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Abstract
The measurement of measles-specific neutralizing antibodies, directed against the surface measles
virus hemagglutinin and fusion proteins, is considered the gold standard in measles serology. We
assessed functional measles-specific neutralizing antibody levels in a racially diverse cohort of
763 young healthy adolescents after receipt of two doses of measles-mumps-rubella vaccine, by
the use of an automated plaque reduction microneutralization (PRMN) assay, and evaluated their
relevance to protective antibody levels, as well as their associations with demographic and clinical
variables. We also concurrently assessed measles-specific IFNγ Elispot responses and their
relation to the observed antibody concentrations.

The geometric mean titer for our cohort was 832 mIU/mL (95% CIs: 776; 891). Sixty-eight
subjects (8.9%) had antibody concentrations of less than the protective threshold of 210 mIU/mL
(corresponding to PRMN titer of 120; suggesting protection against symptomatic disease), and
177 subjects (23.2%) demonstrated persisting antibody concentrations above 1,841 mIU/mL
(corresponding to PRMN titer of 1,052; suggesting total protection against viral infection), 7.4
years after vaccination, in the absence of wild-type virus boosting. The mean measles-specific
IFNγ Elispot response for our cohort was 46 (95% CIs: 43; 49) IFNγ-positive spots per 200,000
cells with no relation of cellular immunity measures to the observed antibody concentrations. No
significant associations between antibody titers and demographic and clinical variables, including
gender and race, were observed in our study.

In conclusion, in a large observational study of measles immunity, we used an automated high-
throughput measles virus-specific neutralization assay to measure humoral immunity, and
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concurrently determined measles-specific cellular immunity to aid the assessment of potential
susceptibility to measles in vaccinated populations.

Keywords
measles; vaccine; neutralizing antibodies; cellular immunity; plaque reduction microneutralization

1. Introduction
Despite a safe and effective live measles vaccine, measles still remains a major global health
issue with considerable morbidity and mortality worldwide, and approximately 164,000
measles-related deaths in 2008 [1,2]. Though largely controlled by immunization, measles is
re-emerging in developed countries with the highest number of measles cases observed in
2008 in several European countries and the US [3–7]. The measurement of measles-specific
neutralizing antibodies, directed against the surface measles virus (MV) hemagglutinin (H)
and fusion (F) proteins, is still considered the “gold standard” in measles serology and is
performed by a standard plaque reduction neutralization (PRN) test, which evaluates
“seroprotection” by the level of neutralizing antibodies that best correlates with protection
against disease [8–13]. The assay typically quantifies the functional antibodies that prevent a
cytopathic effect and plaque formation on cell monolayers (Vero) by measuring the serum
dilution capable of decreasing the number of plaques by at least 50% (50% neutralizing
dose, ND50, or PRN titer) [8,13]. We have developed and standardized a novel sensitive
reporter gene-based Plaque Reduction Microneutralization Assay (PRMN) as an alternative
to the classical PRN assay [13].

Evaluation of measles-specific humoral immunity several years after vaccination and the
effects of demographic and clinical variables (such as race, ethnicity, gender, age and time
since immunization) on functional neutralizing antibody levels are of considerable interest
for measles vaccine-related research but have not been clearly characterized. For example,
racial and ethnic differences related to different allele frequencies in immune response genes
are known to affect immune responses to infection and vaccination and may account for
different susceptibility and severity of infectious diseases, as well as potential differences in
immune response and adverse reactions to vaccines [14–20]. Gender-related differences in
antibody levels and cellular immune responses have also been reported for viral infections
and viral vaccines such as measles-mumps-rubella (MMR), influenza, hepatitis A, hepatitis
B, yellow fever, rabies and smallpox vaccine, and may account for differences in vaccine
efficacy [19,21–28].

For this reason we sought to assess functional measles-specific neutralizing antibody levels
in a racially diverse cohort of young healthy adolescents after receipt of two doses of MMR
vaccine, to evaluate their possible associations with demographic and clinical variables, and
to demonstrate the utility of the automated high-throughput PRMN assay.

