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Abstract

In rare cases vaccination with the measles virus vaccine genotype A (MeVA) may cause a vaccine reaction with clinical signs
similar to infection with wild-type measles virus (MeVwt). Rapid differentiation between MeVA and MeVwt infection is important
for taking adequate public health measures. Recently, a few MeVA real-time reverse-transcription quantitative PCR methods
(RT-gPCRs) were described that can distinguish between MeVA and MeVwt. However, detection of MeVA does in theory not
exclude infection with MeVwt. In the present study, we established a protocol for determination of co-infections with MeVA and
MeVwt. To this end, MeVA RT-gPCRs were used in combination with the routine measles virus (MeV) RT-gPCR, and the results
suggested that the differences between the RT-gPCR Ct values (delta Ct, ACt) could be used as criteria. Subsequently, we tested
samples from vaccine-associated measles cases that were confirmed by genotyping. In addition, experimental mixtures of
MeVA and MeVwt were tested in different concentrations. All tested MeVA clinical samples had ACt <3.6. The results of experi-
mental mixtures showed a mean ACt <2.8 for genotype A alone and >3.2when combined with either genotype B3 or D8. The
results of a receiver operator characteristic analysis indicated that the optimum ACt for use as a cut-off value was 3.5, while
with ACt values of 2.9 and 3.7 sensitivity and specificity were respectively 1.00. Thus, ACt could be used to exclude the presence
of MeVwt if MeVA is detected and ACt is <2.9, while ACt >3.7 were highly suggestive of co-infection and 2.9 ACt <3.7 warranted
additional confirmation, such as next-generation sequencing. This RT-gPCR-based protocol could be used for the exclusion of
infection with MeVwt in cases with vaccine-associated measles reaction, crucial for the timely implementation of public health
prevention and control measures.

INTRODUCTION

Measles viruses (MeV) are single-stranded, negative-sense
RNA viruses belonging to the genus Morbillivirus, family

overall clinical presentation like infection with wild-type
measles virus (MeVwt) [3, 9, 10]. Distinguishing between
vaccine-associated measles symptoms and MeVwt infec-

Paramyxoviridae [1]. MeV are the causative agent of measles, a
highly contagious disease characterized by coryza, conjuncti-
vitis, fever, malaise, cough and exanthema [2]. However, there
is a safe and effective vaccine available [3], that has prevented
an estimated 23.2 million deaths between 2000 and 2018 [4].
Despite various elimination efforts [5, 6], MeV continue to
circulate and cause outbreaks in various parts of the world,
including in the European region [7, 8].

Occasionally, vaccination with the live attenuated measles
virus vaccine genotype A (MeVA) causes a rash, fever and

tion can be difficult in these cases, while this differentiation
is important from a public health perspective, including in
countries with a relatively high vaccination coverage [11, 12].
In many countries with measles elimination goals, the routine
handling of a case with MeVwt infection includes various
public health measures, such as contact tracing, case isolation
and possible post-exposure prophylaxis with immunoglobu-
lins in very young contacts [13]. In contrast, no strict meas-
ures are needed for cases with a vaccine reaction since there is
no evidence of human-to-human transmission of MeVA [14].
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Fig. 1. Results of MeV and MeVA RT-gPCR performed on clinical samples with MeVA confirmed by genotyping. (a) Mean Ct values (with
sD) obtained by MeV RT-gPCR (grey bars) and MeVA RT-gPCR (white bars) of 15 clinical samples. (b) Calculated individual (triangles)
and mean (bars) ACt values of 15 clinical samples. The number of experiments performed on each sample ranged from one to three,

dependent on the available clinical material.

