the product is probability of Poisson distribution

with parameter l which denotes the mean of the distribution. The wi parameter is either (1) set to 1, this is the
hypothesis that all age-classes contribute equally to the unstructured sub-population; Or (2) set to li

Â5
i=1 li

, this is
the hypothesis where age-class i contributes proportional to its width (li), to the unstructured sub-population of
annual cases.

2.4 Formulation of R0 and Rp

The above model can be simplified -

dS1

dt
= (1� (1�a)p)nN +dV1 � (l A

1 +l G
1 +w1)S1, (32)

dV1

dt
= (1�a)pB� (d + eAl A

1 + eGl G
1 +w1)V1, (33)

dEA
1

dt
= l A

1 (S1 + eAV1)� (s +w1)EA
1 , (34)

dIA
1

dt
= sEA

1 � (g +w1)IA
1 , (35)

dEG
1

dt
= l G

1 (t)(S1 + eGV1)� (s +w1)EG
1 , (36)

dIG
1

dt
= sEG

1 � (g +w1)IG
1 , (37)

dR1

dt
= g(IA

1 + IG
1 )�w1R1, (38)

(39)

other age-classes
dSi

dt
= wi�1Si�1 +dVi � (l A

i +l G
i +wi)Si, (40)

dVi

dt
= wi�1Vi�1 � (d + eAl A

i + eGl G
i +wi)Vi, (41)

dEA
i

dt
= wi�1EA

i�1 +l A
i (Si + eAVi)� (s +wi)EA

i , (42)

dIA
i

dt
= wi�1IA

i�1 +sEA
i � (g +wi)IA

i , (43)

dEG
i

dt
= wi�1EG

i�1 +l G
i (Si + eGVi)� (s +wi)EG

i , (44)

dIG
i

dt
= wi�1IG

i�1 +sEG
i � (g +wi)IG

i , (45)

dRi

dt
= wi�1Ri�1 + g(IA

i + IG
i )�wiRi, (46)

(47)
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Was the case reported?

Was the age of the case documented?

Observation Process



How do the models perform?
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Mumps2021

Gokhale et al.

January 12, 2022

Table 1: Model specific parameter estimates and derived quantitities were obtained by maximiz-
ing the likelihood function

Model

Parameter/Quantity No Loss Waning (Exponential) Waning (Erlang, N = 3) Leaky

DAIC 207.288 0 26.853 10.87
R0 42.414 13.992 31.371 22.199
Rp 2.29 6.45 20.211 1.789
x 0.946 0.539 0.356 0.919
b1 0.185 0.036 0.341 0.735

s�1 (Days) 12.022 24.998 16.894 24.999
d�1 (Years) - 111.456 56.457 -

e - - - 0.028
pintro (Age cohort) - - - [15, 25)

tintro - - - 2000
Booster shape Constant Sigmoid Sigmoid Constant

1
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Wohl et al. (2020): “we found no genetic evidence 
that variants arising during this outbreak 
contributed to vaccine escape”



How do we validate the fitted model?
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Waning model reasonably recapitulates 

observed dynamics 

Fits for younger age-cohorts better, 
relative to older population 

On an average, simpler dynamics in test 
epochs result in better fits than training 

epoch



Why is the out of fit R2 better?

Straightforward to observe similarly good R2 
values for other 6-year segments of in-sample fit
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Figure 3: Relative age distribution of mumps true incidence. (A) Qualitative comparsion
between expected, assuming the model of waning immunity, and the observed incidence per
105 age-distribution (purple gradient, left, y-axis). Simulated incidence is broken down into the
two prediction epochs - within sample (seagreen gradient) and out of sample (orange gradient)
to match the analysis presented in figure 2. Lines represent comparsion of temporal shifts in
the mean age of first infection (right, y-axis) under the waning model (dotted) and observed
incidence (dashed). (B) Quantitative agreement between observed v/s. expected age-distribution
of incidence using the Kullback-Leibler Divergence (KLD, left y-axis) through time. Boxplots
represent bootsrapped distribution of KLD calculated by comparing observed age-distribution
to 1000 synthetically generated time-series under the estimated observation noise. The area plot
represents an estimate of age-aggregated mumps incidence per 105 (right, y-axis).
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Model captures upward trend in mean age of first infection

Highest discrepancies in relative age-distributions lie in regions 
of low incidence, but they are also highly variable



How does fitted model explain mumps resurgence?