2. Materials and Methods
2.1. Study subjects

Our study cohort comprised a combined sample of 764 eligible subjects from 2 independent
age-stratified random cohorts of healthy schoolchildren and young adults from all
socioeconomic strata in Rochester, Minnesota. Between December 2006 and August 2007
we enrolled 440 healthy children (age 11 to 19 years) in Rochester, Minnesota (cohort 1),
from which 388 children were eligible to participate in the current observational study of
measles vaccine immunity. In November 2008 – September 2009, we enrolled an additional
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383 healthy children and young adults (age 11 to 22 years) in Rochester, Minnesota (cohort
2), from which 376 met the eligibility criteria. All 764 participants had documentation of
having received two doses of MMR vaccine (Merck) containing the Edmonston strain of
measles virus (not less than 1,000 TCID50/dose). No known circulating wild-type measles
virus was observed in the community since the earliest year of birth for any subject. Travel
history (such as travel to regions of the world where measles is endemic) for the subjects
enrolled in our study was not available, but all subjects were born and raised in Minnesota.
The Institutional Review Board (IRB) of the Mayo Clinic approved the study, and written
informed consent was obtained from the parents of all children who participated in the
study, as well as written assent from age-appropriate children.

2.2. Plaque Reduction Microneutralization Assay (PRMN)
Measles-specific neutralizing antibody levels were quantified using a high throughput
fluorescence-based PRMN, using a recombinant, GFP-expressing measles virus, as
previously described [13] with modifications, particularly in the assay readout and
automation. Briefly, test sera were heat-inactivated (56°C, 30 min) and assayed in 96-well
flat-bottom plates. Serum samples were diluted four-fold from 1:4 to 1:4,096 (6 dilutions, 6
replicates for each dilution) in Opti-MEM I (Gibco; Invitrogen Corporation, Carlsbad, CA,
USA) except for the 3rd WHO international anti-measles standards (3 IU, NIBSC code no.
97/648; WHO International Laboratory for Biological Standards, National Institute for
Biological Standards and Control - NIBSC, Potters Bar, Hertfordshire, UK), which was
diluted four-fold from 1:16 to 1:16,384. Diluted sera were mixed with an equal volume of
low passage challenge virus MVeGFP (final dilutions 1:8 to 1:8,192 for all sera and 1:32 to
1:32,768 for the 3rd WHO standard) and incubated for 1 h at 37°C. A standard inoculum of
challenge virus was used in Opti-MEM at a dilution adjusted to yield 20–60 plaque-forming
units (PFU) per well in the control wells (virus without serum). Serum/virus mixtures (50 μl)
were transferred to a new 96-well plate and mixed with an equal volume of Vero cell
suspension (1.5 × 104 cells/well) in DMEM (Gibco; Invitrogen Corporation, Carlsbad, CA,
USA), containing 10% fetal bovine serum (FBS, HyClone, Logan, UT, USA). The plates
were incubated for 43 h at 37°C under 5% CO2. The brightly fluorescent green plaques
(syncytia) were scanned and counted on automated Olympus IX71 Fluorescent microscope
using the Image-Pro Plus Software Version 6.3 (MediaCybernetics). The software
parameters to count plaques were chosen after optimization and comparison with visual
readouts. The final validation included comparison of 20 visual readouts (using the same
instrument) with 20 automatic readouts of a standard serum to ensure that the chosen
parameters produced counts similar to those visually enumerated. The PRMN titers were
calculated based on the automatic readout and compared with the PRMN titers calculated
based on the visual readout and the results were considered consistent if p<0.05 (p=0.32,
Wilcoxon rank sum test). The Image-Pro Plus software parameters used to enumerate plaque
counts for the study included intensity range selection 44 to 255 and area 189 to 15,000,000.
The 50% end point titer (Neutralizing Dose, ND50) was calculated using Kärber’s formula.
The use of the 3rd WHO international anti-measles antibody standard (with assigned value
by the Expert Committee on Biological Standardization of 3,000 mIU/mL) enabled
quantitative ND50 values to be transformed into concentrations of measles antibody in mIU/
mL as described previously [10,11,13]. The geometric mean PRMN titer of the 3rd WHO
anti-measles standard obtained from 70 tests on this standard in our study was 1,719 (lower
and higher 95% CIs: 1,667; 1,772) with minimal and maximal recorded values: 700 and
2,976. The conversion factor (unitage constant) used for converting ND50 values into mIU/
mL was determined by the performance of the WHO standard in each batch of assays [11].
The mean conversion factor was 1.75 and the factors used to convert ND50 values into mIU/
mL ranged from 1.01 to 4.29. After calculation, the results in mIU/mL were log transformed
and used to calculate the geometric mean concentration and 95% confidence intervals, and
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the antilog or untransformed results were reported. Test limit (limit of detection) in terms of
mIU/mL was determined for each assay as shown by Cohen et al. [10]. Briefly: test
limit=unitage constant (conversion factor) × 8, where the unitage constant = unitage of
International Standard/ND50 of International Standard, and 8 is the lowest reciprocal
dilution of each test serum, while unitage of the 3rd WHO international anti-measles
standard is 3,000 mIU/mL. Test sera with reactivity greater than the test limit
(corresponding PRMN value of 8) were considered PRMN positive. The predetermined
acceptable range for the 3rd WHO international anti-measles standard in our study was 700 –
3,000 ND50. This acceptable range was determined similarl to the method described by
Cohen et al. [11], who acknowledged the intrinsic variability of the PRN assay, and defined
an acceptable range for the 2nd WHO anti-measles standard as the mean ND50 ± 3 S.D. In an
optimization study based on data obtained from 20 tests we predetermined the acceptable
range for the 3rd WHO international anti-measles standard for our study based on the
geometric mean PRMN titer of the 3rd WHO standard obtained during the optimization of
1,889 ± 2 S.D., or approximately 700 – 3,000.