Genotyping by PCR and Sanger sequencing following the
protocol of the World Health Organization [15] is a useful
approach to distinguish between MeVA and MeVwt, but it is
relatively slow. Next-generation sequencing (NGS) can also
provide information about the presence of one or multiple
measles virus strains, but is costly, labour-intensive and often
not available in regional laboratories [16-18]. Thus, simpler
techniques, like real-time reverse-transcription quantita-
tive PCR (RT-qPCR), are preferable from a public health
perspective, as they could differentiate rapidly between MeVA
and MeVwt [19-21]. RT-qPCR results could eventually be
confirmed by Sanger sequencing or NGS.

A few years ago, two very useful MeVA RT-qPCR assays were
described that allowed to rapidly distinguish between MeVA
and MeVwt [19, 20]. However, the detection of MeVA by
these assays does not exclude the presence of MeVwt, and
thus measles co-infection could theoretically occur in case of
vaccination and exposure to MeVwt within a short timeframe.

For example, measles virus vaccination is recommended in
various countries for unvaccinated children that have been
exposed to measles virus [22-25]. Of interest, another multi-
plex RT-qPCR was developed recently that allows detection
and differentiation of both MeVA and MeVwt [21]. However,
this assay’s use is limited to detection of Moraten and Schwarz
vaccine strains based on a unique single nucleotide polymor-
phism. Considering the variety of measles vaccine strains
used worldwide [26], this RT-qPCR would not differentiate
between MeVwt and MeVA strains used in various regions,
including Europe.

The aim of this study was to establish a protocol for deter-
mination of (theoretical) co-infections with MeVA and
MeVwt. The objectives of this study were as follows: (1)
to implement and validate the MeVA RT-qPCR assays
described by Roy and colleagues and Tran and colleagues
[19, 20] in our laboratory; (2) to evaluate the use of MeVA
RT-qPCR in combination with MeV RT-qPCR, including
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Fig. 2. Differences between RT-qPCR Ct values (ACt) of experiments with MeV isolates and experimental mixtures of MeVwt and MeVA
tested with MeV and MeVA RT-gPCR. (a) Three dilutions of a MeVA isolate were tested in tenfold and mean (bars) and individual (circles)
ACt values were calculated. The highest dilution was detected in only seven out of ten experiments with the MeVA RT-gPCR. (b) Mixes
of isolates of MeVA and MeVwt (D8 or B3) were tested in tenfold and mean (bars) and individual (circles) ACt values were calculated. (c)
A clinical sample with MeVA was mixed with MeVwt B3 or D8 clinical samples (all previously confirmed by sequencing) and ACt values
were calculated. Experiments were performed in triplicates (A and A/D8) or duplicates (A/ B3).

the use of the differences between the Ct values (delta Ct,
ACt) as criteria; (3) to test the protocol workflow with
clinical samples and if unavailable with simulated mixes of
MeVA and MeVwt isolates.

METHODS
Clinical specimens

Clinical specimens (throat swabs, oral fluid and urine speci-
mens) used in this study were submitted from 2013 to 2021
to the National Institute for Public Health and the Environ-
ment (RIVM) for molecular diagnostics and/or genotyping.
Samples were processed for molecular diagnostics and/or
genotyping using the required volume, and the remaining
clinical material was stored at —70°C.

Viruses

Measles virus isolates MVi/Hetauda.NEP/2.99[D8] [27],
MVi/Luxembourg.Lux/80[A] [28] and MVi/Khartoum.
SUD/34.97/2[B3] [29] were kindly provided by Dr Muller
and Dr de Swart. Virus isolates were propagated in Vero/
hSLAM cells [30], aliquoted and stored at —70 °C until
use.

Measles virus detection and genotyping

Sample processing, detection of MeV by the routine MeV
RT-qPCR and genotyping was performed as described
previously [31, 32]. Sanger sequencing was performed at
BaseClear (Leiden, The Netherlands).

