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Background. 'The plaque reduction neutralization test (PRNT), which measures a subset of immunoglobulin antibodies (func-
tional neutralizing antibodies), and the enzyme-linked immunosorbent assay (ELISA), which measures total immunoglobulin (neu-
tralizing and nonneutralizing antibodies), characterize different aspects of the anti-mumps virus antibody response after vaccination.

Methods. Data from a recent phase 3 clinical trial (NCT01681992) of 2 measles-mumps-rubella vaccines were used to compare
anti-mumps antibody responses measured using an unenhanced PRNT (GSK; seropositivity cutoff and threshold, 2.5 and 4 times
the 50% end-point dilution, respectively) with those estimated using an ELISA (thresholds, 5 and 10 ELISA units/mL, respectively).

Results.  Of 3990 initially seronegative samples, 3284 (82.3%) were seropositive after vaccination for anti-mumps antibodies in
both assays. The Pearson correlation coefficient for double-positive samples was 0.57, indicative of a moderate correlation. Receiver
operating characteristic curve analysis showed that an ELISA threshold of 51.7 ELISA units/mL best corresponded to the PRNT
seroresponse threshold. There was no obvious vaccine brand effect on the correlation between assays.

Conclusions. 'The moderate correlation between the anti-mumps antibody measurements obtained with PRNT and ELISA re-
flects different aspects of the serological response. In the absence of a well-defined protective serological threshold, PRNT pro-
vides complementary information on the antibody response, whereas ELISA remains a critically useful measurement of vaccine

immunogenicity.
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There are no well-defined protective serological response
threshold against mumps virus infection [1-4], and serological
methods for detecting mumps antibodies have varying sensi-
tivity and specificity [2]. Functional neutralizing antibody as-
says, such as the plaque reduction neutralization test (PRNT),
are thought to provide the best estimate of protection [2], but
there is no standard procedure for mumps virus infection [5].
The PRNT is cumbersome and labor intensive and there-
fore not readily amenable to high throughput, making it dif-
ficult to use in large-scale surveillance and vaccine trials [2].
In contrast, the enzyme-linked immunosorbent assay (ELISA)
provides rapid, quantitative, reliably reproducible results, and is
simple to perform. This has therefore become the most widely
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used technique in clinical serology testing, but it is not a func-
tional assay because it cannot distinguish neutralizing from
nonneutralizing antibodies.

GSK has developed an in-house PRNT that likely provides
more discriminative titers and a more accurate measurement of
immunogenicity to mumps vaccination than a previously used
guinea pig complement- and anti-human immunoglobulin G
(IgG)-enhanced PRNT [6]. The new assay determines neutral-
izing antibodies against the mumps wild-type strain Mu-90,
which is considered better than using a vaccine-specific mumps
strain when approximating the quality of vaccine-induced anti-
body to circulating wild-type strains [7].

Thresholds accepted by the Center for Biological Evaluation
and Research within the US Food and Drug Administration, as
defining clinically meaningful changes in anti-mumps antibody
level following vaccination, were applied in analyses conducted
in a recent phase 3 study. This trial assessed the immunoge-
nicity and safety of measles-mumps-rubella (MMR) vaccines,
MMR-RIT (Priorix; GSK) compared with MMR II (M-M-R II;
Merck), when administered to toddlers; the clinical results are
described elsewhere [8]. In the present study, serological data

from the study are examined to compare anti-mumps virus
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antibody levels estimated using the PRNT with those measured
using ELISA.

METHODS

Study Participants and Serum Samples

The serum samples used in this study were derived from a
randomized, observer-blind study of the immunogenicity and
safety of MMR vaccine formulations administered to 4516
children in their second year of life (NCT01681992), as de-
scribed elsewhere [8]. The study was conducted in accordance
with the Declaration of Helsinki and Good Clinical Practice
guidelines and was approved by a national, regional, or inves-
tigational center institutional review board or independent
ethics committee. Written informed consent was obtained from
parents or legally acceptable representatives before enrollment.
Participants were randomly assigned to receive MMR-RIT or
MMR II, with the first dose administered at 12-15 months of
age. The serum samples analyzed were from blood samples
obtained before vaccination and 42 days after the first of the
2 MMR doses administered [8]. (To request access to patient-
level data and documents for this study, please submit an en-
quiry via www.clinicalstudydatarequest.com.)