2.3. Elispot
Human total IFNγ Elispot kits (R&D Systems. Minneapolis, MN) were used to measure the
number of IFNγ-producing cells, as previously described [29] and following the
manufacturer’s protocol. Briefly, we stimulated subjects’ PBMCs (or alternatively left them
unstimulated), in triplicate, with the Edmonston strain of measles virus (multiplicity of
infection, MOI=0.5) and developed the reaction after 42 hours incubation at 37°C, in 5 %
CO2. PHA (5μg/mL) was used as a positive control. All plates were scanned and analyzed
using the same counting parameters on an ImmunoSpot® S4 Pro Analyzer (Cellular
Technology Ltd., Cleveland, OH, USA) using ImmunoSpot® version 4.0 software (Cellular
Technology Ltd.).

2.4. Statistical analyses
In this report, we describe the performance of the PRMN assay in large cohort of individuals
who had received two doses of MMR vaccine. We summarized the demographic
characteristics of the study participants using frequencies and percentages for categorical
variables, and medians and inter-quartile ranges for continuous variables. We also reported
estimates of antibody levels in mIU/mL (and ND50 for the 3rd WHO anti-measles standard)
from the PRMN assay, and measures of measles virus-specific cellular immunity from IFNγ
Elispot assays, and summarized these values across by their mean, median and other
quantities across all study subjects, and within subgroups of the study subjects defined by
those with the highest antibody concentrations (top 30), those with the lowest antibody
concentrations (bottom 30) and those in the middle 50% of the antibody titer distribution.
Geometric means and 95% confidence intervals were obtained from the PRMN assay results
as primary analysis measures, and the distributions of the assay results were summarized
using histograms. The rationale for the three antibody groups chosen for the analysis (in
addition to analysis of the whole cohort), was that we wanted to fully characterize the
extremes of the measles-specific humoral immunity in our cohort as quantified by functional
neutralizing antibodies. These subsets were also used to concurrently analyze the Elispot
data (the number of measles-specific IFNγ-producing cells) available for these subjects/
groups and determine how they relate to antibody concentrations. The association between
IFNγ Elispot responses and these three antibody titer groups was tested using a rank sum
test. Because two operators had performed the assay, we summarized the ND50 values of the
3rd WHO anti-measles standard by operator, and tested for a difference between operators
using a rank sum test. Associations between each of the demographic and clinical variables
(age at first MMR immunization, age at second MMR immunization, gender, race, and
timing of immunization relative to recruitment) and the measures obtained from the PRMN
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assay were assessed using analysis of variance methods. In these models, we log-
transformed the data to meet modeling assumptions before testing the associations between
the demographic features and the PRMN measures. In addition to performing tests of
significance for each measure individually, we also performed assessments where each of
the demographic variables (age at first MMR immunization, age at second MMR
immunization, gender, race, and time since last of immunization) was adjusted for all others.
Analyses were carried out using the SAS version 9 (SAS Institute, Inc., Cary, NC) software
system.