Table 1. Mean Ct and differences between RT-gPCR Ct values (ACt) results for mixtures containing measles virus genotype A (MeVA) and wild-type

measles virus (MeVwt) isolates or clinical samples

Samples Replicates MeV RT-qPCR MeVA RT-qPCR ACt SD
Mean Ct SD Mean Ct SD
Experimental virus isolate mixtures*
A 25/D8 25 10 25.1 0.3 28.4 0.3 3.3 0.3
A 30/D8 25 10 26.8 0.1 31.9 0.4 5.1 0.5
A 30/B3 25 10 26.6 0.1 31.5 0.8 4.9 0.8
Clinical sample mixtures
A /D8 3 25.3 0.3 32.2 0.9 6.9 0.6
A /B3 2 23.0 0.1 30.4 1.2 7.4 1.1

*Sample dilutions calculated to correspond approximately to a target Ct value of 25 or 30 and then mixed.




Stanoeva et al., Access Microbiology 2021;3:000283

(a) Data for ROC (b) ROC curve (© Cut-off determination
8— 0.8 0.8
4 > c
b= S 164
o 67 S 06- £ 06
g ] 3 g
< 44 2 0.4 S 04—
Q -
- »n o
24 0.2 0.2
0 T T WOt—T— T T T 1 W1 T 717 1
MeVA MeVA/MeVwt 00 02 04 06 08 10 2 3 4 5 6
1 - Specificity ACt cut-off

Fig. 3. ROC analysis using differences between MeV and MeVA RT-gPCR (ACt) values calculated by multiple MeVA and MeVA/MeVwt
experiments. (a) ACt values obtained from experiments with MeVA and mixes of MeVA and MeVwt that were included in the ROC analysis.
(b) ROC curve based on ACt values. (c) Plot of the sensitivity (black line) and specificity (grey line) as a function of the ACt cut-off value.

Validation of MeVA RT-qPCR assays

MeVA RT-qPCR assays [19, 20] were implemented and a
complete validation was performed (including analysis of
specificity, sensitivity, efficiency, correctness, limit of detec-
tion) in our laboratory for use in confirmed MeV RT-qPCR
measles cases with a history of recent vaccination. The assays
were performed on a LightCycler 480 platform (Roche)
using TagMan Fast Virus 1-step Master mix (Applied Biosys-
tems, ThermoFischer). For the assay described by Roy and
colleagues, 10 pmol forward primer, 30 pmol reverse primer,
and 20 pmol probe per 15 pl total reaction volume were used
as optimal concentrations, while for the assay described by
Tran and colleagues 40 pmol forward primer, 60 pmol reverse
primer, and 15 pmol probe per 15l total reaction volume
were used as optimal concentrations [19, 20]. Primers and
probes were purchased from Eurogentec. For both assays an
annealing temperature of 60°C was used in the RT-qPCR.
Validation experiments were performed with a selection of
historical clinical samples that tested positive for the pres-
ence of MeVA or MeVwt by genotyping. Experiments with
historical clinical samples were performed in triplicate unless
the sample volume was limited.

Experimental setup with mixtures of MeVwt and
MeVA

To evaluate the use of the MeV and MeVA RT-qPCR for
the detection of co-infection cases with MeVA and MeVwt,
experimental mixes of MeVwt and MeVA RNA extracts were
prepared in multiple ratios (1:1, 1:10, 1:50, 1:100) and then in
dilutions corresponding to Cycle threshold (Ct) values 25-35.
Experimental mixes were prepared with measles virus isolates
MVi/Khartoum.SUD/34.97/2[B3] and D8 MVi/Hetauda.
NEP/2.99[D8] in combination with MVi/Luxembourg.
Lux/80[A]. Ct values used were based on the expectations
for a case with acute measles (co-)infection. Each condition
was tested in tenfold and by two operators on different and on
the same plates. In addition to experimental mixes performed
with measles virus isolates, experimental mixes were also
performed with MeVwt genotype B3 (MVs/Eindhoven.