Assays of Anti-Mumps Virus Antibody Levels

Concentrations of IgG antibodies to the mumps virus (Jeryl
Lynn strain, genotype A) were measured using a whole-virus
(wild-type strain) ELISA that was performed and interpreted as
directed by the manufacturer (PPD). A PRNT without comple-
ment and without anti-IgG enhancement (unenhanced PRNT;
GSK) [6], using the genotype D wild-type virus strain Mu-90
(MU90/Lol), was used to assess the induction of functional
neutralizing antibodies to the mumps virus. The unenhanced
PRNT therefore used a more contemporary strain of mumps
virus than that used in each MMR vaccine (RIT 4385 [Jeryl
Lynn-derived strain] for MMR-RIT and Jeryl Lynn [homolo-
gous to ELISA antigen strain] for MMR II [8]).

For the PRNT, briefly, 8 two-fold serial serum dilutions were
made in 96-well plates and mixed with MU90/Lol strain.
Susceptible Vero cells were then added to the serum-virus mix-
ture to be infected by nonneutralized virus before forming a cell
monolayer. After 2 days of incubation at 34°C and 5% carbon
dioxide in a water-saturated incubator, the cell monolayer
was fixed with ethanol/methanol. Viral antigens in infected
cells were immunodetected with mouse anti-mumps mono-
clonal antibodies. After secondary labeling with anti-mouse

horseradish peroxidase secondary antibodies (sheep anti-
mouse IgG antibody conjugated to horseradish peroxidase [GE
Healthcare; NA931-1]), a substrate (TrueBlue; KPL) was added
for labeling, forming blue precipitates that allow direct counting
of plaque-forming units in the well.

The ELISA and PRNT cutoffs for seropositivity and thresh-
olds for seroresponse in children are shown in Table 1. The
seropositivity cutoffs indicated the presence of anti-mumps
antibodies. The seroresponse thresholds used in this study were
determined to be statistically significantly different from the
technical cutoffs of the assays, and they have been accepted by
the Food and Drug Administration as thresholds defining ac-
tive immunization offering clinical benefit.

Statistical Analysis

The correlation between immune responses measured by each
mumps assay was calculated using Pearson correlation coeffi-
cient on double-seropositive samples, where a value of 1 indi-
cates total positive linear correlation and 0 indicates no linear
correlation. A Deming regression analysis was also performed
to quantify the relationship between ELISA and PRNT re-
sults. This was preferable to linear regression using ordinary
least squares, because it considers the variability of both the
dependent variable (log-transformed ELISA concentrations)
and the explanatory variable (log-transformed PRNT titers).
The Deming regression line was plotted over the scatterplot of
log-transformed ELISA concentrations versus log-transformed
PRNT titers, and 80% prediction interval limits were added.

A receiver operating characteristic (ROC) curve analysis was
used to identify the ELISA seroresponse threshold that best cor-
responded to the PRNT seroresponse threshold of 4 times the
50% end-point dilution (ED,). Sensitivity was computed as the
number of double-positive samples divided by the total number
of PRNT-positive samples and specificity as the number of
double-negative samples divided by the total number of PRNT-
negative samples. These values were used to plot a ROC curve
of sensitivity versus (1 — specificity). A perfect threshold would
have sensitivity and specificity of 1; that is, all subjects with
PRNT titers 24 ED_  would have ELISA concentrations above
the threshold of 10 ELISA units [EU]/mL, and all subjects with
PRNT titers <4 ED, would have ELISA concentrations below
the threshold of 10 EU/mL. The ELISA threshold that best cor-
responded to the PRNT seroresponse threshold had minimal
distance from the perfect threshold marker in the top left corner
of the ROC curve (sensitivity = 1 and 1 — specificity = 0), ie, the

Table 1.

Anti-Mumps Antibody Seropositivity Cutoffs and Seroresponse Thresholds for Assays Tested

Assay

Seropositivity Cutoff

Seroresponse Threshold

ELISA concentration, EU/mL
PRNT titer, ED,

10

2.5 4

Abbreviations: ED,;, 50% end-point dilution; ELISA, enzyme-linked immunosorbent assay; EU, ELISA units; PRNT, plaque reduction neutralization test.
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ELISA concentration that minimized the square root of [(1 —
sensitivity)2 + (1 - speciﬁcity)z]. Statistical analyses were per-
formed using SAS version 9.3 and SAS Drug Development 4.3
software.