3. Results
3.1. Characterization of the study cohort

We used a large, racially diverse cohort of 764 healthy schoolchildren, primarily Caucasians
(616, 80.6%), with the inclusion of African-Americans (89, 11.7%), Asian/Hawaiian/Pacific
Islanders (20, 2.6%) and a limited number of other races and ethnicities (39, 5.1%). The
cohort consisted of slightly more males (427, 55.9%) than females (337, 44.1%), with a
median age at enrollment 15 years (inter-quartile range/IQR 13; 17), median age at first and
second immunization, 15 months (IQR 15; 16) and 5 years (4; 11), respectively, and median
time since last MMR immunization to sampling 7.4 years (IQR 5.6; 9.2). To characterize the
extremes of the measles-specific humoral immunity, for some of the analyses we selected 30
subjects with the lowest antibody concentrations (based on mIU/mL), 30 subjects with the
highest antibody concentrations and all 382 subjects within the middle 50% of antibody
concentrations.

3.2. PRMN assay development
We have previously described the development of a novel fluorescence-based PRMN assay
for measles immunity [13]. We further developed and optimized this assay to implement
automatic scanning and counting of GFP-positive plaques using an automated Fluorescent
microscope system and the Image-Pro Plus Software of MediaCybernetics for software-
based transformation of images into plaque counts to minimize the subjective effect of
visual plaque counting and human error. The microscope and software had pre-optimized set
parameters for plate scanning and counting to minimize variations. Raw data were
automatically transferred to an Excel file for Excel-based automatic calculation of ND50
values and mIU/mL concentrations using the Kärber formula. For standardization, in each
batch of assays, we used the third WHO international anti-measles standard with assigned
value of 3,000 mIU/mL (97/648 - 3 IU) in the plaque reduction neutralization assay. The
following assay validity criteria were implemented for the controls: an average plaque count
for virus control (“no serum” control used to calculate assay results using the Kärber
formula [13]) within 20–60 PFU per well (as counted by the automated system, based on 24
virus control wells per plate); ND50 value of the third WHO standard (a positive serum
control and a standard, used to calculate assay results [13]; with assigned antibody
concentration of 3,000 mIU/mL) within the acceptable range, predetermined as 700 to 3,000
ND50 (see Materials and Methods 2.2. PRMN). Extreme values (high ND50 samples or low
ND50 samples) were repeated using a different dilution range, if necessary. The
reproducibility and variability of the PRMN assay were constantly monitored by computing
the variance between operators (two operators) and within operator (based on the third
WHO standard ND50 values) using Wilcoxon rank sum test. The overall geometric mean
PRMN titer (ND50) of the 3rd WHO standard used in the study was 1,719 (lower and higher
95% CIs: 1,667; 1,772) with minimal and maximal values: 700 and 2,976, and a unitage
constant (conversion factor) was calculated for each batch of assays (n=11, with one WHO
standard) by dividing the assigned concentration of the 3rd WHO standard (3,000 mIU/mL)
by the ND50 of the standard in that assay run [11]. The mean conversion factor, relating
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measles antibody concentration for the WHO reference (3,000 mIU/mL) to the mean ND50
value, for the study was calculated to be 1.75. ND50 results of test sera were multiplied by
the conversion factor (unitage constant) to obtain the antibody concentrations (as primary
analysis measures) in mIU/mL. The geometric mean ND50 value of the 3rd WHO standard
was 1,693 (lower and higher 95% CIs: 1,614 and 1,777) for operator one (n=303 serum
assays; 28 WHO standard assays) and 1,735 (lower and higher 95% CIs: 1,669 and 1,805)
for operator two (n=460 serum assays; 42 WHO standard assays), with no statistically
significant difference between operators (p=0.38, Wilcoxon rank sum test). The variability
of the PRMN assay, calculated as a coefficient of variation (CV), based on the log-
transformed ND50 values of the third WHO standard, was 5.7% with no statistically
significant difference between operators. Using this improved assay we evaluated the
neutralizing antibody levels of 763 study participants (out of 764). The calculated mean
limit of detection for the assay was 15 mIU/mL and the median value was 13 mIU/mL.