NLD/5.18) and D8 (MVs/Noord-Holland.NLD/46.19/2) and
MeVA (MVs/Zuid-Holland.NLD/48.19) detected in recent
clinical samples. Experiments with clinical samples were
performed in triplicate, unless the available clinical material
was limited.

Statistical analysis, receiver operating
characteristic analysis and visualisation

Mean values, sp and ACt values were calculated in Excel
version 2002 (Microsoft). The mean Ct value calculated
from the repetitions of a sample in the MeV RT-qPCR was
subtracted from the mean Ct value of the repetitions of a
sample in the MeVA RT-qPCR in order to calculate the ACt.
Based on ACt data from experimental mixtures and clinical
samples, a receiver operating characteristic (ROC) analysis
was performed with default parameters in GraphPad Prism
version 9.1.0. (GraphPad Software) and a plot of the diag-
nostic sensitivity and specificity of the ACt was prepared as
described previously [33]. A protocol flowchart was created
using draw.io/diagrams.net online software version 14.9.3
(JGraph).

RESULTS
Validation of MeVA RT-qPCR assays

Both the MeVA RT-qPCR assays from Roy and colleagues
and Tran and colleagues [19, 20] were validated in our lab.
The experiments in our laboratory confirmed the results
described in both published studies: the presence of MeVA
was detected in all clinical samples in which MeVA was
confirmed by genotyping, while no MeVA positive result
was obtained in clinical samples that tested positive for
MeV genotype B3 and D8 by genotyping. Additional analysis
indicated that the validation results in our laboratory were
somewhat in favour of the MeVA assay described by Roy and
collagues with a higher sensitivity and higher efficiency (data
not shown). Therefore, this assay was used for all subsequent
experiments.
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Fig. 4. Flowchart for detection of MeV, MeVA and MeVA/MeVwt co-infections via MeV and MeVA RT-gPCR. All RT-gPCR assays should be
performed according to standard quality-assurance considerations.
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Detection of MeVA by MeV and MeVA RT-qPCR

Ct values detected by MeV RT-qPCR in clinical samples
that tested positive for the presence of MeVA by genotyping
ranged from 17.6 to 33.9, while Ct values detected by MeVA
RT-qPCR ranged from 19.9 to 35.2. Subtracting the Ct value
of the MeVA RT-qPCR of individual samples from the MeVwt
RT-qPCR resulted in ACt values ranging from 0.8 to 3.6. Due
to the limited available clinical sample volumes, only five
samples in which MeVA was detected by genotyping could
be tested in triplicate, while nine samples could be tested in
duplicates and one sample could be tested only in a single
experiment (Fig. 1).

In tenfold experiments with MeVA only in three different
dilutions (MeVA 25, MeVA 30, MeVA 35), the mean Ct values
in the MeV RT-qPCR were respectively 26.5 (sp, 0.2), 29.4 (sD
0.2) and 35.3 (sp 1.2). In one out of ten experiments in the
highest dilution, no positive signal was detected in the MeV
RT-qPCR. The mean Ct values in the MeVA RT-qPCR were
respectively 28.9 (sp 0.1), 32.2 (sp 0.2) and 36.6 (sD 0.6). In
three out of ten experiments in the highest dilution, no posi-
tive signal was detected in the MeVA RT-qPCR. The mean
ACt values of the two lowest dilutions were respectively 2.5
(s 0.2) and 2.8 (sp 0.3), while the mean ACt of the highest
dilution was 1.3 (sp 1.3), using results from seven out of ten
experiments (Fig. 2a). Based on these results, experiments
with mixtures were performed only with the two lowest
concentrations.