Immune loss is proportional to  
vaccination intensity

P(Immune Loss) = e−δt

Age-shift in susceptibility 
profile causes shift in 

incidence age-distribution



Vaccine impact:

φ = (1-εA)(1-εW)(1-εL)

where εW = α/(α+μ)

Magpantay et al. (2014) SIAM J Appl Math

⇒ Eradication threshold:

pc = (1-1/R0) x 1/φ

Two important points

Gokhale et al. (2023; PNAS 120: e2207595120)

Lewnard and Grad, 
Science Translational 

Medicine, 2018
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Fig. 1. Synthesis of prospective and retrospective cohort studies estimating the relative risk of clinical mumps in vaccinated and unvaccinated individuals. We illustrate
the results of ourmeta-analysis of studies ofmumps vaccine effectiveness, fromwhichweestimated rates of vaccinewaning. (A) Shownhere is howestimates of vaccineeffectiveness
(defined as oneminus the relative risk (RR) of experiencingmumps for a vaccinated individual, relative to an unvaccinated individual) differ across the six studies analyzed here. Time
since last doseaccounts for 66.4%of residual variation in estimates after accounting for randomsources of between-studyheterogeneity. Points representing study-level estimates
are scaled in size to reflect differences in sample size. Lines signify 95%confidence intervals (CIs); arrows indicatewhere values rounded to the nearest hundredth equal zero. (B) At
6months after vaccine receipt (the earliest timepoint assessed in primary studies), we estimate that 96.4% (94.0 to 97.8%) of recipients are protected; we apply this as our estimate
of the probability of vaccine take. (C) A parsimoniousmodel of exponentially distributed durations of protection predicts loss of protection after, on average, 1

wV
¼ 27:4years (95%CI,

16.7 to 51.1), as indicated by the yellow-plotted area. The blue-plotted area illustrates the distribution of times to loss of protection for vaccinated individuals, generated by pooling
exponential distributions parameterized using estimates of wV. (D) Contrary to the hypothesis of reduced effectiveness against diversemumps genotypes currently in circulation, we
did not identify evidence of a decline in vaccine effectiveness over time, whereas evidence of waning vaccine-derived immunity persisted in a model adjusting for calendar year.
Unadjustedestimatesof the relative risk of clinicalmumpsgiven vaccination—andestimates adjusted for time since vaccination, years since1964, anddoses received—are calculated
viameta-regression using incidence data from the original studies (13, 46–50). (E) Using thismeta-regression framework, we identified nodifference (posterior two-sided P> 0.1) in
thewaning rate (as defined by the inverse of the association between time since vaccination and relative risk ofmumps given vaccination; seeMaterials andMethods) after receipt
of a first or second dose (95% CI, 33% decrease to 72% increase in the relative risk of mumps given vaccination per log year since vaccination; posterior two-sided P > 0.1).
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Leonard & Grad estimated mean 
duration of immunity of 27.4 y 
(95% CI, 16.7 to 51.1 y)

For direct comparison with model estimate, need to calculate 
expected time to loss of immunity (TL) conditioned on survival 
of an individual (i.e., TL <  TD, where TD is time to death)

𝔼[TL |TL < TD] =
1
δ

−
τe−τδ

1 − e−τδ = 35.3 y

•Individual vaccine impact estimate ~59% 
(54%, 67%).


•R0 estimate ~14


⇒routine immunization with current vaccines 
cannot lead to eradication



Vaccine effectiveness and waning intensity



Media stories



Relative prevalence increases 
monotonically with age

For older age-classes prevalence is 
maximized at an intermediate value of 

waning intensity

Vaccine effectiveness is function of duration 
of immunity
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Fig. 5. Age-specific immunity post vaccination (A) Relative prevalence ratio
�
Iw
i (t)/Is

i (t)
�

of infection after vaccination across the five age-cohorts (facet columns), as a
function of varying probability of immunity loss by the age of 18 years (colour gradient). Estimated MLE of immune duration was converted to probability of immune loss (indigo);
Time underwent a reset to 0 years after administration of neonatal dose (grey background) and booster dose (black background). (B) Population level vaccine impact (solid
lines) and reproductive number (dashed lines) calculated at 91.7% and 91.6% neonatal and booster vaccine coverage respectively (fixed at an average for 2008-2018) as a
response, and (C) Stable-state prevalence distribution across five age-cohorts as a function of varying probability of immune loss by age 18. Relationship between duration of
immunity and Probability of immune loss by age 18 are represented on the secondary axis (dotdashed lines). Covariate values were fixed at the last known value in the year
2018. Dynamics were simulated for 300 y and final values in the infectious compartments values we taken to be prevalence per 105