Our PRMN assay proved to offer clear advantages in time and human/material resources
than the classical PRN assay. Our PRN alternative requires 2 hours for assay set-up (for a
batch of 11 serum samples and one WHO standard, set up in six 96-well plates), less
incubation time (43 hours versus 4 to 7 days for the classical assay), and 2 hours for assay
readout and computation of final results, which is less then 48 hours total. One operator was
able to set up easily two batches of samples (22 sera) per day. It addition, the PRMN assay
was performed in micro format (96-well plates versus 24-well and 12-well plates for the
classical PRN assay) with less test reagents. Furthermore, our assay does not require the
complicated steps of agar/agarose cell overlays, fixation and staining procedures as well as
the visual enumeration of plaques, and thus is less labor-intensive than the classical test. The
GFP expression-based plaque detection and automated assay readout (with set parameters
for plate scanning and plaque counting) provide a sensitive, improved and objective test
reading and minimize human error.

3.3. Functional measles-specific humoral immunity and IFNγ Elispot responses in the
study cohort

Histograms of the distribution of antibody concentrations in mIU/mL obtained from the
cohort sample of 763 subjects are presented in Fig. 1. To further characterize the measles-
specific humoral immunity of our study subjects, we closely evaluated the extremes of the
antibody titers as represented by the lowest antibody group (30 subjects with the lowest
antibody concentrations in mIU/mL), highest antibody group (30 subjects with the highest
antibody concentrations) and contrasted them to the middle 50% antibody group
(represented by all 382 subjects with antibody concentrations within the middle 50%) and
the immune measures for the whole cohort. The results are summarized in Table 1. The
geometric mean titer/GMT (antibody concentration) for our cohort was 832 mIU/mL (95%
CIs: 776; 891) (Table 1). We did not detect any seronegative individuals (PRMN titer < 1:8)
in our cohort (all tested sera in our study had neutralizing activities at a dilution 1:8) and the
serum with the lowest neutralizing activity detected was 45 mIU/mL.

In our study population we observed 68 subjects (8.9%) who were potentially susceptible to
disease and had measles antibody concentrations <210 mIU/mL (120 × conversion factor
1.75 = 210 mIU/mL), corresponding to the protection threshold of 120 [30]. Relative to the
titer of 1,841 mIU/mL (1,052 × 1.75; described as a threshold for protection against
infection and antibody boosting after measles virus exposure) we observed only 177
individuals (23.2%) who were protected completely, with a concentration ≥1,841 mIU/mL
[30]. The majority of the study participants (518, 67.9%) had antibody concentrations
between 210 and 1,841 mIU/mL (corresponding to ND50 120 and 1,052) [30].
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Analyzing the extremes of the measles-specific humoral immune response we found that the
antibody concentration (GMT) for the lowest antibody group (bottom 30) was 95 mIU/mL
vs. an antibody concentration of 4,677 mIU/mL for the highest antibody group (top 30) and
an antibody concentration of 851 mIU/mL for the subjects in the middle 50% of antibody
titer distribution (Table 1).

Of the 763 subjects enrolled, 725 were also tested for measles specific T-cell immunity and
693 (95.6%) were found to have measles-specific IFN-γ Elispot response (the positive
response reflects the fact that measles virus-specific stimulated response, measured in
triplicate, was greater than the unstimulated response, also in triplicate). The mean measles-
specific IFNγ Elispot response for our cohort was 46 (95% CIs: 43; 49) IFNγ-positive spots
per 200,000 cells. Interestingly, the measles-specific IFNγ Elispot responses (Table 1)
across the three antibody groups did not differ significantly (p=0.299, Kruskal-Wallis test),
demonstrating no relation of cellular immunity measures to the observed antibody
concentrations (Table 1).

3.4. Associations of neutralizing antibody levels with demographic and clinical variables
We assessed associations of antibody measures with the demographic and clinical variables
in our study population and the results are summarized in Table 2. Although we observed
slightly higher neutralizing antibody concentrations in females (GMT of 844 mIU/mL) vs.
males (GMT of 820 mIU/mL), and in addition slightly higher antibody concentrations in
white subjects (GMT of 839 mIU/mL) vs. non-white subjects (GMT of 793 mIU/mL), but
the results were not statistically significant (Table 2). Similarly, the univariate and
multivariate analyses did not detect any statistical associations between neutralizing
antibodies and age at first MMR immunization, age at second MMR immunization, and time
since last immunization to enrollment (Table 2).