Detection of MeVA and MeVwt in experimental
mixtures

In tenfold experiments with mixtures of MVi/Luxembourg.
Lux/80[A] and MVi/Hetauda.NEP/2.99 [D8] and in two
different concentrations (A 25/D8 25and A 30/D8 25), the
mean ACt were 3.3 (sp 0.3) and 5.1 (sp 0.5), respectively
(Fig. 2a, Table 1). Similar results were obtained when experi-
ments were performed by another operator (data not shown).
With mixes of MVi/Khartoum. SUD/34.97/2 [B3] and MVi/
Luxembourg.Lux/80 [A] (B3 25/A 30), the mean ACt was
4.9 (sp 0.8) (Fig. 2b, Table 1). Furthermore, similar results
were obtained with experimental mixtures of recent clinical
samples: a ACt value of 6.9 (sp 0.6) and 7.4 (sp 1.1) for MeV
D8/A and B3/A respectively, while the mean ACt value of
MeVA only was 3.0 (sp 0.4) (Fig. 2¢, Table 1).

Selection of cut-off values for use of the ACt

The calculated ACt values of all individual experiments of
both clinical samples and experimental mixtures were used in
the ROC analysis, resulting in 91 MeVA only and 59 MeVA/
MeVwt mix datapoints (Fig. 3a). The area under the ROC
curve was 0.97 with a P-value<0.0001 (Fig. 3b). The highest
cut-oft value of the ACt with a sensitivity of 1.00 was 2.86
(specificity 0.59), while the lowest cut-off value of the ACt
with a specificity of 1.00 was 3.67 (sensitivity 0.85). The
optimum of both specificity and sensitivity was at ACt=3.54
with a sensitivity of 0.90 and specificity of 0.98 (Fig. 3c).

DISCUSSION

In the present study, we demonstrated that the method
described by Roy and colleagues [19] can not only be used
to differentiate MeVA from MeVwt, but also to a certain
extent to exclude the presence of MeVwt if MeVA is detected.
The results of these experiments indicated that ACt values
between the MeV RT-qPCR and the MeVA RT-qPCR were up
to 2.85 for genotype A alone and above 3.67 when mixed with
MeV genotype B3 or D8. Between 2.86 and 3.67, co-infection
cannot be excluded although at 3.54 the sensitivity was still
0.90 according to ROC analysis.

Based on results of our study, we propose the following
protocol that could be used for laboratory testing of measles
cases with a history of recent vaccination that have also been
exposed to measles virus: (i) screen for measles using the
routine MeV RT-qPCR and if positive with a Ct value <35,
(ii) run MeVA RT-qPCR in triplicate on the clinical sample
including positive control samples of genotype A and geno-
type A mixed with two commonly circulating strains in The
Netherlands (MeVA 30, MeVA 30/MeVwt B3 25, MeVA 30/
MeVwt D8 25), (iii) determine the ACt values comparing the
two assays and use the controls to confirm the ACt thresholds
(Fig. 4).

Ideally, there would be a clear, single cut-off value between
the ACt of samples with MeVA only and with both MeVA
and MeVwt. However, in mixtures with a relatively high viral
load of both MeVA and MeVwt (MeVA 25/MeVwt D8 25),
ACt values were relatively low compared to mixtures with a
lower viral load of MeVA. Although it can be expected that
in most clinical cases, the viral loads of MeVA will be lower
than MeVwt, it cannot be excluded that both have a similar
and high viral load and therefore two cut-off values and a grey
zone were included in our protocol.

To our knowledge, no measles cases have been reported in
which co-infection occurred with MeVA and MeVwt. Like-
wise, there was no indication of the presence of both MeVA
and MeVwt in historical samples available at the RIVM in
which MeVA was confirmed by genotyping. Therefore, we
could not validate our protocol on clinical samples with both
MeVA and MeVwt, but had to prepare experimental mixtures
with concentrations that we might expect in clinical samples.

In conclusion, the assay described by Roy and colleagues could
be expanded by calculating ACt values and setting thresh-
olds for determination of MeVA and MeVwt co-infections.
Implementing this additional RT-qPCR-based protocol could
be useful for quick and cost-saving laboratory diagnosis in
recently vaccinated cases that might also have been exposed
to MeVwt.
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