RESULTS

In the analysis of postvaccination seropositivity for anti-
bodies to mumps antigen, of 3990 initially seronegative sam-
ples, 3284 were seropositive in both assays (ELISA, =5 EU/mL;
PRNT, 2.5 ED, ), 36 were seronegative in both, and 670 were
discordant (16.8% of all samples; 664 ELISA positive and PRNT
negative, 6 ELISA negative and PRNT positive). The correlation
between immune responses measured by each mumps assay
was calculated using the Pearson correlation coefficient, with
the 3284 double-positive samples. This provided a value of 0.57,
suggesting a moderate positive relationship.

Figure 1 shows a scatterplot of log-transformed
postvaccination ELISA concentrations versus log-transformed
PRNT titers from double-seropositive samples. Deming re-
gression analysis of these data showed a slope of 0.70 (95%
confidence interval, .67-.73) and intercept of 0.99 (.94-1.04),
indicating a moderate correlation between the assays. Deming
regression analysis of samples by MMR vaccine brand showed
no obvious vaccine effect on the relationship between PRNT
and ELISA (Figure 2).

An ROC curve sensitivity analysis was conducted to iden-
tify the ELISA seroresponse threshold that best corresponded
to the PRNT seroresponse threshold of 4 ED, . The plot of assay
sensitivity versus “1 —specificity” for postvaccination samples,
using the PRNT seroresponse threshold of 4 ED, , is shown in
Figure 3. An ELISA seroresponse threshold of 51.7 EU/mL was

shown to be the optimal value, with maximized sensitivity and
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Figure 1. Scatterplot of mumps antibody values (log-transformed enzyme-linked immunosorbent assay [ELISA] concentrations versus log-transformed plaque reduc-
tion neutralization test [PRNT] titers), with Deming regression line and 80% prediction interval (PI) limits, in 3284 double-seropositive postvaccination serum samples.

Abbreviations: Cl, confidence interval; MMR, measles-mumps-rubella.
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Figure 2. Scatterplot of mumps antibody values (log-transformed enzyme-linked immunosorbent assay [ELISA] concentrations vs log-transformed plaque reduction neutral-
ization test [PRNT] titers), with Deming regression line and 80% prediction interval (PI) limits, in double-seropositive postvaccination serum samples, according to measles-
mumps-rubella (MMR) vaccine received (MMR-RIT for 2107 serum samples; MMR Il for 1177 serum samples). Abbreviation: Cl, confidence interval.

specificity, compared with the PRNT seroresponse threshold
(Figure 3).

DISCUSSION

The new PRNT and used in this assessment is unenhanced,
that is, without complement and anti-human IgG antibody
enhancement. Because anti-IgG antibodies will recognize any
IgG antibody (neutralizing or not) attached to the virus, an
enhanced PRNT may provide a value closer to that expected
from an ELISA than will an antibody assay that only meas-
ures neutralizing antibodies. Moreover, the unenhanced PRNT
measures functional antibodies against mumps wild-type strain
Mu-90, whereas the MMR-RIT vaccine strain is derived from
the Jeryl Lynn strain, thus preventing bias in the measure, spe-
cifically overestimates [1], and providing better estimates of
the quality of vaccine-induced antibody to the circulating wild
type. The unenhanced PRNT therefore provides more discrimi-
native titers and, hence, a more accurate estimate of immunoge-
nicity to mumps vaccination than a previously used guinea pig
complement- and anti-human IgG-enhanced PRNT [6]. The

antigen used in the ELISA was whole virus (Jeryl Lynn strain,
genotype A), which was homologous to the vaccine strain.
Whole-virus ELISAs have been shown elsewhere to be more
sensitive than protein antigen-based ELISAs, possibly because
of the detection of antibodies against a wider range of proteins
[9].