4. Discussion
Although enzyme immunoassays (EIA) are relatively quick and accessible methods for
evaluation of antibodies against all (in most cases) measles virus proteins, they do not
provide valuable information on the functional neutralizing anti-H and anti-F antibodies,
which serve as correlates of protection [11,31–35]. In the present study we improved our
previously described PRMN assay [13], to an automated high-throughput test, used in our
relatively large population-based measles vaccine study to quantify functional measles-
specific antibodies in a rapid, simple, reliable and reproducible manner. We have previously
shown the correlation of PRMN with the Dade Behring EIA to evaluate MV humoral
immunity and have demonstrated the higher sensitivity of PRMN [13]. In the present study
we further developed and optimized our assay to include an automated scanning of
fluorescent plaques and software-based transformation of images into plaque counts to
eliminate human error from visual reading and provide an expedited and objective readout
with computation of results. We also used the third WHO international anti-measles
standard as part of our quality control and quality assurance, to serve as a positive serum
control and a standard, allowing the conversion of our PRMN measures (ND50) into mIU/
mL values for comparison with other measles vaccine studies. We implemented this
improved assay in the context of a relatively large study on surveillance of measles vaccine
immunity, on a sample of 763 subjects, after 2 doses of measles vaccine (with a median time
since second immunization to enrollment of 7.4 years, IQR: 5.6; 9.2), covering
predominantly non-Hispanic Caucasian population (80.6%) with the inclusion of African-
Americans (11.7%), and other races/ethnicities. We found no seronegative individuals
(PRMN titer<8), which is consistent with the results summarizing the uniformly high rates
(95.9%) of measles seropositivity in the US population, 1999–2004, as measured by enzyme
immunoassay methods, known to be less sensitive than the PRN assays [36].
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Similar to our data, a study evaluating the persistence of measles-specific neutralizing
antibodies (PRN) in relation to two different measles second-dose vaccination schedules,
demonstrated no seronegatives (PRN titer<8) in a sample of 364 subjects (primarily
Caucasians), 5–10 years after the second immunization [37]. This study also demonstrated
waning of measles-specific antibody titers based on several follow up antibody
measurements over time, while our results (based on a single antibody measurement with a
median time from second measles immunization to sample collection/testing of 7.4 years
[IQR 5.6; 9.2]) failed to detect any statistically significant association between antibody
levels and time since last immunization (p=0.07 from univariate analysis; p=0.398 from
multivariate analysis, Table 2). The latter, however, should be interpreted with caution, since
it most likely reflects the different study design with no continuous monitoring of antibody
titers (due to feasibility and budget limitations) and hence no information of antibody levels
prior to MMR second immunization. In addition, although antibody titers are expected to
decline over time, the rate of decline may flatten out [37]. LeBaron et al. also reported 4.9%
children with low PRN titers<120, potentially susceptible to measles, and geometric mean
concentrations of 641 mIU/mL and 737 mIU/mL for the kindergarteners and middle
schoolers, respectively (the name reflecting the time of second immunization) [37]. These
neutralizing antibody concentrations are very similar to the antibody concentrations
described in our study (bearing in mind some differences in the demographic/clinical
variables of the two study cohorts), which demonstrates an overall GMT of 832 mIU/mL,
although we observed a slightly higher percentage (8.9%) of children potentially susceptible
to symptomatic disease (PRMN titer<120, corresponding to 210 mIU/mL in our study).
From a public health prospective it is important to note that antibody levels following
immunization show a substantial degree of variation and may confer different levels of
protection [38]. In addition, in the absence of circulating natural infection, antibody titers
tend to decrease gradually after immunization [39,40]. Although our study revealed
increased potential susceptibility, low neutralizing antibody concentrations are known to
represent a lower risk of illness and viral transmission than the absence of antibodies
[37,41–44]. In addition, it is worth noting that a major attribute of measles vaccines is their
capacity to induce virus-specific cellular immunity, and cell-mediated immunity might play
a significant role in resistance to measles infection [37,42,45,46]. Our findings demonstrate
that low neutralizing antibody concentrations do not necessarily correlate with low measles-
specific cellular immunity (the quantified IFNγ Elispot responses did not differ significantly
between low, high and middle 50% antibody groups, p=0.299), suggesting that cell-
mediated immunity to measles virus is perhaps better maintained than humoral immunity
after immunization, which is also reported by other studies [42]. Therefore, although there is
no known population-based quantifiable correlate of measles-specific cell-mediated
protection, cellular immunity might be contributing to overall protection [37]. Among the 68
subjects (8.9% of all study subjects) with an antibody concentration below 210 mIU/mL
(corresponding to PRMN titer below 120), our study results identified only 3 subjects, which
also had extremely low measles-specific cellular immunity as quantified by IFNγ Elispot
response ≤ 1 (IFNγ-positive spots per 2 × 105 cells), and we speculate that these subjects
might have higher potential susceptibility to disease compared to the others in the same
group. To examine the relation between the neutralization antibody concentrations of our
study subjects and the potential risk for clinical or asymptomatic infection, we used widely
accepted thresholds of potential susceptibility, suggested by a prospective serological study
of an outbreak of measles, reported by Chen et al. [30]; a PRN titer below 120
(corresponding to antibody concentration of 210 mIU/mL in our study) may confer a risk for
symptomatic disease, and a PRN titer below 1,052 (corresponding to antibody concentration
of 1,841 mIU/mL in our study) may confer a risk for asymptomatic infection and antibody
boosting. Importantly, in the absence of antigenic stimulation and wild-type virus boosting,
only 177 individuals (23.2% of our study participants) demonstrated persisting antibody
concentrations above 1,841 mIU/mL (suggesting total protection against viral infection/viral
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replication), 7.4 years after vaccination, in a measles post-elimination environment. The
estimated “prevalence of susceptibility to either clinical or subclinical reinfection in
vaccinated population” from five different measles vaccine studies ranged form 19 to 31%,
as summarized by Mossong et al. [38]. Therefore, in light of recent disease (mumps)
outbreaks, even after two doses of MMR vaccine [47], and the highest number of measles
cases observed recently in several European countries and the US [3–7], it may be premature
to disregard “the potential threat of diseases that appear on the verge of extinction because
of high vaccination levels” [37].