level immunological trends with seemingly contradictory individual-309

level clinical observations. Specifically, while a long average immune310

duration of immunity is estimated and around 50% of individuals311

retain immunity for their entire lives, we estimate 11.77% (95% CI:312

0.1%, 11.81%) of vaccinated individuals lose immunity by the age313

of 18 y. Given persistent high coverage, this explains the paradoxical314

clinical observation that most infections occur in vaccinated individu-315

als. Furthermore, our results explain the resurgent dynamics and the316

shift in the age profile of cases. As the immune profile shifts from317

being mostly due to natural infection (which we take to be lifelong,318

consistent with a lack of documented reinfections) to vaccine-derived,319

the impact of waning immunity rises. This leads to a growing pool320

of older susceptible individuals with waned vaccinal immunity (who321

in the pre-vaccine era would likely have natural immunity) among322

which the virus can spread. Such multi-decadal trends can result in the323

initial achievement of herd immunity (when only younger individuals324

have received vaccines and most older individuals possess natural325

immunity) before it is lost (as the vaccinated individuals age and their326

immunity wanes).327

We found that the leaky scenario is not consistent with the available328

epidemiological data. While a small but non-zero leakiness parameter 329

was able to generate outbreaks matching the timing and size of post- 330

2006 resurgence, our results show that if leakiness is the mechanism 331

of re-emergence then the rise in incidence should be approximately 332

uniformly realized across all age-classes. Assuming a constant contact 333

structure and an imported genotype with transmissibility identical to 334

the previously circulating genetic variant, these dynamics should 335

stabilize to the pre-vaccine age-distribution of cases. Instead, we 336

documented a gradual increase in the mean age of first infection in 337

the observed mumps dynamics. This pattern is consistent with the 338

waning hypothesis. The limited spread and the age profile of cases 339

during recent resurgences place constraints on the possible role of 340

immune mismatch. 341

Although our exponential waning model successfully explains the 342

long-term trends in mumps epidemiology in the US, it fails to capture 343

some of the finer temporally resolved characteristics of the data in 344

the two resurgence eras (1985-1989 & 2000-2012). Particularly, the 345

average simulated dynamics (1) underestimate the peak and overesti- 346

mate the duration of the mid-80s re-emergence, and (2) they combine 347

outbreaks in 2006 and 2010 into a single multi-year outbreak. In 348
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Time underwent a reset to 0 years after administration of neonatal dose (grey background) and booster dose (black background). (B) Population level vaccine impact (solid
lines) and reproductive number (dashed lines) calculated at 91.7% and 91.6% neonatal and booster vaccine coverage respectively (fixed at an average for 2008-2018) as a
response, and (C) Stable-state prevalence distribution across five age-cohorts as a function of varying probability of immune loss by age 18. Relationship between duration of
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function of varying probability of immunity loss by the age of 18 years (colour gradient). Estimated MLE of immune duration was converted to probability of immune loss (indigo);
Time underwent a reset to 0 years after administration of neonatal dose (grey background) and booster dose (black background). (B) Population level vaccine impact (solid
lines) and reproductive number (dashed lines) calculated at 91.7% and 91.6% neonatal and booster vaccine coverage respectively (fixed at an average for 2008-2018) as a
response, and (C) Stable-state prevalence distribution across five age-cohorts as a function of varying probability of immune loss by age 18. Relationship between duration of
immunity and Probability of immune loss by age 18 are represented on the secondary axis (dotdashed lines). Covariate values were fixed at the last known value in the year
2018. Dynamics were simulated for 300 y and final values in the infectious compartments values we taken to be prevalence per 105

level immunological trends with seemingly contradictory individual-309

level clinical observations. Specifically, while a long average immune310

duration of immunity is estimated and around 50% of individuals311

retain immunity for their entire lives, we estimate 11.77% (95% CI:312

0.1%, 11.81%) of vaccinated individuals lose immunity by the age313

of 18 y. Given persistent high coverage, this explains the paradoxical314

clinical observation that most infections occur in vaccinated individu-315

als. Furthermore, our results explain the resurgent dynamics and the316

shift in the age profile of cases. As the immune profile shifts from317

being mostly due to natural infection (which we take to be lifelong,318

consistent with a lack of documented reinfections) to vaccine-derived,319

the impact of waning immunity rises. This leads to a growing pool320

of older susceptible individuals with waned vaccinal immunity (who321

in the pre-vaccine era would likely have natural immunity) among322

which the virus can spread. Such multi-decadal trends can result in the323

initial achievement of herd immunity (when only younger individuals324

have received vaccines and most older individuals possess natural325

immunity) before it is lost (as the vaccinated individuals age and their326

immunity wanes).327

We found that the leaky scenario is not consistent with the available328

epidemiological data. While a small but non-zero leakiness parameter 329

was able to generate outbreaks matching the timing and size of post- 330

2006 resurgence, our results show that if leakiness is the mechanism 331

of re-emergence then the rise in incidence should be approximately 332

uniformly realized across all age-classes. Assuming a constant contact 333

structure and an imported genotype with transmissibility identical to 334

the previously circulating genetic variant, these dynamics should 335

stabilize to the pre-vaccine age-distribution of cases. Instead, we 336

documented a gradual increase in the mean age of first infection in 337

the observed mumps dynamics. This pattern is consistent with the 338

waning hypothesis. The limited spread and the age profile of cases 339

during recent resurgences place constraints on the possible role of 340

immune mismatch. 341

Although our exponential waning model successfully explains the 342

long-term trends in mumps epidemiology in the US, it fails to capture 343

some of the finer temporally resolved characteristics of the data in 344

the two resurgence eras (1985-1989 & 2000-2012). Particularly, the 345

average simulated dynamics (1) underestimate the peak and overesti- 346

mate the duration of the mid-80s re-emergence, and (2) they combine 347

outbreaks in 2006 and 2010 into a single multi-year outbreak. In 348
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Summary
• Mumps re-emerged in US, despite high estimated vaccine coverage


• At population level, models indicate waning of vaccine-derived immunity drives 
recent epidemics


• Vaccines with long-lasting immunity can bring about substantial decrease in 
prevalence of mumps


• But, in resurgence era, most cases among previously vaccinated


• Validated transmission models can inform age-stratified boosting schedule to 
maintain high levels of herd immunity
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