In our study, comparison of the unenhanced PRNT and the
ELISA in the measurement of mumps virus-specific antibody
levels indicates a moderate correlation, despite the fact that the
assays measure different aspects of the serological response:
the PRNT measures a subset of immunoglobulin antibodies
(functional neutralizing antibodies), and the ELISA measures
total immunoglobulin (neutralizing and nonneutralizing anti-
bodies). Similar trends were noted in the results for all serum
samples and according to the MMR vaccine received, MMR-
RIT or MMR 1II. Overall, the rate of seropositivity was higher
with the ELISA (3948 of 3990 samples, 98.9%) than with the
PRNT (3290 of 3990 samples, 82.5%). As well as reflecting the
different antibody populations measured by the assays, these re-
sults may have been influenced by the different mumps strain
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Figure 3. Receiver operating characteristic (ROC) curve of sensitivity (calculated as the number of double-positive samples divided by the total number of plaque reduction
neutralization test [PRNT]-positive samples) versus “1 - specificity” (specificity calculated as the number of double-negative samples divided by the total number of PRNT-
negative samples), using a PRNT seroresponse threshold of 4 times the 50% end-point dilution (EDSD). Asterisk denotes the enzyme-linked immunosorbent assay (ELISA)
threshold (in ELISA units per milliliter) best corresponding to the PRNT seroresponse threshold of 4 ED, .

genotype used in each assay (wild-type strain Mu-90, geno-
type D, in the PRNT and Jeryl Lynn strain, genotype A, in the
ELISA).

Differences in assay sensitivity may also have contributed
toward the results. The PRNT threshold of 4 ED_  and ELISA
threshold of 10 EU/mL correspond to seroresponse rates of ap-
proximately 80% and 98%, respectively [8]. Although the mech-
anism of protection against mumps infection is unknown and
a protective serological response threshold is not defined [10,
11], these rates are in line with reported effectiveness rates for
mumps vaccines [12]. In our ROC curve analysis, however, the
PRNT threshold of 4 ED, had the same seroresponse potential
as an ELISA threshold of 51.7 EU/mL, which is considerably
higher than the threshold of 10 EU/mL used in the clinical trial
and suggestive of a large difference in assay sensitivity.

A poor correlation between assays that measure mumps neu-
tralizing antibody titers and other serologic methods, such as

ELISA and immunofluorescent assays, has been reported else-
where [2, 6, 13-20]. Differences have been shown in mumps
antibody levels detected by antigen-specific ELISAs (against
nucleoprotein, selected because of its immunodominance, and
hemagglutinin, which has a role in viral neutralization) and
PRNT [9]. This lack of correlation between the serological tests
was thought to be due to differences in the antibody response to
individual mumps proteins. The correlation found in our study
was in line with a moderate correlation between the level of
mumps-specific antibodies detected by fluorescent bead-based
multiplex immunoassay and functional antibodies estimated by
focus reduction neutralization test derived from mumps cases
in the Netherlands [21].

A limitation of our analysis was that it was only based on
serum samples obtained 42 days after the first MMR dose.
In a 2-year follow-up study of children vaccinated at age
12-15 months with MMR-RIT or MMR I [22], the relationship

1466 « JID 2019:220 (1 November) o Ravault et al



between these 2 assays varied according to postdose timing,
with an increase in PRNT titers between the 6-week and 1-year
postvaccination time points, while ELISA antibody concentra-
tions remained stable. This suggests maturation of the immune
response, as shown by an increase in titers of functional anti-
bodies measured by PRNT, after vaccination. Another limita-
tion is that there may have been bias in determining the relative
specificity or sensitivity of the assays because the PRNT and
ELISA did not use the same mumps virus antigen genotype.
Moreover, the seroresponse thresholds do not apply to anti-
mumps antibody level estimates derived from other available
ELISAs or neutralizing antibody tests. Finally, it should be
considered that other immune mechanisms, including cellular
responses, which are not reflected in the assays used in these
studies, including our own, are likely to be involved in protec-
tion against mumps disease [23].

In conclusion, though there is a moderate correlation be-
tween the anti-mumps antibody measurements derived by
ELISA and PRNT, the assays measure different aspects of the
serological response. In the last decade, there have been several
attempts to identify protective antibody titers [4, 7], but, despite
some correlation between antibody titer and the likelihood of
being protected, there is no well-defined protective serological
threshold against mumps infection [10, 11]. Consequently, the
ELISA remains a critically useful measurement of immunoge-
nicity of vaccines, valid for between-vaccine comparisons and
noninterference assessments. It is likely to be beneficial to com-
plement these immune response assessments, in selected trials
or populations, with the PRNT to obtain a more comprehensive
evaluation of vaccine immunogenicity.
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