While gender and race/ethnicity-based differences have been reported for vaccine-induced
immunity (as outlined in the introduction), our study failed to reveal any significant
associations between neutralizing antibody levels and demographic and clinical variables in
our study cohort. Gender and racial differences in the humoral response to live measles
vaccine have been previously described [22,27,48,49]. Furthermore, evidence from the
literature suggests gender-related waning of antibody levels to MMR vaccine [39,50–52]. A
comprehensive seroprevalence study also revealed higher measles seropositivity in non-
Hispanic blacks compared to non-Hispanic whites and Mexican Americans, although the
authors suggested that these results might reflect “natural infection during the era before the
federal measles-elimination program and the early implementation of a measles vaccination
program” [36]. Other studies failed to find significant gender and racial differences in
measles-specific humoral immunity [19,53,54], suggesting that further research is warranted
to confirm or refute the differential response across racial or gender groups to measles
vaccination.

In conclusion, our report summarizes the findings of a large observational population-based
study of measles immunity including the concurrent assessment of measles-specific cellular
immunity and humoral immunity, performed using a novel high-throughput measles-specific
neutralization assay with an automated readout. Since the immune response that best
correlates with protection against disease is the presence of functional neutralizing
antibodies, studies such as ours aid the assessment of potential susceptibility to measles in
vaccinated populations.
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Figure 1.
Distributions of antibody measures obtained from a sample of 763 study subjects
The histograms illustrate the distribution of A antibody concentrations in mIU/mL and B
log10(mIU/mL) values across subjects.
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Table 2

Associations of measles-specific neutralizing antibody concentrations with demographic and clinical variables

Attribute No. of subjects GMT mIU/ml (95% CIs)a p-valueb p-valuec

Overall 763 832 (776; 891)

Time since last immunization (years)

≤5.6 194 805 (694; 933)

5.7–7.4 189 755 (659; 865) 0.07 0.398

7.5–9.1 185 972 (859; 1,101)

≥9.2 195 809 (702; 933)

Age at first measles vaccine (months)

≤14 140 790 (672; 928) 0.689 0.172

15 396 853 (780; 933)

≥16 227 817 (709; 941)

Age at second measles vaccine (years)

≤4 192 864 (755; 987) 0.087 0.268

5 212 919 (811; 1,043)

6–11 214 728 (638; 831)

≥12 145 824 (695; 978)

Gender

Female 337 844 (762; 934) 0.689 0.833

Male 426 820 (747; 901)

Race

Not white 147 793 (666; 945) 0.525 0.844

White 616 839 (779; 905)

a
GMT, geometric mean titer/concentration in mIU/mL with 95% confidence intervals (CIs).

b
p-value from univariate analysis;

c
p-value from multivariate analysis, statistically adjusting for all other variables.
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